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Abstract

:

Temperature is a significant factor in determining and characterizing cellular metabolism and other biochemical activities. In this study, we provide a brief overview of two important technologies used to monitor the local temperatures of individual living cells: fluorescence nano-thermometry and an array of micro-/nano-sized thin-film thermocouples. We explain some key technical issues that must be addressed and optimised for further practical applications, such as in cell biology, drug selection, and novel antitumor therapy. We also offer a method for combining them into a hybrid measuring system.
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1. Introduction


Cells are basic units of an advanced biosystem. However, certain essential events occurring in the small area of a single cell still remain unknown, such as details about the exchange of material and energy in the metabolism, regulations, and mechanisms in coding and expressing genes, proteins, enzymes, and DNA synthesis.



With a diameter of around ten microns, a cell is so small that it requires probes at the micro- and nano-scales in order for researchers to obtain the physical, chemical, and biological information inside a cell. Electro-probes, for example, are utilized to obtain neuro-signals and transmembrane ion channels [1,2]. Optical techniques have been used to obtain the morphology and location of sub-cell organelles, nuclei, chromosomes, and even enzymes and proteins [3,4].



Temperature is an important natural parameter of a biosystem. It represents the average kinetic energy of molecules, ions, and atoms. Consequently, temperature is one of the most essential criteria for determining and characterizing a cell’s life conditions [5,6]. For instance, cellular pathogenesis is characterized by aberrant heat generation. During the last two decades, fluorescence thermometry has rapidly developed as a method for monitoring temperature in individual live cells [7,8,9]. Fluorescence thermometry used temperature-sensitive nanomaterials and molecules as temperature indicators, and advanced optical equipment, such as fluorescence microscope and confocal laser scanning microscope (CLSM), was used to map the fluorescence spectra within a single cell. Then, the local temperature values were obtained by comparing the recorded fluorescence spectra to the pre-calibrated data under similar or the same environmental conditions at set temperatures [10,11,12,13,14,15,16]. Many intriguing findings have been published, for example, the temperature of a cell’s nucleus was discovered to be greater than the average temperature of the rest of the cell [17,18,19].



To monitor the local temperature of a single cell, an alternative approach that has emerged in recent years is thin-film-based micro-/nano-scaled thermocouple (TC), as well as TC arrays [20,21]. A thermocouple is usually composed of two electrical conductors with different Seebeck coefficients, serving as a thermometer, and is based on the thermoelectric principle. It produces temperature-dependent voltage as a result of the Seebeck effect, which is the electromotive force that develops across two points of an electrically conducting material when there is a temperature difference between them [22]. Thermocouples are widely used as temperature sensors, because the voltage can be interpreted to measure temperature. A TC is a passive sensor that does not add any heat to the testing area. It is also a high-resolution, reliable, and fast-responding sensor. A TC might be built on the tip of an atomic force microscope (AFM) [23] using typical manufacturing procedures for micro-/nano-devices in the semiconductor industry in order to measure the thermal activities of a single cell [24]. Nano-tip-shaped W-Pt TCs have been made using electrochemical techniques to penetrate a live cell and to monitor the temperature change under external chemicals [20,25]. Freestanding micro-probes with built-in TC sensors have been fabricated on Si3N4 tips and have been used to monitor the local temperature inside a neuron cell, where a transient pulse of 7.5  K rise was recorded in some cell processes [26]. These customized TCs, however, are not ideal for continuous, long-period observation.



Recently, the minimum width of a TC was reduced to less than 200 nm [27,28,29,30]. The thermal noise of the measurement system at room temperature was reduced to ±5 mK. A freestanding Si3N4 thin-film base was used to reduce the dissipation and improve sensitivity [31]. Several general thermal properties of cultivated HeLa were observed over days [32]. However, such a multiscale measuring system requires more development optimization.



In this short review, we briefly comment on the potential of a hybrid approach for probing the local temperatures of a single cell by combining the fluorescence nano-thermometer and thin-film TC arrays. We also highlighted numerous critical difficulties that must be addressed in this hybrid technique.




2. Typical Results from Fluorescence Probing of a Single Cell


The technique of fluorescence nano-thermometry could be traced back to the 1940s [33], which was quickly developed and applied to detect the thermal properties of cells [19,34,35,36,37]. The thermal resolution of organic fluorophores was too poor and could not identify a difference of 1 °C due to the fluorophores’ low sensitivity to temperature fluctuation. Thus, in 2003, the Uchiyama group attempted to separate the requisite roles of fluorescent molecular thermometers, i.e., sensing temperature fluctuation [38].



Since then, more than 45 groups have reported over 60 fluorescence probes, through the use of various environment-sensitive fluorophores, including dansylamine [39], naphthalimide [40,41], and 7-nitro-2,1,3-benzoxadiazole (NBD) [42,43,44]. Furthermore, viscosity-sensitive fluorophores have been proposed as distinct fluorescent units in fluorescent thermometers [45,46].



In terms of temperature-sensitive nano-indicators, fluorescence nano-thermometry can be catalogued with different materials, including polymer molecules [34,47], quantum dots [48,49], organic clusters [50], bio-molecules [51,52], and DNA sectors [53,54]. In terms of the sensing mechanism and calibration techniques, they can be classified into four classes, namely those that use signal intensity [15,16,55], lifespan [13,14], excitation wavelength polarization [10], and spectrum [8] as the essential parameters.



To give a glimpse of the state-of-the-art performance of fluorescence nano-thermometers, here, we briefly introduce two pieces of typical and important work that have revealed unknown facts about cell biology.



2.1. A Cell Nuclei Has a Higher Temperature than the Surrounding Plasma


In 2015, Hayashi et al. reported an important result; they found that the temperature of the cultured cell nuclei was higher than the surrounding plasma by an average value of nearly 1.0 °C [17]. This was not a surprising discovery, because the temperature at the heat source (the nuclei) must be higher than average (the surroundings) according to thermodynamics. However, this was the first time it had been validated by direct experimental measurements. They created an autonomously cell-permeable fluorescent polymeric thermometer (FPT), which solved the technical challenge of FPT being injected into mammalian cells by microinjection that was present in prior studies [56]. As shown in Figure 1a, the cell-permeable FPT is a combination of a thermosensitive unit (N-n-propylacrylamide (NNPAM)), a cation unit beneficial for cell autonomous penetration (3-(acrylamidopropyl)trimethylammonium (APTMA)) [56], and a fluorescent unit (N-{2-[(7-N,Ndimethylaminosulfonyl)-2,1,3-benzoxadiazol-4-yl](methyl)amino}ethyl-N-methylacrylamide (DBThD-AA)), which displayed a temperature resolution of 0.05–0.54 °C within 28–38 °C in HeLa cells. After being injected into HeLa cells for 10 min, the cell-permeable FPT spontaneously diffused throughout the cells, including the cytosol and nucleus (Figure 1b). The FLIM analysis for the FPT fluorescence lifetime in 49 cell samples indicated an average temperature difference of 0.98 °C between the nucleus and the cytoplasm (Figure 1c,d).




