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      Abstract


      A fast and easy electrochemical method for nitrate determination in leafy vegetables was developed. It is a much cheaper method compared to the HPLC method or chemiluminescence detection, the most sensitive method in determination of nitrate, which requires expensive instrumentation. A nitrate ion selective electrode was employed and the electric potentials were measured before and after a series of standard nitrate solutions added to the vegetable sample solution without any pre-treatment. After a series of electric potential measurements, the nitrate concentration initially present in the sample solution was obtained by fitting the series electric potentials measured and the corresponding standard nitrate solutions added with the Nernst equation using the SigmaPlot 13.0 software. The recovery of the method varies from 95.9% to 103.7%, the low detection limit was found to be as low as about 20 µM, and the coefficient of variation was 3.12% for intra-day precision. The nitrate contents in several types of fresh leafy vegetables and one type of canned vegetable from a local supermarket were determined. Nitrate contents were found to be 2.58 ± 0.24 mg/g in fresh spinach, 1.78 ± 0.43 mg/g in fresh romaine lettuce, 1.73 ± 0.37 mg/g in fresh iceberg lettuce, 2.14 ± 1.18 mg/g in fresh celery, and 1.22 ± 0.09 mg/g in canned spinach. The results agree well with results from other methods in same type of vegetables. Interference anions were also studied.
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      Introduction


      It is well known that some green leafy vegetables such as spinach and lettuce contain high levels of nitrate (NO3-) [1-3], while nitrite (NO2-) content in many types of fresh vegetables is much lower than nitrate [3-5]. Nitrate and nitrite in diet have long been linked to an increased risk of some cancers and methemoglobinemia called blue baby syndrome in infants [3,6,7]. However, recent studies in last decade suggest that dietary nitrate can significantly reduce systolic blood pressure via the nitrate-nitrite-nitric oxide (NO) pathway [7,8]. Dietary nitrate can be considered as a nutrient. It is estimated that vegetables contribute about 87% of nitrate dietary intake [9,10]. Nitrate from vegetables, whether cooked or uncooked, is absorbed very effectively resulting in an absolute nitrate bio-availability of around 100% [9]. Thus, a convenient and inexpensive method for detecting nitrate content in vegetables is of importance.


      There are several methods that are currently used in the determination of nitrate. The most sensitive method for nitrite and nitrate determination is chemiluminescence detection, which can determine as low as 0.1 µM nitrate in some samples, however it requires special and expensive instrumentation, nitric oxide analyzer chemiluminescence detector [11,12]. Other methods for determining nitrate include the reduction of nitrate to nitrite either with a cadmium solution or passage through a copper-coated cadmium column followed by nitrite measurement by the well-known Griess assay [12-14].


      Nitrate could be determined by ion selective electrode (ISE) method for which one normally needs to create a calibration curve (semi-logarithmic) to find out the nitrate concentration in the unknown sample [15,16]. Since nitrate is an anion so it can be determined by the ion chromatographic method [17-19]. HPLC method is also a common method in the determination of nitrate in foodstuffs [20,21]. An UV-Vis spectroscopic method, either based on deconvolution of UV spectra of a number of references to reconstitute the UV spectrum of an unknown sample to determine nitrate concentration or based on the quantitative reaction of nitrate with 2-sec-butylphenol to form a yellow complex in alkaline medium which has maximum absorbance at 418 nm has also been used [22,23]. These methods either need special pretreatment, such as converting nitrate to nitrite then determine nitrite content, or reacting with special reagents to generate a colored compound, or need special and expensive instrumentations such as chemiluminescence detection and HPLC.


      Here, we developed a simple electrochemical method that requires only a potentiometer (pH meter) and a nitrate ion selective electrode to determine nitrate in green leafy vegetables. No special pre-treatment for vegetable samples and no chemical reaction with any reagents needed. Almost any research lab can afford to perform this measurement. We determined nitrate content in fresh spinach, fresh romaine lettuce, fresh iceberg lettuce, fresh celery, and canned spinach obtained from a local supermarket.


      Experimental Procedures


      All vegetables were purchased from a local supermarket. All chemicals were purchased from Sigma-Aldrich Chemical Company (St. Louis, MO, USA) unless otherwise indicated.


      Sample preparation


      For spinach (Spinacia oleracea), iceberg lettuce (Lactuca sativa), and romaine lettuce (Lactuca sativa L. var. longifolia), all edible parts were used in preparing the juice; for celery (Apium graveolens), only edible stalks were used in preparing the juice. Eighty grams of any of the above fresh vegetable were weighed and washed with de-ionized water (DI H2O) and then homogenized in a blender with 200 ml DI H2O. The homogenized mixture was then filtered through cheesecloth to remove the solid residue and the juice volume was measured and recorded.


