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Abstract:



Polymerase chain reaction (PCR) is a method of amplifying DNA which is normally carried out with a thermal cycler. To obtain more accurate and reliable PCR results, the temperature change within the chamber of the thermal cycler needs to be verified and calibrated regularly. Commercially available temperature loggers commonly used for temperature verification tests usually require a graphical user interface (GUI) attached to the logger for convenience and straightforward understanding of the device. In this study, a host-local architecture for the temperature logger that significantly reduces the development time and cost is proposed. Employing standard computing devices as the host gives better development environment and user-friendly GUI. This paper presents the hardware and software design of the host-local temperature logger, and demonstrates the use of the local temperature logger connected to a personal computer with a Windows operating system. The probe design, thermistor resistance measurement, temperature filtering, and temperature calibration is described in detail. The thermistor self-heating problem was investigated in particular to determine the reference resistor that was serially connected to the thermistor. The temperature accuracy and temporal precision of the proposed system was 0.1 K.
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1. Introduction


Polymerase chain reaction (PCR), a method of amplifying segments or parts of DNA with a thermal cycler, is the most potent technology in molecular biology which is employed in various biochemical analysis, clinical laboratories, and basic research areas [1,2,3,4,5]. The efficiency or amplification results are very sensitive to the reaction conditions due to the exponential DNA amplification during the reaction [6,7,8]. Therefore, the reagent used or the performance of the thermal cycler to control and maintain the chamber temperature greatly influences the reproducibility or inter-laboratory variability. To obtain globally reliable PCR results, the PCR thermal cycler must be stable in temperature control and maintenance, and the inter-laboratory temperature variation should be reduced by temperature calibration [6,7,8,9].



To measure the temperature of the well within a thermal cycler, a temperature probe and data logger are required [6,8,9,10,11]. The probe with a temperature sensor should be designed to provide tight thermal-coupling with the well of the aluminum block, and the logger should read and store the temperature of the sensor. In a common research laboratory, the temperature is read through a high-cost data acquisition system and a probe composed of a reagent container with a thermocouple is inserted [6,8,9,10]. A PCR tube made of polypropylene is adapted as the reagent container which is susceptible to wear out over the course of time and therefore is not permanently reusable, and should be built anew for every test. However, employing a high-cost acquisition system to read the probe sensor has disadvantages regarding portability and cost. The temperature sensing probe is usually designed for repetitive use in a commercial thermal cycler temperature verification system [12,13,14,15,16].



Currently, the provider of a thermal cycler offers periodic validation services with a large scale thermal cycler temperature logger [17,18]. However, this service is not readily available to users who want to immediately measure and calibrate the temperature when the PCR amplification results seem to be off. Therefore, the users commonly employ a general temperature logger and a hand-made probe to serve that purpose. Many companies also provide hand-held type thermal cycler checkers for this purpose [14,15]. They commonly embed both of the temperature reading logic in a portable system and graphical user interface (GUI) with an LCD screen [12,13,14,15,16]. However, providing GUI with a LCD screen increases the system size and its production and maintenance cost. Owing to the recent portability enhancement of standard computing devices, including PCs and smart devices, it is more beneficial to perform the user interaction such as saving the log information with the standard computing devices [19,20,21,22]. If a user adopts a standard computing device as a host system, it is possible to reduce the system cost drastically by using a low cost microcontroller only to interface the probe sensor. The maintenance cost can also be reduced by leaving complex tasks to the host PC and simplifying the embedded firmware. Although a thermocouple is mainly adopted in temperature sensing and calibration, the negative temperature coefficient (NTC) thermistor is more advantageous in cases where the temperature range is limited such as in the PCR thermal cycler. In addition, an NTC thermistor which is a lower cost temperature sensor providing highest sensitivity at a narrow temperature range, can also contribute to decreasing the system cost.



The existing portable thermal cycler validation systems provide an accuracy of 0.1 °C and the drift of 0.1 °C/year which are acceptable in the PCR application [14,15,23]. The calibration of the systems is required for them to be regularly authenticated by an official certification authority for traceability. The calibration process normally requires two iteration steps: the system is sent for the first measurement and it is calibrated based on the measurement report and then sent again after calibration to obtain the final measurement. We created a convenient calibration tool so that the calibration could be easily performed at the certified institution of accredited authority, which enables the elimination of the iteration process. The measurement drift, which is related to the precision of the system, should be controlled during the calibration interval. We also present the intermediate report on the ongoing long term measurements for the precision of the introduced system.



