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SHORT ABSTRACT: 
Here, we present three protocols for thermal measurements in microfluidic devices. 

LONG ABSTRACT: 
Thermal measurement techniques have been used for many applications such as thermal characterization of materials and chemical reaction detection. Micromachining techniques allow reduction of the thermal mass of fabricated structures and introduce the possibility to perform high sensitivity thermal measurements in the micro-scale and nano-scale devices. Combining thermal measurement techniques with microfluidic devices allows performing different analytical measurements with low sample consumption and reduced measurement time by integrating the miniaturized system on a single chip. The procedures of thermal measurement techniques for particle detection, material characterization, and chemical detection are introduced in this paper.

INTRODUCTION: 
Three different micro-scale thermal measurement techniques are presented in this article. The three different configurations of microfluidic devices are used for thermal particle detection (TPD), thermal characterization (thermal conductivity and specific heat), and calorimetric detection of chemical reactions and interactions.

Thermal Particle Detection. 
Detecting and counting particles in microfluidic devices is widely used for environmental, industrial, and biological applications1. TPD is one of the novel applications of thermal measurements in microfluidic devices2. Using heat transfer for detecting and counting particles based on the particle size reduces the complexity, cost, and size of the system. In other methods, complex optics or complex electrical measurements and advanced signal processing software are used for detecting particles.

Thermal Characterization of Liquid Substances Using Micro-Calorimeter.
Liquid sample thermal characterization is the second application of thermal measurement in microfluidic devices. Performing micro-scale calorimetry will reduce the sample consumption and increase the precision by offering higher repeatability compared to conventional, bulk calorimetry methods. The procedures for thermal conductivity and specific heat measurement using the on-chip micro-calorimeter device are presented elsewhere3. The details of the heat penetration time technique for thermal conductivity measurement and the thermal wave analysis (TWA) for specific heat measurements in microfluidic devices are described in the protocol section. 

Calorimetric Bio-Chemical Detection in Paper-Based Microfluidic Device. 
Another application of thermal measurement is biochemical detection in paper-based microfluidics. The capillary action in the porous structure of paper carries the liquid and avoids bubble initiation problems in micro-channels. The most common detection mechanisms in paper-based microfluidic devices are optical or electrochemical techniques. Optical detection suffers from high complexity and the necessity of advanced image processing software to quantize the detected signal. Electrochemical detections are also limited because they can only be applied to reactions that produce active byproducts. The recently introduced calorimetric paper-based biochemical sensor platform4 takes advantage of the paper-based microfluidic system and the label-free thermal detection mechanism. The procedures of calorimetric detection of glucose using glucose oxidase (GOD) enzyme in a paper-based microfluidic platform are presented in the protocol section. 

The goal of this paper is to demonstrate the capabilities of thermal measurement techniques in microfluidic devices. The device preparation, liquid sample handling and resistance temperature detector (RTD) sensor excitation and measurement are presented in the next sections.

PROTOCOL: 

· Thermal Particle Detection (TPD)

· Prepare the micro-fabricated silicon device with a thin-film silicon nitride membrane and integrated temperature sensor by micromachining, using standard semiconductor processing technology2. Rinse the fabricated device with deionized (DI) water.

Note: The fabrication method for thermal particle detector microfluidic device is explained in prior publication2. 

· To produce polydimethylsiloxane (PDMS) substrates with micro-channels, create an SU8 mold using standard lithography processes5. 

Note: The channel size is designed for each specific particle’s dimension. 

· Make PDMS by mixing a 10:1 ratio of base (30 mL) and curing agent (3 mL). Pour the PDMS on to the mold and remove the bubbles by briefly exposing it to a vacuum (5-10 min).

Note: The vacuum level is not a critical value to the degasification and it should continue until gas bubbles are totally removed from mixed PDMS.

· Place the mold on a hotplate (≈70 &#176;C) for 2 hours to cure the PDMS. Then peel off the PDMS very carefully so as not to damage the mold.

Note: The Vacuum level is not a critical value. 

