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This work describes the integration of a Resistance Thermal Detector (RTD) microcalorimeter integrated into a 324 nL microfluidic channel. The sensor is fabricated in a clean room using photolithography and evaporation techniques, and it has a platinum serpentine with 60 windings. The RTDs undergo testing in the 30 to 45 °C temperature range, exhibiting great linearity and a sensitivity of 8.42 Ω/°C. Additionally, to perform the thermic measurement, we also provide a circuit architecture that ensures stability against external thermal fluctuations and the self-heating Joule effect. We showed that this measurement method allow us to achieve an accuracy of ± 6.7•10 -3 °C, compared to ± 0.178 °C total fluctuations found by using the traditional 2-wire method.

INTRODUCTION

Microcalorimeters are miniaturized calorimeters that measure temperature variations in small samples (few nL to pL) [START_REF] Khaw | Microcalorimeter: Design considerations, materials and examples[END_REF]. They allow the characterization of chemical and biological processes, such as enzyme activation reactions, metabolic activities, and biomolecule interactions. Among the biomolecule interactions: protein-protein [START_REF] Recht | Enthalpy array analysis of enzymatic and binding reactions[END_REF], protein-DNA [START_REF] Gontier | Measurements of Protein-DNA Complexes Interactions by Isothermal Titration Calorimetry (ITC) and Microscale Thermophoresis (MST)[END_REF], DNA-DNA [START_REF] Adapa | Detection of Dna Hybridization Event Using Thermoelectric Effect[END_REF] reactions, and others are under study in microcalorimetry.

Moreover, thermal sensing in fluids is interesting to provide temperature control in microfluidic devices that perform DNA amplification, cell culture or lysis, and material synthesis [START_REF] Yang | Thermal sensing in fluid at the micro-nano-scales[END_REF]- [START_REF] Chen | A drug-compatible and temperature-controlled microfluidic device for live-cell imaging[END_REF]; for this reason, the integration of microcalorimeters in chips is nowadays fascinating for researchers.

Temperature sensors are usually classified into invasive, semi-invasive, and non-invasive thermometers [START_REF] Childs | Review of temperature measurement[END_REF]. Thermocouples (TCs), thermopiles, resistance thermal detectors (RTDs), liquid metal, and resonant thermal sensors belong to the first category; in fact, the sample under interest is in contact with the sensor [START_REF] Yang | Thermal sensing in fluid at the micro-nano-scales[END_REF], [START_REF] Wang | Nanocalorimeters for biomolecular analysis and cell metabolism monitoring[END_REF]- [START_REF] Kose | Design and fabrication of a high performance resonant MEMS temperature sensor[END_REF]. In semi-invasive methods, the temperature change is indirect due to the use of temperature-sensitive materials such as liquid crystals, fluorescent dye, or quantum dots [START_REF] Gao | Development of a fast thermal response microfluidic system using liquid metal[END_REF]- [START_REF] Kucsko | Nanometre-scale thermometry in a living cell[END_REF]. Infrared thermography is an example of a non-invasive sensor; the thermometer is extern to the sample [START_REF] Cianciulli | Infrared-based temperature measurements in capillary electrophoresis[END_REF]. Indeed, such external systems exhibit strong uncontrolled temperature gradients within the components of the microdevice environment, which prevent access to the thermalization dynamics in the microchannel itself. However, invasive sensors, like TCs and RTDs, require low power consumption, are cheap, easy to fabricate and miniaturize, and provide high sensitivities [START_REF] Feng | High-performance microcalorimeters: Design, applications and future development[END_REF], [START_REF] Wang | Recent advances of microcalorimetry for studying cellular metabolic heat[END_REF]. Pursuing research and technological developments in this field is one possible means to access the rapid dynamics of chemical reaction responses in a microchannel. This article presents a first technological contribution to this goal and focuses on device elaboration and microfabrication with two channels, each integrating one platinum RTD sensor. Our objective is to show the fabrication of the device, including the integration of the sensor into microfluidics, the accomplishment of temperature calibration, and the conduction of a simple experiment to validate the real-time quantification of small temperature variations. Moreover, we present an electronic circuit configuration that permits to mitigate unwanted interference caused by thermal noise, enabling accuracy and reliability for future on-chip experiments.

