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ABSTRACT 

 

Genetically encoded temperature indicators (GETIs) allow the measurement of 

temperature dynamics at a subcellular resolution in live cells. However, GETIs have 

suffered from low temperature sensitivity when comparing to other nanothermometers, 

e.g., chemical-based fluorescent nanothermometers. To clearly visualize heat production 

from a biological process, it is highly desirable to develop GETIs that exhibit high 

temperature sensitivity for accurate temperature measurement as well as high specificity 

to temperature. In this thesis, I present two GETIs: (1) Elastin-Like Polypeptide based 

TEMPerature indicator (ELP-TEMP) with the highest ever temperature sensitivity 

among the existing fluorescent nanothermometers, and (2) Blue-excited genetically 

encoded TEMPerature indicator (B-gTEMP) that responded specifically to the 

temperature. ELP-TEMP is comprised of a temperature-responsive elastin-like 

polypeptide (ELP) fused with a cyan fluorescent protein (FP), mTurquoise2 (mT), and a 

yellow FP, mVenus (mV), as the donor and acceptor, respectively, of Förster resonance 

energy transfer (FRET). At elevated temperatures, the ELP moiety in ELP-TEMP 

undergoes a liquid-liquid phase transition leading to an increase in the FRET efficiency. 

In HeLa cells, ELP-TEMP responded to the temperature from 33 to 40 °C with a 

maximum temperature sensitivity of 45.1 ± 8.1 percent signal change per one degree 

Celsius (%/°C), which was the highest ever temperature sensitivity among the existing 

fluorescent nanothermometers. Although ELP-TEMP showed sensitivity not only to 

temperature but also to macromolecular crowding and self-concentration, I was able to 

correct the output of ELP-TEMP to achieve accurate temperature measurements at a 

subcellular resolution. I successfully applied ELP-TEMP to measure temperature changes 

in live cells induced by a local heat spot, even if the temperature difference was as small 

as <1°C, and to visualize heat production from Ca2+ influx induced by a chemical 

stimulation. Furthermore, I investigated temperatures in the nucleus and cytoplasm of live 

HeLa cells and found that their temperatures were almost the same within the temperature 

resolution of the measurement. This result would provide important information to shed 

light on a controversy about a discrepancy between a theoretical calculation and 

experimental measurements of intracellular temperature changes in single cells. On the 

other hand, B-gTEMP is a chimera of a green FP, mNeonGreen (mNG), showing low 
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temperature sensitivity of −0.7%/°C, and a red FP, tdTomato (tdT), showing the highest 

temperature sensitivity of −2.9%/°C among the examined FPs. B-gTEMP is the improved 

version of gTEMP, a GETI composed of a blue FP, Sirius, and a green FP, mT-Sapphire 

(mT-Sap). B-gTEMP showed a response in a wide temperature range of 15–50 °C with 

an average temperature sensitivity of 2.2 ± 1.2%/°C, comparable to that of gTEMP 

(2.6%/°C). Because B-gTEMP utilized a visible light excitation whereas gTEMP utilized 

ultraviolet excitation, temperature imaging with B-gTEMP showed lower phototoxicity 

and autofluorescence background than that of gTEMP. Additionally, B-gTEMP showed 

higher temperature resolution than gTEMP. Furthermore, temperature measurement with 

B-gTEMP was not affected by macromolecular crowding and self-concentration, which 

are the advantages over ELP-TEMP. Using B-gTEMP, I successfully monitored quick 

temperature rises induced by a local heat spot with a temporal resolution of 10 ms. In 

addition, I demonstrated the functionality of B-gTEMP in conventional temperature 

imaging to measure heat production in mitochondria induced by a chemical stimulation, 

and investigated temperature in the nucleus and cytoplasm of live HeLa cells, and found 

that the temperature was almost the same between them within the temperature resolution 

of the measurement, consistent with the result of ELP-TEMP. Altogether, ELP-TEMP 

and B-gTEMP are useful GETIs for future investigation of cell thermobiology. 
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CHAPTER 1 

GENERAL INTRODUCTION 

 

1.1  Temperature, an important parameter that governs biological processes 

Temperature is a key physical parameter that is relevant to biological processes, because 

it can change the equilibrium and kinetics of biochemical reactions occurring in cells. 

Many biological activities such as cell division, gene expression, enzymatic reaction, and 

metabolism are accompanied by temperature changes1-4. Thus, it would be essential to 

understand how the temperature regulates the activities of cells, as a basic unit of life, that 

would help us to comprehend the effect of temperature on the whole human body. 

Mammals including human need to maintain their body temperature despites the 

fluctuations of ambient temperature. For example, when exposing to a cold environment, 

the human body will quickly respond by shivering to generate heat, which has been 

known as shivering thermogenesis. However, this shivering is not last for long and may 

not be sufficient to heat up the whole body, and thus the body needs to produce heat by 

another mechanism so called non-shivering thermogenesis (NST)4. Brown adipose tissue 

(BAT) is arguably the main heat-producing tissue for NST that mediated by 

mitochondrial uncoupling protein 1 (UCP1)5. However, BAT is not present in all animals, 

e.g., birds or pigs6, and it is just a minor component with a small amount in adult large 

mammals including human6, suggesting that there may be other NST mechanisms that 

have not been discovered yet. Although heat production from muscle has been 

hypothesized as a NST mechanism, whether muscle can produce heat independently of 

contraction remains controversial7. Understanding the thermogenesis in the human body 

would be preciously beneficial, especially to the treatment of obesity, a worldwide 

epidemic caused by the imbalance between food intake and energy expenditure8. For 

example, utilization of BAT and molecular target drugs that activate BAT has been 

considered as a great strategy for the treatment of obesity8,9. 

Despite the importance of thermogenesis, the mechanism details behind heat 

production processes in organism and cells remain incompletely understood. One of the 

reasons may due to the lack of a tool to study the temperature-related processes at the 

cellular/subcellular level. Conventional thermometers (i.e., bar thermometers) are not 
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applicable for this purpose, because their size is larger than that of mammalian cells, 

whose size is generally 10–100 µm. Infrared thermometers are useful in large-scale 

temperature measurement from a distance, but having low spatial resolution that may not 

be sufficient to resolve the temperature measurement at a subcellular level10. Although 

micro-thermocouples have been applied to measure temperature inside cells, they are 

required the insertion into the cells that could damage cells, and the temperature readout 

is only at the contact site of the micro-thermocouple11,12. The limitation of classic 

thermometers has led to the requirement of a new method that can measure intracellular 

temperature at the cellular/subcellular level without interrupting cellular functions. 

 

1.2  Fluorescence nanothermometry 

Fluorescence nanothermometry (FNT) enables us to monitor temperature dynamics at a 

high spatial and temporal resolution inside live cells in a noninvasive manner. FNT uses 

a temperature-sensitive fluorescent indicator to measure the temperature through the 

fluorescence readout. Because the size of most fluorescent nanothermometers is in a scale 

of hundreds of nanometers to single molecules, fluorescent nanothermometers are useful 

to visualize temperature in live cells at a high spatial resolution13,14. In addition, because 

of their small sizes, they have a low heat capacity and thus minimally affect sample 

temperature to achieve temperature measurement with a rapid response and high 

accuracy. There have been efforts in developing fluorescent temperature indicators for 

FNT using different temperature-responsive materials such as fluorescent proteins 

(FPs)15, chemical dyes16, nanoparticles17, nanodiamonds18, polymers19, and single-

stranded DNA20 (Table 1). Applications of FNT have led to exciting reports such as 

heterogeneous temperature distribution of neural cells21, temperature difference between 

the nucleus and cytoplasm in COS7 cells19 and HeLa cells15,22, heterogeneous temperature 

distribution in mitochondria19,23, hot mitochondria24, and the low thermal conductivity in 

cells25,26. In addition, FNT enabled in vivo imaging for mapping intracellular temperature 

in live C. elegans27, real-time monitoring of heat production in flight muscle of live D. 

derbyana beetles17, and in vivo detection of ischemia28, early-stage tumor29, and 

inflammation-induced temperature increment in mice30.   
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Table 1. List of some fluorescent nanothermometers for intracellular thermometry  

Materials Nanothermometers Measurement 
method 

Temperature 
range (°C) 

|ST| (%/°C)* Ref. 

FPs  EGFP Intensity 20–60 2.1 3 

  Fluorescence 
polarization 
anisotropy 

20–60 0.4 31 

 tsGFP1 Ratio 35–40 3.9 32 

 gTEMP Ratio 5–50 2.6 15 

 emGFP-Mito Peak shift 23-39 2.2 23 

Fluorescent 
dyes 

ER thermo yellow Intensity 32–37 3.9 33 

 Mito thermo yellow Intensity 37–42 2.0–2.8 16 

 Mito-RTP Ratio 25–45 2.7 34 

 Mito-TEMP 2.0 Ratio 25–55 5.4 35 

 Eu-TTA within 
micropipette 

Intensity 25–50 2.7 36 

 Thermosensitive 
nanovesicles 

Intensity 20–30; 33–
36; 35–40; 
42–45; 51–55 

10–22 37 

Inorganic 
materials  

Quantum dot 
(QD655) 

Peak shift 30–40 6.2 21 

 AuNCs Lifetime 15–45 - 38 

 NaYF4 
nanothermometer 

Ratio 25–46 1.9 39 

 Nanodiamonds  Spin states 
with 
microwave 
excitations 

-73–327 - 18 

Polymers FNT Intensitiy 27–33 - 40 
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 FPT Lifetime 20–50 4.8 19 

 Walking 
nanothermometer  

Ratio 20–60 2.2 41 

 Ratiometric 
nanothermometer 

Ratio 25–40 2.2 42 

 Fluorescent 
thermometer 
nanosheets 

Ratio 25–40 3.4 43 

 Ultra-long-lived 
luminescent 
nanocapsule 

Lifetime 20–45 7.5 44 

DNA L-MB Intensity 25-55 - 20 

 ssDNA FT Ratio 0-100 7.0 45 

*ST: relative temperature sensitivity (see Box 1 for more detail). Ref. stands for 

references. 