· Using a manual punch, punch a tight hole (1 mm) for the PTFE tube at one end. Use a large punch (2 mm) at the other end to make the PDMS a reservoir. Place the punched micro-channel on top of the device under the microscope and align the RTD at the center of the micro-channel (Figure 1A).

· In the electrical interface, connect the electrical pins at the contact pad positions and tighten up the locking screws. Make sure the height-adjustable pins (Pogo pins) sit at the correct electrode pads on the device.

· Dilute 10 &#181;L of the concentrated PS beads in 100 &#181;L of DI water in a 1.5 mL tube.

· To ensure the PS beads remain neutrally buoyant, add 2.7 &#181;L of glycerol (1.26 g/cm3) to DI water to match the fluid density to the polystyrene (PS) bead density (1.05 g/cm3).
 
· Connect the PTFE tube to the channel at one end and the other end to a 1 mL glass syringe. Fill the glass syringe with 0.5 mL of DI water.

Note: Tight fitting made by selecting the right punch size will avoid leakage in tubes.

· Place the DI water filled syringe on the computer-controlled syringe pump. Push the water (5-20 &#181;L/min) into the channel to fill the whole channel with fluid all the way to the reservoir.

· Load 10 &#181;L of balanced bead solution to the reservoir and introduce the bead solution to the micro-channel by changing the flow direction on syringe pump.

· Turn on the RTD by biasing 1 mA of DC current through the computer controlled source/meter while measuring the resistance by source/meter and sorting the measured data (Figure 2). 

Note: During the experiment, the sensor is biased; therefore, the temperature is continuously measured until the end of the counting experiment. The RTD sensor is electrically biased by applying a DC current in the range from 100 &#181;A to 1 mA to continuously measure the temperature until the end of the counting experiment. It is critical to select the correct current level since there is a trade-off between noise level and the detected signal amplitude. The syringe pump is used to generate the flow in micro-channel. Selecting an appropriate flow rate to perform the TPD experiment is limited to the speed of the measurement. This speed is a function of the thermal time constant of the device and electrical measurement speed. The results of thermal particle detection experiment are shown in Figure 3.

· Use the developed data processing software (LabVIEW) to convert the measured resistance data to temperature using the Callendar–Van Dusen equation6.

· Thermal Characterization of Liquid Substances Using a Micro-Calorimeter

· In this process, use the on-chip calorimeter device (Figure 4A) 3 to measure the thermal diffusivity and the specific heat of the samples. 

Note: On each die, there are 2 micro-calorimeter chambers (Figure 4B). Each chamber has 2 inlets and one outlet. And each chamber has a heater and a RTD sensor integrated.

· Place the micro-calorimeter device on the device holder (Figure 4C). Align the device to the microfluidic inlets and outlets with the holder fittings. Place the PDMS seal layer on top of the device.

· Install electrical connection pins on the device holder and lock the holder screws. 

Note: Make sure the height-adjustable Pogo pins are aligned with the electrical contact pads.

· Install the microfluidic interface layer with magnetic latches to the device holder (Figure 4D). Connect the PTFE tubes to both inlets and the outlet. Connect one inlet to the sample-loaded syringe pump and close the other one, as the enthalpy is not measured in this case.

· Use a developed computer-controlled program to load the sample into the micro-channel and chambers. 

Note: The program will use discontinued flow to release excessive pressure on the thin-film suspended chamber. 

· Load the 300 &#181;L sample into the glass syringe and place it on the syringe pump. Use very slow (0.25 &#181;L/min) constant flow rates for high viscosity samples (e.g., glycerol and ionic liquids). Use a glycerol sample for thermal diffusivity measurements and ionic liquids for specific heat measurements.

· For thermal diffusivity measurements, connect the measurements setup as shown in Figure 5A. Load the glycerol sample to the micro-calorimeter chamber. Run the modified computer controlled program for heat penetration time measurement.

· Use the calibrated heat penetration equation to calculate thermal diffusivity from the measured heat penetration time7:

	


where is thermal diffusivity, L is thickness of the chamber, p is the thickness calibration factor due to fabrication process variation, and is heat penetration time.

