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Abstract

:

In this research, we proposed a potentiometric sensor based on copper doped zinc oxide (CZO) films to detect glucose. Silver nanowires were used to improve the sensor’s average sensitivity, and we used the low power consumption instrumentation amplifier (UGFPCIA) designed by our research group to measure the sensing characteristics of the sensor. It was proved that the sensor performs better when using this system. In order to observe the stability of the sensor, we also studied the influence of two kinds of non-ideal effects on the sensor, such as the drift effect and the hysteresis effect. For this reason, we chose to combine the calibration readout circuit with the voltage-time (V-T) measurement system to optimize the measurement environment and successfully reduced the instability of the sensor. The drift rate was reduced by about 51.1%, and the hysteresis rate was reduced by 13% and 28% at different measurement cycles. In addition, the characteristics of the sensor under dynamic conditions were also investigated, and it was found that the sensor has an average sensitivity of 13.71 mV/mM and the linearity of 0.998 at a flow rate of 5.6 μL/min.
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1. Introduction


Nowadays, the importance of the glucose sensors is increasing rapidly, and it can be found in the medical and health care and food industries [1,2]. In the human body, blood sugar is an important indicator to measure the healthy development of the human body. When the human blood sugar exceeds a normal blood sugar level, it will cause diseases in the human body [3,4]. In food inspection, it can be used to determine the sugar content in food and detect the degree of freshness [5,6]. It can be seen that the application range of the glucose sensor is wide. In this research, we proposed a non-enzymatic sensor.



Transition metal oxides films are often used as sensing films for biosensors. Among the many transition metal oxides films, copper doped zinc oxide (CZO) was selected as the sensing film for our sensors. Zinc oxide (ZnO) is an n-type semiconductor, which has a band gap energy of approximately 3.37 eV [7]. Because of its better biocompatibility, high electron mobility, and high electrochemical activity [8], it is widely used in gas sensors, biosensors, and solar cells [9]. Studies have confirmed that appropriate dopants, such as copper metal, can be doped with ZnO. Copper metal has a high electrical conductivity, which can increase the interface contact between the metal oxide and the analyte, enhancing the catalytic activity of the sensor [10]. This study used a thin film of copper doped zinc oxide (CZO), and studied potential applicability of the device as a glucose detection sensor.



Transition metal oxides are often used to modify nanometal materials to enhance their degree of the catalysis [11]. In this study, the silver nanowires (AgNWs) were added to the working electrodes of the sensor. The reason why we chose silver nanowires as nanomaterials is because silver nanowires have good electrical conductivity and stretchability, so they are often used to improve electrical conductivity and enhance the sensitivity of sensors [12,13,14].



In order to improve the stability of the sensor and make the sensor have more accurate measurement results, our research group, Po-Yu Kuo et al. [15] proposed a low unity-gain frequency and low power consumption instrumentation amplifier (UGFPCIA) measurement system. The manufacturer of UGFPCIA is Taiwan Semiconductor Research Institute (TSRI), it is from Tainan City, Taiwan. The UGFPCIA can reduce the interference caused by the measurement environment to the sensor; it kept the sensor away from high-frequency signal interference, and increased the stability of the measurement.



In the measurement process, there are two non-ideal effects that will affect the measurement results of the sensor. The drift effect is defined as when the sensor reacts with the solution the film will produce a hydration layer. After a long time, the response voltage of the sensor will still increase slowly with time, and this phenomenon will cause instability.



When the sensor is immersed in a test solution of different concentrations, and then immersed in the original concentration solution, the sensor will become unstable, resulting in a difference from the initial response voltage, which is called the hysteresis effect. In order to improve the impacts of those non-ideal effects of the sensor, the calibration readout circuits are proposed by Po-Yu Kuo et al. [16,17]. In this manuscript, we compared and analyzed the measurement results by using the calibration readout circuits.