2.2. Local Temperature of Mitochondria


The effect of heat production in the mitochondria and other cellular components is vital to understanding their roles in the various metabolic activities of cells. Arai et al. developed Mito Thermo Yellow (MTY), a small molecule fluorescent thermometer with a mitochondrial targeting capacity, in 2015, with the ability to detect the intracellular temperature gradient in diverse cells [57]. Figure 2a shows the chemical structure of the MTY fluorescent probe, which has a temperature resolution of 1.12 °C. Consequently, MTY, whose fluorescence intensity declines with temperature, has been proven to be useful for mapping the distribution of the intercellular temperature. P. Rustin’s team studied mitochondrial thermogenesis in human embryonic kidney (HEK) 293 cells and primary skin fibroblasts in 2018 by monitoring oxygen consumption (or stress) and changes in MTY fluorescence at the same time [58]. Adherent HEK293 cells were kept at 38 °C for 10 min before being added to an oxygen-rich buffer. Then, as shown in Figure 2b, they immediately started to consume oxygen, highlighted with red trace, accompanied by a progressive decrease in MTY fluorescence (blue trace; phase I) to a stable minimum (phase II). Because of the depletion of all of the oxygen in the cuvette, the directional shift of MTY fluorescence reversed and was progressively recovered practically to the beginning value in phases III and IV (red trace). To calibrate the fluorescence signal, the medium temperature was gradually increased (green trace), followed by a consistent change in MTY fluorescence (phase VI). This supported the validity of the MTY thermometric performance. The rise in mitochondrial temperature caused by the complete activation of respiration was calculated to be around 10 °C over the whole test. This suggests that the temperature of the mitochondria in the human body may reach close to 50 °C with normal respiration.



Because of the length of this brief review, many other interesting results have not described here. Okabe et al., for example, detected a periodical shift in temperature in COS7 cells by utilizing continuous monitoring with fluorescent nano-thermometry [59]. Fluorescence nano-thermometry is still a hot subject, and new nano-indicators are constantly being produced [60,61]. For more details, there are some excellent review papers regarding the devilment of fluorescence nano-thermometry [62,63,64,65,66].





3. Technical Issues in Fluorescence Nano-Thermometer


Fluorescence nano-thermometers have been well developed for detecting the temperature distribution in a single cell. They might provide a two-dimensional (2D) map of the temperature distribution in a single cell as an outstanding feature. These strategies, however, have certain drawbacks. For example, in one experiment, the temperature value was derived by comparing it with the pre-calibration data. However, the true environment in a cell is never the same as that utilized in the calibration operations in terms of pH, concentrations of different ions and proteins, and so on [67,68,69,70,71]. This raised arguments about the reported experimental data [72,73,74].



Besides the influence of the local environment, which results in a relatively poor temperature resolution and large measurement error, the local heating effect caused by excitation lights, uncertainty in the endocytosis of the cell membrane, and a small working distance, are three of the main issues being faced regarding the further development of these techniques.



The heating effect is an intrinsic drawback of the fluorescence thermal probing techniques. To record the fluorescence spectra of nano-sized sensitive objects in a cell, a high incidence external light source with a relatively high incident light flux is required as an excitation source. This external light source increases the absolute local temperature of the cell membrane, nuclei, organelle, and cytoplasm. Meanwhile, the difference in the adsorption of lights creates measurement errors in the temperature distribution inside a cell. To limit the measurement error, a cool light source can be utilized and thermal probing can be conducted in a discontinuous way; that is, measure for a brief period and then switch off all external lights for a longer duration to allow the system to return to its normal state.



The choice of nano-sized temperature-sensitive materials, i.e., thermal indicators, is critical for nano-fluorescence thermal probing techniques. Nanomaterials enter cells via the diffusion or endocytosis processes. However, these processes, particularly the endocytosis effect, are not always under control, and they can alter the natural status of live cells. Furthermore, once inside the cell, they may not attach to the target positions of the cell organelle as intended. For the specific purpose of single cell experiments, the condition must be tuned through the proper selection of one or two nano-thermal indicators.




4. Main Issues of the Micro-/Nano-Thin-Film Thermocouple Approach


Thin-film thermocouples (TFTCs) have the advantage of a passive sensing mechanism that does not generate additional heat in the test region. TFTCs can be fabricated with standard cleanroom techniques and processes that are compatible with those for integrated circuits, giving them the advantages of simple fabrication for mass production and a size than it scalable down to micrometer and nanometer scales.



Similar to a commercial thermocouple that is made with two different metallic wires and works based on the Seebeck effect, a TFTCs is made with two different metallic thin-film stripes, A and B, and also works based on the same Seebeck effect, as shown in Figure 3 [75,76]. A thermoelectric voltage linearly proportional to the temperature difference between the hot and cold ends is measured as ΔV = (SA − SB)·(Th − Tc), where SA and SB represent the Seebeck coefficients of thin-film stripes A and B, respectively, and Th and Tc are the temperatures of the hot and cold ends, respectively [77]. In a narrow temperature range, SA and SB are usually constants, so the thermopower or sensitivity of the TFTC, defined as S = SA − SB, is also a constant. This leads to ΔV = S·ΔT, where ΔT = (Th − Tc), showing a unique advantage of simplicity for real-time measurement when compared with the complicated calibration processes of various fluorescence thermometry techniques. Meanwhile, TFTCs offer a reliable resolution of 10–50 mK at room temperature, depending on the setup of the measurement environment.



For the application of TFTCs in probing the local temperature of a single cell, several technique issues need to be addressed.



4.1. Minimization of the TFTC Devices and Related Scale Effects


A traditional TC is made of two metallic wires with very different Seebeck coefficients, with wire diameter diameters ranging from 0.1 mm to 1.0 mm. A cell is typically 5–20 microns in size. Therefore, to measure the local temperature of a single cell, the junction region, the hot end, should be minimized to several microns or less.