This paper proposes a permanent probe with an NTC thermistor and a temperature logger that are composed of a structurally low-cost temperature reader and a host PC responsible for the user interaction and saving and calibrating the measured temperature. In addition, the various design factors are investigated and analyzed for reducing the cost of the system, and for securing its accuracy and precision. First, this paper presents a temperature probe that enables tight thermal coupling with the chamber of the thermal cycler. Second, possible solutions to resolve issues related to the precise measurement of the temperature are introduced with regards to the temperature filtering, calibration of measured temperature, temperature conversion methods, and resistance measurement of the thermistor. Lastly, the thermistor self-heating issue is investigated. The low resistance thermistor increases in self-heating while it delivers the decreased thermal noise [24]. Therefore, the thermistor resistance should be set as low as possible so that the self-heating can be negligible. The materials and methods of the aforementioned design variables and factors are presented in Section 2. The experimental results of long-term precision and self-heating tests are presented in Section 3, followed by the conclusion and discussions in Section 4.




2. Materials and Methods


2.1. Probe and Local System Implementation


Figure 1 illustrates the cross-sectional view of the probe presented in this paper. An aluminum bolt was used to attach the NTC thermistor (standard precision interchangeable thermistor, US Sensors, Orange, CA, USA) to the aluminum head. The empty space between the aluminum head and the NTC thermistor was filled with thermal grease, which was also used when assembling bolts to the aluminum head to allow proper thermal conduction. The exterior of the aluminum head was designed to achieve satisfactory thermal-coupling with the well by matching the slope of the cone to that of the thermal cycler well. Components other than the aluminum head which are completely inserted into the well, are made with a plastic material (acrylonitrile butadiene styrene, ABS) to minimize heat radiation of the material. The heat radiation will result in creating a temperature gradient between the well and the sensor, hence effecting the efficiency of the measurement and calibration. The height from the probe cap to the aluminum head was equal to that of a 25 mL PCR tube to perform the measurement under the same environment as the actual run of a PCR reaction, where the thermal cycler’s lid heater was closed. The leg of the NTC thermistor was fixed using a Teflon tube. A high-end earphone cable (Nobunaga Labs MMCX TR-SE3, WiseTech Inc., Taito, Japan) which was well known for low frequency noises, was used to connect the thermistor and reader.


Figure 1. Cross-sectional view of probe (Al: aluminum, ABS: Acrylonitrile butadiene styrene).
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The assembled probe and the temperature reader is shown in Figure 2. The earphone cable is connected to the proposed probe (Figure 2a), and the probe is connected to the temperature reader through the stereo earphone jack at the other end (Figure 2b). The temperature reader was configured to connect two earphone cables where each cable carries two probes, enabling simultaneous measurement of four probes in total.


Figure 2. Assembled local system with probe and temperature reader. (a) probe; (b) temperature reader.



[image: Applsci 06 00328 g002]






The reader in Figure 2b was implemented using an 8 bit microcontroller (PIC18F4553, Microchip Chip Technology Inc., Chandler, AZ, USA) with an imbedded analog–digital converter (ADC) and universal serial bus interface (USB). The thermistor resistance was calculated (Figure 3) by measuring the voltages divided from the precision reference resistor without a buffer amplifier, and connected to the imbedded 12 bit ADC inside the microcontroller. By calibrating the input impedance of the ADC in the microcontroller, long term precision and accuracy were ensured using a simple circuit [25].


Figure 3. Thermistor resistance measuring circuit.
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The precision reference resistance value was set to receive maximum resolution in the temperature range mainly used during PCR. A long-term median filter and a short-term average filter were placed to manage noise filtering. To control short-term average filtering, all divided voltages measured in each channel were summed over the number of the filter tap, and thereafter sent to the host. The host divided the delivered sum by the number of filter taps to complete the average filter of the measured voltages. The filtered value of the divided voltage was converted to the thermistor resistance, and the resistance was converted to temperature based on the Steinhart–Hart equation:
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(1)





where R and T are the thermistor resistance and absolute temperature, respectively. The calibration constants are shown in the equation as A, B, and C. Among the various calibration methods developed, the most widely used Steinhart-Hart equation was adopted in this study which provides sufficient accuracy with simplicity in the temperature range of the thermal cycler application (50~98 °C). The thermistor employed in this paper was calibrated at 4 points (50, 60, 72, 95 °C) and the maximum error from the resistance-temperature table provided from the vendor was 1.7 mK [26].



The calculated temperatures were filtered again using a median filter. The required specification of the response time was 1 s, and the temperatures could be obtained every 100 ms, enabling the application of a 10-tap median filter.



The temperature logger was calibrated and certified by an official certification authority (Korea Research Center for Measuring Instruments Co., Ltd., Anyang, Korea). The norm to receive the proper certification was to send the fully completed system to the accredited authority to obtain the measurement report, followed by the iteration process for receiving the final report after calibration. However, we created a convenient calibration tool so that the calibration could be easily performed at the certified institution of accredited authority, and the iteration process was not necessary.