Since we hope to combine the sensing window of the sensor with the circuit in the future, it will be presented in the form of a microfluidic chip. Therefore, in this study, we also use the microfluidic system to explore the feasibility of the sensor under dynamic measurement. Microfluidic systems and microfluidic channels have also attracted much attention in recent years. Many researchers use microfluidic channels and design them to automatically collect the object to be tested, or provide a system that can be monitored for a long time, which can not only reduce resource consumption purpose, saving labor cost, but also improve the stability of the sensor and reduce the amount of samples and reagents used [18,19,20,21].



In summary, this experiment focuses on the use of the calibration readout circuit, and observed the improvement in the performances of the AgNWs/CZO glucose sensor, and the judgment of the stability of the sensor. We also used the microfluidic system to observe the results of dynamic measurement.




2. Materials and Methods


2.1. Materials


The polyethylene terephthalate (PET) substrate was prepared by Zencatec Co., Taoyuan, Taiwan. The silver paste used for the conductive wires was obtained from Advanced Electronic Material Inc. (Yunlin County, Taiwan). The epoxy (product no. JA643) was prepared by Sli-More Industrial, Ltd. (Yunlin County, Taiwan). The copper doped zinc oxide (CZO) target with 99.95% purity was acquired from Ultimate Materials Technology Co., Ltd., (Hsinchu County, Taiwan). The glucose powder and sodium chloride (NaCl) were prepared by J. T. baker Corp. (New York, NY, USA). Polyvinylpyrrolidone (PVP) powder was prepared by Sigma- Aldrich Co. (St. Louis, MO, USA). The ethylene glycol (EG) was prepared by Echo Chemical Co. (Miaoli County, Taiwan). The silver nitrate powder (AgNO3) used was prepared by Acros Organics (New York, NY, USA). The measurement system composed of the LT1167 instrumentation amplifier (Type: LT1167CN8#PBF) was acquired from Linear Technology/Analog Devices Corporation (Norfolk County, MA, USA). The data acquisition (DAQ) device (Type: USB-6210) was acquired from National Instruments Corporation (Austin, TX, USA). The program system software (Type: LabVIEW) was prepared by National Instruments Corporation (Austin, TX, USA). The microfluidic system (Model: OB1 MK3+) was prepared by Elvesys microfluidic innovation center (Paris, France). The field-emission scanning electron microscope (FE-SEM) was prepared by Japan (Model: JSM-7610FPlus, Tokyo, Japan). The deionized water (D.I. water) was prepared from the aqueous solutions (resistivity = 18.4 MΩ cm−1).




2.2. Preparation of the CZO Sensor


Screen printing technology is commonly used to prepare the silver wire and reference electrode of the sensor on the PET substrate, and the raw material used to do so is the conductive silver paste. We deposited a CZO film on the substrate prepared by the radio frequency sputtering (R.F.) system. Following this, the preparation of the working electrodes of the sensor was completed. Finally, we added 2 µL silver nanowires (AgNWs) on the CZO film, and an insulating layer (epoxy) was applied to encapsulate the sensor. Figure 1a shows the front view of the sensor, and Figure 1b shows a side view of the sensor.




2.3. Fabrication of the AgNWs


The silver nanowires used in this research were fabricated by using the polyol method [22]. In the process of fabrication, 4 kinds of materials were needed, namely polyvinyl pyrrolidone (PVP), silver nitrate (AgNO3), sodium chloride (NaCl), and ethylene glycol (EG). In the first step, we added PVP powder and AgNO3 powder to an EG solution in a ratio of 1:2, and then mixed the two solutions. Following this, we added some NaCl particles and used a heater to heat the solution to 195 °C for 1.5 h, and afterwards, the solution was centrifuged for 10 min in a centrifuge for a total of 6 times. Finally, it was washed with D.I. water and dispersed in it. We used field emission scanning electron microscopy (FE-SEM) to observe the appearance of the AgNWs. The FE-SEM image of the AgNWs is clearly shown in Figure 2.





