An Array Configuration to Increase the Performance of a Biosensor
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Abstract

The objective of this study is to investigate whether an amperometric biosensor in an array configuration can increase its signal-to-noise ratio (SNR) so as to increase its performance, like sensitivity. Uric acid biosensor (UAB) was used as an example in this study. Both single UAB (UAB-1x1) and UAB array (UAB-1x2 and UAB-1x3) were fabricated with uricase immobilized on commercial graphite electrodes, with silver-silver chloride (Ag/AgCl) as reference electrode. The UAB showed an excellent (r2 > 0.96) linear response range (0 – 0.8 mM) and moderate response time (~20 s). Results also showed that the sensitivity and SNR of UAB can be significantly increased by the use of an array configuration. It was found that the sensitivity and SNR of the UAB-1x3 is significantly higher (p < 0.05 in all cases) than that of the UAB-1x1 (sensitivity: 3.1-fold; SNR: 4.4-fold) and UAB-1x2 (sensitivity: 1.9-fold; SNR: 3.4-fold). Moreover, an excellent linear relationship (r2 = 0.96) was found between the sensitivity and SNR. Finally, the UAB showed good repeatability (maximal relative standard deviation = 4.9%) and long-term stability (92% of its initial value of current response after 60 days of storage). In conclusion, the use of an array configuration can result in the increase of SNR, which subsequently results in the increase of sensitivity.
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1. Introduction

Research and development in biosensors as analytical tools, e.g. clinical diagnosis [1-4], food safety monitoring [5-7], environmental surveillance [5,7,8,9] and so on, have gained increasing importance in the past decade because of their beneficial properties such as simple, reliable, portable and low-cost. On the other hand, many researches have been focusing on the improvement of biosensor performance, for example sensitivity enhancement. In fact, the uses of electron-transfer mediators [10-13], bimetallic materials [14-16], polymer films [17-19], electropolymerized films [20-23], nanoparticles [24-26], carbon nanotubes [27-30], bienzymes [29,30], special electrode materials [31,32], and so on for the enhancement of amperometric biosensor sensitivity have increased notably in recent literature. In spite of the big amount of literature on the improvement of biosensor sensitivity, no paper has been found on studying the enhancement of biosensor signal-to-noise ratio (SNR). In particular, no research was found on investigating the relationship among biosensor configuration, SNR and sensitivity. Therefore, the aim of this study is to investigate whether an amperometric biosensor in an array configuration can increase its SNR in an attempt to increase its sensitivity. An amperometric uric acid biosensor (UAB) was used as an example in this study.
2. Materials and Methods
2.1
Chemicals and Reagents
In this study, all chemicals and reagents were commercially available and they were used with no further purification. Uricase, uric acid, bovine serum albumin (BSA), glutaraldehyde, phosphate buffered saline (PBS) were purchased from Sigma Chemical Co. (St. Louis, MO). De-ionized water purified by a Millipore System (Milli-Q UFplus; Bedford, MA) was used to prepare all solutions. Three-electrodes screen-print sensor, consisted of working electrode (graphite), counter electrode (graphite) and reference electrode (silver-silver chloride, Ag/AgCl), was purchased from Zensor R&D Co., LTD (Taichung, TW).
2.2
Immobilization of Uricase onto the Sensor for the Fabrication of UAB
Glutaraldehyde (2.5%, 4 (L) was initially pipetted onto the working electrode of the sensor and then kept at 4 (C for 1 hour. Afterward, the enzyme (uricase, 0.5 U/mL, 4 (L) was pipetted again onto the working electrode of the sensor, followed immediately by adding BSA (0.1 mM, 4 (L). Lastly, the sensor was kept in the dark at 4 (C before use. 

The above mentioned procedure is the fabrication steps of a single UAB (UAB-1x1). For the fabrication of UAB array in the configuration of 1x2 (UAB-1x2) and 1x3 (UAB-1x3), it is simply constructed by combining 2 pieces and 3 pieces of UAB-1x1 in parallel, respectively (Fig. 1).
2.3
Hydrodynamic Voltammetry Measurements of the UAB
Measurements were conducted, using an electrochemical analyzer (CHI 627C, CH Instrument, USA), with the UAB immersing in a solution of 0.8 mM uric acid solution subjected to steady stirring at 25 (C. Incremental potentials (0 – 1 V, 0.1 V increments) versus Ag/AgCl electrode of the sensor were applied to the working electrode of the UAB and the current responses of the UAB to uric acid were measured.
2.4
Measurements of the UAB Current Response to Uric Acid
Electrochemical analyzer was used and measurements were carried out at 25 (C. An applied potential of +700 mV versus Ag/AgCl pad was applied to the working electrodes of the UAB. PBS was firstly pipetted onto the UAB. After waiting for 150 s to achieve a steady background current, uric acid solution in different concentrations was then added onto the UAB and the current response of the UAB to uric acid was then measured.
3. Results and Discussion
3.1
Hydrodynamic Voltammogram of the UAB
Fig. 2 demonstrated the hydrodynamic voltammogram of the UAB at a regularly-stirred 0.8 mM uric acid solution. Reductive currents generated by the UAB were found to begin at +600 mV potential, gradually increase with the applied potential, and become plateau starting from +800 mV potential afterward. Therefore, +700 mV potential (the mean of +600 mV and +800 mV) versus the Ag/AgCl reference electrode was used for all measurements. On the other hand, an array configuration was found to be able to increase the reductive current and this means that the sensitivity of the UAB can be increased by using array configuration.