 

1.2.1  Typical temperature-sensing strategies and designs of fluorescent 

nanothermometers  

Fluorescence intensity 

Fluorescence intensity (FI) based temperature measurement is arguably the most 

straightforward and versatile approach for developing nanothermometers (Figure 1A). 

The change of temperature can be directly measured from fluorescence changes, and thus 

allows temperature measurement at high-speed imaging with a conventional fluorescence 

microscope. This based on the fact that the FI is generally decreased as the temperature 

increased (see Box 2). A number of FI-based nanothermometers have been developed 

using different materials such as fluorescent dyes16,33,36, polymers40, DNA20, and FPs3. 

However, this approach is only suitable for rough estimation of the temperature rises and 

falls. The FI-based nanothermometers may not be reliable for absolute temperature 

measurement, since the FI is dependent on the nanothermometer’s concentration, 

inhomogeneous illumination and power of excitation light.   
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Figure 1. Schematic illustration of typical temperature-sensing mechanisms of 

fluorescent nanothermometers. (A) Intensity, (B) Lifetime, (C) Peak shift, (D) 

Emission ratio, (E) Excitation ratio, (F) Fluorescence anisotropy. Q represents 

experimental parameters used for temperature determination. Red and blue color 

represent high and low temperature, respectively. 

 

Florescence lifetime  

Fluorescence lifetime based nanothermmetry is also straightforward way for intracellular 

temperature measurement, because fluorescence lifetime is temperature-dependent 

(Figure 1B). Unlike intensity, fluorescence lifetime is independent on the concentration, 

providing concentration-independent readout. Serval fluorescence lifetime-based 

nanothermometers have been developed for FNT19,38,44. Despite the advantages, there are 

some limitations that would hinder this method for temperature measurement, e.g., 

fluorescence decay is often non-single component, fluorescence lifetime of some 

endogenous compounds such as NADH, FAD, etc. is similar to that of some 

nanothermometers46, and the acquisition time of some lifetime-based nanothermometers 
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is slow, e.g. fluorescent nanogel thermometer (FNT) took 60 s for data collection of an 

image of 64x64 pixels19. In addition, fluorescence lifetime imaging microscopy (FLIM) 

may arguably less common than wide-field fluorescence microscopy in the laboratory.  

 

Box 1: Terms of common parameters used in FNT. 

In general, fluorescent nanothermometers are employed to measure temperature 

through changes in fluorescence intensity, fluorescence ratio, lifetime, peak shift, and 

fluorescence polarization anisotropy. These changes can be quantified as Q.  

Absolute temperature sensitivity (SA): the rate of changes of Q with temperature. 

𝑆஺ = ቚ
∆ொ

∆்
ቚ,       (1) 

where Q is experimental parameters that corresponds to a change of temperature (T), 

and  represents a change of a parameter value. The unit of SA is 1/°C or 1/K. 

Relative temperature sensitivity (ST): a parameter used in order to compare the 

temperature sensitivity with other nanothermometers.  

𝑆் = ቚ
∆ொ

ொ

ଵ

∆்
ቚ × 100(%),     (2) 

The unit of ST is consistent as %/°C or %/K for all nanothermometers.  

Temperature resolution (δT): the minimal temperature that can be resolved with a 

nanothermometer.  

𝛿𝑇 = ቚ
∆்

∆ொ
ቚ 𝜎(𝑄),      (3) 

where σ(Q) represents the standard deviation of an experimental parameter used for 

temperature determination. The unit of δT is °C or K.  

 

Peak shift of the emission spectrum 

In some semiconducting quantum dots (QDs)21,47, the fluorescence peak emission is 

shifted, in which the bandgap of the QDs changes with temperature (Figure 1C). Unlike 

the intensity, spectral shift is independent on the QDs concentration, but showing a 

dependence on the particle size of the QDs47. Wild-type green FP (wt-GFP) was found to 

exhibit the temperature-induced spectral shift, which was suggested to be due to the 

change in hydrogen network of the chromophore with temperatures23,48.  
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Box 2. Correlation between fluorescence intensity and temperature 

In general, the FI of a fluorophore often decreases to an increase of temperature, which 

is most likely due to the decrease of fluorescence quantum yield, as the FI of a 

fluorophore is proportional to its fluorescence quantum yield. The fluorescence 

quantum yield, a ratio of the number of photons emitted to the number of photons 

absorbed, can be defined by: 

𝑄𝑌 =  
௞ೝ

௞ೝା௞೙ೝ
,        (4) 

where QY is quantum yield, kr and knr are the rate constants of radiative decay and non-

radiative decay of the excited state, respectively. The decrease of fluorescence quantum 

yield with temperature is arguably due to the increase of knr
49,50. Meng et al., reported 

that increasing the temperature resulted in an increase of knr accompanied with a 

decrease of kr, leading to the decrease of the fluorescence quantum yield of a 

fluorescent dye51.  

 

Emission and excitation ratios 

A typical and common strategy for developing fluorescent nanothermometers is relied on 

emission ratio of two different fluorophores having different emission wavelengths and 

temperature sensitivities, i.e., one shows high temperature sensitivity corresponding to 

the temperature readout, and the other shows low temperature sensitivity as the internal 

reference (Figure 1D). Taking the emission ratio of two wavelengths can correct for the 

inhomogeneous distribution of the nanothermometers’ concentration, resulting in 

absolute temperature measurement. In addition, if the two fluorescence compounds can 

be excited by a single excitation light, the two emission wavelengths can be 

simultaneously monitored by using a dual view optics52, enabling high-speed imaging. 

Several ratiometric fluorescent nanothermometers have been reported including chemical 

dyes34,35, nanoparticles39,51, polymers41-43, DNA45, and FPs15. In a similar approach, some 

fluorophores, e.g., wt-GFP32 can be excited by two different wavelengths showing 

different temperature dependence, so that excitation-based nanothermometers can be 

devised from excitation intensity ratio (Figure 1E).  
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Fluorescence anisotropy 

Some fluorophores excited with vertically polarized light exhibit different fluorescence 

emission intensity in a parallel (‖) or perpendicular (⊥) to the direction of excitation light 

in a temperature dependence manner (Figure 1F). For example, green FP (GFP) has been 

utilized as a nanothermometers to measure intracellular temperature in live cells and a 

living organism using fluorescence polarization anisotropy27,31.  

 

1.2.2  Genetically encoded temperature indicators (GETIs) 

Among the fluorescent nanothermometers, FP-based indicators can be expressed in target 

cells and tissues by transfection. These genetically encoded temperature indicators 

(GETIs) can specifically target to an organelle via fusion with a targeting peptide or 

protein. However, only a few of GETIs have been developed so far as follows. (1) 

Enhanced green FP (EGFP) based intensiometric nanothermometer3, as the fluorescence 

emission of EGFP was reported to be inversely correlated with temperatures. Correction 

of photobleaching of EGFP was essentially required that would limit its application. In 

another approach, Donner et al. utilized EGFP for the measurement of fluorescence 

polarization anisotropy31 for mapping intracellular temperature in live mammalian cells 

and C. elegans27. (2) GFP-based thermosensors (tsGFPs) were developed by flanking 

wild-type green FP (wt-GFP) with dual copies of the Salmonella thermosensing protein 

TlpA32. Upon temperature-dependent dimerization of TlpA, conformation change of the 

sandwiched wt-GFP led to a shift in its excitation peaks, giving a temperature readout. 

tsGFPs have been applied to visualize thermogenesis in brown adipocytes and skeletal 

muscle myotubes. (3) Genetically encoded ratiometric fluorescent temperature indicator 

(gTEMP)15 that reported temperature with fluorescence intensity ratio between a 

temperature-sensitive blue FP, Sirius, and a  temperature-less-sensitive green FP, mT-

Sap. gTEMP showed a rapid response to temperature with a temporal resolution of 50 

ms, and a wide detection temperature range from 5 to 50 °C. gTEMP has been 

demonstrated its temperature-sensing performance in measuring intracellular temperature 

rise in mitochondria, temperature difference between the nucleus and cytoplasm, and 

temperature in a living medaka embryo. Despite the advantages, the requirement of UV 

excitation (~370 nm) would limit the application of gTEMP for live biological samples 
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(see Chapter 4 for more detail). (4) emGFP-Mito23 by measuring the shift of fluorescence 

peak of Emerald green FP (em-GFP) in responding to temperature changes. The emGFP-

Mito has been demonstrated to visualize heterogeneous temperature distribution in 

mitochondria and a temperature rise in mitochondria by treatment with a chemical 

stimulation. Recently, Maksimov et al. reported a new strategy to develop a GETI derived 

from the photoactive orange carotenoid protein, which showed a strong temperature 

dependence of photoconversion rates53. However, this work has not been completed and 

still under optimization. Although GETIs are advantageous for live cell imaging, their 

low temperature sensitivity (ST, as defined in Box 1) including EGFP (ST = 2.1%/°C3), 

EGFP in fluorescence polarization anisotropy (ST = 0.4%/°C31), tsGFP1 (ST = 3.9%/°C32); 

gTEMP (ST = 2.6%/°C15), and emGFP-mito (ST = 2.2%/°C23) is considered to be a main 

drawback of GETIs for FNT. Thus, it is desirable to develop a new GETI having high 

temperature sensitivity for accurate intracellular temperature measurement.  