Liu et al. studied various TFTCs made with Cr and Ni thin-film stripes. The results showed that the sensitivities of the TFTCs were not sensitive to the junction size from 20 × 20 μm2 down to 3 × 3 μm2 on both glass and silicon wafers, which remained around 26.2 ± 1.5 μV/K. Nonetheless, the absolute Seebeck coefficients of the metallic thin films were found to be smaller than those of bulks of the same materials. The Cr–Ni micro-TFTCs, for instance, repeatedly showed a sensitivity of 26–27 μV/K, smaller than the theoretically expected 36.8 μV/K [77].



This size effect of the Seebeck coefficient on the width of the thin-film stripe has been extensively studied [27,28,29,79,80,81,82,83]. It demonstrated that decreasing the stripe width from the micron to the submicron and nanometer scales reduced the sensitivity of TFTCs even further. Yet, even with a small sensitivity of 1–2 μV/K, the thermocouple was still able to offer a temperature resolution of 20–50 mK.



Huo et al. developed a 3D stacking process to fabricate very small TFTCs out of Cr, Au, and Pd thin-film stripes. A junction width of 138 nm was achieved [30]. The intrinsic heat capacity of such a nano-scale sensor is in the order of 10−14 J/K per micron length. The thermopower of the sensors was 9.6 ± 0.7 μV/K for the Cr/Pd sensors and 3.6 ± 0.1 μV/K for the Au/Pd sensors, showing measurement accuracy in the range of 40–100 mK.



Theoretically, the junction width of a TFTC could be reduced to 100 nm or less. However, this may be accompanied by increased fabrication difficulty and decreased reproducibility and stability of the sensing performance.



For an array of TFTCs with a junction width of 200–500 nm, a complicated electron beam lithography system and related thin-film techniques are required. Figure 4 presents scanning electron microscope (SEM) micrographs taken from a sample of 100 Pd–Cr submicron TFTCs fabricated on a SiO2/Si wafer, where (a) is the top view of the device, showing the central measurement region and 200 leads, and (b) is the central region of 100 Pd-Cr sensors arranged in a 10 × 10 array [84].



Figure 4 shows a TFTC array with 100 sensors and 200 leads. Han et al. presented a work in which the number of leads could be reduced by nearly half, without causing a significant impact on the 2D mapping of the local temperature distribution [85]. In this case, the number of leads could be reduced to 101, simplifying the device structure and suppressing the heat dissipation through metallic leads. The principle for saving half of the leads of a TFTC array is schematically illustrated in Figure 5.




4.2. Freestanding Platform of Si3N4 Thin-Film Window for TFTC Arrays


Heat dissipation through the substrate of TFTCs has been identified as a serious problem in the thermal probing of local temperature at micro-/nano-scales [31]. For example, in a transmission electron microscope (TEM) or SEM, a focused electron beam (e-beam) were used to melt metallic thin films or nanowires, or could even vaporize parts of them [86,87], indicating that the local temperature under the focal point of the incident e-beam was higher than the melting points or even vaporization points. However, when a micro-TFTC made on a SiO2/Si wafer was placed at the focal point of the incident e-beam, it recorded a much lower temperature.



In sharp contrast, if the same TFTC was made on a 400 nm thick, freestanding Si3N4 thin-film, and the same measurement was repeated, the local temperature increment was 30 times higher than that on the Si wafer. Similarly, a local temperature increment peak was recorded at a focal point of an incident laser beam up to 2400 K, which was 100 times higher than that measured with the same sensors made on thick Si wafers [88]. The large difference measured in the sensitivity of the same TFTC sensors was attributed to the dissipation effect of heat. On the 400 nm thick freestanding Si3N4 window, the heat dissipation at the focal point region was much smaller than that on the 400-micron-thick SiO2/Si wafer.



The development of a freestanding Si3N4 thin-film window platform significantly improved the thermal sensitivity of the built-in micro-TC arrays for sensing individual cells. Recently, Han et al. applied such a platform and observed local temperature increments of individual HeLa cells in the range of 10–50 mK [88].



Si3N4 thin-films have superior mechanical strength. For example, these films are applied to construct a liquid sample cell inside a TEM for studies on bio-samples under live conditions [89,90]. For a freestanding window with an area of 1.0 × 1.0 mm2 in the thermal probing of a single cell, the film thickness could be reduced from 400 nm to 40–100 nm, further reducing the heat dissipation and improving the sensitivity of the TFTC sensors built on the thin-film platform.




4.3. Measurement Circuit and Data Processing Software


When sensing the temperature of a single cell, the micro-/nano-TFTC produces a DC voltage in the sub-microvolt to a few microvolt range [21,88], so the measurement system requires a nanovoltmeter. A multiplexer that offers an opening operation through measurement of the sensors on a time scale in a controlled manner is required for multiple sensors, such as an array of 100 TFTC sensors [77,81]. As the measured data are low DC voltages, electric relays can be used as switches for individual channels.



Liu et al. developed a strategy for 2D mapping of the local temperature after recording the data from all of the sensors for a period of time [77], where a limited number of sensors could result in a smooth 2D map of the local temperatures of the testing region at any given time. Later, Li et al. improved on this strategy, achieving near-real-time 2D mapping of the local temperatures of the region under test with a delay of only a few seconds [81]. This is very helpful for monitoring the temperature of a single cell, as it has been shown that a cell changes its temperature at a slow rate of tens of minutes [21,88]. A near-real-time 2D map of the temperatures within a single cell, for example, may provide valuable clues for understanding the dynamic biochemical reactions inside the cell, or may provide criteria for modifying the parameters of an ongoing experiment. Such a tool has the potential to be combined with artificial intelligence (AI) for automatic control in a wide range of practical applications.




4.4. Thermal Noise of the Measurement System


Noise is always a serious problem in the measurement of weak signals. In experiments for sensing the local temperature of a single cell, thermal noise from the environment, electrical noise from the measurement instruments and circuits, and optical noise from external excitation lights and environmental sources must all be reduced.



Yang et al. discovered a way to reduce the influence of environmental thermal noise by 4.8 times [21]. A dual-stage system was used to accomplish this, in which the cultured cells, testing chip, and circuit, as well as the multiplexer and nanovoltmeter, were all placed inside an incubator with a constant set temperature point. Meanwhile, the incubator, gas tank, gas lines, etc., were all located in a larger container with a constant temperature. This approach suppressed the heat noise in a laboratory from ±24 mK down to ±5 mK. Indeed, the system could be further optimized for lower thermal noise in the environment.



