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Introduction

The need for microbial screening is a primary concern for various market segments, such as, for example, the medical, environmental, food and military ones (Alocilja and Radke, 2003). In the food industry, in particular, microbial tests are performed to screen the product for dangerous pathogens as well as to guarantee that the total microbial concentration is below the allowed threshold values. At this regard, it is estimated that each year food is responsible for 76 million cases of illness in the US, resulting in 325000 hospitalizations and 5000 deaths (Mead et al., 2000).

Similar problems are encountered with drinking water, progressively more exposed to microbial contamination, hence necessarily subject to different treatments (such as filtering and chlorination) to eliminate pathogens.

Microbial concentration is traditionally measured by means of the standard plate count (SPC) technique (Kaspar and Tartera, 1990), performed by inoculating the culture plate with a dilute solution of the sample under test (SUT) and counting the number of cells grown in the resultant culture. This approach is characterized by high accuracy but it features long times (24 to 72 hours, depending on culture broth and bacteria type) and, in practice, requires a microbiology laboratory with qualified personnel.

In the recent years a large effort has been spent on the search for innovative techniques capable of faster responses. To this purpose, several methods have been developed based on bioluminescence (Stanley, 2005), amperometry (Perez et al., 2001), impedance (Suehiro et al., 2003), turbidity (Koch, 1970), piezoelectricity (Plomer et al., 1992), optical waveguide (Zourob et al., 2007) and flow cytometry (Gunasekera et al., 2000). All these are highly competitive with SPC in terms of time response (from 20 minutes to few hours), but require rather complex procedures making them unsuitable for applications outside microbiology laboratory (in addition, those exploiting turbidity are only applicable to non opaque samples). In particular, piezoelectric immunosensors are characterized by fast detection times (30 -50 minutes) but do not exhibit enough sensitivity and repeatability for industrial applications. In those based on bioluminescence (exploiting the ability of certain bacterial species to emit photons as a byproduct of their reactions) sensitivity and time response is strongly dependent on bacteria strain, while those making use of optical waveguides, although fast (< 1 hour), generally do not have sufficient sensitivity (≈ 10 4 cfu•mL -1 ). Flow citometry, used in the commercial instrument Bactoscan (by Foss Electric) for total bacterial concentration of raw milk samples (Lachowsky et al., 1997), has short response times (20 minutes), but is very expensivet (100.000 to 150.000 USD depending on the model) , hence can be used only by big production centers with advanced quality control laboratories.

On the other hand, the Impedance Technique (IT) based on the monitoring of changes in the SUT electrical characteristics induced by bacterial metabolism (Fistemberg-Eden and Eden, 1984) provides a good solution for many cases of practical interest, since it: a) measures total bacterial concentration with response time ranging from 3 to 12 hours (depending on the sample microbial concentration); b) can be easily implemented in automated form with cheap electronics.

Impedance microbiology was introduced by G.N. Stewart at a meeting of the British Medical Association at Edinburgh in July 1898, and later described in a published paper (Stewart, 1899).

Only in the mid seventies, however, this technique began to receive attention, with a consequent increase in published work (Ur and Brown , 1973, 1974[START_REF] Cady | New Approaches to the Identification of Microorganisms[END_REF][START_REF] Cady | New Approaches to the Identification of Microorganisms[END_REF]. The IT essentially works as follows [START_REF] Cady | [END_REF]Silley and Forsythe, 1996): the SUT is incubated at a temperature favoring bacterial growth (in the range 30 ° C -40 °C for total mesophilic bacterial count) and, at regular intervals, the electrical characteristics (namely |Z| and Arg(Z)) are measured.

As discussed elsewhere (Grossi et al., 2008(Grossi et al., , 2009)), the system composed by the SUT and a couple of electrodes stimulated with a low frequency sinusoidal voltage can be modeled by means of the series of a resistance (accounting for the conductivity of the medium and of the electrode/electrolyte interface) and a capacitance (due to the double layer present at the electrode/electrolyte interface).

After the time needed for stabilization, both the Z resistive and reactive components remain essentially constant (at a "baseline" value) until the bacterial concentration in the SUT reaches a threshold value (in the order of 10 7 cfu•mL -1 ) sufficient to induced appreciable changes in the sample electrical characteristics. When such a condition is reached, both the Z components begin to decrease. As pointed out in (Grossi et al., 2008), the choice to monitor the Z resistive or reactive component depends on the SUT chemical composition, since normally one of the components provides more reliable results than the other. The time at which the electrical parameters begin to deviate from their baseline value is called Detect Time (DT) and, since DT has a linear relationship with the logarithm of bacterial concentration, this latter can be easily worked out. The main drawback of the IT is that, since bacterial concentration is calculated by measuring the time needed for the microbial population to reach a threshold concentration, the measurements time depends strongly on the time needed for a cell to duplicate of the bacterial strains of interest. Thus the need to correctly choose the incubation temperature in order to minimize differences in generation times of different microbial species possibly present in the SUT.