 

1.3  “The 105 gap issue” in single-cell thermometry 

Although several studies applied FNT to measure intracellular temperature in single cells 

and reported heterogonous temperature distribution in non-stimulated cells15,19,21-24, and 

temperature increase in mitochondria15,19,23,24,32,35 or endoplasmic reticulum (ER)33,36,54,55 

by stimulating with a chemical drug, a theoretical calculation56 suggested that 

intracellular temperature increment (∆T) in single cells could not exceed 10-5 °C. This has 

led to a great controversy so called “the 105 gap issue” between the theoretical calculation 

and experimental measurements in single-cell thermometry57-59. This controversy was 

firstly proposed in 2014 by Baffou et al.56, who criticized the temperature measurement 

with FNT reporting an endogenous heat production ∆T > 1 °C that would be more far 

unrealistic to their theoretical estimation. They estimated the expected temperature 

increase in single cells by a simple heat-diffusion equation in the steady state:     

∆𝑇 =  
௉

఑௅
,       (5) 

where ∆T is the temperature increase (in K), P is the power of the heat source (in Watts, 

W), κ is the thermal conductivity (in Wm-1K-1), and L is typical size of the heat source (in 

meter, m). Accordingly, for a cell with a typical length L = 10 µm with a typical power P 

= 100 pW (which was reported from a microcalorimetry measurement) in a watery 
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environment (κ ~ 1 W m-1 K-1), temperature increase was expected to be ∆T ~ 10-5 °C. In 

response to the critique, Mori58 and Ishiwata57 group argued against the applicability of 

the heat diffusion equation in the steady state at submicroscopic scale, especially in living 

cells containing several biomolecular complexes. Additionally, the parameter values used 

in the calculation for heat source, thermal conductivity of cells, and the length scale of 

the heat source in the estimation of heat diffusion equation should be reconsidered to be 

more realistic. In reply, Baffou et al.59 disputed the argument of Mori and Ishiwata group, 

and the controversy has still remained.  

I am interested in “the 105 gap issue” and I hope I could partly contribute to find 

the answer of this controversy. I am curious whether single cells can produce heat in order 

to regulate their biological activities, and if they are, I question when, how, and how much 

heat can be produced in a single cell. I realize that the drawback of low temperature 

sensitivity of conventional GETIs may not be sufficient to clearly visualize a small heat 

production in cells. Thus, I aim to develop a highly-sensitive GETI to solve this limitation. 

In addition, I also performed characterization of B-gTEMP, which was developed by a 

former lab member, and demonstrated its performance of temperature imaging in live 

cells.  
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CHAPTER 2  

DEVELOPMENT OF ELASTIN-LIKE POLYPEPTIDE BASED 

GENETICALLY ENCODED TEMPERATURE INDICATOR 

 

2.1  Introduction  

Elastin-like polypeptides (ELPs) are polypeptides that consist of a primary sequence of 

(VPGXG)n, where X is a guest amino acid residue except proline60 and n is the number 

of pentapeptide repeats61. One of their unique characteristics is the thermal 

responsiveness displaying the lower critical solution temperature (LCST) in an aqueous 

solution: they are in the soluble state below the transition temperature (Tt) whereas they 

undergo a self-assembly process to form coacervate at an elevated temperature above 

Tt
60,61. The Tt of ELPs can be manipulated by changing the guest residue X and the number 

of the repeats n: Tt lowers as the guest residue X becomes more hydrophobic, and vice 

versa62; Tt lowers as the number of the repeats n becomes larger, and vice versa61. 

Additionally, ELPs can be genetically encoded and expressed in live cells. Thus, ELPs 

should be potential candidates as temperature-sensing domains for the development of 

GETIs.  

Previously, Mackay et al. utilized ELPs fused with a green FP (GFP) to detect 

intracellular temperature through ELP coacervation as observed by fluorescence 

microscopy63. However, this approach was able to detect only a temperature at which the 

ELP converted into the coacervate, and thus, did not provide the quantitative 

measurement of temperature. Chen et al. reported an ELP labeled with a hydrophobicity-

sensitive fluorescent dye, which showed high fluorescence upon the coacervation of ELP 

caused by the elevation of temperature above its Tt
64. Because this approach needed 

fluorescence labeling of the ELP to produce the temperature indicator and its delivery 

into cells, the scope of the application was rather limited. To move a step forward from 

the ELP-derived fluorescent temperature indicators thus far, it is desirable to develop a 

novel GETI that takes the advantage of the highly temperature-sensitive behavior of ELPs 

to perform quantitative temperature measurement at a high accuracy, and is ready to be 

observed after expression in cells without any chemical modification.  
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Förster resonance energy transfer (FRET) has been extensively applied to the 

development of various types of genetically-encoded fluorescent indicators. A general 

design of genetically-encoded FRET-based indicators involves two FPs of different 

excitation and emission wavelengths as the donor and acceptor of FRET, and a sensor 

domain that detects a factor of interest, e.g., ions, macromolecular crowding, or 

temperature. Upon excitation of the donor, the excited-state energy is partly or entirely 

transferred from the donor to the acceptor to undergo fluorescence emission of the 

acceptor as well as that of the donor, depending on the FRET efficiency65. Because the 

FRET efficiency is dependent on parameters such as the distance and relative orientation 

between the donor and acceptor, if the conformation of the sensor domain changes upon 

the detection of a factor, the distance or the relative orientation is expected to change so 

that the FRET efficiency alters, leading to changes of the fluorescence intensities of the 

donor and acceptor. It should be noted that the ratio of the fluorescence intensities 

between the donor and acceptor can be a measure of the FRET efficiency, and thus, 

FRET-based indicators are useful to perform ratiometric imaging with the donor and 

acceptor fluorescence. In fact, a number of genetically encoded indicators have applied 

FRET to sense ions (Ca2+ 66, Mg2+ 67, K+ 68, and H+ 69), membrane potential70, and 

macromolecular crowding71. Thus, if donor and acceptor FPs are fused with an ELP, this 

fusion protein is most likely to show a large change of FRET efficiency in response to 

temperature changes around its Tt to achieve a high sensitivity to temperature. 

Here, I aim to develop a GETI from an ELP and a FRET pair of a cyan FP, 

mTurquoise2 (mT)72, and a yellow FP, mVenus (mV)73. The ELP moiety in the present 

GETI undergoes a phase transition around a physiological temperature of mammalian 

cells and this would lead to a large change of FRET efficiency, allowing quantitative 

temperature measurement in cells. I demonstrate its temperature-sensing performance to 

monitor quick temperature rises at a subcellular resolution caused by transient heat supply 

from a local heat, and to visualize heat production from Ca2+ influx induced by a chemical 

stimulation. In addition, I investigate temperatures in the nucleus and cytoplasm of live 

HeLa cells.  

 

  



 

19 

 

2.2  Materials and methods 

Gene construction. I obtained plasmids harboring ELP genes from Addgene (ELP[V-

60]74 containing the sequence of (VPGVG)60 , #67013; ELP[AV-60]74 containing the 

sequence (VPGAG-VPGVG)30, #67012). To create a doubly repeated ELP[V-60] 

(ELP[V-60]-ELP[V-60]), I amplified the whole cDNA of ELP[V-60] with both forward 

and reverse primers containing a XhoI restriction enzyme site (XhoI-ELP[V-60]-XhoI). 

Meanwhile, I also amplified the cDNA of ELP[V-60] with a forward primer containing a 

SalI site and a reverse primer containing a EcoRI site (SalI-ELP[V-60]-EcoRI). I then 

ligated these two amplified fragments with the XhoI-SalI restriction enzyme sites. 

Because the cut site of XhoI (C/TCGAG) and SalI (G/TCGAC) produces compatible 

cohesive ends, their ligation product can be either GTCGAG or CTCGAC, which cannot 

be cut by either XhoI or SalI restriction enzymes. To create ELP[AV-60]-ELP[AV-60], a 

similar procedure was conducted. To construct an ELP-TEMP gene, I enzymatically cut 

the whole cDNA of ELP[V-60]-ELP[V-60] with XhoI and EcoRI restriction enzymes 

(XhoI-ELP[V-60]-ELP[V-60]-EcoRI), and ligated with mVenus (mV) and mTurquoise2 

(mT) genes at the 5’- and 3’-ends of the ELP[V-60]-ELP[V-60] gene, respectively. The 

restriction enzymes for the mV gene were BamHI and XhoI (BamHI-mV-XhoI), while 

those for the mT gene were EcoRI and HindIII (EcoRI-mT-HindIII). I then inserted the 

ELP-TEMP gene into the pRSETB vector (Invitrogen) for bacterial expression or the 

pcDNA3.1(-) vector (Invitrogen) for mammalian expression. To construct a reference 

indicator (ELP-REF), I replaced the ELP[V-60]-ELP[V-60] sequence in the ELP-TEMP 

gene with that of ELP[AV-60]-ELP[AV-60]. A plasmid containing a crowding indicator 

gene (crGE71) was a gift from Prof. Boersma. I transformed all the gene constructions 

into XL-10 Gold E. coli cells (200314, Agilent Technologies) and cultured in the Luria-

Bertani (LB) medium with 100 µg/mL carbenicillin (Sigma-Aldrich) for 10–12 h at 37 

°C, and then, I performed plasmid purification.  