Yang et al. designed a large cylindroid tube containing a large volume of culture medium in order to observe and record the morphology and temperature of individual cells under stable, constant environmental conditions for up to 24 h [21]. However, for a continuous experiment lasting for days or even weeks, it is preferable to change the culture medium and drugs on-site, i.e., without opening the door of the incubator. Various optical measurements must also be performed using external operations without opening the incubator.




4.5. Other Issues


A short working distance is also an issue. The working distance between the subject lens and the target sample is usually in the order of 1 mm so as to clearly identify the special shapes of the organelles in a cell. To monitor the thermal properties of live cells, however, a large volume of liquid culture medium for the cells must be prepared. Therefore, optical systems with an inverted microscope are frequently used.



In addition, other technical issues may arise. Some unique adhesive cells, for example, prefer one type of ship surface over another. The surface of the sensors and substrate can then be covered with a proper oxide layer of a few nanometers in thickness. In other cases, modifying these surfaces with a molecular layer of organic material may be the best option [88].



Recycling the costly testing chip is a good option. By using a proper rinsing process, it is feasible to totally remove the adhesive cells growing on the testing chip, even after many hours [88]. Accordingly, the device can be used for multiple runs of experiments, particularly with the same types of culture cells.





5. Conclusions


In summary, we reviewed several crucial issues in current thermal probing techniques for detecting the local temperature distribution of a cultured single live cell and its subcellular organelles. As the most popular approach, fluorescence nano-thermometry has its unique merits, including a special resolution down to the 100 nm scale, full-image of two-dimensional temperature distribution, capability for showing individual temperatures of subcellular organelles, flexible choices of nano-sized thermal sensitive fluorescence materials, etc. Yet, the fluorescence nano-thermometry has its limitations. The temperature data are calculated from the measured spectra by a calibration process. In addition to the influence of the measurement environment in a cell and the difficulty in the calibration of the thermometer, we have pointed out several other critical technical challenges. For example, in long-time experiments for observing optical images and recording fluorescence spectra, the external photon flux lead to a remarkable heating effect to the target cell.



In studies on thermal probing of a single live cell, the development of contact thermal sensors, such as the micro-nano thermometry based on thin-film TC arrays, provided a complementary approach to fluorescence nano-thermometry. Thermocouples can continually and reliably measure the real-time local temperature of a single cell for up to days, at a resolution of ±10 mK. Meanwhile, they add no external heat to the system, with no effect on the thermal status of the cells under test. The development of the freestanding Si3N4 thin-film window improved the measurement platform even further, significantly increasing the thermal sensitivity of the micro-nano-TC arrays built on it.



Therefore, we conclude that a hybrid thermal probing system, comprised of a freestanding platform with a thin-film nano-thermocouple array and an optical platform of fluorescence nano-thermometry, is the optimized system for monitoring the temperature changes in individual cultured cells. Such a system can be used to measure the absolute local temperature of the target cell under test over long periods of time, up to days and weeks, and to map the temperature distribution inside the cell at the submicron scale on occasion. The results of such a hybrid system may provide unique and complete sets of data revealing previously unknown aspects of the cell cycling mechanism. The data may also reveal detailed tumour cell reactions to various drugs, as well as to chemical and physical treatments of novel therapies medicine.







Author Contributions


Conceptualization, J.X. and S.X.; methodology, N.Y. and F.W.; validation, F.Y. and D.H.; formal analysis, J.X.; investigation, N.Y.; resources, S.X.; writing—original draft preparation, J.X.; writing—review and editing, J.X. and S.X.; supervision, S.X.; project administration, S.X.; funding acquisition, J.X. and S.X. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Key R&D Program of China, grant number 2017YFA0701302; the Natural Science Foundation of Shandong Province, grant number ZR2020QA063; and the Guangdong Basic and Applied Basic Research Foundation, grant number 2020A1515111180.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors thank Haixiao Liu, Weiqiang Sun, Xiaoye Huo, Gang Li, and Zhenhai Wang for their valuable contributions.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Brochier, T.; Zehl, L.; Hao, Y.Y.; Duret, M.; Sprenger, J.; Denker, M.; Grun, S.; Riehle, A. Massively parallel recordings in macaque motor cortex during an instructed delayed reach-to-grasp task. Sci. Data 2018, 5, 180055. [Google Scholar] [CrossRef] [PubMed]

	



Katz, B. The Electrical Properties of the Muscle Fibre Membrane. Proc. R. Soc. Ser. B-Biol. Sci. 1948, 135, 506–534. [Google Scholar] [CrossRef]

	



Chen, I.W.; Papagiakoumou, E.; Emiliani, V. Towards circuit optogenetics. Curr. Opin. Neurobiol. 2018, 50, 179–189. [Google Scholar] [CrossRef]

	



Shi, X.F.; Zhao, S.M.; Wang, F.; Jiang, Q.Y.; Zhan, C.H.; Li, R.; Zhang, R.F. Optical visualization and imaging of nanomaterials. Nanoscale Adv. 2021, 3, 889–903. [Google Scholar] [CrossRef]

	



Wang, Y.; Zhu, H.L.; Feng, J.G.; Neuzil, P. Recent advances of microcalorimetry for studying cellular metabolic heat. Trac-Trends Anal. Chem. 2021, 143, 116353. [Google Scholar] [CrossRef]

	



Yang, F.; Yang, N.N.; Huo, X.Y.; Xu, S.Y. Thermal sensing in fluid at the micro-nano-scales. Biomicrofluidics 2018, 12, 041501. [Google Scholar] [CrossRef] [PubMed]

	



Uchiyama, S.; Gota, C.; Tsuji, T.; Inada, N. Intracellular temperature measurements with fluorescent polymeric thermometers. Chem. Commun. 2017, 53, 10976–10992. [Google Scholar] [CrossRef]

	



Gallery, J.; Gouterman, M.; Callis, J.; Khalil, G.; McLachlan, B.; Bell, J. Luminescent Thermometry for Aerodynamic Measurements. Rev. Sci. Instrum. 1994, 65, 712–720. [Google Scholar] [CrossRef]

	



Gao, H.; Kam, C.; Chou, T.Y.; Wu, M.Y.; Zhao, X.; Chen, S. A simple yet effective AIE-based fluorescent nano-thermometer for temperature mapping in living cells using fluorescence lifetime imaging microscopy. Nanoscale Horiz. 2020, 5, 488–494. [Google Scholar] [CrossRef]

	



Baffou, G.; Kreuzer, M.P.; Kulzer, F.; Quidant, R. Temperature mapping near plasmonic nanostructures using fluorescence polarization anisotropy. Opt. Express 2009, 17, 3291–3298. [Google Scholar] [CrossRef]

	