3. Results


3.1. Sensing Performances of the Sensor


To fill the gap, in this research we studied the changes in the sensing characteristics of the sensors with particular reference to those not added with AgNWs and those modified with AgNWs. We also employed the instrumentation amplifier LT1167 and low power consumption instrumentation amplifier (UGFPCIA) measurement system to measure the characteristics of the sensor [15]. In this study, the solutions used in our measurement were prepared with PBS solution and glucose powder. In the human blood, the protein of the human body is affected by the pH value, thus causing its activity to change. In order to better reduce this problem, the human body has a buffer system through which the pH value in the body can be balanced. Therefore, in this research, we decided on the use of the PBS buffer solution for this measurement. This is considered a common buffer solution that can help maintain the stability of the pH value. The PBS buffer solution can be stored for a long time, and the osmotic pressure of the PBS is similar to human blood. This mechanism can effectively simulate the real blood conditions of humans. Figure 3 and Figure 4 represent the average sensitivities and linearities of the CZO sensor and AgNWs/CZO sensor by means of using different measurement systems. Curve (1) was measured by using the instrumentation amplifier LT1167, and Curve (2) is measured by using a low unity-gain frequency and low power consumption instrumentation amplifier (UGFPCIA) measurement system. The CZO sensor measured by the instrumentation amplifier LT1167 showed an average sensitivity of 3.79 mV/mM and the value of the linearity was 0.995. In contrast, the average sensitivity measured by the UGFPCIA measurement system was 3.97 mV/mM and the linearity was 0.997. On the other hand, the sensor based on the AgNWs/CZO structure was measured using the UGFPCIA measurement system and showed an average sensitivity of 8.87 mV/mM and the linearity was 0.997. Meanwhile, in terms of its average sensitivity under the measurement by means of the UGFPCIA measurement system, the value of the average sensitivity was 9.13 mV/mM and the linearity was 0.998. Due to the presence of copper in the CZO film, it can react with hydroxide ions and derive the Cu(OH)2 and glucolactone. The glucolactone will dissociate spontaneously and become protocols (H+) and gluconate [23]. On the other hand, AgNWs can improve the sensing characteristics in the sensor because the AgNWs have good electrocatalytic ability and a large surface area [24]. Therefore, the AgNWs in the sensor can improve the ability of the sensor to catalyze glucose, thereby increasing the average sensitivity. In this oxidation reaction, glucose is converted into gluconolactone, hydrogen ions, and electrons [25]. With the help of the above two material properties, the average sensitivity of the sensor increased. Finally, the voltage on the working electrode changes according to this catalytic reaction, and then the curve of voltage and time is analyzed. Therefore, we found that adding AgNWs for modification can improve the average sensitivity of the sensor. The characteristic of the UGFPCIA measurement system is that it can reduce high-frequency interference. This chip can increase the stability of the measurement system. Thus, as can be seen from Figure 3 and Figure 4, the average sensitivities measured by using the UGFPCIA measurement system did not change much. This part of the result was almost the same as the value measured by using the instrumentation amplifier LT1167, but in contrast, the values measured by using the UGFPCIA measurement system had a relatively good linearity. When the interference signals of the environment are filtered out, the measurement environment becomes more stable, so the linearity is slightly improved. Based on the experiment results, the sensor can possibly be used with this system to measure and better measurement results can be obtained. Additionally, the standard deviations of the sensor under different concentrations of different glucose solutions are shown in Table 1. A trend of the data can be found in Table 1. When measuring at the same concentration and using the UGFPCIA for measurement, the standard deviation of the sensor, at this time, has a smaller standard deviation than that of the LT1167. This result shows that the sensor has better stability in the same concentration of glucose solution, which is why the sensor has better linearity when the UGFPCIA is used for measurement. This part of the result is mainly attributed to the following reason: The signal of the biosensor is usually a low-frequency signal. In order to better distinguish the noise signal of the sensor, the larger value of the common-mode gain means that the noise can be decreased more effectively. The higher common-mode rejection ratio (CMRR) value means that the amplifier has better noise immunity. In Ref. [15], the UGFPCIA was proposed by Po-Yu Kuo et al. This system has a differential mode gain of 12 dB at 10 Hz and a common-mode gain of −54 dB. The measurement results demonstrated that the linearity of the sensor was higher than that of the sensor measured by the commercial instrumentation amplifier LT1167. For this reason, it is less susceptible to high-frequency noise. In addition, we compare the characteristics of the proposed UGFPCIA and commercial instrumentation amplifier LT1167. From [15], it can be found that the UGFPCIA was significantly better than the LT1167 in terms of supply voltage, power consumption, and unity-gain frequency (UGF). The experiment results confirmed that the sensor could be measured with this system, and better measurement results can be obtained.