 

Protein purification. I transformed E. coli strain JM109(DE3) (P9801, Promega) with 

the pRSETB plasmid harboring ELP-TEMP or ELP-REF fused with an N-terminal 

polyhistidine tag by heat shock method at 42 °C for 45 s. I spread the transformants on 

an LB plate containing 100 µg/mL carbenicillin and incubated at 37 °C for overnight. I 

grew E. coli in a 200 mL LB medium containing 100 µg/mL carbenicillin at 23 °C for 3 
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days with gentle shaking at 120 rpm. I harvested the E. coli cells, suspended them in a 

phosphate buffered saline solution (PBS; T900, Takara Bio) containing a protease 

inhibitor cocktail (11873580001, Roche Diagnostics), and ultra-sonicated to lyse the 

cells. I subsequently applied the proteins on the Ni-NTA agarose (30230, Qiagen) and 

eluted them with a TN buffer (10 mM Tris-HCl and 150 mM NaCl, pH 8.0) supplemented 

with 200 mM imidazole (099-00013, FUJIFILM Wako). Finally, I exchanged the solvent 

of the protein solution with a PBS solution (pH 7.4) by applying on a PD-10 desalting 

column (17085101, GE Healthcare) equilibrated with the same buffer. I concentrated the 

protein by ultrafiltration using a filter with a molecular weight cut-off of 50 kDa 

(UFC803024, Amicon Ultra-4, Merck Millipore), quickly froze the protein solution in 

liquid nitrogen, and stored them at −80 °C.   

 

Fluorescence spectroscopy measurement. I performed fluorescence spectroscopy 

measurements by an FP-750 spectrofluorometer (JASCO) equipped with a temperature 

controller unit (ETC-272T, JASCO). I diluted proteins in a PBS solution (T900, Takara 

Bio) and loaded into a quartz cuvette. I took 5 min to wait for temperature equilibration 

at each temperature point before starting measurement. The excitation wavelength was 

430 nm.  

To investigate the effect of macromolecular crowding, I dissolved ELP-TEMP in a 

PBS solution containing Ficoll PM70 (F2878, Sigma-Aldrich). To examine the effect of 

salts, I added CaCl2, MgCl2, or 1 mM EDTA to a PBS solution, where 1 mM EDTA was 

used to achieve the condition of 0 mM CaCl2 or MgCl2. For NaCl and KCl, I added a salt 

to a 10 mM sodium phosphate buffer (pH 7.4). For pH dependence measurement, I 

prepared a mixture of 30 mM trisodium citrate and 30 mM borax adjusted to pH 8.0, 7.0, 

6.0, and 5.0 by adding HCl.  

To measure the fluorescence of ELP-TEMP in a cell suspension, I suspended ~5 

million HeLa cells expressing ELP-TEMP in 0.5 mL of a PBS solution, and measured the 

fluorescence by a fluorescence spectrophotometer (F-7000, Hitachi-Hightech). For 

background correction, I measured the baseline from a suspension containing ~5 million 

untransfected HeLa cells. The excitation wavelength was 430 nm. 
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Cell culture, transfection, and establishment of stable cell lines. I cultured HeLa cells 

in Dulbecco’s modified Eagle medium (DMEM; D6046, Sigma-Aldrich) supplemented 

with 10% fetal bovine serum (FBS; Biowest) at 37 °C in a 5% CO2 incubator. I seeded 

cells on in-house-made glass bottom dishes and grew up to 60–70% of cell confluence 

before performing transfection. For transfection, I mixed 2.0 µg of plasmids and 5.0 µg 

of polyethylenimine MAX (24765-1, Polysciences) in 200 µL of Opti-MEM medium 

(31985-070, Thermo Fisher Scientific), and incubated for 20 min at room temperature. 

Subsequently, I added the mixture to 1 mL of culture medium containing HeLa cells, and 

exchanged the culture medium at 6 h after the mixing. I cultured the cells for ~48 h and 

exchanged the medium to DMEM/F12 (11039-021, ThermoFisher Scientific) without 

phenol red before microscopy observation.  

To establish a HeLa cell line stably expressing ELP-TEMP or ELP-REF, 2 days 

after transfection, I exchanged the culture medium with DMEM supplemented with 10% 

FBS and 500 µg/mL geneticin (G-418, 10131-035, Gibco). I kept culturing the cells until 

colonies formed. Finally, I isolated a fluorescent colony and grew up in the same medium 

to increase the cell number. After establishing the stable cell lines, I grew them with a 

DMEM medium containing 10% FBS and 200 µg/mL geneticin.  

 

Cell imaging. I performed cell imaging with an inverted microscope (Ti-2, Nikon) 

equipped with a confocal unit (Dragonfly 200, Andor Technology), a microscope 

objective (CFI Plan Apochromat λ 60x Oil; numerical aperture, 1.40; Nikon), and a stage-

top incubator with 5% CO2 supply (STXG-WSKMX, Tokai Hit). I used a 445 nm laser 

for excitation and collected the fluorescence emission through bandpass filters 

(ET480/40nm and ET540/30nm for mT and mV, respectively; Chroma). I captured the 

fluorescence images with an EMCCD camera (iXon Ultra, Andor Technology). The 

exposure time was 500 ms, and the binning size was 2×2 pixels. I measured fluorescence 

ratios of mV/mT cell by cell to calculate the average values and the standard deviation.  

 

Western Blotting. I used stable HeLa cell lines expressing ELP-REF or ELP-TEMP. The 

indicators were detected with a primary anti-GFP (Rabbit pAb, Cat #598, MBL, dilution 

1:1000) and a secondary anti-rabbit IgG HPR conjugation (W401B, Promega, dilution 

1:1000). As a loading control, I used a primary anti-GAPDH (Mouse mAb, SC-32233, 
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Santa Cruz, dilution 1:1000) and a secondary anti-mouse IgG HPR conjugation (W402B, 

Promega, dilution 1:1000). For chemiluminescence detection, I used a kit of ECL prime 

Western Blotting detection regents (RPN2232, GE Healthcare). 

 

Quick temperature rises with a local heat spot using carbon nanotubes (CNTs).  

I prepared a suspension of 1 mg/mL multiwalled carbon nanotubes (CNTs) (average 

diameter, 170 nm; average length, 5–9 µm; 659258, Sigma-Aldrich) in a mixture of 0.5 

mL of Tween20 and 1.5 mL of a buffer containing 20 mM HEPES, 25 mM KCl, and 5 

mM MgCl2 (pH 7.0) as described in ref 28. For imaging, I changed the culture medium 

of HeLa cells stably expressing ELP-TEMP to FluoroBrite DMEM (A1896701, 

ThermoFisher Scientific) supplemented with 10% FBS and GlutaMAX (35050-061, 

ThermoFisher Scientific). Subsequently, I dispersed 20 µL of the CNTs suspension into 

the culture medium. I used an inverted microscope (IX71, Olympus) equipped with a 

PlanApo 60X/1.40 oil-immersion objective lens (Olympus), a Light Engine (SPECTRA 

X, Lumencor), a stage-top incubator (INUB-ONICS, Tokai Hit), and a dual-view optics 

(W-View GEMINI, Hamamatsu photonics). I used a dichroic mirror of FF471/539-Di01 

(Semrock) and an excitation filter of FF02-438/24 (Semrock). I used the dual-view optics 

equipped with a dichroic mirror (FF520-Di02, Semrock), emission filters of FF01-483/32 

(Semrock) for mT and FF01-562/40 (Semrock) for mV, and a sCMOS camera (ORCA 

Flash4.0, Hamamatsu Photonics). The exposure time was 200 ms, and the binning of the 

sCMOS camera was 4x4 pixels. Before starting the experiment, I allowed CNTs to settle 

down for 30–60 min. To generate local heat, I irradiated a cluster of CNTs located near 

to several cells with a focused beam at 638 nm from a laser (Cube 635-20C, Coherent). 

For precisely synchronizing the laser, light engine, and sCMOS, I used a delay pulse 

generator (Sapphire Plus 9214+; Quantum Composers) coupled to them. The temperature 

was 34 °C, and the medium was in a 5% CO2 atmosphere. 

 

Heat production with chemically induced Ca2+ influx. I transiently co-transfected 

HeLa cells stably expressing ELP-TEMP with R-GECO, a genetically encoded Ca2+ 

indicator75 with the same transfection method mentioned above. I observed the cells with 

an inverted microscope (Ti-2, Nikon) equipped with a confocal unit (Dragonfly 200, Andor 

Technology), and the condition was the same in the cell imaging section mentioned above. 
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I stimulated the cells with ionomycin (I-700, Alomone Labs) to the final concentration of 

4 µM in DMEM/F12 (11039-021, ThermoFisher Scientific) by a home-made perfusion 

system. Medium temperature was 34 °C. For data analysis, I selected ROIs in the nucleus 

or cytoplasm of cells and used a nucleus or cytoplasm calibration curve for estimating 

temperature. 
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2.3  Results and discussion 

2.3.1  Development of ELP-based temperature indicators (ELP-TEMP) 

I exploited the LCST behavior of ELPs to develop a FRET-based GETI. I designed my 

GETI so that it contained an ELP fused with a FRET pair of mT and mV. For the purpose 

of temperature imaging in mammalian cells, I selected ELP[V-60] containing a sequence 

of (VPGVG)60, whose Tt was reported to be 35.2 °C74. Thereby, I constructed the gene of 

a fusion protein of mV-ELP[V-60]-mT denoted as ELP-TEMP0.5, an ELP-based 

temperature indicator (Figure 2).  