· 

For specific heat measurements, use the TWA measurement setup as shown in Figure 5B. Use the same sample loading program and load the ionic liquid in the chamber. Run the TWA program to get the amplitude of the AC temperature fluctuations () and use the specific heat equation to calculate the specific ,, heat for each ionic liquid sample8:





where is input power calibration factor,  is input power, is frequency of the actuation signal, and m is the mass of liquid sample.

· Calorimetric Bio-Chemical Detection in Paper-Based Microfluidic Device

· Use microfabricated thin film (40-50 nm nickel) RTD sensor. Fabrication steps for the RTD sensor are explained in previous works4.

· For paper-based channel fabrication4, use a knife plotter to cut the paper microfluidic channels with a designed pattern (L-shape). Place the paper on top of the cutting mat, load the paper and the cutting mat to the knife plotter, and use the appropriate recipe to cut the microfluidic paper channels4.

· For device and channel integration, use an acrylic adhesive layer (5 &#181;m) to integrate the paper on the RTD sensor. Use a clean blade to push the paper to the device and remove air bubbles (Figure 6A). The acrylic film is an adhesive layer to hold the paper over RTD sensor.

· For enzyme activation, use 50 mM sodium acetate buffer to activate the GOD enzyme. Add 1 mg of the GOD enzyme to 1 mL of sodium acetate buffer to make the 1 mg/mL solution. Adjust the pH of the solution to 5.1.

Note: Adjust the amount of acetic acid in the sodium acetate buffer to maintain the PH of solution 5.1.

· Bias the RTD with 1 mA of DC current to activate the RTD and start measuring the resistance source/meter continuously while the resistance settles down after the experiment (≈4 min). 

Note: Figure 6B shows the measurement setup for the paper-based calorimetric test.

· Introduce the 2 &#181;L of the prepared GOD solution to the center of the paper micro-channel (immobilization site) via pipette. The detected temperature (Figure 7A) must start to decrease. 

Note: This cooling effect is due to the higher operation temperature of the RTD and evaporation of the sample together.

· To measure the glucose concentration, introduce standard glucose control solution9 to the channel inlet and measure the resistance change caused by the reaction. Repeat this experiment with all different glucose control solutions (high, normal and low concentrations) and save the resistance data.

· 
Using the temperature coefficient of resistance (TCR) for nickel RTD and Callendar–Van Dusen equation, convert the resistance change to the temperature. Calculate the concentration of the glucose in each sample by considering the reaction enthalpy of glucose and the GOD enzyme (kJ/mole) and using the concentration equation10:





where is detected molar concentration, is heat capacity of the system and is calculated temperature.

REPRESENTATIVE RESULTS: 
Figure 3 shows the plot of the measured thermal signal. The generated signals in the presence of the beads with corresponding optical images show the successful detection of the microsphere PS beads in the micro-channel. The thermal conductivity of the liquid passing through the micro-channel is changing due to the presence of PS beads. This change in the thermal conductivity of the channel is affecting the heat transfer in the micro-channel. The change in the heat transfer in the micro-channel is detected by RTD in the form of resistance fluctuation (Figure 3 A and B).

The detected signal can also be affected by the change in the local flow field (Figure 3 C and D), which will affect the heat transfer in the channel. The change in the thermal conductivity will increase the temperature. Furthermore, the local velocity changes in the micro-channel based on the comparable dimensions of the PS bead to the channel size, causing an increase in local heat transfer. In this case, the effect of change in heat transfer is dominant as it appears as a decrease in detected resistance. Therefore, the correspondence of channel size with particle size is essential in TPD experiment. The present results demonstrate the capability of the TPD technique to count and detect the size of particles.

The measured value of thermal diffusivity of glycerol is 9.94 x 10-8 m2/s, which is within 8% of the theoretical value. Table 1 shows the measured values of different ionic liquid samples by the introduced method. To verify the accuracy of the measurement, the specific heat of water was measured using the same technique with less than 5% error.

The detected temperature signal due to the exothermic reaction of glucose and GOD is shown in Figure 7A. The reaction area on the designed micro-channel is 45% of the total area. To calculate the concentration, only this portion of glucose will be considered. The finite rate of the glucose oxidation reaction is also considered as a reaction kinetics factor. Comparing the detected concentration with available commercial glucose meter results (Figure 7B) shows higher precision (<30%) in the fabricated device.