RTDs belong to thermosensitive temperature transducers; the electrical resistance of all good conductors increases with the temperature [START_REF] Wang | Nanocalorimeters for biomolecular analysis and cell metabolism monitoring[END_REF]; in fact, the electron vibrations get higher with temperature and block the free electrons flow in the metal [START_REF] Kuzubasoglu | Flexible temperature sensors: A review[END_REF]. Thanks to this property, they are exploited as sensors to measure temperature. RTD usually consists of thin film serpentine or wire windings with two terminals [START_REF] Madhavan | Modern Component Families and Circuit Block Design [Book Review[END_REF]- [START_REF] Sousa | Development of highly sensitive temperature microsensors for localized measurements[END_REF]; the most common material sensor is platinum [13]. Platinum RTDs are stable, accurate, and repeatable sensors [29]. In equation ( 1), the RTDs resistance increases almost linearly with the temperature, as follows [START_REF] Weibull | Fatigue Testing and Analysis of Results[END_REF]:

(1) R 0 is the resistance at temperature T equal to 0°C, and a n are coefficients of thermal resistivity. In the case of platinum, a n >1 terms are equal to 0 due to its strong linearity. The parameter a 1 , which corresponds to the temperature coefficient of resistance, in Pt is usually around 0.385 %/°C [29], [START_REF] Weibull | Fatigue Testing and Analysis of Results[END_REF].

Despite their large applications, having precise temperature measurements by RTD sensors can be problematic. The first limitation is their high variability to external conditions, including external temperature fluctuations, which impact the microcalorimeter's accuracy and reliability. Secondly, the RTD generates heat when the current flows through the resistance, inducing a self-heating effect that is hard to minimize.

The easiest way to perform the resistance measurement is the two-wire system. Still, it strictly depends on ambient temperature variations. It is sensitive to self-heating due to the Joule effect, so it is not the most indicated for precise measurements. The four-wire method is an accurate method that calculates the resistance by eliminating the intrinsic resistance of the wire connections [27]; anyway, two more contacts are needed on the device, and, in some cases, it cannot easily match the low areas of microfluidic devices. Finally, the Wheatstone bridge method permits measuring an output voltage proportional to the RTD resistance using a voltage supply and three resistors with an ideally zero temperature coefficient. However, if the external temperature is not perfectly stable, the sensor will be affected by this external fluctuation. In this paper, we provide a circuit configuration that permits the sensor resistance not to be affected by external temperature fluctuation and to minimize the selfheating effect. This configuration allows the error of our sensor to decrease by almost two orders of magnitude compared to the case of a two-wire configuration.

DESIGN AND FABRICATION

Our microfluidic chip comprises a glass substrate and a polydimethylsiloxane (PDMS) for the microfluidic channels; these two parts are bound together by air plasma bonding. The glass substrate carries two microcalorimeters, one RTD for each channel, to provide two experiments in the same device. The design we chose for the RTD consists of a micrometer serpentine of 60 windings, as shown in Figure 1A; the width of the thin calorimeter is 20 µm.

The fabrication process of our microfluidic calorimeter chip is shown in Figure 1B. We used AZ5214 E (MicroChemicals) to perform negative photolithography onto a 4-inch glass wafer. Then, using thermal evaporation, we deposited 10 nm of titanium to provide good adhesion of the Pt on the glass substrate. We completed the evaporation process with a 100 nm thickness of Pt deposition. We successively performed the lift-off by removing the photoresist in a bath of acetone for 10 minutes, immediately followed by an isopropanol rinse. Once the pattern of the microcalorimeter is performed, the chips have been covered by resist and diced. One 4-inch wafer contains up to 8 chips, permitting high throughput. The resist has the functionality to protect our microcalorimeter during the dicing process, and it is removed by another acetone bath followed by an isopropanol rinse.