 

Figure 2. Gene design of ELP-TEMP0.5, ELP-TEMP, and ELP-Reference (ELP-

REF).  

The fluorescence emission spectrum of ELP-TEMP0.5 excited at 430 nm in a PBS 

solution showed fluorescence emission bands with peaks at 474 and 528 nm, which are 

attributed to mT and mV, respectively (Figure 3A). When I measured the fluorescence 

response of ELP-TEMP0.5 by scanning the temperature, the emission peak intensity of 

mT dramatically decreased as the temperature changed from 50 to 75 °C, whereas that of 

mV slightly increased (Figure 3A). Figure 4 shows a plot of the fluorescence ratio of the 

fluorescence peak intensity of mV to that of mT (528/474 nm) against temperature. The 

data showed that as the temperature increased from 50 °C, the fluorescence ratio abruptly 

increased to a higher value, which was most likely ascribable to the phase transition 

behavior of the ELP (discuss below). Unfortunately, this temperature response was too 

high for mammalian cell imaging, and thereby, I decided to develop an ELP-based GETI 

with a lower temperature response.  

Because an ELP with a large number of the pentapeptide repeats is known to show 

a low Tt
76, I then created a fusion protein consisting of a doubly repeated ELP[V-60], mT 

and mV, denoted as ELP-TEMP (Figure 2). ELP-TEMP also showed two fluorescence 

bands due to mT and mV like ELP-TEMP0.5 (Figure 3B), but the temperature response 

was found to shift to a considerably lower temperature around 40–55 °C (Figure 4). 
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Although this temperature response as measured in the PBS solution seemed somewhat 

higher than the optimum for temperature imaging in mammalian cells, the fluorescence 

ratio measured from a suspension of HeLa cells expressing ELP-TEMP was found to 

exhibit the transition of fluorescence ratio in the range of 30–45 °C (Figure 5), which 

was optimal for imaging of mammalian cells. Thus, ELP-TEMP is likely to be useful as 

a GETI for live mammalian cells.  

 

Figure 3. The fluorescence emission spectrum of (A) ELP-TEMP0.5, (B) ELP-

TEMP, and (C) ELP-REF at various temperatures. Purified proteins (2 µM) were 

dissolved in a PBS solution (pH 7.4) and scanned the spectrum by a fluorescence 

spectrophotometer. The excitation wavelength was 430 nm.  

 

Figure 4. A plot of fluorescence ratio of mV (peak emission, 528nm) to mT (peak 

emission, 474 nm) of ELP-TEMP0.5, ELP-TEMP, and ELP-REF against 

temperature.  

As a reference, I constructed another ELP-FP fusion protein, denoted as ELP-REF, 

composed of mT, mV, and an ELP with a doubly repeated sequence of ELP[AV-60] 

((VPGAG-VPGVG)30), which had the same polypeptide length with that of the ELP-

TEMP (Figure 2). Because ELP[AV-60] itself was known to transition at 55.2 °C74, 
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which was substantially higher than Tt of ELP[V-60]74, ELP-REF was expected to 

transition at a temperature higher than Tt of ELP-TEMP. In fact, Tt of ELP-REF was 

above 70 °C and the fluorescence ratio was almost unchanged between 25 and 60 °C 

(Figure 3C, Figure 4), regardless of the temperature dependence of the fluorescence 

intensities of mT and mV (Figure 6).  

 

Figure 5. A plot of fluorescence ratio of ELP-TEMP in HeLa cell suspension against 

temperature. Approximate 5 million HeLa cells expressing ELP-TEMP were suspended 

in 0.5 mL PBS solution and measured the fluorescence by a fluorescence 

spectrophotometer. The excitation wavelength was 430 nm. Data are mean ± SD (n = 3).  

 

Figure 6. Temperature dependence fluorescence intensity of (A) mTurquoise2 (mT) 

and (B) mVenus (mV). Purified proteins were dissolved in a PBS solution (pH 7.4) and 

measured their fluorescence spectrum at various temperatures. Excitation was 430 and 

500 nm for mT and mV, respectively.  
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Fluorescence ratio of ELP-TEMP changed in response to the temperature in relation 

with FRET. Previously, Tang et al. reported Tt of ELPs themselves as determined by 

solution turbidity by measuring the absorbance at 350 nm, and the order of Tt was 

ELP[AV-60] > ELP[V-60] > ELP[V-150]74. The temperature response Tt of ELP-FP 

fusion proteins showed an order of ELP-REF (ELP[AV-60]-ELP[AV-60]) > ELP-

TEMP0.5 (ELP[V-60]) > ELP-TEMP (ELP[V-60]-ELP[V-60]). In the standpoint of the 

guest residues in the pentapeptide, the order of ELP[AV-60] > ELP[V-60] should be 

consistent with that of ELP-REF > ELP-TEMP, which had the same polypeptide length. 

In the standpoint of the length of ELP moiety, the order of ELP[V-60] > ELP[V-150] 

should be consistent with that of ELP-TEMP0.5 > ELP-TEMP, which had the same guest 

residue. Thus, these results suggest that the transitions of fluorescence ratio seen in 

Figure 4 should be largely attributed to the change of ELP moiety. Li et al. investigated 

temperature-dependent conformation of ELPs by molecular dynamics simulation and 

showed that at low temperature, the ELP molecules were in a much more extended 

conformation, whereas at temperatures above the Tt, ELP backbones underwent 

conformation changes, which were attributed to the formation of more ordered secondary 

structure of ELP77. Thus, it is suggested that below Tt, the conformation of ELP-FP fusion 

proteins, i.e., ELP-TEMP0.5, ELP-TEMP, or ELP-REF would be largely extended and 

dispersed61 in the solution so that FRET from mT to mV occurs at a low efficiency. At 

temperatures above Tt, the ELP moiety in the ELP-FP fusion proteins may be ordered 

conformation and self-assembling into coacervate, so that the average distance between 

mT and mV becomes smaller than that below Tt, and FRET between them occurs at a 

high efficiency (Figure 7). In fact, at low temperatures, I observed a high mT 

fluorescence and a low mV fluorescence, indicating low FRET efficiency, whereas at 

elevated temperatures above the Tt, the mT fluorescence was abruptly decreased 

accompanied with an increase of mV fluorescence, indicating high FRET efficiency. This 

indicates that FRET efficiency is changed in accordance with the phase transient behavior 

of the ELPs, which is consistent with my hypothesis. Thus, ELP-TEMP would be the first 

FRET-based GETI, to my knowledge. 
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Figure 7. Schematic illustration of proposed temperature-sensing mechanism of 

ELP-FP fusion proteins exploiting lower critical solution temperature (LCST) of an 

ELP. ELP has coacervation property that is self-assembling of molecules with ordered 

structures dependent on increasing of temperature. At temperatures below Tt, the 

conformation of ELP-FP fusion proteins would be largely extended and dispersed in the 

solution so that FRET from mT to mV occurs at a low efficiency. At temperatures above 

Tt, the ELP moiety in the ELP-FP fusion proteins would undergo the conformation change 

and self-assembly into compacted coacervate so that the average distance between mT 

and mV becomes small, and FRET between them occurs at a high efficiency. In addition, 

because mT and mV are hydrophilic and ELP is hydrophobic, mT and mV may be largely 

exposed to the solvent and the ELP coacervate may be largely covered by mT and mV. 

It should also be noted that the Tt of ELP-TEMP0.5 was significantly higher than 

that of the ELP[V-60] polypeptide itself 74. This difference has been known as the “fusion 

∆Tt effect” (fusion ∆Tt = Tt(ELP fusion protein) - Tt (free ELP)), which was caused by 

fusion with proteins that might change the conformation stability and the hydration 

surrounding the ELP76,78. Particularly, fusion with a hydrophobic protein resulted in a 

decrease of Tt, whereas fusion with a hydrophilic protein resulted in an increase of Tt of 

the ELP fusion protein compared to that of the ELP alone76,78. In my design, because 

ELPs are fused with two FPs, which have highly hydrophilic surface78, the soluble state 

of the ELP-FP fusion proteins would be more favorable than that of the unfused ELPs, 

causing a shift to a higher transition temperature of the ELPs in the fusion proteins than 

that of the ELPs alone. Thus, the Tt of ELP-TEMP0.5, ELP-TEMP, and ELP-REF would 

have higher Tt than those of unfused ELPs, consistent with my results. 
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2.3.2  In vitro characterization of ELP-TEMP 

I examined the effect of macromolecular crowding, self-concentration, and ion species 

on the temperature response of ELP-TEMP, as well as the reversibility of temperature 

response. To investigate the effect of macromolecular crowding, I utilized Ficoll PM70 

as a macromolecular crowding reagent, because it is widely-used as a standard reagent 

that mimics the intracellular macromolecular crowding71. Although the ELP-TEMP 

fluorescence ratio also responded to elevated temperature in the presence of Ficoll PM70, 

the transition temperature shifted to lower temperatures as the Ficoll PM70 concentration 

increased (Figure 8), indicating that the temperature response of ELP-TEMP was 

affected by macromolecular crowding. At 14% w/w Ficoll PM70, the temperature 

response range of ELP-TEMP was about 30–45 °C, which was almost consistent with 

that in cell suspension (Figure 5), suggesting that the macromolecular crowding in HeLa 

cells would be equivalent to that in a PBS solution containing 14% w/w Ficoll PM70. The 

temperature response of ELP-TEMP was dependent to some degree on the self-

concentration: the transition temperature shifted to lower temperatures as the ELP-TEMP 

concentration increased (Figure 9). The pH-dependence of ELP-TEMP fluorescence 

showed that the fluorescence ratio at 40 °C was almost unchanged between pH 6 and 8, 

but that at 45 and 50 °C declined below pH 6 (Figure 10). The temperature response of 

ELP-TEMP was little affected by the addition of KCl, NaCl, MgCl2, or CaCl2 (Figure 

11). Additionally, the fluorescence ratio of ELP-TEMP responded to temperature change 

highly-reversibly during many cycles of heating and cooling (Figure 12). 

