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Efﬁcient Taste Sensors Made of Bare Metal Electrodes Carlos E. Borato1 2 , Fábio L. Leite1 2 , Osvaldo N. Oliveira, Jr.1 ∗ , and Luiz H. C. Mattoso2 1



Instituto de Física de São Carlos, Universidade de São Paulo, Caixa Postal 369, 13560-970 São Carlos, SP, Brazil 2 EMBRAPA Instrumentação Agropecuária, CP 741, 13560-970, São Carlos, SP, Brazil (Received: 22 March 2006. Accepted: 13 April 2006) In attempts to reduce cost and increase sensitivity of taste sensors we have found out that a novel, inexpensive set of chrome-deposited electrodes may be used in impedance spectroscopy measurements for sensing with great performance. High sensitivity is demonstrated by detecting, reproducibly, M amounts of NaCl, HCl, sucrose, which represent basic tastes, and Cu2+ ions. This high sensitivity can also be used to distinguish complex liquids such as wines. Surprisingly, there was no need to cover the metal electrodes with nanostructured ﬁlms of organic sensitive materials, which further reduces the cost of the sensing units. This sensitivity is attributed to interface effects between the metal electrodes and the liquid samples, which may be investigated with atomic force spectroscopy as illustrated in this paper.
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2. EXPERIMENTAL DETAILS The electrodes were obtained by electrochemical deposition of chrome on a glass slide, according to a pre-printed ∗
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The advent of taste sensors based on impedance spectroscopy with sensing units obtained with nanostructured ﬁlms has brought considerable advances in terms of sensitivity to detect trace amounts of substances in a solution and the ability to distinguish among complex liquids such as different types of wine, coffee, juices, and milk.1–4 Among the advantages of this type of taste sensor are no need of a reference electrode and the possibility to analyze non-electrolyte liquids.5 The main challenge now is to evolve from prototypes to costly-effective industrial production, which is being pursued in our group. A number of steps may be taken in order to optimize the sensor performance and reduce costs, including the search for materials that bring higher performances at lower costs, tests of reproducibility and robustness of the sensing units, and cheaper systems for measuring the electrical response. In this communication we show that an inexpensive array of chrome-deposited electrodes can be used to detect low amounts (M) of substances representing basic tastes and a heavy metal. This sensitivity also makes it possible to distinguish between different wines.



pattern of 5 pairs of ﬁngers with dimensions of 2725× 240 × 004 mm, separated by 0.1 mm from each other. Five units of such electrodes—with no deposited ﬁlm on top of the chrome—were assembled on a ﬁberglass slide to form an array. The electrodes were connected to the measuring apparatus through a Card edge connector. The array was placed onto a small trough in which the liquid sample is placed. Figure 1 shows the sensor array and the trough to hold the liquid samples. The solutions of NaCl, HCl, and sucrose were prepared from a stock solution of 50 × 10−3 mol/L in distilled water, from which dilutions were made to achieve concentrations of 20, 10, 5, 1 × 10−3 mol/L and 10−6 mol/L. Measurements were also performed with solutions of CuSO4 · 5H2 O in MilliQ water at various concentrations, as will be presented in the next Section. The red and white wines were provided by Brazilian producers Embrapa, Miolo, and Salton, and used as received. Impedance measurements were carried out with a Solartron 1260A impedance/gain phase analyzer at 200, 400, 600, 800, and 1 KHz, and bias voltage of 50 mV, with the electrodes being immersed into the liquid samples. The array remained immersed for 20 minutes in each of the solution before the measurements, carried out at 25  C. After each measurement the units were washed with distilled water. Principal components analysis was employed to analyze the data obtained from the various sensing units for each liquid studied, using MATLAB version 6.1 (for a detailed description of PCA analysis see Ref. [6]).
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Fig. 1. array.



Detailed diagram of the sensing units of electrodeposited chrome and the trough made to hold the liquid sample and insert the sensor



3. RESULTS AND DISCUSSION The sensitivity to M concentrations of the basic tastes, namely sweet, salty, and sour is illustrated in PCA plots of Figure 2. For these measurements, an array of 5 sensors was employed, none of which had a ﬁlm adsorbed on