Benayas, A.; Escuder, E.; Jaque, D. High-resolution confocal fluorescence thermal imaging of tightly pumped microchip Nd:YAG laser ceramics. Appl. Phys. B-Lasers Opt. 2012, 107, 697–701. [Google Scholar] [CrossRef]

	



Jaque, D.; Vetrone, F. Luminescence nanothermometry. Nanoscale 2012, 4, 4301–4326. [Google Scholar] [CrossRef] [PubMed]

	



Levchenko, S.M.; Pliss, A.; Qu, J.L. Fluorescence lifetime imaging of fluorescent proteins as an effective quantitative tool for noninvasive study of intracellular processes. J. Innov. Opt. Health Sci. 2018, 11, 1730009. [Google Scholar] [CrossRef]

	



Kundu, S.; Mukherjee, D.; Maiti, T.K.; Sarkar, N. Highly Luminescent Thermoresponsive Green Emitting Gold Nanoclusters for Intracellular Nanothermometry and Cellular Imaging: A Dual Function Optical Probe. Acs Appl. Bio Mater. 2019, 2, 2078–2091. [Google Scholar] [CrossRef]

	



Yan, H.C.; Ni, H.Y.; Jia, J.G.; Shan, C.F.; Zhang, T.; Gong, Y.X.; Li, X.K.; Cao, J.; Wu, W.Y.; Liu, W.S.; et al. Smart All-in-One Thermometer-Heater Nanoprobe Based on Postsynthetical Functionalization of a Eu(III)-Metal Organic Framework. Anal. Chem. 2019, 91, 5225–5234. [Google Scholar] [CrossRef]

	



Saha, B.; Ruidas, B.; Mete, S.; Das Mukhopadhyay, C.; Bauri, K.; De, P. AIE-active non-conjugated poly(N-vinylcaprolactam) as a fluorescent thermometer for intracellular temperature imaging. Chem. Sci. 2020, 11, 141–147. [Google Scholar] [CrossRef]

	



Hayashi, T.; Fukuda, N.; Uchiyama, S.; Inada, N. A Cell-Permeable Fluorescent Polymeric Thermometer for Intracellular Temperature Mapping in Mammalian Cell Lines. PLoS ONE 2015, 10, e0117677. [Google Scholar] [CrossRef]

	



Nakano, M.; Arai, Y.; Kotera, I.; Okabe, K.; Kamei, Y.; Nagai, T. Genetically encoded ratiometric fluorescent thermometer with wide range and rapid response. PLoS ONE 2017, 12, e0172344. [Google Scholar] [CrossRef]

	



Homma, M.; Takei, Y.; Murata, A.; Inoue, T.; Takeoka, S. A ratiometric fluorescent molecular probe for visualization of mitochondrial temperature in living cells. Chem. Commun. 2015, 51, 6194–6197. [Google Scholar] [CrossRef]

	



Tian, W.J.; Wang, C.L.; Wang, J.Q.; Chen, Q.H.; Sun, J.F.; Li, C.; Wang, X.; Gu, N. A high precision apparatus for intracellular thermal response at single-cell level. Nanotechnology 2015, 26, 355501. [Google Scholar] [CrossRef]

	



Yang, F.; Li, G.; Yang, J.M.; Wang, Z.H.; Han, D.H.; Zheng, F.J.; Xu, S.Y. Measurement of local temperature increments induced by cultured HepG2 cells with micro-thermocouples in a thermally stabilized system. Sci. Rep. 2017, 7, 1721. [Google Scholar] [CrossRef] [PubMed]

	



Kasap, S. Thermoelectric Effects in Metals: Thermocouples; Department of Electrical Engineering University of Saskatchewan: Saskatoon, SK, Canada, 2001. [Google Scholar]

	



Williams, C.C.; Wickramsinghe, H.K. Scanning thermal profiler. Microelectron. Eng. 1986, 5, 509–513. [Google Scholar] [CrossRef]

	



Shrestha, R.; Choi, T.Y.; Chang, W.; Kim, D. A High-Precision Micropipette Sensor for Cellular-Level Real-Time Thermal Characterization. Sensors 2011, 11, 8826–8835. [Google Scholar] [CrossRef] [PubMed]

	



Wang, C.L.; Xu, R.Z.; Tian, W.J.; Jiang, X.L.; Cui, Z.Y.; Wang, M.; Sun, H.M.; Fang, K.; Gu, N. Determining intracellular temperature at single-cell level by a novel thermocouple method. Cell Res. 2011, 21, 1517–1519. [Google Scholar] [CrossRef]

	



Rajagopal, M.C.; Brown, J.W.; Gelda, D.; Valavala, K.V.; Wang, H.; Llano, D.A.; Gillette, R.; Sinha, S. Transient heat release during induced mitochondrial proton uncoupling. Commun. Biol. 2019, 2, 279. [Google Scholar] [CrossRef]

	



Liu, H.X.; Sun, W.Q.; Xu, S.Y. An Extremely Simple Thermocouple Made of a Single Layer of Metal. Adv. Mater. 2012, 24, 3275–3279. [Google Scholar] [CrossRef]

	



Huo, X.Y.; Liu, H.X.; Liang, Y.R.; Fu, M.Q.; Sun, W.Q.; Chen, Q.; Xu, S.Y. A Nano-Stripe Based Sensor for Temperature Measurement at the Submicrometer and Nano Scales. Small 2014, 10, 3869–3875. [Google Scholar] [CrossRef]

	



Huo, X.Y.; Xu, J.J.; Wang, Z.H.; Yang, F.; Xu, S.Y. Performance of Nano-Submicron-Stripe Pd Thin-Film Temperature Sensors. Nanoscale Res. Lett. 2016, 11, 351. [Google Scholar] [CrossRef]

	



Huo, X.Y.; Wang, Z.H.; Fu, M.Q.; Xia, J.Y.; Xu, S.Y. A sub-200 nanometer wide 3D stacking thin-film temperature sensor. Rsc. Adv. 2016, 6, 40185–40191. [Google Scholar] [CrossRef]

	



Wang, Z.H.; Yang, F.; Han, D.H.; Li, G.; Xu, J.J.; Xu, S.Y. Alternative method to fabricate microdevices on a freestanding Si3N4 window. J. Vac. Sci. Technol. B 2017, 35, 041601. [Google Scholar] [CrossRef]

	



Han, D.H.; Xu, J.J.; Wang, Z.H.; Yang, N.N.; Li, X.Z.; Qian, Y.Y.; Li, G.; Dai, R.J.; Xu, S.Y. Penetrating effect of high-intensity infrared laser pulses through body tissue. Rsc. Adv. 2018, 8, 32344–32357. [Google Scholar] [CrossRef] [PubMed]