At present, the IT technique is used for microbial evaluation by different commercial systems such as Bactometer by Vitek Systems Ltd. (Basingstoke, UK), Malthus by Malthus Instruments Ltd.

(Bury, UK), RABIT by Don Whitley Scientific (Shipley, UK), Bac Trac by Sy-Lab (Purkensdorf, Austria). All these systems are based on the same principles and differ essentially for the materials used for the electrodes (stainless steel or platinum) and the frequency of the applied test signal. All of them feature a thermal chamber to contain the SUT, acquisition system for measuring the electric parameters and software for proper interpretation of the data and estimation of the bacterial concentration. However, all the systems are benchtop instruments, only suitable for laboratory environments and skilled personnel. This paper, instead, describes a portable biosensor system for bacterial concentration detection based on the IT, that is fully automated and requires no particular knowledge of microbiological techniques, thus making it particularly suitable for microbial screening in industrial or commercial environments. Moreover, the use of cheap electronics makes it highly competitive in terms of cost (few hundreds USD).

Experimental design

The portable biosensor system described in this work, represented in Fig. 1, features two circuit boards: one, dedicated at maintaining the SUT at the target temperature by means of an ad hoc algorithm running on the microcontroller ATmega168 by Atmel (California , USA); the other, based on the microcontroller ARM STR912 by STMicroelectronics (Agrate Brianza, Italy), is used for signal analysis and the calculation of the impedance and its components. The SUT incubation chamber features a couple of stainless steel electrodes for the electrical measures, a temperature sensor and a heating system for thermal regulation.

The system works as follows. First the incubation chamber is sterilized with a portable steam cleaner at 100 °C for 10 minutes to eliminate any residual bacterial population. The efficiency of the sterilization procedure has been tested by means of SPC with samples taken from the chamber with cotton plugs. The measured bacterial concentration after sterilization has always been found < 10 cfu•mL -1 (minimal concentration detected). Even if a minimal number of bacterial spores survives the sterilization process, the time for them to grow to high concentration levels would be of several days: thus their presence doesn't interfere with the successive measurements.

Then , after the start command, the thermoregulation board is enabled to keep the incubation chamber at a target temperature. The impedance measurement board waits (30 minutes) for the sample temperature to stabilize, then start measuring the SUT electrical characteristics at time intervals of 5 minutes. When the electrical parameter selected for monitoring deviates from its baseline value for more than 5% the assay stops and the value of DT is calculated.

Serial communication between the system boards and a PC laptop allows a graphical representation of the measured electrical parameters and temperature as well as data filing. The serial interface make is also possible to set the parameters of interest (target temperature, thermoregulator parameters, assay duration, value of DT to discriminating acceptable and contaminated sample, etc.).

Finally, a GT 863-PY terminal by Telit (Trieste, Italy) controlled by the impedance measurement board allows wireless communications for remote data transfer.

In the following a detailed description is given of the main parts of the developed biosensor system.

Incubation chamber

The SUT incubation chamber, shown in Fig. 2 (a) and (b), features a volume capacity of 4 ml. The electrical measurements are made using a couple of cap-shaped stainless steel electrodes (5 mm diameter, separated by 4.5 mm) placed in direct contact with the tested sample. The material of the electrodes is very important, since metal ions released into the sample can be toxic to bacteria and inhibit their growth. From this point of view platinum and stainless steel electrodes have been found to have no negative effect at low applied field, while silver and gold electrodes exhibit bacteriostatic properties (Spadaro et al., 1974). In our case, stainless steel has been chosen because of its low cost and good behavior when measuring both the resistive and reactive Z components.

The electrode-electrolyte system can be modeled as shown in Fig. 2 (c) (Sengupta et al., 2006). The ions in the electrolyte are subjected to different electrical forces on the electrode and bulk side of the structure, thus leading to the formation of a double layer region at the electrode-electrolyte interface. The system electrical behavior can be modeled with the equivalent circuit shown in Fig. 2 (c), where R i and C i represent the resistive and capacitive components of the double layer interface, respectively, while R m and C m are the corresponding components of the tested media (bulk electrolyte). However, when the frequency of the applied test signal is low enough (< 1 MHz) (Grossi et al., 2008), C m can be neglected and the equivalent circuit is simply reduced to the series of a resistance (R s ) and a capacitance (C s ), as anticipated in the introduction.