Fig. 2. PCA plots for sweet (×), salt (• ), sour (), and pure water (+) substances at f = 200 Hz.
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them; they were made of bare metal. The data were extracted from impedance spectroscopy measurements, and refer to the capacitance of the system at 200 Hz. For all frequencies studied, viz. 200, 400, 600, 800, and 1000 Hz, it is possible to distinguish between the different tastes. However, only at low frequencies (see results for 200 Hz in Fig. 2) is it possible to distinguish solutions at the M concentrations from pure water. The reason for the higher sensitivity at 200 Hz is associated with the physical phenomena governing the electrical response. Taylor and MacDonald7 showed that at higher frequencies (>10 kHz), the response is dominated by the electrode capacitance. At 1 kHz, the response from the ﬁlm dominates, whereas at 100–200 Hz the double-layer governs the response. Because the high sensitivity appears to be associated with surface phenomena, changes in the double layer are expected to be more prone to occur when the liquid is modiﬁed by trace amounts of substances. It is surprising that the array could be made of sensing units that were nominally identical. (By “nominally identical” we mean that the chrome electrodes were produced with the same experimental procedure of electrodeposition. However, with this method the electrodes are not very homogeneous, varying particularly in morphology or oxide Sensor Letters 4, 1–5, 2006
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measurements serve as excellent control tool for the water purity, similarly to what Taylor et al.8 suggested for lateral conductance in Langmuir monolayers, which was found to be affected strongly by trace amounts of impurities in the water subphase. In order to be sure that we could detect small amounts of tastants or ions deliberately introduced in the liquid samples, we performed the experiments depicted in Figure 5. In one set, measurements were taken with a pure water sample within intervals of 30 min. For the 31st measurement, pure water was added to the sample (i.e., no impurity was deliberately introduced, but the sample suffered manipulation). A change in capacitance could be measured, but this was negligible if the scales used were chosen to accommodate the data for the incorporation of 1 M of CuSO4 , which was done in the other set of experiments. The results of the latter are shown in the upper curve, indicating that the measured capacitance changed more appreciably when adding the Cu2+ ions. If a lower concentration of CuSO4 was used in the measurement, then it was difﬁcult to distinguish between this solution or a manipulated sample of pure water (with addition of 1.20E–10



Cu2+ 10E–6 mol/L
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Number of measurements Fig. 5. Comparison among addition of 10−6 mol/L of Cu2+ () and ultrapure water (!) in ultrapure water. Note in the circled regions that addition of 10−6 mol/L of Cu2+ can be distinguished from the control measurements, while the addition of pure water cannot.
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layer coating the metal). Therefore, because the electrical response depends on the interface effects, distinct responses were obtained for these nominally identical electrodes, as depicted in Figure 3. Cross-sensitivity can then be achieved with electrodes of the same metal, but with different morphologies. The capacitance decreases with increasing frequencies, as illustrated in Figure 3 for NaCl, and is higher for higher concentrations of NaCl, KCl, and HCl while for sucrose the capacitance decreases with increasing concentrations (results not shown). For each of the tastants, a pattern is observed regardless of the concentration. Also observed is a large difference in capacitance for sucrose in comparison to the other substances because sucrose solution contains almost no ions (it is not an electrolyte). In order to prove that the cross-sensitivity obtained with bare metal electrodes could be useful in distinguishing samples with low detection limits, we performed a series of experiments (including control experiments) varying the substances. For instance, the distinguishing ability of the sensor array for concentrations at the M level was tested for CuSO4 , with measurements taken on different days and with samples prepared in different days. The results shown in Figure 4 illustrate dispersion in the measurements for pure water if the time for equilibration differs, though it is clear that the samples containing CuSO4 could be distinguished. We felt, however, that we had to check whether the differences in the pure water samples could not jeopardize the conclusions drawn so far, and decided to perform a number of control experiments. The results of these control experiments may be summarized as follows. The mere manipulation of water in changing from one ﬂask to the other may generate pure water samples that are distinguishable in the electrical measurements, probably because impurities are non-deliberately included. The electrical response may also vary with time due to ageing affects (e.g., from oxygen uptake). In fact, the electrical



Fig. 4. PCA plot showing the addition of amounts of Cu2+ in ultrapure water: (•), (), (×) pure water, (+) 10−6 mol/L of Cu2+ , (∗) 10−5 mol/L of Cu2+ and (∀) 10−4 mol/L of Cu2+ .