	



Ross, D.; Gaitan, M.; Locascio, L.E. Temperature measurement in microfluidic systems using a temperature-dependent fluorescent dye. Anal. Chem. 2001, 73, 4117–4123. [Google Scholar] [CrossRef] [PubMed]

	



Mao, W.; He, W.N.; Yang, S.; Han, Y.X.; Li, Y.; Gu, N. Cell temperature measurement based on micro/nano materials and devices. Chin. Sci. Bull.-Chin. 2021, 66, 1874–1885. [Google Scholar] [CrossRef]

	



Suzuki, M.; Tseeb, V.; Oyama, K.; Ishiwata, S. Microscopic detection of thermogenesis in a single HeLa cell. Biophys. J. 2007, 92, L46–L48. [Google Scholar] [CrossRef]

	



Huang, H.; Delikanli, S.; Zeng, H.; Ferkey, D.M.; Pralle, A. Remote control of ion channels and neurons through magnetic-field heating of nanoparticles. Nat. Nanotechnol. 2010, 5, 602–606. [Google Scholar] [CrossRef]

	



Zohar, O.; Ikeda, M.; Shinagawa, H.; Inoue, H.; Nakamura, H.; Elbaum, D.; Alkon, D.L.; Yoshioka, T. Thermal imaging of receptor-activated heat production in single cells. Biophys. J. 1998, 74, 82–89. [Google Scholar] [CrossRef]

	



Uchiyama, S.; Matsumura, Y.; de Silva, A.P.; Iwai, K. Fluorescent molecular thermometers based on polymers showing temperature-induced phase transitions and labeled with polarity-responsive benzofurazans. Anal. Chem. 2003, 75, 5926–5935. [Google Scholar] [CrossRef]

	



Hattori, Y.; Nagase, K.; Kobayashi, J.; Kikuchi, A.; Akiyama, Y.; Kanazawa, H.; Okano, T. Hydration of poly(N-isopropylacrylamide) brushes on micro-silica beads measured by a fluorescent probe. Chem. Phys. Lett. 2010, 491, 193–198. [Google Scholar] [CrossRef]

	



Inal, S.; Kolsch, J.D.; Chiappisi, L.; Janietz, D.; Gradzielski, M.; Laschewsky, A.; Neher, D. Structure-related differences in the temperature-regulated fluorescence response of LCST type polymers. J. Mater. Chem. C 2013, 1, 6603–6612. [Google Scholar] [CrossRef]

	



Enzenberg, A.; Laschewsky, A.; Boeffel, C.; Wischerhoff, E. Influence of the Near Molecular Vicinity on the Temperature Regulated Fluorescence Response of Poly(N-vinylcaprolactam). Polymers 2016, 8, 109. [Google Scholar] [CrossRef]

	



Qiao, J.; Chen, C.F.; Qi, L.; Liu, M.R.; Dong, P.; Jiang, Q.; Yang, X.Z.; Mu, X.Y.; Mao, L.Q. Intracellular temperature sensing by a ratiometric fluorescent polymer thermometer. J. Mater. Chem. B 2014, 2, 7544–7550. [Google Scholar] [CrossRef] [PubMed]

	



Hu, X.L.; Li, Y.; Liu, T.; Zhang, G.Y.; Liu, S.Y. Intracellular Cascade FRET for Temperature Imaging of Living Cells with Polymeric Ratiometric Fluorescent Thermometers. Acs. Appl. Mater. Interfaces 2015, 7, 15551–15560. [Google Scholar] [CrossRef] [PubMed]

	



Qiao, J.; Hwang, Y.H.; Chen, C.F.; Qi, L.; Dong, P.; Mu, X.Y.; Kim, D.P. Ratiometric Fluorescent Polymeric Thermometer for Thermogenesis Investigation in Living Cells. Anal. Chem. 2015, 87, 10535–10541. [Google Scholar] [CrossRef]

	



Wang, D.P.; Miyamoto, R.; Shiraishi, Y.; Hirai, T. BODIPY-Conjugated Thermoresponsive Copolymer as a Fluorescent Thermometer Based on Polymer Microviscosity. Langmuir 2009, 25, 13176–13182. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, X.F.; Su, F.Y.; Tian, Y.Q.; Johnson, R.H.; Meldrum, D.R. Platinum (II) porphyrin-containing thermoresponsive poly(N-isopropylacrylamide) copolymer as fluorescence dual oxygen and temperature sensor. Sens. Actuators B-Chem. 2011, 159, 135–141. [Google Scholar] [CrossRef] [PubMed]

	



Ding, Z.Y.; Wang, C.F.; Feng, G.; Zhang, X.J. Thermo-Responsive Fluorescent Polymers with Diverse LCSTs for Ratiometric Temperature Sensing through FRET. Polymers 2018, 10, 283. [Google Scholar] [CrossRef]

	



Pinaud, F.; Millereux, R.; Vialar-Trarieux, P.; Catargi, B.; Pinet, S.; Gosse, I.; Sojic, N.; Ravaine, V. Differential Photo luminescent and Electrochemiluminescent Behavior for Resonance Energy Transfer Processes in Thermoresponsive Microgels. J. Phys. Chem. B 2015, 119, 12954–12961. [Google Scholar] [CrossRef]

	



Chern, M.; Kays, J.C.; Bhuckory, S.; Dennis, A.M. Sensing with photoluminescent semiconductor quantum dots. Methods Appl. Fluoresc. 2019, 7, 012005. [Google Scholar] [CrossRef]

	



Zhou, W.J.; Zhu, J.B.; Teng, Y.; Du, B.K.; Han, X.; Dong, S.J. Novel dual fluorescence temperature-sensitive chameleon DNA-templated silver nanocluster pair for intracellular thermometry. Nano Res. 2018, 11, 2012–2023. [Google Scholar] [CrossRef]

	



Moutsiopoulou, A.; Broyles, D.; Dikici, E.; Daunert, S.; Deo, S.K. Molecular Aptamer Beacons and Their Applications in Sensing, Imaging, and Diagnostics. Small 2019, 15, 1902248. [Google Scholar] [CrossRef]

	



Guo, Y.H.; Amunyela, H.; Cheng, Y.L.; Xie, Y.F.; Yu, H.; Yao, W.R.; Li, H.W.; Qian, H. Natural protein-templated fluorescent gold nanoclusters: Syntheses and applications. Food Chem. 2021, 335, 127657. [Google Scholar] [CrossRef] [PubMed]