3.2. Application of the Microfluidic System


Figure 5 depicts a schematic diagram of the microfluidic flow control system. This microfluidic system is composed of two major systems. These two major systems are the flow control system, which is composed of the equipment (a), (b), (c), and (d), and the combination of the V-T measurement system, which is composed of equipment (e), (f), (g), and (h). In recent years, many research teams have employed the microfluidic system or the microfluidic chip for experiments. The advantage of the combination with the above mentioned systems is that they can reduce the usage of the chemical reagents and analytes. Only a small amount of the reagents are needed, because the microfluidic channels of the microfluidic system and the microfluidic chip are very narrow. The flow control system is mainly used to automatically and accurately push the liquid to the sensor in the microfluidic channel, which can reduce errors in the experiment and simulate the dynamic measurement results. In this research, we used the microfluidic system for measurement. The experiments performed by this system can shorten the experimental process, and even if the user uses a small amount of the chemical reagents, the same experimental purpose can be achieved. In addition, in order to allow the measured signals a chance to have credibility and good measurement results, we also combined this system with the V-T measurement system. The readout circuit of this V-T measurement system was composed of six instrumentation amplifiers, LT1167. Theoretically regarded, the LT1167 can make our measurement more stable. With the combination of these two systems, the data we measured can possibly have high credibility. We used (a) ELVEFLOW software and (b) OB1 MK3+ flow controller to precisely control the output flow rates. To that end, the control system was set to 1.4 µL/min, 2.8 µL/min, 4.2 µL/min, 5.6 µL/min, and 7 µL/min flow rate, respectively. The delivered glucose liquid flows through (c) microfluidic flow sensor into the (d) microfluidic channel that we designed, and (e) is the readout circuit which received the signals generated by the sensor and passes through (f) data acquisition, which quantifies the signals. (g) is the power supply, and it provides the working voltage of the readout circuit, and the quantified data is presented on the laptop screen by (h) computer with LabVIEW 2012 system in the form of graphs for monitoring by the users. In order to better observe under which flow rate the sensor could have the best average sensitivity in terms of the dynamic measurement, the sensor was immersed in the 2–14 mM glucose solutions, and the measurement was performed according to the above-mentioned flow rates. We compared the values measured by the CZO sensor with those measured by the AgNWs/CZO sensor. The response curves of the sensors are illustrated in Figure 6 and Figure 7, and the detailed average sensitivities and linearities at different flow rates are presented in Table 2 and Table 3. Table 2 shows the detailed measurement results of the CZO sensor. From Table 2, it can be found that the sensor had average sensitivity at the 7.0 µL/min flow rates, which were 7.59 mV/mM and 0.998, respectively. Table 4 provides the detailed measurement results of the AgNWs/CZO sensor. From Table 4, it could be found that the sensor had average sensitivity at the 5.6 µL/min flow rates, which were 13.71 mV/mM and 0.998, respectively. In response to this, this phenomenon was presumably caused by the excessively fast flow rate. The experimental results indicate that the average sensitivity would increase when the flow rate increases. However, when the flow rate is too fast, the working electrodes of the sensor cannot fully interact with the glucose. When a reaction occurs, it will be taken away by the flowing liquid, and so this will cause a decrease in the average sensitivity.