The PDMS cover is fabricated by molding on a silicon wafer. The fabrication of the mold consists of the first layer of SU-8 2002 resist (MicroChemicals), which has been spin-coated and baked to obtain a 2 μm adhesion layer on our silicon wafer. We successively spin-coated and baked 60 μm of SU-8 2020 resist (MicroChemicals). The microchannel path was impressed by photolithography. We finally measured the channel height with Stylus Profilometer Veeco Dektak8, which was confirmed to be 60 μm.

Finally, we prepared a mixture of PDMS (RTV 615, Neyco), poured it on our master mold, and, after 1 hour under vacuum, set it in the oven at 60°C for at least 4 hours. Afterward, it was ready to peel off from its mold. Before employing the device, we sliced the PDMS, poked holes as inlets and outlets with needles, and bound it to its substrate by plasma air; the device stayed in the oven for 1 hour at 60°C before using it.

EXPERIMENTS (a) Calibration of the device

Here, it is shown how we calibrated the device to get a linear relationship between the RTD resistance and the temperature. The goal is to determine the calorimeter's temperature coefficient of resistance, which means looking for the a 1 parameter in the RTD timedependent resistance equation, considering the platinum's a n >1 terms all equal to zero [START_REF] Wang | Nanocalorimeters for biomolecular analysis and cell metabolism monitoring[END_REF]. Our device and a proper chip holder, fabricated to ensure good connections, are set on a hot plate. We swept the hot plate temperature from 30°C to 45°C and performed a 2-wire measurement using a multimeter (Keithley 2000). A LabView program has been developed to collect output data. Since the sensor aims to measure temperature variations in liquid samples to analyze biochemical reactions, the calibration is performed under two conditions. The measure is repeated for an empty microfluidic channel (thus, in the case the calorimeter is in contact with air) and with water in the microfluidic channel (thus, in the case the calorimeter is in contact with water). We performed the calibration under these two conditions because the presence or absence of water can significantly impact the measurement. In fact, the differences in heat specificity can influence the microcalorimeter's heat transfer and stability. The RTD resistance data are collected for 100 seconds for each working temperature, and the average resistance is finally plotted against temperature. Figure 2A reports the results for one device in the presence and absence of water: red and black dots. In Figure 2B, the RTD resistance values are normalized for each temperature with respect to the value R 0 of the equation, found from the linear fit, which ideally corresponds to the RTD resistance value at 0°C.

(b) Development of external circuit

The two-wire method using a multimeter is the easiest and fastest way to measure resistance. However, it loses its efficacy for long time measurements due to external temperature fluctuations and the self-heating effect. Chemical and biological processes or binding reactions usually need to be monitored for long activity, from a few seconds to many minutes [START_REF] Wu | Polydimethylsiloxane microfluidic chip with integrated microheater and thermal sensor[END_REF], [START_REF] Zhang | Calorimetric biosensors with integrated microfluidic channels[END_REF]. For this reason, we decided to provide an external circuit to monitor long-time experiences that are not affected by temperature fluctuations. The device and its chip holder are set on the hot plate to a fixed temperature, and the two RTDs on its substrate are connected to the circuit depicted in Figure 3A. The first RTD is the one in the channel under measurement, while the second is used as a reference in the channel situated on the side. The roles can be inverted at the end of one experiment. The circuit consists of a DC voltage source connected to an operational amplifier in the inverting amplification mode. In equation ( 2), the quantity being measured is the output voltage of an inverting amplifier, as follows below:

(

is the input DC voltage source, represents the resistance of the calorimeter under detection, and is the resistance of the second RTD in the device, where the reaction under study does not occur. To prove the validity of this circuit, a measurement for 20 minutes is held with the two-wire method and compared with this circuit configuration. The device is again set on a hot plate fixed at 30°C, and the channel is filled with water. The obtained results are represented in Figure 3B.