	



Ke, G.L.; Wang, C.M.; Ge, Y.; Zheng, N.F.; Zhu, Z.; Yang, C.J. L-DNA Molecular Beacon: A Safe, Stable, and Accurate Intracellular Nano-thermometer for Temperature Sensing in Living Cells. J. Am. Chem. Soc. 2012, 134, 18908–18911. [Google Scholar] [CrossRef] [PubMed]

	



Mao, S.Q.; Ying, Y.C.; Wu, R.N.; Chen, A.K. Recent Advances in the Molecular Beacon Technology for Live-Cell Single-Molecule Imaging. Iscience 2020, 23, 101801. [Google Scholar] [CrossRef] [PubMed]

	



Hayashi, T.; Kawamoto, K.; Inada, N.; Uchiyama, S. Cationic Fluorescent Nanogel Thermometers based on Thermoresponsive Poly(N-isopropylacrylamide) and Environment-Sensitive Benzofurazan. Polymers 2019, 11, 1305. [Google Scholar] [CrossRef] [PubMed]

	



Tsuji, T.; Yoshida, S.; Yoshida, A.; Uchiyama, S. Cationic Fluorescent Polymeric Thermometers with the Ability to Enter Yeast and Mammalian Cells for Practical Intracellular Temperature Measurements. Anal. Chem. 2013, 85, 9815–9823. [Google Scholar] [CrossRef] [PubMed]

	



Arai, S.; Suzuki, M.; Park, S.J.; Yoo, J.S.; Wang, L.; Kang, N.Y.; Ha, H.H.; Chang, Y.T. Mitochondria-targeted fluorescent thermometer monitors intracellular temperature gradient. Chem. Commun. 2015, 51, 8044–8047. [Google Scholar] [CrossRef]

	



Chretien, D.; Benit, P.; Ha, H.H.; Keipert, S.; El-Khoury, R.; Chang, Y.T.; Jastroch, M.; Jacobs, H.T.; Rustin, P.; Rak, M. Mitochondria are physiologically maintained at close to 50 degrees C. PLoS Biol. 2018, 16, e2003992. [Google Scholar] [CrossRef]

	



Okabe, K.; Inada, N.; Gota, C.; Harada, Y.; Funatsu, T.; Uchiyama, S. Intracellular temperature mapping with a fluorescent polymeric thermometer and fluorescence lifetime imaging microscopy. Nat. Commun. 2012, 3, 5. [Google Scholar] [CrossRef]

	



Ross, S.; Wu, R.S.; Wei, S.C.; Ross, G.M.; Chang, H.T. The analytical and biomedical applications of carbon dots and their future theranostic potential: A review. J. Food Drug Anal. 2020, 28, 677–695. [Google Scholar] [CrossRef]

	



Zhang, Q.Y.; Xu, S.N.; Li, M.; Wang, Y.L.; Zhang, N.; Guan, Y.; Chen, M.X.; Chen, C.F.; Hu, H.Y. Rationally designed organelle-specific thermally activated delayed fluorescence small molecule organic probes for time-resolved biological applications. Chem. Commun. 2019, 55, 5639–5642. [Google Scholar] [CrossRef]

	



Mohammed, L.J.; Omer, K.M. Carbon Dots as New Generation Materials for Nanothermometer: Review. Nanoscale Res. Lett. 2020, 15, 182. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, M.; Plakhotnik, T. The challenge of intracellular temperature. Biophys. Rev. 2020, 12, 593–600. [Google Scholar] [CrossRef]

	



Glushkov, E.; Navikas, V.; Radenovic, A. Fluorescent Nanodiamonds as Versatile Intracellular Temperature Sensors. Chimia 2019, 73, 73–77. [Google Scholar] [CrossRef]

	



Salem, S.S.; Fouda, A. Green Synthesis of Metallic Nanoparticles and Their Prospective Biotechnological Applications: An Overview. Biol. Trace Elem. Res. 2021, 199, 344–370. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Liang, S.; Mei, M.L.; Zhao, Q.W.; She, G.W.; Shi, W.S.; Mu, L.X. Sensitive and Stable Thermometer Based on the Long Fluorescence Lifetime of Au Nanoclusters for Mitochondria. Anal. Chem. 2021, 93, 15072–15079. [Google Scholar] [CrossRef]

	



Bright, G.R.; Fisher, G.W.; Rogowska, J.; Taylor, D.L. Fluorescence Ratio Imaging Microscopy—Temporal And Spatial Measurements Of Cytoplasmic Ph. J. Cell Biol. 1987, 104, 1019–1033. [Google Scholar] [CrossRef] [PubMed]

	



Llopis, J.; McCaffery, J.M.; Miyawaki, A.; Farquhar, M.G.; Tsien, R.Y. Measurement of cytosolic, mitochondrial, and Golgi pH in single living cells with green fluorescent proteins. Proc. Natl. Acad. Sci. USA 1998, 95, 6803–6808. [Google Scholar] [CrossRef]

	



Kucsko, G.; Maurer, P.C.; Yao, N.Y.; Kubo, M.; Noh, H.J.; Lo, P.K.; Park, H.; Lukin, M.D. Nanometre-scale thermometry in a living cell. Nature 2013, 500, 54–58. [Google Scholar] [CrossRef]

	



Gnutt, D.; Gao, M.; Brylski, O.; Heyden, M.; Ebbinghaus, S. Excluded-Volume Effects in Living Cells. Angew. Chem.-Int. Ed. 2015, 54, 2548–2551. [Google Scholar] [CrossRef]

	



Tsai, P.C.; Epperla, C.P.; Huang, J.S.; Chen, O.Y.; Wu, C.C.; Chang, H.C. Measuring Nanoscale Thermostability of Cell Membranes with Single Gold-Diamond Nanohybrids. Angew. Chem.-Int. Ed. 2017, 56, 3025–3030. [Google Scholar] [CrossRef]

	



Baffou, G.; Rigneault, H.; Marguet, D.; Jullien, L. A critique of methods for temperature imaging in single cells. Nat. Methods 2014, 11, 899–901. [Google Scholar] [CrossRef] [PubMed]

	



Kiyonaka, S.; Sakaguchi, R.; Hamachi, I.; Morii, T.; Yoshizaki, T.; Mori, Y. Validating subcellular thermal changes revealed by fluorescent thermosensors. Nat. Methods 2015, 12, 801–802. [Google Scholar] [CrossRef] [PubMed]

	