3.3. Drift Effects of the Sensor


For the sensor, the drift effect is an important index of the instability of the sensor for long-term measurement [26,27]. It is defined as the response voltage of the 12th hour deducted from the response voltage of the 5th hour, and the difference can be obtained, then it is divided by 7. The calculated value is the drift rate. The formula for calculating the drift rate can be expressed as follows [28]:


  Drift   rate =    V  12 t h   −  V  5 t h    7   



(1)







In this study, in order to improve the stability of the glucose sensor, we adopted a calibration readout circuit that is calibrated for non-ideal effects. The circuit diagram of the calibration readout circuit for the hysteresis effect and drift effect is depicted in Figure 8 and Figure 9. The structure of the calibration readout circuit was composed of the P-MOSFET transmission transistor (MP), non-inverting amplifier (A1 & R1 & R2), error amplifier (A2), negative feedback resistance (R3 & R4), voltage divider resistance (R5 & R6), output load capacitance (Cout), and the amplified signal was restored by resistors R7 and R8. When the output voltage of VC decreases, the gate-source voltage (VGS) of MP increased to charge the output capacitor. Conversely, when the output voltage of VC increases less current is generated to charge the output capacitor. As a result, the output voltage VC was maintained at a stable level to improve the overall stability. First, we immersed the sensor in a 6 mM glucose solution for 12 h. This experiment was aimed to test for the stability of the sensor, and we used Equation (1) to calculate the drift rate. The response curves of the drift effect of the CZO sensor and AgNWs/CZO sensor are shown in Figure 10 and Figure 11. The drift rate of the CZO sensor measured by using the V-T measurement system was 5.67 mV/hr. All experiments were measured at room temperature (25 °C). After using the calibration readout circuit, the drift rate became 0.61 mV/hr. Its value dropped approximately 89.2%. The drift rate of the AgNWs/CZO sensor, measured using the V-T measurement system, was 2.11 mV/hr. After using the calibration readout circuit, the drift rate became 1.03 mV/hr. Its value dropped approximately 51.1%. The experimental results proved that the use of the calibration readout circuit could effectively reduce the drift rate and increase the stability of the sensor regardless of the factor of environment, and thus, this could make the sensor more stable during measurement [29].




3.4. Hysteresis Effects of the Sensor


The hysteresis voltage can be regarded as a kind of value considered suitable for measurement of the recovery degree of the sensor. In this study, the sensor was sequentially immersed under the glucose solutions with different concentrations. The operation steps involved are as follows: The forward cycle was 8 mM → 14 mM → 8 mM → 2 mM → 8 mM, and the reverse cycle was 8 mM → 2 mM → 8 mM→ 14 mM → 8 mM. We used the V-T measurement system to measure the response voltages of the sensor [30]. After a cycle, it can be found that the initial response voltage is different from the final response voltage. All experiments were measured at room temperature (25 °C). Finally, we calculated the difference between the above two voltages, and it was called the hysteresis voltage. Figure 12 and Figure 13 show the measurement results obtained with the V-T measurement system and a calibration readout circuit. In the forward cycle, before using the calibration readout circuit, the hysteresis voltage of the CZO sensor was 4.30 mV, but after using the calibration readout circuit, its hysteresis voltage was reduced to 3.92 mV, the rate of decrease was about 8%. In the reverse cycle, before using the calibration readout circuit, its hysteresis voltage was 6.09 mV, but after using the calibration readout circuit, its hysteresis voltage was reduced to 4.03 mV. The rate of decrease is about 29%. Figure 14 and Figure 15 provide the measurement results obtained with the V-T measurement system and a calibration readout circuit. The difference between the calibration readout circuit for the drift effect that is shown in Figure 9 and the calibration readout circuit for the hysteresis effect that is shown in Figure 8, is the input of Vref2. Vref2 is the applied voltage, which will affect the stability of the sensor. Regarding the drift effect, since the measured solution concentration did not change, Vref2 was calculated by the user based on the measured response voltage of the uric acid solution measured by the sensor. In the hysteresis effect, because the measured solution concentrations were different, the calibration circuit would automatically adjust the value of Vref2 according to the response voltages of the sensor at different concentrations. In the forward cycle, before using the calibration readout circuit, its hysteresis voltage was 3.24 mV, but after using the calibration readout circuit, its hysteresis voltage was reduced to 2.82 mV. The rate of decrease is about 13%. In the reverse cycle, before using the calibration readout circuit, its hysteresis voltage was 3.63 mV, but after using the calibration readout circuit, its hysteresis voltage was reduced to 2.61 mV. The rate decreased about by 28%. According to the experimental results, we have successfully used a calibration readout circuit to better maintain the hysteresis voltage at a horizontal level. Table 4 shows the drift rates and hysteresis voltages of different glucose sensors. J. C. Chou et al. [31] conducted an investigation into an array sensor using magnetic beads and graphene oxide, and the investigation was conducted using a remote monitoring system to study the non-ideal effects of the sensor. The sensor had a value of 3.7 mV/hr drift rate. K. Singh et al. [32] conducted a study on a non-enzymatic EGFET sensor, which was used to detect glucose, and it had the drift rate of 2.08 mV/hr.