      Nitrate measurement


      A nitrate ion selective electrode (OAKTON Instruments, Inc., Vernon Hills, IL, USA) was used to determine nitrate concentration in vegetable juice samples using the standard addition method. The nitrate ion selective electrode (ISE) consists of an electrode body containing a liquid internal filling solution in contact with a gelled organophilic membrane containing a nitrate ion exchange. When the membrane is in contact with a solution containing free nitrate ions, an electric potential develops across the membrane. This electric potential is measured against a reference electrode with constant potential using a potentiometer. Since very high concentrations of nitrate were present in all tested vegetables, sample juices were diluted 100 times with DI H2O before the determination. Briefly, 1.0 ml vegetable juice was added to 99.0 ml DI H2O containing 0.04 M (NH4)2SO4 as an ionic strength adjuster while stirring and then the electric potential was measured.


      Next, a series small volume of standard 0.1 M NaNO3 solution (50 µl, 100 µl, 200 µl, 400 µl, 600 µl) were added to the sample solution and electric potential was measured after each standard nitrate addition. For example, if 100 µl of 0.1 M NaNO3 solution is added to the sample solution (1.0 ml vegetable juice plus 99.0 ml DI H2O, total 100.0 ml), the final concentration of standard nitrate added to the sample is 99.90 µM. After a series of electric potential measurements, the nitrate concentration initially present in the sample solution was calculated by Global Curve Fitting the series electric potentials measured and the corresponding standard nitrate concentrations added with the logarithm equation of three parameters, Nernst equation 
       E= E 0 − S * log X+ X 0 , using the SigmaPlot 13.0 (Systat Software, Inc, San Jose, CA, USA), where X is the standard nitrate concentration added to the sample solution (µM) and E is the electric potential measured (mV) after each addition of standard nitrate solution, X0 is the nitrate concentration initially present in the sample solution (µM), E0 is the reference electric potential (mV) which is a constant for a given electrode, and S is the electrode slope (-59 mV at 25 ℃). X0, E0 and S will be calculated by fitting. The nitrate content in the original raw vegetable was then converted from µM to mg.g-1. Each sample analysis was carried out in three replications and the results of same type of vegetables were reported from five different samples (Mean ± SD, n = 5).


      Nitrate contents in some vegetable samples were also determined by a chemiluminescence detector with the method described in previously published paper [11]. Briefly, an aliquot (5µl) of vegetable juice was injected into the reaction vessel of a nitric oxide analyzer chemiluminescence detector (Sievers NOA280i). This apparatus directly detects NO and can be used for nitrite and nitrate analysis under conditions where these species are converted to NO. For nitrite analysis, the reaction vessel contained 1% w/v KI in glacial acetic acid to reduce nitrite to NO. For nitrate analysis, the reaction vessel contained a solution of vanadium (III) chloride in hydrochloric acid (1 M HCl) at 90 ℃ that reduces both nitrite and nitrate to NO. The nitrate concentration is thus obtained by subtracting the measured nitrite concentration from the concentration of nitrite and nitrate. The concentrations of nitrite and nitrate were determined on the basis of standard curve [11].


      Results and Discussion


      A series of electric potentials were measured after a series of standard nitrate solutions were added to a romaine lettuce sample solution. By fitting electric potentials measured (E) and standard nitrate concentrations added (X) with the Nernst equation 
       E= E 0 − S * log X+ X 0  using the software SigmaPlot 13.0, 38.25 µM nitrate was found to be the initial nitrate concentration present in the sample (X0), E0 is 400.4 mV, and the slope (S) was 62.83 mV which was pretty close to 59.16 mV, the theoretical value at 25 ℃. Figure 1 shows that the fitting result (red line) matched the experimental data (black dots) well. Nitrate concentration in a romaine lettuce juice sample was measured five times in a day and the results were 58.76 µM, 57.99 µM, 59.55 µM, 59.17 µM, 62.12 µM, so the coefficient of variation (CV) was 3.12% for intra-day precision. Table 1 shows the results for a romaine lettuce juice sample containing 69.10 µM nitrate, 200 µM standard nitrate solutions was added and then the nitrate concentrations was measured again to calculate the recovery, the recovery varies from 95.9% to 103.7% with the mean recovery 99.4%. Table 2 shows nitrate contents in several fresh leafy vegetables and canned spinach purchased from a local supermarket determined by this method. Nitrate contents were found to be 2.58 ± 0.24 mg/g in spinach, 1.78 ± 0.43 mg/g in romaine lettuce, 1.73 ± 0.37 mg/g in iceberg lettuce, 2.14 ± 1.18 mg/g in celery, and 1.22 ± 0.09 mg/g in canned spinach. Our results were mean values for same type of vegetables purchased from a local supermarket at different time (spring, fall, or winter).