Baffou, G.; Rigneault, H.; Marguet, D.; Jullien, L. “Validating subcellular thermal changes revealed by fluorescent thermosensors” and “The 10(5) gap issue between calculation and measurement in single-cell thermometry” Reply. Nat. Methods 2015, 12, 803. [Google Scholar] [CrossRef] [PubMed]

	



Salvadori, M.C.; Vaz, A.R.; Teixeira, F.S.; Cattani, M.; Brown, I.G. Thermoelectric effect in very thin film Pt/Au thermocouples. Appl. Phys. Lett. 2006, 88, 133106. [Google Scholar] [CrossRef]

	



Cattani, M.; Salvadori, M.C.; Vaz, A.R.; Teixeira, F.S.; Brown, I.G. Thermoelectric power in very thin film thermocouples: Quantum size effects. J. Appl. Phys. 2006, 100, 114905. [Google Scholar] [CrossRef]

	



Liu, H.X.; Sun, W.Q.; Chen, Q.; Xu, S.Y. Thin-Film Thermocouple Array for Time-Resolved Local Temperature Mapping. Ieee Electron Device Lett. 2011, 32, 1606–1608. [Google Scholar] [CrossRef]

	



Uchida, K.; Takahashi, S.; Harii, K.; Ieda, J.; Koshibae, W.; Ando, K.; Maekawa, S.; Saitoh, E. Observation of the spin Seebeck effect. Nature 2008, 455, 778–781. [Google Scholar] [CrossRef]

	



Li, G.; Su, X.H.; Yang, F.; Huo, X.Y.; Zhang, G.M.; Xu, S.Y. Geometric Shape Induced Small Change of Seebeck Coefficient in Bulky Metallic Wires. Sensors 2017, 17, 331. [Google Scholar] [CrossRef]

	



Li, G.; Han, D.H.; Yang, F.; Wang, Z.H.; Pi, Y.D.; Wang, W.; Xu, S.Y. Linearly enhanced response of thermopower in cascaded array of dual-stripe single-metal thermocouples. Appl. Phys. Lett. 2017, 110, 203505. [Google Scholar] [CrossRef]

	



Li, G.; Wang, Z.H.; Mao, X.Y.; Zhang, Y.H.; Huo, X.Y.; Liu, H.X.; Xu, S.Y. Real-Time Two-Dimensional Mapping of Relative Local Surface Temperatures with a Thin-Film Sensor Array. Sensors 2016, 16, 977. [Google Scholar] [CrossRef]

	



Huo, X.Y.; Sun, W.Q.; Liu, H.X.; Peng, L.M.; Xu, S.Y. Response to “Comment on ‘Unexpected size effect in the thermopower of thin-film stripes’”. J. Appl. Phys. 2014, 115, 236101. [Google Scholar] [CrossRef]

	



Sun, W.Q.; Liu, H.X.; Gong, W.W.; Peng, L.M.; Xu, S.Y. Unexpected size effect in the thermopower of thin-film stripes. J. Appl. Phys. 2011, 110, 083709. [Google Scholar] [CrossRef]

	



Yang, F. Research on Cell-Scale Temperature Response Measurement Technology; Peking University: Beijing, China, 2019. [Google Scholar]

	



Han, D.H.; Li, G.; Zhou, S.K.; Wang, Z.H.; Yang, F.; Xu, S.Y. To save half contact pads in 2D mapping of local temperatures with a thermocouple array. Rsc. Adv. 2017, 7, 9100–9105. [Google Scholar] [CrossRef]

	



Xu, Z.; Kong, X.D.; Han, L.; Pang, H.; Wu, Y.; Gao, Z.S.; Li, X.N. Elimination of bubbles and improvement of the superconducting properties in MgB2 films annealed using electron beam. Supercond. Sci. Technol. 2017, 30, 035013. [Google Scholar] [CrossRef]

	



Xu, S.Y.; Tian, M.L.; Wang, J.G.; Xu, H.; Redwing, J.M.; Chan, M.H.W. Nanometer-scale modification and welding of silicon and metallic nanowires with a high-intensity electron beam. Small 2005, 1, 1221–1229. [Google Scholar] [CrossRef] [PubMed]

	



Han, D.H.; Xu, J.J.; Wang, H.; Wang, Z.H.; Yang, N.N.; Yang, F.; Shen, Q.D.; Xu, S.Y. Non-Interventional and High-Precision Temperature Measurement Biochips for Long-Term Monitoring the Temperature Fluctuations of Individual Cells. Biosens.-Basel 2021, 11, 454. [Google Scholar] [CrossRef]

	



Sun, M.; Li, X.; Tang, Z.Q.; Wei, X.L.; Chen, Q. Constant-rate dissolution of InAs nanowires in Radiolytic water observed by in situ liquid cell TEM. Nanoscale 2018, 10, 19733–19741. [Google Scholar] [CrossRef]

	



Venegas-Rojas, D.; Keskin, S.; Azim, S.; Manz, S.; Trieu, H.K. Multi-Window Transmission Electron Microscopy liquid Cell to Improve Imaging Performance; VDE: Berlin, Germany, 2017. [Google Scholar]








[image: Sensors 22 05093 g001 550] 





Figure 1. The chemical components and temperature mapping of living HeLa cells of the cell-permeable FPT. (a) Chemical structure of the FPT. (b) Fluorescence lifetime pictures and confocal fluorescence images of the FPT in a HeLa cell. N stands for nucleus. (c) Histograms of the fluorescence lifetime in the cell nucleus (red color) and the cytoplasm (blue color) in the cell in (b). (d) Histogram of the temperature difference between the cell nucleus and the cytoplasm (n = 49). Scale bar = 10 µm [17]. 
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Figure 2. Mito Thermo Yellow (MTY). (a) Chemical structure of the MTY fluorescent probe [57]. (b) Determination of mitochondrial temperature in MTY-preloaded HEK293 cells. Phase I–phase IV support the validity of the MTY thermometric performance [58]. 
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Figure 3. The principle of temperature measurement for the thermocouple. (a) The composition of a thermocouple based on Seebeck effects [78]. (b) Schematic diagram of the cell temperature measurement using the thermocouple. 
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Figure 4. SEM micrographs of a 10 × 10 array of Pr–Cr TFTC on a SiO2/Si wafer. (a) An overview of the array of 10 × 10 TCs and their 100 leads. (b) The central of the 100 TFTCs. 
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Figure 5. A schematic diagram for saving half leads for a TFTC array [85]. (a) Initial design of metal leads in TFTC arrays. (b) The principle for saving half of the leads of a TFTC array. 
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