(c) Exploiting the Joule effect to test the microcalorimeter limits

In this experiment, we measure the resistance variation due to the Joule self-heating for different electric power. The aim is to test the device's performance for low-temperature variations to prove its potential as a high-performance biosensor. The device is placed at room temperature, and water is introduced into the microfluidic channel. The current is provided by a DC voltage supplier coupled with a voltage divider circuit, in which the first impedance is a commercial resistor (6.7 kΩ) non-temperature-dependent, and the second one is our RTD. The output voltage across the RTD is measured for 320 seconds. The output voltage depends on the resistance variation and, consequently, the temperature variation. We swept the DC voltage from 10 V to 100 mV; therefore, the current crossing the resistance changed from 832 µA to 8.4 µA. We wait few minutes between measurements to allow the temperature equilibrium to return without current flowing through the resistance. Figure 4A represents the normalized resistance variation during the experiment time. The resistance values for each current condition are normalized with respect to the resistance at a time equal to 0s.

RESULTS & DISCUSSIONS (a) Calibration of the device

Figure 2A shows a linear dependency between the average calorimeter resistance and the temperature. Dots are used for experimental data, and lines for linear fit, in the case with water (red) and without water in the channel (black). The results for one device are reported as an example. However, each device differs slightly from another, mainly for the R 0 term. This is probably due to the fabrication process. The thickness of the devices in the wafer can differ a little from one to the other, a cause of a non-perfect homogeneity of the metal deposition during the evaporation step. For this reason, we found R 0 = (5622 ± 133) Ω, statistically. It is possible to notice that the obtained slopes with and without water do not significantly differ, which validates the measurement accuracy. However, the R 0 parameter results in a negative shift in the case of water contact with the calorimeter. This is probably due to the difference in the specific heat term in water and air. In Figure 2B, the RTD resistance is normalized to R 0 to compare different calorimeters and find the coefficient of thermal resistivity. We found it to be 0.1498 %/°C, compared to the theoretical 0.385 %/°C for bulk platinum. The two terms are in the same order of magnitude; However, the theoretical value is referred to the bulk material; in thin films, the thermal resistivity coefficient can vary due to size effect, grains boundaries, and defects which influence the scattering mechanism influencing the thermal process.

Coherently to what was observed in Figure 2A, we did not find any significative difference in the case with water in the channel (a 1 = 0.148 %/°C).

The sensitivity is the amount of resistance changes in the presence of a temperature variation of 1°C. Therefore, is mathematically described as . We found a total sensitivity of 8.42 Ω/°C.

(b) Development of external circuit

The circuit in Figure 3A permits the measure of temperature ratio instead of a single temperature. By assuming that the resistances in and are equally affected by the external temperature, our measurement will be less affected by the unwanted temperature fluctuation. Moreover, using a low V in , for instance, lower than 1 V, the current flowing through the calorimeters will be as low to make the self-heating due to the Joule effect negligible. Figure 3B shows a measurement during 20 minutes, in the case of the two-wire configuration (black line) and with the addition of the external circuit (green line). It is possible to see that the resistance in the first configuration fluctuates during the time, and it varies with a standard deviation of ± 0.56 Ω with respect to the average resistance value. According to the average slope parameter found in the calibration, it corresponds to a total variation of ± 0.178 °C (1-sigma). While in the case of our circuit configuration, the resistance looks more stable, and it varies with respect to the average resistance value by ± 56•10 -3 Ω in standard deviation, which corresponds to ± 6.7•10 -3 °C. This means that our external circuit allows us global higher stability from external fluctuations.

(c) Exploiting the Joule effect to test the microcalorimeter limits

In this experiment, we exploit the self-heating produced by the Joule effect to characterize the microcalorimeter. As already explained, the energy of an electric current is converted into heat through resistance. This so-called ohmic heating lasts when the thermal equilibrium with the external temperature is reached. In this experiment, we introduced some water into our device directly in contact with the microcalorimeter to reach quick thermal equilibrium. Figure 4A shows that the microcalorimeter resistance rises with a logarithmic growth until the saturation, which coincides with the reach of the thermal equilibrium. For higher electric current, the ohmic heating also increases. Consequently, a higher temperature is achieved, and the system takes more time to reach the saturation temperature, so the thermal equilibrium. This is coherent with what was found in the experiments. In Figure 4A, it is possible to observe that higher current corresponds to higher resistance and, while in the case of I = 832 µA (red line), the system takes 320s to reach the equilibrium, in the case of I = 41.9 µA, the saturation is achieved in 75 s (blue line). It also shows that, for I = 8.4 µA (purple line), the resistance increase stops being significant, probably due to two superimposed phenomena. First, the ohmic heating is too low to start competing with the lowest temperature variation detectable by our device. Then, for lower currents, the resulting output voltage variations are lower; for this reason, the output voltage is very noisy and difficult to interpret. This experiment measured the Joule effect on our RTD until the lowest applied power corresponding to an average current equal to 41.9 µA. Figure 4B shows the temperature variation during the time in case I = 41.9 µA. We calculated the temperature variation from t = 0 s until the saturation point, and we found 72•10 -3 °C. As a consequence, we can conclude that our microcalorimeter is able to clearly detect temperature variations down to the order of 70•10 -3 °C.