Temperature regulation is obtained with a couple of adhesive power resistance (24 Ohm, 15 Watt maximum power, 24 V 50 Hz power supply) applied to the chamber outer wall. The SUT temperature is continuously monitored by means of sensors reaching the chamber interior. Two different sensors have been used to this purpose. The first (and default one) is a three terminals precision temperature sensor LM135 (National Semiconductor, Santa Clara, CA, USA) operating as a Zener diode with a breakdown voltage directly proportional to the absolute temperature and a slope equal to 10 mV/°K. This sensor features a temperature range from -55 °C to 150 °C and allows calibration for high accuracy measurements. The other sensor is a platinum resistance temperature detector (PT100) working on a broad range of temperatures (-200 to +850 °C) and whose resistance is linearly related to the temperature.

Thermoregulation board

The thermoregulation board maintains the SUT at the target temperature: since the measured electrical parameters are strongly temperature dependent, the regulation needs to be very accurate.

Our board, developed "ad hoc" is capable of maintaining the target temperature with an accuracy of ± 0.15 °C by means of a proportional-integral-derivative (PID) software algorithm.

A schematic of the thermoregulation board is presented in Fig. 3 (a). Starting from the standard supply (featuring 50 Hz and 230 V), a voltage transformer generates a 50 Hz 13 V sinusoidal voltage that is used for the power heater. This voltage is also rectified by a bridge diode circuit and fed to the voltage regulator L78M05 (STMicroelectronics, Italy) to generate the 5 V DC supply for both the system boards. The DSP AN221E04 (Anadigm , USA) is used for conditioning (ADC conversion and signal filtering) the temperature signals that are send to the microcontroller ATmega168 to be analyzed. The microcontroller generates the Gate Control (GC) signal driving an optoisolator-triac stage in order to supply the power heater according to the measured temperature.

The GC signal has a duration of 2 seconds and its duty cycle is calculated according to an algorithm. Given T * the target temperature to be reached and e(t) the error function defined as the difference between target and measured temperatures, the duty cycle of GC signal is calculated on the basis of the analog function u(t):
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Since the thermoregulator board samples the signal at regular intervals of Δt=2 sec and the ATmega168 microcontroller works on 16 bit digital signals, the analog-values time-continuous function in (1) must be converted in its discrete-values time-discrete counterpart. This is done by deriving both side of (1) and replacing the derivative functions with the corresponding incremental ratio. Thus :
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The GC duty cycle for the k-th cycle is thus calculated as u K if 0 ≤ u K ≤ 100, 0 if u K < 0 and 100 if u K > 100. A correct choice of the thermoregulator parameters is thus mandatory to guarantee good dynamic performance of the sample temperature. A too high value for K I results in an oscillatory dynamic while the lack of integral term (K I = 0) prevents the sample to reach the target temperature.

The PID set K Escherichia coli ATCC 11105 from American Type Culture Collection. As can be seen, the resistive impedance component (12% variation) is influenced by temperature oscillation much more than the capacitive one (5% variation). However, in both cases the oscillation is large enough to trigger the end of the assay (5% variation on baseline value), thus preventing a reliable estimation of DT (hence, also of microbial concentration).

P =5 K -1 , K I =0.1 K -1 •s -1 , K D =0 K -1 •

Impedance measurement board

The impedance measurement board acquires the electrical characteristics of the sample at regular intervals and calculates the DT (and from this data it infers the bacterial concentration) at the end of the assay. Fig. 4 (a) shows a schematic of the board with its main components. The AD9833 (Analog Devices, USA) programmable waveform generator provides the 100 mV peak-to-peak, 200

Hz voltage test signal (V in ) (for the reasons for this parameter choice see Grossi et al., 2008). The test signal is applied to the electrodes only when the electrical characteristics are measured, while between inter-measurements time (5 minutes) the electrodes are disconnected from the system by a couple of relais G6J-2FS-Y (Omron, Japan) to prevent charging of the sample-electrode interface resulting in parameter drift, long time for baseline stabilization and, in general, difficult DT calculation (Felice et al., 2005). The current resulted from the application of V in is measured by means of the I-V converter, providing an output (V out ) proportional to the input current (I in ). The 10KΩ digital potentiometer providing the feedback to the I-V converter is set before the first measure (after 30 minutes delay) to guarantee that samples characterized by conductivity ranging over a broad interval can be tested with the system. Denoting R f the resistance of the digital potentiometer, it is
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, thus the electrical characteristics can be calculated with the analysis of V in and V out voltage waveform. The voltage signals are then fed to a differential 18 bit ADC drivers that, acting as a low-pass filters with cut-off frequency of 1 KHz, eliminates high frequency noise before sampling by 16 bit ADC (100 Ksample/sec). Digitized waveform are then fed to the ARM STR912 μcontroller, where software-implemented finite impulse response (FIR) filtering eliminates noise at low frequency (in particular the 50 Hz line component).