 

Figure 8. Effect of Ficoll PM70 as a macromolecular crowding reagent on the 

temperature dependence of fluorescence ratio of ELP-TEMP. Purified proteins (2 
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µM) were dissolved in the PBS solution containing Ficoll PM70 (0, 10, 14, and 20% w/w; 

pH 7.4). The excitation was 430 nm. Data are mean ± SD (n = 3). 

 

Figure 9. Effect of self-concentration of ELP-TEMP on its temperature dependence 

of fluorescence ratio. Purified proteins at different concentrations were dissolved in the 

PBS solution (pH 7.4). The excitation was 430 nm. Data are mean ± SD (n = 3). 

 

Figure 10. The pH-dependence of ELP-TEMP fluorescence ratio. The ELP-TEMP 

solution contained 30 mM trisodium citrate and 30 mM borax, whose pH was adjusted 

by adding HCl. The pH values of the solution were directly measured at various 

temperatures. The protein concentration was 2 µM. The excitation was 430 nm. Data are 

mean ± SD (n = 3). 
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Figure 11. Effect of some salts on the temperature response of ELP-TEMP. (A) The 

effect of KCl or NaCl on the temperature response of ELP-TEMP. The ELP-TEMP 

solution contained PBS solution or 10 mM sodium phosphate buffer with 150 mM KCl 

or NaCl, pH 7.4. (B) The effect of CaCl2 or MgCl2 on the temperature response of ELP-

TEMP. The ELP-TEMP solution contained the PBS solution and one of the salts. To 

mimic 0 mM of CaCl2 or MgCl2, I added EDTA to the final concentration of 1 mM to the 

PBS solution. The protein concentration was 2 µM. The excitation was 430 nm. Data are 

mean ± SD (n = 3). 

 

Figure 12.Effect of repeatability on the florescence ratio of ELP-TEMP. Purified 

proteins (2 µM) were dissolved in PBS solution (pH 7.4). The excitation was 430 nm. 

Data are mean ± SD (n = 3). 
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2.3.3  Temperature response of ELP-TEMP in live HeLa cells 

I investigated the temperature response of ELP-TEMP in live HeLa cells. When I 

observed HeLa cells stably expressing ELP-TEMP by a confocal microscope, I were able 

to capture the fluorescence of mT and mV from the nucleus and cytoplasm in each cell, 

indicating that ELP-TEMP was present in both (Figure 13A). By analogy with the 

spectroscopy characterization of ELP-TEMP, I derived ratio images of the fluorescence 

of mV to that of mT (mV/mT) at various temperatures to examine the temperature 

response of ELP-TEMP in the cells, confirming that the fluorescence ratio changed with 

temperature between 34–40 °C (Figure 13A). By looking at the nucleus and cytoplasm, 

I noticed that the fluorescence ratios responded to temperature somewhat differently 

between them (Figure 13A). Thus, I separately analyzed the temperature-dependent 

fluorescence ratios in the nucleus and cytoplasm (Figure 13B). The data showed that the 

transition temperature in the nucleus would be lower by about 1 °C than that in the 

cytoplasm, and the fluorescence ratio in the nucleus was significantly higher than that in 

the cytoplasm. These differences would be mainly attributed to a difference in ELP-

TEMP concentration (see section 2.3.6). Furthermore, I examined a relative temperature 

sensitivity ST defined in Equation 2 in the Box 1 in Chapter 1. As shown in Figure 14, 

ST of ELP-TEMP showed values of 5–45%/°C between 32 and 40 °C and maxima of 45.1 

± 8.1%/°C at 34 °C and 19.5 ± 5.0%/°C at 36 °C in the nucleus and cytoplasm, 

respectively. Compared from ST values of previous GETIs and non-genetically-encoded 

indicators for intracellular thermometry (Table 1), the present ST of ELP-TEMP was the 

highest ever reported temperature sensitivity. In addition, I evaluated a temperature 

resolution δT defined in Equation 3 in the Box 1 in Chapter 1. The T value of ELP-

TEMP was as fine as < 1 °C between 33 and 37 °C with the finest δT of 0.1 °C at 33 °C 

(Figure 14). In contrast, when I observed live HeLa cells stably expressing ELP-REF, I 

detected only a very small change in fluorescence ratios from 30 to 40 °C (ST = 0–3.7 

%/°C) (Figure 15). 
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Figure 13. Temperature response of ELP-TEMP stably expressed in live HeLa cells. 

(A) Confocal fluorescence images and pseudo-colored ratio images of HeLa cells stably 

expressing ELP-TEMP at various temperatures. (B) A plot of fluorescence ratio mV/mT 

of ELP-TEMP in the nucleus and cytoplasm against medium temperature. The color bar 

indicates fluorescence ratio mV/mT. The scale bar, 20 µm. Data are mean ± SD (n = 18). 

 

Figure 14.  A plot of relative temperature sensitivity (ST; left vertical axis) and 

temperature resolution (δT; right vertical axis) of the nucleus (Nu) or cytoplasm 

(Cyto) against medium temperature. ST and δT are derived from Figure 13. Data are 

mean ± SD (n = 18). 
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Figure 15. Temperature response of ELP-REF stably expressed in live HeLa cells. 

A plot of fluorescence ratio mV/mT of ELP-REF in the nucleus and cytoplasm against 

medium temperature. Fluorescence images were taken by the same imaging condition as 

in Figure 13. Data are mean ± SD (n = 16). 

It should be noted that I used a HeLa cell line with stable ELP-TEMP expression. 

In fact, HeLa cells with transient ELP-TEMP expression showed a large variety of 

fluorescence ratios mV/mT (Figure 16), and thus, they were not suitable for temperature 

imaging in this study. Taking the data in Figure 9 into consideration, the variety of 

fluorescence ratio suggests that, in cells transiently expressing ELP-TEMP, the 

expression level of ELP-TEMP would considerably differ from cell to cell (Figure 17). 

However, establishing a stable cell line could mitigate this effect as I showed that the 

stable cell line (Figure 13B) showed less variance in ratios than that of the transient cell 

line (Figure 16B). Thus, I used the HeLa cell line stably expressing ELP-TEMP 

throughout the study, unless mentioned.  
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Figure 16. Confocal microscopy observation of live HeLa cells transiently expressing 

ELP-TEMP at various temperatures. (A) Pseudo-colored ratio images of HeLa cells 

transiently expressing ELP-TEMP at various temperatures. (B) A plot of fluorescence 

ratio mV/mT of ELP-TEMP in the nucleus and cytoplasm against medium temperature. 

Data are mean ± SD (n = 11). Fluorescence images were taken by the same imaging 

condition as in Figure 13. The color bar indicates fluorescence ratio of mV/mT. The scale 

bar, 20 µm. 

 

Figure 17. Histograms of mV fluorescence in ELP-TEMP by direct excitation mV at 

514 nm between stable and transient expression of ELP-TEMP. The mV fluorescence 

intensity by direct excitation would represent the concentration of ELP-TEMP in cells.  
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I examined intracellular macromolecular crowding on the temperature response of 

ELP-TEMP, since fluorescence ratio of ELP-TEMP was affected by macromolecular 

crowding (Figure 8). I observed HeLa cell expressing a genetically encoded crowing 

indicator, crGE71, at various temperatures with the same imaging conditions to those of 

the observation of ELP-TEMP. The fluorescence ratio of crGE was almost independent 

on temperature from 30 to 40 °C (Figure 18), indicating that the degree of 

macromolecular crowding in HeLa cells is likely to be almost unchanged during the 

microscopy observation. This result, as a control, suggests that the temperature response 

of ELP-TEMP (Figure 13B) was mostly attributed to temperature change. 

 

Figure 18. Confocal microscopy observation of live HeLa cells expressing a 

genetically encoded crowding indicator (crGE) at various medium temperatures. 