CONCLUSIONS

This article describes the design, fabrication, characterization, and measurement configuration of a microcalorimeter for microfluidic applications. We performed a calibration study that yielded a temperature coefficient of resistance (a1 term) of 0.148 %/°C, which lead to a total calculated sensitivity of 8.42 Ω/°C. Previous studies have reported similar values for the temperature coefficient of resistance in glass substrates [START_REF] Moser | Miniaturized flexible temperature sensor[END_REF]- [START_REF] Prasser | Design, calibration and testing of a thin film temperature gauge array for temperature and heat flux measurements in fluid mixing experiments[END_REF]. Nevertheless, the higher R 0 value enables us to attain increased overall sensitivity. Alternative investigations have indicated a higher temperature coefficient of resistance in employing silicon substrates [START_REF] Kreider | Thin-film resistance thermometers on silicon wafers[END_REF], which provide superior thermal conductivity. Nonetheless, glass substrates offer biocompatibility and electrical insulation, essential in microfluidics for conducting chemical and biological experiments. Moreover, we propose an electronic circuit configuration and a measurement methodology that compensates the external thermal fluctuations by exploiting a reference sensor. This configuration permits to mitigate classical limitations of RTD sensors, including self-heating and ambient temperature influences. Additionally, we monitored the self-heating Joule effect down to a flowing current of 41.9 µA. It highlights that our calorimeter is able to detect temperature variations of the order of 70•10 -3 °C, and if used in conjunction with the proposed circuit configuration, we anticipate that it will be able to monitor even smaller temperature variations. In current studies, we exploit this microfluidic device to detect and investigate biomolecular interactions, like DNA-DNA and DNA-LNA hybridization kinetics. 

FIGURES

Figure 1 .

 1 Figure 1. A) The RTD substrate carries two platinum RTDs, each consisting of a micrometer serpentine of 60 windings (only one is shown). The width of the windings is 20 μm, and the total dimensions of the device englobed into the microfluidic channel are 400 μm x 4.76 mm. B) Schematic of the complete fabrication process for the sensor device: Substrate Fabrication and PDMS cover Fabrication. Glass substrate with evaporated microcalorimeters at the left, and PDMS cover at the right. The two parts are bound together by plasma bonding.

Figure 2 .

 2 Figure 2. A) Average resistance measurement as a function of hot plate temperature, and corresponding linear fit data for one RTD. The black color is for an empty channel, and the red color is for the case with water in the channel. B) Resistance normalized with respect to the R 0 value as a function of hot plate temperature, and corresponding linear fit. The depicted results are for five different devices. Black color is for empty channel, red color for the case with water in the channel.

Figure 3 .

 3 Figure 3. A) Electronic circuit proposed for the measurement set-up. The inverting amplifier configuration is exploited to measure the ratio between a reference RTD, and our RTD under analysis. B) Comparison of RTD resistance measurement between a 2-wire set up measurement and our configuration circuit at room temperature, for 20 minutes.

Figure 4 .

 4 Figure 4. A) Results from the experiment (c). Normalized RTD resistance with respect to resistance value at the time 0 s, against time. The results are in the case the average current is equal to 832 µA, 418 µA, 84.3 µA, 41.9 µA, and 8.4 µA, which correspond to the supplied DC voltage of 10 V, 5 V, 1 V, 500mV, and 100 mV, respectively B) Temperature conversion from A) against time, in the case of average current equal to 41.9 µA.
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