2.2. Selection of the Thermistor Resistance


The thermal noise of an NTC thermistor decreases as the resistance decrease. However, to obtain the highest resolution with the divided voltage method (Figure 3), the resistance of the reference resistor should be reduced at the same rate of that of the thermistor [21]. Consequently, the self-heating effect increases due to the increase in resistive heat power when using the low resistance thermistor. Note that the current is inversely proportional to the thermistor resistance. Therefore, the lowest resistance should be selected within the range where the self-heating is negligible. Given that the ADC input impedance calibration data for the 10 kΩ thermistor at 25 °C were shown to be precise and accurate from the data we gathered, we investigated the self-heating effects of thermistors that were over 10 kΩ. The maximum value of the thermistor with the same performance as in the 10 kΩ was 100 kΩ; thus, we first studied these two types of thermistors. To determine the maximum resolution, reference resistors with the resistance of 1.8 and 18 kΩ were used for the 10 and 100 kΩ thermistors, respectively. To investigate the self-heating effect, a circuit independent of the reader could be constructed to measure the resistance/temperature while switching the current on/off through the thermistor. However, it was also possible to determine whether the self-heating could be ignored by applying a step temperature to the sensor, and observing the step response through the temperature logger. In cases where the self-heating has a significant effect on the sensor, the temperature measured within the constant temperature water bath will gradually reach the equilibrium temperature after the power is applied. However, if the self-heating is negligible, the temperature will reach the equilibrium temperature without delay as the power is applied.



When the sensor was mounted on the probe, the self-heating might have insignificant effect because of the wider heating surface of the aluminum head. Thus, in the present study, the experiments were performed to evaluate the aforementioned step responses before and after mounting the 10 and 100 kΩ NTC thermistors on the probe. The described experiments were conducted at 95, 72, 60, and 50 °C that were the critical temperatures in the PCR cycle. We waited until the measured temperature remained constant in the water bath prior to starting the experiment. After reaching the steady state temperature, the reader was switched off for a sufficient time, and switched on again to obtain the step response. This response was compared with the temperature without self-heating, which could be obtained by measuring the thermistor resistance with a digital multi-meter.




2.3. Software Implementation


The software from the host system is responsible for two functions: measuring the temperatures from the four probes and providing the user interface. The temperature measurement function covers the analog-to-digital conversion (ADC) and filtering of the sampled data. The user interface function is categorized into two subsets, each specifically aimed for the two groups of users. One group of users is the thermal cycler users who will use the proposed system to calibrate the thermal cycler. For the thermal cycler users, the user interface displays and records the current temperature, as well as the statistical comparison between the probe temperatures. The calibration status of the probes is also displayed in this subset. The other group of users is the people in charge of the calibration authorization office. The person who will authenticate the calibration needs another tool that will calculate the Steinhart-Hart constants based on the measured temperature. We reported these user interface tools in our previous work [27].



The average and median filter are employed to filter the temperature measurement. These filters are functionally partitioned into the local system and the host to minimize the complexity of the local system, as described in the above section. Therefore, the local system firmware is very simple, where the firmware is on standby after system initialization until it receives orders from the host USB. Then the local firmware will send the averaged divided voltages from the four probes back to the host for analysis.




2.4. Long Term Precision Test


After calibrating the temperature logger presented in this research, periodical tests were performed for more than seven months. A probe was placed in a water bath at a constant temperature. Thereafter, its temperature was measured to observe its deviation from the temperature of the initial calibration. The temperature was measured at 85 and 55 °C corresponding to the temperature points used in the verification of the commercial PCR thermal cycler.





3. Results


3.1. Step Response Test Results for the Self-Heating Effect


Figure 4 shows the step response at 95 °C in constant temperature water bath. The interval where the temperature measured is less than 94.5 °C shown in the middle of the figures (denoted as ‘B’ interval) represents when the reader power was shut off. The dashed and solid line depicts the temperature changes of the assembled probe and the thermistor directly put in the water bath, respectively. When placing the bare thermistor in the water bath without mounting it on the probe, the initial temperature when the power was turned back on gradually increased and reached equilibrium as shown by the solid line. We measured the resistance of the thermistors with a digital multi-meter (Fluke 189, Fluke Corp., Everett, WA, USA) to obtain the resistance without self-heating. Note that the multi-meter delivered negligible current when measuring the resistance. The measured resistance was converted to the temperature using the same conversion method as that in the proposed system. The converted temperatures for the bare thermistor and the probe were 95 and 95.2 °C, respectively. The steady state temperature difference between the thermistor (95.5 °C) and water bath (95 °C) was caused by self-heating of the thermistor as mentioned above. In contrast, the dashed line showed that the equilibrium and initial temperatures were the same, implying that sufficient release of heat occurred through the wide surface of the probe, maintaining the temperature as it was, without the effect of self-heating.