(A) Pseudo-colored ratio images of HeLa cells expressing crGE. Fluorescence images 

were taken by the same imaging condition as in Figure 13. (B) A plot of fluorescence 

ratio mCitrine/mCerulean in the nucleus and cytoplasm against medium temperature. The 

color bar indicates fluorescence ratio of mCitrine/mCerulean. The scale bar, 20 µm. Data 

are mean ± SD (n = 8). 
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2.3.4  Application of ELP-TEMP to monitor quick temperature rises with a local 

heat spot  

I employed ELP-TEMP to demonstrate the imaging of quick temperature rises in live 

HeLa cells. I observed HeLa cells stably expressing ELP-TEMP mixed with a suspension 

of carbon nanotubes (CNTs) on an in-house built fluorescence microscope. I chose a CNT 

cluster near to two HeLa cells in the culture medium and irradiated it with a focused laser 

beam at 638 nm (Figure 19A). The laser beam irradiation brought about local heat 

production in the CNT cluster followed by heat diffusion from it79. In fact, when I turned 

on the beam irradiation of the CNT cluster, an increase of fluorescence ratio in the cells 

was observed, indicating a temperature increase (Figure 19A). When I turned off the 

beam irradiation, the fluorescence ratio decreased to the original level, indicating a 

temperature decrease, due to heat dissipation. Furthermore, I used the calibration of 

fluorescence ratio as a function of temperature taken separately from the nucleus and 

cytoplasm (Figure 20) to determine the temperature increment T in regions of interests 

(ROIs) 1–4 relative to the surrounding medium temperature (Figure 19A). A plot of T 

against time (Figure 19B) shows that the read-out of temperatures from ELP-TEMP 

reversibly responded to the laser irradiation of the CNT cluster. Additionally, the 

dependence of the plateau T in ROI 1 during heating on the laser power (Figure 19C) 

confirmed that the increase of T was well correlated with the energy flux directing the 

CNT cluster. Thus, these data demonstrate that I successfully applied ELP-TEMP to 

detect reversible temperature changes due to the heat production and dissipation arising 

from turning on and off the heat production in the CNT cluster.  
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Figure 19. Application of ELP-TEMP to monitor quick temperature rise in live 

HeLa cells with a local heat. (A) Bright-field (BF) and pseudo-colored ratio images of 

HeLa cells stably expressing ELP-TEMP before, during, and after local heating. The red 

circle indicates the CNT cluster, i.e., the heat spot, whereas squares indicate regions of 

interest (ROI). (B) A plot of temperature increment ΔT as the function of time in ROIs 

1–4. The temperature of ROI 1 and 2 was estimated from the cytoplasm calibration curve, 

whereas the temperature of ROI 3 and 4 was estimated from the nucleus calibration curve 

in Figure 20, respectively. A CNT cluster located near two cells was irradiated with a 

638 nm laser beam at a power of 1.3 mW. Black lines indicate the periods of laser 

irradiation. (C) A plot of ΔT in ROI 1 as a function of the laser power at 638 nm. The 

medium temperature was 34 °C. The color bar indicates fluorescence ratio mV/mT. The 

scale bar, 20 m. 
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Figure 20. A plot of mV/mT ratio of ELP-TEMP in the nucleus and cytoplasm 

against temperature observed by the same microscope for the CNTs experiments. 

Fluorescence images were taken by the same imaging condition as in Figure 19 (see 

Material and methods for detail). Dash lines indicate sigmoidal fitting. Data are mean ± 

SD (n = 6). 

I also examined a cross-section of T during heating across the nucleus and 

cytoplasm in a HeLa cell. I took a profile of the plateau temperature increment T during 

heating along a line which crossed the CNT cluster, i.e., the heat spot, the nucleus, and 

the cytoplasm (Figure 21A). It should be noted that because the calibrations of the 

fluorescence ratios as a function of temperature were significantly different between the 

nucleus and cytoplasm (Figure 20), I calculated T values in them separately using the 

corresponding calibrations. A plot of T as a function of the distance from the heat spot 

shows that the values of ΔT depended on both the distance from the heat spot and the total 

laser power at 638 nm. Importantly, the ΔT values seemed to continuously decrease with 

the distance irrespective of whether a ROI was in the nucleus or cytoplasm, and thus, a 

discontinuity in T seemed not to be noticeable at the interface between them (Figure 

21B). This result confirmed the continuity of temperature in the cell, suggesting that the 

temperature inside the cell was well estimated by the present protocol using the organelle-

specific calibration curves (Figure 20). Additionally, because of the high ST, ELP-TEMP 

was able to map a temperature difference in single cells even if ΔT was as small as <1 °C 

(Figure 21A). These results altogether demonstrate that ELP-TEMP would be a very 
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useful GETI to visualize intracellular temperature dynamics that have been previously 

invisible on the micrometer to nanometer scale. 

 

Figure 21. Temperature profile across a line. (A) A pseudo-colored ratio image of 

HeLa cells stably expressing ELP-TEMP under local heating with the laser power of 0.44 

mW. A line indicates ROI. (B) A plot of ΔT of the line in panel (A) against the distance 

from the heat spot. Closed and opened blue circles represent ΔT in the cytoplasm and 

nucleus with the laser power of 0.44 mW, whereas closed and opened red squares 

represent ΔT in the cytoplasm and nucleus with the laser power of 1.3 mW, respectively. 

The transparent box indicates the nucleus area. The medium temperature was 34 °C. The 

color bar indicates fluorescence ratio mV/mT. The scale bar, 20 m. 
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2.3.5  Visualization of heat production from Ca2+ influx induced by ionomycin 

stimulation 

I tried to detect heat production caused by ionomycin-induced Ca2+ influx, which has 

been reported to give rise to an intracellular temperature increase by 1–2 °C33,36,42. I 

stimulated HeLa cells stably expressing ELP-TEMP with 4 µM ionomycin by perfusion, 

and observed the cells with the same confocal microscope as that in Figure 13 so that I 

could determine the intracellular temperature from the calibration in Figure 13B. I 

transiently co-transfected the HeLa cells stably expressing ELP-TEMP with a genetically 

encoded Ca2+ indicator, R-GECO75, to monitor Ca2+ concentration change. As shown in 

Figure 22A,B, I detected an abrupt increase of Ca2+ concentration at t = 210 s in the cells 

through R-GECO fluorescence, being most likely due to Ca2+ influx stimulated by 

ionomycin. Furthermore, I found that the Ca2+ concentration increase was followed by a 

significant increase of the fluorescence ratio mV/mT of ELP-TEMP in both nucleus and 

cytoplasm (two-tailed Student’s t-test led to p = 0.0007 and 0.007 for nucleus and 

cytoplasm, respectively, between t = 0 and t = 600 s in Figure 22D,E. As a control, I also 

took the fluorescence image of mV directly-excited at 514 nm during the observation of 

Figure 22 as a measure of ELP-TEMP average concentration in the ROIs (see Section 

2.3.6). The fluorescence intensity of directly-excited mV was observed to be almost 

unchanged with the Ca2+ concentration was increase induced by ionomycin stimulation, 

and thus, the ELP-TEMP concentration would have been almost unchanged during this 

observation (Figure 23). As another control, I examined macromolecular crowding in 

HeLa cells transfected with both macromolecular crowding indicator crGE71 and R-

GECO before and after ionomycin stimulation. However, the fluorescence ratio 

mCitrine/mCerulean of crGE, i.e., macromolecular crowding was unchanged even though 

Ca2+ concentration increased as observed by R-GECO fluorescence increase (Figure 24). 

In addition, I should also note that the fluorescence ratio of ELP-TEMP was little affected 

by the addition of CaCl2 (Figure 11B). Accordingly, considering the results thus far, the 

fluorescence ratio increase from ELP-TEMP after ionomycin stimulation (Figure 22D,E) 

is likely to be attributed to temperature increase caused by Ca2+ influx. Using the nucleus 

and cytoplasm calibration curves in Figure 13B, I was able to estimate the average 

temperature increase (∆T) before (average temperature in a range of t = 0–180 s) and after 

ionomycin stimulation (average temperature in a range of t = 420–600 s) in the nucleus 
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and cytoplasm, respectively, to be ∆T = 1.0 ± 0.8 °C and 1.5 ± 0.7 °C (means ± SD, n = 

7), which was consistent with previously reported studies33,36,42. The difference 

in ∆T between the nucleus and cytoplasm should be ascribed to the heat source of 

thermogenesis, which was considered due to SERCA pumping up Ca2+ into endoplasmic 

reticulum (ER)36,80, and this difference may have not been reported previously to my 

knowledge. 

 

Figure 22. Visualization of heat production from Ca2+ influx induced by Ca2+-

ionophore ionomycin in live HeLa cells stably expressing ELP-TEMP and 

transiently co-expressing R-GECO. (A) Pseudo-colored fluorescence images of R-

GECO in responding to ionomycin stimulation. (B) A plot of fluorescence intensity 

(F/F0) of R-GECO against time. (C) Pseudo-colored ratio images of ELP-TEMP in 

responding to ionomycin stimulation. (D) A plot of fluorescence ratio mV/mT of ELP-

TEMP in the nucleus (Nu) against time. (E) A plot of fluorescence ratio mV/mT of ELP-

TEMP in the cytoplasm (Cyto) against time. The observation was performed under the 

same confocal microscope in Figure 13B. To prevent changes in medium temperature 

due to ionomycin stimulation, medium containing 4 µM ionomycin was supplied through 

a preheated perfusion tube, and the medium temperature around the observed cells was 
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maintained at 34 ± 0.1°C during observation. Red and cyan squares indicate ROIs for 

cytoplasm and nucleus, respectively. The color bars indicate fluorescence intensity (FI) 

and ratio for (A) and (C), respectively. Scale bars, 20 µm. 