3.5. Interference Effects of the Sensor


In the human body, there are several common interferences, such as uric acid (UA), urea, ascorbic acid (AA), and dopamine (DA). In this study, to better verify whether the sensor is susceptible to these interferences, they were added in sequence. All experiments were measured at room temperature (25 °C). As to the experiment conducted on interference effects, uric acid was the main factor affecting the stability of the sensor. Furthermore, when the uric acid was added, it was found that the change in response voltage was obviously greater than that if other interferences were added. In response to this, we conducted experiments on the uric acid level of normal people, which were 0.2 mM, 0.3 mM, 0.4 mM, and 0.5 mM, under the condition that the levels of other interferences remained unchanged, and the result is provided in Figure 16. The experimental results showed that only after glucose was added, the response voltage of the sensor changed significantly. Since non-enzymatic sensors did not have the specificity of enzymes, the response voltage would be affected after interferences were added, and this was a normal phenomenon, although, at the moment when interferences were added, the change in response voltage caused by these interferences could be seen clearly. However, the value of the response voltage change was still less than the change in response voltage after glucose was added. Thus, this indicates that the selectivity of the sensor would still be considered good.





4. Conclusions


We have successfully used silver nanowires to increase the performance of glucose catalysis, and prepared a sensor with good sensing characteristics. In combination with the low power consumption instrumentation amplifier (UGFPCIA), the AgNWs/CZO sensor has a better performance, with an average sensitivity of 9.13 mV/mM and a linearity of 0.998. In addition, this research focuses on the use of the correction readout circuit to effectively reduce the drift effect and hysteresis effect that affects the stability of the sensor, so that the sensor can perform the greatest benefit in the long-term and multiple measurements. Experiments have confirmed that in the drift effect measurement, we have successfully used the calibration readout circuit to reduce the instability caused by long-term immersion in the solution; the drift rate is reduced by 51.1%. On the other hand, in the hysteresis effect, it is confirmed that even if the sensor is periodically replaced with a glucose solution of different concentrations, and by using the calibration readout circuit, the stability of the sensor is effectively improved. The hysteresis voltage of the AgNWs/CZO sensor decreased by about 13% under the forward cycle and it decreased by 28% under the reverse cycle. The response voltage is reduced to approximately the same level in the forward and reverse cycles.