      Some anions interfere with the nitrate measurement. Interferences study found interference coefficients were 0.3%, 3.5%, 4.9%, 5.1%, 51.1%, and 343% for nitrite, oxalate, chloride, sulfate, chlorate, and perchlorate anions respectively when these anions were spiked to celery juice samples (Table 3). Nitrite interferes with the determination at very low level (interference coefficients was 0.3%), considering the concentration of nitrite was at < 1.0 mg/kg, which was about 1000-2000 times lower than that of nitrate in most vegetables [24-26], so the interference from nitrite can be neglect. Chloride and sulfate interfere with the determination at low level (interference coefficients were 4.9% and 5.1% respectively), however chloride and sulfate concentrations in vegetables were much lower than that of nitrate [27,28], so their interference with the determination can also be neglect. Chlorate and perchlorate interfere with the determination significantly (interference coefficients were 51.1% and 343% respectively), however chlorate and perchlorate levels in these fresh vegetables were lower than 0.025 mg/kg, which was about 100,000 times lower than that of nitrate [29-32], so the interference from chlorate and perchlorate can also be neglect.


      There were several reports about the determination of nitrate in vegetables using ISE method. To find out the nitrate concentration in the unknown sample, the ISE method normally need to create a calibration curve from electric potentials measured (E) together with corresponding serial dilution of standard nitrate solution (semi-logarithmic curve, E vs log X, where X is the standard nitrate concentration) and need to adjust the ionic strength in the standard nitrate solution and the sample solutions to the same level with (NH4)2SO4, and also need to check the calibration curve every two hours, if the ambient temperature changes, a new calibration curve is needed [1,15,16]. It is widely known that in any quantitative analysis procedure the standard addition method normally is more accurate than the calibration curve method for a sample with complex matrix, because the standard solutions may have different signal response as compare to the unknown sample (here is the vegetable juice) that contain same concentration of the analyte (here is the nitrate), due to the fact that the composition of an unknown sample is much more complex than a standard solution. So, results obtained by comparing signals from the unknown sample and the calibration curve were not so accurate. In standard addition method, small amount of standard solution was added to the unknown solution directly for several times and the signal was monitored after each addition of standard solution, these serial measurements were under same background except that the analyte concentration is gradually increased. So the results from standard addition method normally are more accurate than that from calibration curve method. However, the standard addition method normally involves somewhat more complicated calculations. For example, in our study using Nernst equation, 
       E= E 0 − S * log X+ X 0 , E is the electric potential measured by a potentiometer (pH meter) and X is the standard nitrate concentration added to the sample, three variables E0 , S, and X0 need to be calculated. In order to find out X0, the nitrate concentration initially present in the sample, we need measure electric potential before the addition of standard nitrate solution and measure electric potentials two more times after each addition of standard nitrate. We can now find out X0 by solving three equations. By using commercially available software SigmaPlot 13.0, we can easily calculate X0. To obtain more accurate results we actually added standard nitrate solution five times during the measurement for each sample (Figure 1). Thus, our results actually were the average of four measurements for each sample. By adding small amount of standard nitrate solution to vegetable sample directly and measure electric potentials after each addition, the background in the vegetable sample solution will be the same except that the nitrate concentration was gradually increased. The recovery test confirmed the method is valid (the recovery of the added standard nitrate is between 95.9% and 103.7% with the mean recovery 99.4%); while the recovery of the added standard nitrate in the calibration curve method varies from 80.4% to 113.3% with the same electrode. So, the accuracy of our method (standard addition) is better than that of the calibration curve method.


      In our measurement, no special pre-treatment of the vegetable samples and no chemical reaction with any reagents are needed. We could determine nitrate at concentration as low as -20 µM and as high as 1000 µM directly. We can determine nitrate at higher concentrations by diluting the sample solution with DI H2O. Actually during our measurements, all vegetable solutions were diluted 100 times with DI H2O before start measuring electric potential. Although it is not as sensitive as the chemiluminescence detection method, since nitrate content in many types of vegetables is much higher than the detection limit (-20 µM), our method would be useful for determining nitrate in most vegetables. In addition, our method is a much cheaper and easier operational method when compared with chemiluminescence detection [11]. For the same vegetable sample, nitrate content determined by our method was consistent with that determined by the chemiluminescence detection, for example, a fresh spinach sample solution was found to contain 4.028 ± 0.049 mM of nitrate by our method and the chemiluminescence detection found 3.986 ± 0.094 mM of nitrate (data obtained from a nitric oxide analyzer, Sievers NOA280i). Overall our results are comparable and agree with the results obtained from chemiluminescence detection.


      Conclusions


      Our electrochemical method together with software SigmaPlot 13.0 for determining nitrate in leafy vegetables is simple and inexpensive, the results agree well with chemiluminescence detection method. This method can be used to determine nitrate concentration in any aqueous sample such as vegetable samples, food samples, and water samples. The application of the software SigmaPlot 13.0 for rapid analytical determination is useful for industries.
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