Capacitance (F)



Fig. 3. Capacitance versus frequency plot showing that each of the sensing units has a characteristic electric curve. NaCl solution of C = 5 × 10−3 mol/L. Sensorial unit 1 (!), sensorial unit 2 (•), sensorial unit 3 (7), sensorial unit 4 (B, and sensorial unit 5 ().
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more pure water). From these results we infer that incorporation of CuSO4 in concentrations below 1 M could not be distinguished from the dispersion in the data due to mere manipulation of water samples, but the efﬁcacy of the sensor array was demonstrated for concentrations equal to or above 1 M. Analogously to previous works,2 9 we exploited the sensitivity of the taste sensors to distinguish among wines. The PCA plots in Figure 6 indicate that the sensor array is able to distinguish between wines of the same brand but different grapes, namely Cabernet Sauvignon and Merlot from the company Miolo (Brazil), and wines of the same grape but different produces (e.g., Cabernet Sauvignon from Miolo and Embrapa). The explanation for the high sensitivity of the sensor arrays (electronic tongues) may lie on the strong dependence of electrical properties of interface systems on the liquid environment next to the interface. This is actually similar to the ﬁndings by Taylor et al.,8 who pointed out that bulk measurements were not sufﬁcient to detect the level of impurities in the water that surface measurements could do. Indeed, with force spectroscopy measurements carried out with an atomic force microscope (AFM) we show that water is aged upon exposure to air. Figure 7a is typical force curve obtained in water on mica surface (pH ∼ 7), which shows the presence of van der Waals interactions for short times (


(b) van der Waals interactions



Ageing
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Fig. 6. PCA plots for capacitance data at 1 kHz for red wine samples of Cabernet Sauvignon Miolo 2000, Merlot Miolo 2000, Cabernet Sauvignon Embrapa 1999, Cabernet Franc Embrapa 1999, in addition to white wines Chardonnay Salton 1999, Chardonnay Embrapa 1999, Riesling Salton 1998. In each case measurements were made with 2 bottles, named 1 and 2. The results indicate that the sensor is capable of distinguishing wines of different grapes, and wines from the same grape but different producers (e.g., Embrapa and Miolo for Cabernet Sauvignon).
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Sample Displacement (nm) Fig. 7. (a) Typical force curve for a AFM tip and mica sample immersed in water and (b) schema (approach curves) showing water ageing for various periods of time (increasing in the direction t < t  < t  ). The difference between each of two times, t − t  or t  − t  is 2 h.



The presence of impurities in the cell is found to affect the force curves. Here we employed pure water to investigate water ageing during several times, which are significantly altered as shown schematically in Figure 7b. For short periods, the curve displays a minimum with the distance between the tip of silicon nitrite (tip = 74, kc = 003 N m−1 ) and a ﬂat mica surface (mica = 54),11 which indicates the predominance of attractive van der Waals interactions. For longer times, repulsive double-layer forces dominate until the force curve is practically purely repulsive (for t  ). The double-layer contribution is repulsive for the following reason: It is energetically favorable for a surface charge to be surrounded by a medium with large dielectric constant like water. If the tip approaches the double layer region it replaces the water. Since the tip material has a lower dielectric constant than water, the situation is now energetically unfavorable and the tip is repelled by the double layer charge.12 Ageing of the water is accompanied by a change to lower pH values, which then increases the charge of the silicon nitrite tip (whose isoelectric point is at pH 6.312 ), whereas mica is negatively charged. The net result is an increase in the repulsive, double-layer force. Sensor Letters 4, 1–5, 2006
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The results from atomic force spectroscopy indicate clearly that a very thin layer of water adjacent to the metallic substrates is affected when small changes occur in the liquid, as was the case of the ageing of water. This may be behind the high sensitivity of the sensing units, for interface phenomena—particularly those associated with double-layers—dominate the electrical response of the sensor at the frequency (200 Hz) where sensitivity was maximum. It is also consistent with the ﬁnding that sensitivity was decreased when nanostructured ﬁlms deposited onto the electrodes were replaced by cast, thicker ﬁlms.13 The surprising feature of the sensing units used here was the absence of any sensitive organic material. It appears that, being a predominantly interface effect, the changes in morphology due to irregularities in the chrome deposition are sufﬁcient to lead to distinct electrical responses that can be exploited to produce as a characteristic ﬁngerprint of a given liquid in a sensor array. The sensitivity toward basic tastes of the sensor array presented here is similar to that obtained with interdigitated gold electrodes covered with nanostructured ﬁlms,13 while the distinguishing ability for different wines also compares with previous works.2 9 14 The obvious advantage of the array made with bare metal electrodes is the simplicity and low cost. It should be stressed, nevertheless, that state-of-the-art sensors are expected to include coating materials that may also respond speciﬁcally to the analyte, as indicated by arrays containing immobilized enzymes.15
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