Since, as pointed out in the introduction, the electrodes-media system can be modeled by the series of the resistance R s and the capacitor C s , defining V Mout and V Min the amplitude of the corresponding sinusoidal signals and φ the phase difference of V in and V out , from (Grossi et al., 2008) it is
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. Thus, both electrical parameters can be calculated by measuring the amplitude signals (V Min and V Mout ), the phase difference φ and the signal frequency f. The parameters are estimated by analyzing V in (t) and V out (t) signals acquired by the 16 bit ADC : the following functions are calculated :
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Each measurement is averaged over 192 signal periods, leading to electrical parameter (R s and C s ) estimation with a precision higher than 99%.

The impedance measurement board also estimates the value of DT at the end of the assay. This is done using an algorithm that approximates the R s or C s curve with a piecewise linear function composed of three segments. Fig. 4 (b) shows the measured curve as well as the fitting function in the case of C s for a vanilla flavored ice-cream sample. The first segment takes in account the initial stabilization before the baseline value is reached; the second (parallel to the x-axis) represents the baseline value, while the last segment represents the increase of C s due to bacterial growth over 10 7 cfu•mL -1 . DT is thus calculated as the intersection of the second and third segment. The procedure to best-fit measured data with the proposed function is based on minimizing the mean square error.

Given the general expression of the function :
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where the first segment extremes are (0,A) (kT,B), the second segment are (kT,B) (hT,B) and the third (hT,B) (NT,C), T is the time delay between measures and N is the total number of measures.

For k variable between 1 and N-2 and h between k+1 and N-1, the cost function is computed as
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where y j is the j-th measured value and best-fit values for A, B and C are computed imposing 0 , , ,
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With the calculated values for A, B and C the optimal cost function value proposed algorithm can calculate DT value with a precision of 5 minutes (time delay between measures) and is essentially independent of the variation rate of the monitored electrical parameter once the critical bacterial threshold of 10 7 cfu•mL -1 is reached.

Results and discussion

The biosensor system of this work has been used to prove the feasibility of bacterial concentration measure in different types of liquid and semi-liquid media.

Samples of industrial ice-cream have been tested (target temperature 35 °C) to monitor the microbial concentration of occasional as well as inoculated species. To this latter purpose, E. coli ATCC 11105 , S. aureus ATCC 6538P, E. faecalis 8043, P. aeruginosa ATCC 9027 (obtained from American Type Culture Collection) are used.

The samples have been tested as are, without any dilution in specific growth media. As previously pointed out (Grossi et al., 2008), when dealing with ice-cream samples, only the capacitive component of the impedance provides reliable results, while the resistive one is influenced by phase separation of the sample occurring during the assay. Thus, only the measured C s curve has been considered in this work to determine the DT. + 733.65 and the coefficient of determination is R 2 = 0.71 (the figure shows also the lower and higher limits of DT as function of the microbial concentration inferred by Student t-distribution with a confidence level of 95%). From the linear regression line it is also possible to determine the mean generation time T G (mean time between cells replication) as discussed in (Grossi et al., 2009): from the measured data it is T G = 33 minutes. Fig. 5 (b) shows the percent increase of C s (namely

BASELINE s BASELINE s s C C C , , ) ( 100  
) as function of time for different bacterial concentration: higher contaminated samples are characterized by lower values of DT, while sterile sample presents no C s variation during the whole assay. Ice cream samples contaminated with known concentrations of P.

aeruginosa ATCC 9027 resulted in slow growth and measured DT values with poor correlation with the reference SPC (R 2 < 0.5). The addition of yeast extract in the concentration 3g•L -1 resulted in higher correlation with SPC.