3.2
Response Behavior of the UAB
Fig. 3 showed a current-time curve for the addition of 0.8 mM uric acid solution, where the current response of the UAB-1x1 being measured at the applied potential of +700 mV. After adding the uric acid solution onto the UAB-1x1, the reductive current raised and reached 95% of the steady state current at 20 s approximately. UAB-1x1 has a faster response time as compared with that reported by Arora et al. (about 60 s) [33], Luo et al. (about 45 s) [34] and Zhang et al (about 50 s) [35], but it has a slower response as compared with that reported by Chauhan and Pundir (about 7 s) [36].
Fig. 4 showed a calibration curve of the UAB-1x1 to uric acid concentration. The sensitivity of the UAB-1x1 was determined by the slope of linear regression of this current response versus uric acid concentration. It was found that the current response is directly proportional to the uric acid concentration over a wide range of concentration (0 – 0.8 mM) sufficiently covering the normal physiological and pathological blood uric acid levels, where correlation coefficient (r2) is 0.99 and sensitivity is 1.55 (A/mM. The range of concentration measurement of the UAB-1x1 is comparable to the findings reported by other researchers [34, 36] and is slightly narrower as compared with that reported by Zhang et al (0.2 – 1 mM) [35]. And, the sensitivity of the UAB-1x1 is lower than Luo’s findings (16.6 (A/mM) [34] but is higher than Zhang’s findings (5.5 nA/mM) [35].
Fig. 5 showed the calibration curve of the UAB-1x1, UAB-1x2 and UAB-1x3 to uric acid concentration. Again, the current responses of the three UAB (all have r2 > 0.96) were found to be directly proportional to the uric acid concentration over the concentration range of 0 – 0.8 mM. It was observed that the use of array configuration can result in the increase of the sensitivity of the UAB in general. Specifically, the sensitivity of the UAB-1x3 was found to be significantly higher (independent-samples t test: p < 0.05 in both cases) than that of the UAB-1x1 (3.1-fold) and UAB-1x2 (1.9-fold), while UAB-1x2 also has a significant higher (independent-samples t test: p < 0.05) sensitivity as compare to UAB-1x1 (1.6-fold). A possible explanation for these phenomena is that the improved sensitivity is due to the higher signal-to-noise ratio (SNR) achieved with the larger reductive current signals observed at the UAB in a higher array configuration and this will be explained later in this section. 
Fig. 6 showed the plot of UAB sensitivity versus the type of UAB array configuration. The sensitivity of the UAB exponentially increases with the UAB in higher array configuration (Exponential Regression Equation: UAB sensitivity = 0.86e0.56 x Array Configuration ; r2 = 0.99). Based on this finding, it can be understood that the UAB sensitivity can be significantly increased (independent-samples t test: p < 0.05 in all cases; UAB-1x1 < UAB-1x2 (1.9-fold) and UAB-1x3 (3.1-fold); UAB-1x2 < UAB-1x3 (1.6-fold)) by using UAB in array configuration. However, this method can not unlimitedly increase the UAB sensitivity as it has an exponential increase phenomenon. Therefore, it can be expected that the UAB sensitivity can be increased and reach its maximum steady state at a particular array configuration.
Fig. 7 showed the plot of UAB SNR versus the type of UAB array configuration. The SNR of the UAB exponentially increases with the UAB in higher array configuration (Exponential Regression Equation: UAB SNR = 5.51e0.74 x Array Configuration ; r2 = 0.88). It was found that the higher the array configuration, the greater the UAB SNR in general. To be more specifically, the SNR of the UAB-1x3 was found to be significantly greater than that of the UAB-1x1 (4.4-fold; independent-samples t test: p < 0.001) and UAB-1x2 (3.4-fold; independent-samples t test: p < 0.05). Although the SNR of the UAB-1x2 is greater (1.3-fold) than that of UAB-1x1, no significant difference (independent-samples t test: p = 0.228) is found. On the other hand, as shown in Fig. 8, an excellent linear relationship (r2 = 0.96) was found between the sensitivity and SNR. It was found that the greater the SNR, the larger the sensitivity. Therefore, this can explain the phenomenon found in Fig. 5 that UAB-1x3 has a higher sensitivity as compared to UAB-1x1 as a result of UAB-1x3 having a higher SNR as compared to UAB-1x1.