Figure 4. Self-heating test at 95 °C.
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Table 1 shows the self-heating effects of the 10 and 100 kΩ thermistors. As expected, self-heating was not observed in the 100 kΩ thermistor. However, the 10 kΩ thermistor was 0.2–0.3 °C higher than the water bath temperature. Table 2 shows that the self-heating effect of the 10 kΩ thermistor was cancelled out by the thermal spread through the probe head. The row labeled as “Bare thermistor,” which shows the results from the “10 kΩ” row in Table 1, shows higher temperatures than those of the water bath due to self-heating. In contrast, the row labeled as “probe” showed no self-heating effect. This implied that the thermistor was thermally coupled well with the aluminum head and the surface area of aluminum head fully released the heat caused by self-heating.



Table 1. Self-heating effect of 10 and 100 kΩ thermistor.







	
Thermistor Resistance

	
50 (°C)

	
60 (°C)

	
72 (°C)

	
95 (°C)






	
10 kΩ

	
0.2

	
0.2

	
0.2

	
0.3




	
100 kΩ

	
0.0

	
0.0

	
0.0

	
0.0










Table 2. Self-heating cancellation for the probe aluminum head radiation (10 kΩ).







	
Bare or Probe

	
50 (°C)

	
60 (°C)

	
72 (°C)

	
95 (°C)






	
Bare thermistor

	
0.2

	
0.2

	
0.2

	
0.3




	
Probe

	
0.0

	
0.0

	
0.0

	
0.0











3.2. Long Term Stability Test Results


Table 3 shows the results tracked for two months after calibrating the presented temperature logger. The first test included the temperature measured immediately after calibration. The four probes of the temperature logger were measured at 85 and 55 °C by simultaneously placing them in the water bath. The results of repeated measurements conducted five times over the course of two months showed a variation within 0.1 °C, demonstrating the stability of temporal precision.



Table 3. Temporal precision test.







	
True Temperature

	
Probe ID

	
55 (°C)

	
85 (°C)






	
1st test (14 March 2016)

	
Probe 1

	
55

	
85.1




	
Probe 2

	
55

	
85




	
Probe 3

	
55

	
85




	
Probe 4

	
55

	
85




	
2nd test (17 March 2016)

	
Probe 1

	
55

	
85.1




	
Probe 2

	
55.1

	
85




	
Probe 3

	
55

	
85




	
Probe 4

	
55

	
85




	
3nd test (22 March 2016)

	
Probe 1

	
55

	
85




	
Probe 2

	
55.1

	
85




	
Probe 3

	
55.1

	
85




	
Probe 4

	
55

	
85




	
4th test (28 March 2016)

	
Probe 1

	
55

	
85




	
Probe 2

	
55.1

	
85




	
Probe 3

	
55

	
84.9




	
Probe 4

	
55

	
85




	
5th test (30 March 2016)

	
Probe 1

	
55

	
85




	
Probe 2

	
55.1

	
85




	
Probe 3

	
55

	
85




	
Probe 4

	
55

	
85




	
6th test (10 May 2016)

	
Probe 1

	
54.9

	
85




	
Probe 2

	
55

	
85




	
Probe 3

	
55

	
85




	
Probe 4

	
55

	
85.1




	
7th test (20 October 2016)

	
Probe 1

	
55

	
85




	
Probe 2

	
55.1

	
84.9




	
Probe 3

	
55.1

	
85




	
Probe 4

	
55

	
85












4. Discussion and Conclusions


This paper presents a host-local architecture for a temperature logger used to verify the temperature of the well within the PCR thermal cycler. This system is comprised of the host PC responsible for the user interface, the reader system to measure the temperature of the sensor, and the probe that was designed to enable sufficient thermal coupling between the temperature sensor and the chamber of the thermal cycler. The ADC input impedance calibration and sensor interface for reducing the system cost were also introduced. In addition, tools for temperature certification that eliminated the certification iteration were also described. A method for selecting the thermistor resistance value to solve the thermistor self-heating issue was established, and the cancellation capability of the self-heating effect by the presented probe was experimentally demonstrated.



The methods and system proposed in this study can lead to the development of a low cost PCR thermal cycler temperature verification system. Additionally, the proposed host-local system will provide a relatively inexpensive solution from both the maintenance and development perspective by using a standard computing device as the host. Further applications employing a cloud interface or a smart device will also improve the cost efficiency and portability of the proposed system. In addition, the temperature calibration tool implemented in this study will also help reduce the cost and time for calibrating the temperature of the PCR thermal cycler. The target temperature accuracy of the proposed system was 0.1 K and it had high temporal precision stability.
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