The system has also been used to prove the feasibility of bacterial contaminants determination in fresh water samples. In this case, nutrient media must be added to the sample to allow bacteria to reach the critical concentration of 10 7 cfu•mL -1 . Total bacterial concentration has been measured by adding yeast extract in the concentration 3 g In the case of water samples both capacitive and resistive components resulted in reliable measurement of bacterial concentration. In Fig. 5 (c) and (d) the percent variation for the resistive and capacitive components R s and C s are plotted vs time for samples inoculated with different concentration of E. coli using YE 3% as diluting media. As can be seen, the electrical parameters start to deviate from their baseline values at time related to the initial bacterial concentration (higher the contamination, lower the value of DT) and saturate when the bacterial population reaches a steady state (i.e. cells no longer duplicate because of lack of nutrients and accumulation of toxic compounds in the media). The bacterial concentration upon electrical parameters saturation has been measured by SPC and resulted about 10 9 cfu•mL -1 . Fig. 5 

Conclusions

In this paper a novel embedded portable biosensor system for determination of bacterial concentration based on impedance measurements has been presented. The system is suitable for applications in the industrial field (in particular the dairy one is of interest here), as well as for environmental monitoring (for instance for the case of water microbial screening).

The system is composed of an incubation chamber, containing the sample under test, and two electronic boards: one dedicated to measuring the sample electrical characteristics, the other controlling the sample temperature, fixed at a value suitable to enhance bacterial growth.

The developed system has been validated by means of a series of experiments performed on icecream samples (where no additional media for dilution has been used) and fresh water samples (where YE 3% media was added to monitor total bacterial concentration and Mac Conkey broth for selective growth of coliform strains).

In both cases reliable measurements have been obtained, in good agreement with data obtained by standard plate count, normally used as a reference. As for competitiveness, our system provides much faster results compared with the standard plate count technique (3 hours for 10 6 cfu•mL -1 ).

The greatest advantage of the presented system is that it is portable and low cost. On the contrary, most of the biosensors for microbial concentration determination on the market are essentially benchtop instruments to be used within microbiology laboratories.

A reliable, fast and portable system, such as that presented in this work, presents several advantages, particularly in terms of time since it avoids shipping samples to the laboratory.

Moreover, the low cost and possibility to test the microbial concentration even in small production centers and commercial environments can help in improving quality control for food industries and environmental monitoring. Ur, A., Brown, D.F.J. , 1975 , J. Med. Microbiol. , 8, 19-28 Zourob, M.;Mohr, S.;Goddard, N.J. , 2007 , ISSSE , 49-52. 

  s results in good dynamic performance with fast transient response and almost no overshoot on the target temperature. The effect of a bad choice for the thermoregulator parameters (resulting in sample temperature oscillation of 3.5 °C for target temperature of 35 °C) is shown in Fig. 3 (b) and (c), where the resistive and capacitive components of the sensor impedance are plotted vs time in the case of a vanilla flavored ice-cream sample inoculated with 70 cfu•mL -1

Fig. 5

 5 Fig. 5 (a) show the plot of DT vs total bacterial concentration (in logarithmic scale) determined by

Fig. 1

 1 Fig. 1 Photograph (a) and schematic (b) of the biosensor system presented in this work. The system

Fig. 2

 2 Fig. 2 Front and top view, (a) and (b), respectively, of the incubation chamber. The chamber is

Fig. 3

 3 Fig. 3 Schematic of the thermoregulation board (a). Typical curves of R s and C s vs. time (b and c,

Fig. 4

 4 Fig. 4 Schematic of the impedance measurement board (a). Typical curve C s vs. time with the

Fig. 5

 5 Fig. 5 Scatter plot representing DT as function of microbial concentration (a) and capacitance

  Fig. 1

  Fig. 5

  

  

  indicates that the resistive impedance component exhibits a growth almost twice as large as that of its capacitive counterpart (25% vs 13%). The mean generation time calculated from the resistive and capacitive curves, however, are not significantly different (21.6 min for C s and 19.5 min for R s ). The value of T G is much smaller for water than ice-cream samples (about 20 min vs 33 min: this is due to the diluting media YE 3%), since this latter medium is an excellent stimulator of bacterial growth, leading to faster cells duplication and more regular curves. Samples inoculated with E. faecalis ATCC 8043 and S. aureus 6538P show a similar behavior to that obtained with E. coli ATCC 11105, with comparable value for generation time and concentration at the end of the measure. Samples inoculated with P. aeruginosa ATCC 9027, instead, resulted in lower growth rate (T G = 25 min) and in general lower concentration at the end of the measure (≈ 10 8 cfu•mL -1 ).Since the coliform group has been extensively used as an indicator of water quality, a medium (Mc Conkey) for selective growth of coliform bacteria has been also tested. Water samples have been diluted in the growth media and tested with our biosensor. The results indicate that also Mc Conkey medium is suitable for electrical detection of bacterial concentration. In particular, the obtained curves, although not as regular as those obtained by diluting with YE 3%, allow reliable measurements of DT , hence of the sample microbial concentration. The bacterial concentration at the end of the assay has been measured by SPC and resulted 3•10 8 cfu•mL -1 .
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