The repeatability of the UAB-1x1, UAB-1x2 and UAB-1x3 on measuring uric acid concentrations was evaluated from the standard deviation of the sensitivity of the UAB. As shown in Table 1, the three different UAB demonstrate a reasonably attractive analytical feature of repeatability (maximal relative standard deviation = 4.9%).
3.3
Life-Span of the UAB

The long-term stability of the UAB, kept at 4 (C, was evaluated over a 60-day period. It was found that the current response of the UAB to 0.8 mM uric acid solution was 92% approximately of its initial value. The life-span of our UAB is longer than that reported by Hoshi et al. (2003) [37] and their uric acid sensor can only retain 60% activity after 30 days storage. A possible explanation for the good life-span of the UAB is that the enzyme is immobilized well onto the sensor and maintains its enzymatic activity. In this study, bovine serum albumin and glutaraldehyde was used to crosslink with the enzyme onto the sensor. This crosslink structure probably provides a superior micro-environment for the enzyme to stay alive and keep up its enzymatic activity.
4. Conclusion

Biosensor in an array configuration can increase its SNR, which subsequently results in the increase of its sensitivity. Also, an excellent positive linear relationship is found between the sensitivity and SNR. This method is reliable, simple and inexpensive to fabricate a highly-sensitive biosensor. In this study, UAB array was used as an example and it has a linear working range (0 – 0.8 mM), a moderate response time (~20 s), and good repeatability.
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Table 1. The sensitivity and repeatability of the UAB on measuring uric acid.

	UAB
	Sensitivity ((A/mM)
	Relative Standard Deviation (%)

	UAB-1x1
	1.55 ( 0.07
	4.7

	UAB-1x2
	2.47 ( 0.12
	4.9

	UAB-1x3
	4.73 ( 0.22
	4.6
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Fig. 1. The UAB. (a) UAB-1x1. (b) UAB-1x2. (c) UAB-1x3.
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Fig. 2. Hydrodynamic voltammogram of the UAB in constantly-stirred solution of 0.8 mM uric acid. 
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Fig. 3. Current-time curve obtained by the addition of 0.8 mM uric acid solution to the UAB-1x1. The response time of the biosensor is about 20 s.
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Fig. 4. Calibration curve of the UAB-1x1 to uric acid concentration. The lines are best fit found by linear regression. Sensitivity of the biosensor is indicated by the slope of the linear regression line and it is 1.55 (A/mM.
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Fig. 5. Calibration curves of the three different UAB to uric acid concentration (0 – 0.8 mM). The line is that of best fit found by linear regression (the correlation coefficient, r2, of UAB-1x1, UAB-1x2 and UAB-1x3 is 0.99, 0.96 and 0.98, respectively). The sensitivity of the UAB (1.55, 2.47 and 4.73 (A/mM for UAB-1x1, UAB-1x2 and UAB-1x3, respectively) is the slope of the linear regression line. Remarks: aStatistically significant differences (independent-samples t test: p < 0.05) was found on its sensitivity as compared to UAB-1x2 and UAB-1x3. bStatistically significant differences (independent-samples t test: p < 0.05) was found on its sensitivity as compared to UAB-1x3.
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Fig. 6. The UAB sensitivity-type of array curve. The line is that of best fit found by regression (r2 = 0.99). The sensitivity of the UAB exponentially increases as the type of array changing from single biosensor (i.e. UAB-1x1) to array biosensor (i.e. UAB-1x2 or UAB-1x3). Remarks: aStatistically significant differences (independent-samples t test: p < 0.05) was found as compared to UAB-1x2 and UAB-1x3. bStatistically significant differences (independent-samples t test: p < 0.05) was found as compared to UAB-1x3.
[image: image10.emf]0

10

20

30

40

50

60

70

80

90

100

110

120

130

0 30 60

Days

Percentage Change of Current

Response (%)


Fig. 7. The UAB signal-to-noise (SNR)-type of array curve. Data is obtained by using 0.8 mM uric acid solution. The line is that of best fit found by regression (r2 = 0.88). The SNR of the UAB exponentially increases as the type of array changing from single biosensor (i.e. UAB-1x1) to array biosensor (i.e. UAB-1x2 or UAB-1x3). Remarks: aStatistically significant differences was found as compared to UAB-1x2 (independent-samples t test: p < 0.05) and UAB-1x1 (independent-samples t test: p < 0.001).
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Fig. 8. The sensitivity-SNR curve. Data is obtained by using 0.8 mM uric acid solution. The line is that of best fit found by linear regression.
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Fig. 9. The current response of the UAB was found to be about 90% of its initial value after a 2-month storage at 4(C, showing a good long-term stability. Data is obtained from the UAB-1x1 tested at 0.8 mM uric acid solution.
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