Figure 1. Microfluidic device for thermal particle detection. A) Device schematic. B) Cross-sectional view of the particle detection using the thermal measurement method.

Figure 2. The experimental setup for the thermal particle detection (TPD). A computer-controlled source/meter is used to bias the RTD and measure the resistance. 

Figure 3. Results of thermal particle detection. A) The detected resistance change when the 90 um PS bead is passing the RTD sensor with flow rate of 5 &#181;L/min. The explained change in the thermal conductivity will increase the temperature and appear in the form of resistance change in the RTD resistance measurement. B) The optical image of the same bead in Figure 3(A) passing the sensor. C) The detected resistance change when the 200 &#181;m PS bead is passing the RTD sensor with flow rate of 5 &#181;L/min. D) The optical image of the same bead in Figure 3(C) passing the sensor. This Figure has been modified with permission from [2].

Figure 4. The on-chip fabricated micro-calorimeter and the device holder. A) A photograph of micromachined 3-dimensional on-chip suspended micro-calorimeter device. The chip has two identical chambers, each of which has two inlets and one outlet. B) The schematic of the micromachined micro-calorimeter chamber. The micromachined RTD is shown at the top surface of the fabricated device. C) The micro-calorimeter device is placed on the device holder. D) The final setup of the micro-calorimeter with electrical and microfluidic connections. The result of TWA is used for the heat capacity calculation. This Figure has been modified with permission from [3].
 
Figure 5. The electrical connections of the thermal measurement setup with the micro-calorimeter device. A) The measurement setup for heat penetration time analysis. The measured heat penetration time is used for thermal conductivity calculation. B) The measurement setup for thermal wave analysis. The result of TWA is used for heat capacity calculation. This Figure has been modified with permission from [3].

Figure 6. A) The schematic of the paper-based device. B) The measurement setup for paper-based calorimetric detection of glucose. In this setup, a LabVIEW-controlled source/meter (Keithley 2600) is used to bias the RTD and measure the temperature simultaneously. The measured temperature and the time stem will be stored while being measured.  In this experiment Keithley 2600 is used for faster measurement.

Figure 7. The glucose detection results with paper-based calorimetric sensor. A) Output signal of the glucose and GOD enzyme reaction. B) Final detection results of glucose control samples with paper-based device compared with commercial glucose meter results. This Figure has been reused with permission from [4]. “Given Data” is calculated concentration of the glucose in the detection experiments.

Table 1. The measured specific heat of ionic liquids using TWA technique with on-chip micro-calorimeter. This Table has been modified with permission from published data3.

DISCUSSION: 
Different thermal measurement techniques in microfluidic devices and their respective setup procedures are presented in this work. These thermal measurement methods such as thermal conductivity monitoring, thermal penetration time, amplitude of AC thermal fluctuations, and amplitude measurement of the generated heat are used to detect specific substances and investigate different reactions and interactions. 

The thermal time constant plays a key role in the aforementioned thermal measurement techniques. In microfluidic device design, the optimization of thermal time constants must be considered. The thermal time constant is a function of the thermal mass and the thermal conductivity of the fabricated device, which are dependent on the material of each component. Using thin-film materials and micro-fabrication techniques allows reduction of the thermal mass of the system. The thermal conductivity is improved by using suspended structures and high thermal conductivity materials to reduce the thermal link to ambient conditions. Also it is important to control the ambient temperature to avoid measurement disturbances by using a thermal isolation.

The thin film RTD offers high sensitivity and linear temperature measurement in the introduced devices over a wide range of temperatures. The thermal and the electronic measurement noises are the constraints for the resolution with the introduced techniques.

Microfluidic devices with thermal measurement methods are capable of performing different physical and chemical measurements within the RTD linear measurement range. These techniques could also be useful for different chemical and bio-sample reaction and interaction detection for point-of-care applications and sample characterization. The introduced techniques are able to perform measurements from the tissue level to the single cell level. 
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