Another focus of the research we have also successfully verified is the feasibility of the sensor for dynamic measurement. The CZO/AgNWs sensor has an average sensitivity of 13.71 mV/mM and a linearity of 0.998 at a flow rate of 5.6 μL/min. These research results serve as an important indicator for the development of a microfluidic chip in the future.
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Figure 1. (a) Front view of the sensor, and (b) Side view of the sensor. 
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Figure 2. Morphology of the AgNWs. 
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Figure 3. Average sensitivities of the CZO sensor. 
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Figure 4. Average sensitivities of the AgNWs/CZO sensor. 
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Figure 5. V-T measurement system integrated with microfluidic system (a) ELVEFLOW software, (b) OB1 MK3+ flow controller, (c) microfluidic flow sensor, (d) microfluidic channel, (e) readout circuit, (f) data acquisition, (g) power supply, and (h) computer with LabVIEW 2012 system. 
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Figure 6. Response curves of the CZO sensor under different flow rates. 
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Figure 7. Response curves of the AgNWs/CZO sensor under different flow rates. 
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Figure 8. Circuit diagram of the calibration readout circuit for the hysteresis effect [16]. 
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Figure 9. Circuit diagram of the calibration readout circuit for the drift effect [17]. 






Figure 9. Circuit diagram of the calibration readout circuit for the drift effect [17].



[image: Chemosensors 09 00351 g009]







[image: Chemosensors 09 00351 g010 550] 





Figure 10. Drift rates of the CZO sensor after using the calibration readout circuit. 
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Figure 11. Drift rates of the AgNWs/CZO sensor after using the calibration readout circuit. 
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Figure 12. Hysteresis voltages of the CZO sensor by using the V-T measurement system and calibration readout circuit in the forward cycle. 
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Figure 13. Hysteresis voltages of the CZO sensor by using the V-T measurement system and calibration readout circuit in the reverse cycle. 
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Figure 14. Hysteresis voltages of the AgNWs/CZO sensor by using the V-T measurement system and calibration readout circuit in the forward cycle. 
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Figure 15. Hysteresis voltages of the AgNWs/CZO sensor by using the V-T measurement system and calibration readout circuit in the reverse cycle. 
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Figure 16. Interference effects of the AgNWs/CZO glucose sensor under different interferences. 
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Table 1. The standard deviations of the different glucose sensors.
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Electrode




	
CZO/PET

	
AgNWs/CZO/PET




	
Standard Deviation




	
Glucose

Concentration (mM)

	
LT1167

(mV)

	
UGFPCIA

(mV)

	
LT1167

(mV)

	
UGFPCIA

(mV)






	
2

	
2.42

	
2.36

	
1.59

	
1.55




	
4

	
2.08

	
1.06

	
1.07

	
1.03




	
6

	
0.96

	
0.41

	
1.26

	
1.09




	
8

	
0.34

	
0.08

	
1.15

	
1.05




	
10

	
0.52

	
0.48

	
1.35

	
1.28




	
12

	
0.41

	
0.38

	
1.29

	
1.24




	
14

	
0.34

	
0.31

	
1.18

	
1.09
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Table 2. Sensing performances of the CZO sensor.
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Electrode

	
Flow Rate

(µL/min)

	
Average Sensitivity (mV/mM)

	
Linearity






	
CZO/PET

	
1.4

	
6.11

	
0.998




	
2.8

	
6.96

	
0.996




	
4.2

	
6.90

	
0.997




	
5.6

	
7.21

	
0.997




	
7.0

	
7.59

	
0.998
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Table 3. Sensing performances of the AgNWs/CZO sensor.
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Electrode

	
Flow Rate

(µL/min)

	
Average Sensitivity (mV/mM)

	
Linearity






	
AgNWs/CZO/PET

	
1.4

	
12.28

	
0.994




	
2.8

	
12.75

	
0.998




	
4.2

	
12.01

	
0.997




	
5.6

	
13.71

	
0.998




	
7.0

	
13.63

	
0.997
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Table 4. Values of the non-ideal effects based on different sensors.
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Cycle

	
Hysteresis Voltage that Using the V-T Measurement System (mV)

	
Hysteresis Voltage that Using the Calibration Readout Circuit (mV)

	
Improvement

(%)






	
AgNWs/CZO/PET

	
1.03

	
3.24

	
This work




	
3.63




	
Nafion-GOD-MBs/GO/NiO

	
3.70

	
N/A

	
[31] 2018




	
RuOx

	
2.08

	
1.00

	
[32] 2019
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