 

Figure 23. Investigation of the effect of ELP-TEMP concentration by direct 

excitation mV in ELP-TEMP under the stimulation of ionomycin. The mV 

fluorescence images were captured in the same experiment in Figure 22C,D,E. The mV 

fluorescence intensity was taken from the same ROIs as in Figure 22C,D,E. I used a 514 

nm laser for direct excitation mV and collected the fluorescence emission through a 

bandpass filter (ET540/30nm; Chroma). I took the fluorescence images by an EMCCD 

camera (iXon Ultra, Andor Technology). Exposure time, 150 ms; binning size, 2×2 

pixels. The arrow indicates the start of Ca2+ influx induced by ionomycin stimulation.  
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Figure 24. Investigation of the effect of ionomycin treatment on macromolecular 

crowding of HeLa cells transiently co-expressing crGE and R-GECO. (A) Pseudo-

colored fluorescence images of R-GECO in responding to ionomycin stimulation. (B) A 

plot of fluorescence intensity (F/F0) of R-GECO against time. (C) Pseudo-colored ratio 

images of crGE in responding to ionomycin stimulation. (D) A plot of fluorescence ratio 

of crGE against time. The observation was performed under the same confocal 

microscope in Figure 13B. Ionomycin (4 µM) was added into the cell media by perfusion. 

Red squares indicate ROIs. The color bars indicate fluorescence intensity (FI) and ratio 

for (A) and (C), respectively. Medium temperature was 34 °C. Scale bars, 20 µm. 
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2.3.6  Investigation of the difference in temperature response of ELP-TEMP 

between the nucleus and cytoplasm 

I investigated the difference in temperature response of ELP-TEMP between the nucleus 

and cytoplasm as observed in Figure 13A,B. Since I clearly observed a difference of 

ELP-TEMP fluorescence intensities between the nucleus and cytoplasm (Figure 13A), I 

speculated that the ELP-TEMP concentration may have been different between them. 

Thus, I tried to measure ELP-TEMP concentrations in the nucleus and cytoplasm to figure 

out the temperature response of ELP-TEMP in them. To measure the ELP-TEMP 

concentration in cells, I measured the mV fluorescence in ELP-TEMP by direct excitation 

mV at 514 nm with a confocal microscope. Because mV is the acceptor of FRET in ELP-

TEMP, its fluorescence intensity by direct excitation should not be susceptible to the 

change of FRET efficiency, and therefore, it was expected to be little dependent on the 

conformation of the ELP moiety. As shown in Figure 25, the mV fluorescence intensity 

in the nucleus was measured to be 3.3-fold higher than that in the cytoplasm, and thereby, 

ELP-TEMP concentrations in the nucleus and cytoplasm were estimated as 1.3 ± 0.6 µM 

and 0.4 ± 0.2 µM, respectively, by using a calibration of the mV fluorescence intensity 

by direct excitation from purified ELP-TEMP (Figure 26).  

 

Figure 25. Estimation of ELP-TEMP concentration in HeLa cells. Fluorescence 

image of mV signal in ELP-TEMP by direct excitation at 514 nm observed by a confocal 

microscope. The mV fluorescence intensity in the nucleus was measured to be 3.3-fold 

higher than that in the cytoplasm. From this calibration curve in Figure 26, the ELP-

TEMP concentration in the nucleus and cytoplasm was estimated to be 1.3 ± 0.6 µM and 
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0.4 ± 0.2 µM (n = 43 cells), respectively. The color bar indicates fluorescence intensity 

of mV. The scale bar, 20 m. 

 

Figure 26. A plot of mV fluorescence intensity directly-excited at 514 nm in purified 

ELP-TEMP against the protein concentration observed by a confocal microscope. 

Purified ELP-TEMP was dissolved in a DMEM/F12 medium that used for cell imaging. 

The imaging condition was the same as that in Figure 25. In particular, I used a 514 nm 

laser for direct excitation mV and collected the fluorescence emission through a bandpass 

filter (ET540/30nm; Chroma). I captured the fluorescence images with an EMCCD 

camera (iXon Ultra, Andor Technology). The exposure time was 150 ms, and the binning 

size was 2×2 pixels. Data are mean ± SD (n = 3). 

In addition, since a result from Western Blotting showed that ELP-TEMP was little 

degraded in HeLa cells (Figure 27), the mV fluorescence intensity from the cells in 

Figure 25 was mostly ascribed to the ELP-TEMP. With the information of ELP-TEMP 

concentrations, I then measured the temperature response of purified ELP-TEMP in a 

PBS solution at concentrations of 1.3 and 0.4 M corresponding to the ELP-TEMP 

concentration in the nucleus and cytoplasm, respectively, and compared their temperature 

responses with those measured in cells. To mimic the intracellular macromolecular 

crowding, I added Ficoll PM70 to the PBS solution, in which I optimized the 

concentration to 14% w/w Ficoll PM70 that well emulated the temperature response of 

1.3 µM ELP-TEMP to that of the nucleus (Figure 28). As shown in Figure 29, the 

temperature response of ELP-TEMP at concentrations of 1.3 and 0.4 µM in the presence 
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of 14% w/w Ficoll PM70 was highly consistent with the temperature response of ELP-

TEMP in the nucleus and cytoplasm, respectively. Furthermore, I also examined the 

macromolecular crowding in the nucleus and cytoplasm on the temperature response of 

ELP-TEMP. When I observed HeLa cells expressing crGE, I found that the fluorescence 

ratios from the nucleus and cytoplasm were almost the same between 30 and 40 °C 

(Figure 18), indicating that the macromolecular crowding was almost equivalent in them. 

This result suggests that macromolecular crowding would have a very little effect on the 

observed difference of ELP-TEMP between the nucleus and cytoplasm. Thus, 

considering the results presented here, the difference in the temperature response of ELP-

TEMP between the nucleus and cytoplasm would be mainly attributed to the ELP-TEMP 

concentration difference in them. 

 

Figure 27. Western Blotting of stable HeLa cell lines expressing ELP-REF or ELP-

TEMP. The parental indicates HeLa cells without transfection. The indicators were 

detected by anti-GFP, whereas anti-GAPDH was used as a loading control (see Material 

and methods for detail). 
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Figure 28. Optimization of the effect of Ficoll PM70 on the temperature response of 

ELP-TEMP. Purified ELP-TEMP (1.3 µM) was dissolved in a PBS solution containing 

13, 14, or 15% w/w Ficoll PM70. For comparison with the microscopy data, I calculated 

the integral of F()T() for mT and mV, where F is a fluorescence emission spectrum 

and T is a composite spectral transmittance of a bandpass filter and a dichroic mirror. The 

integration wavelengths were 457–500 nm and 526–552 nm for mT and mV, respectively. 

Additionally, I directly measured the temperature of the ELP-TEMP solution with the 

same thermometer used for the microscopy observation. The temperature response of 

ELP-TEMP in the nucleus (red line) was obtained from microscopy data in Figure 13B. 

The excitation was 430 nm. 

I look at the difference of fluorescence ratios of ELP-TEMP in the nucleus and 

cytoplasm. Although there have been several reports suggesting a temperature difference 

between the nucleus and cytoplasm in mammalian cells15,19,22,81, it still remains 

controversial56-58,82. According to the results of in vitro characterization, the temperature 

response of ELP-TEMP was dependent on the self-concentration, macromolecular 

crowding and the environment pH, and thus, I questioned whether these factors were 

responsible for the observed difference between the nucleus and cytoplasm. I showed that 

purified ELP-TEMP at concentrations of 1.3 and 0.4 µM in a PBS solution containing 

14% w/w Ficoll PM70 was able to well emulate the temperature response of ELP-TEMP 

in the nucleus and cytoplasm. In addition, by using crGE, I ruled out the possibility of the 

effect of macromolecular crowding on the observed difference. From a previous study, 

the pH in HeLa cells was measured to be 7.4 ± 0.2 without significant difference between 
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the nucleus and cytoplasm83. Thus, the difference of the temperature response in the 

nucleus and cytoplasm should be mainly attributed to the difference of ELP-TEMP 

concentration in them. Furthermore, from the result in Figure 29, although I assumed that 

the temperatures in the nucleus and cytoplasm in HeLa cells were the same as that in the 

culture medium, the fluorescence ratio of purified ELP-TEMP in a temperature control 

of the fluorescence spectrophotometer was in good agreement with the microscopy data 

in the nucleus and cytoplasm. The result in Figure 21B suggested that there seemed no 

noticeable thermal boundary at the interface between the nucleus and cytoplasm. As 

shown in Figure 13A, the fluorescence ratio of ELP-TEMP was observed to be almost 

uniform in the nucleus or cytoplasm. Thus, considering the evidence presented here, the 

temperatures in the nucleus and cytoplasm in the absence of heat source should be almost 

the same within the temperature resolution of the measurement. 

 

Figure 29. Comparison of temperature response of ELP-TEMP in HeLa cells by 

confocal microscopy versus purified ELP-TEMP. Data of HeLa cells (red lines) was 

taken from Figure 13B. Purified ELP-TEMP with concentrations of 1.3 and 0.4 µM was 

dissolved in a PBS solution containing 14% w/w Ficoll PM70 and measured fluorescence 

spectrum by a fluorescence spectrophotometer. For comparison with the microscopy data, 

I calculated the integral of F()T() for mT and mV, where F is a fluorescence emission 

spectrum and T is a composite spectral transmittance of a bandpass filter and a dichroic 

mirror. The integration wavelengths were 457–500 nm and 526–552 nm for mT and mV, 

respectively. Additionally, I directly measured the temperature of the ELP-TEMP 
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solution with the same thermometer used for the microscopy observation. The excitation 

was 430 nm. Data are mean ± SD (n = 3). 

In the present study, I examined temperature in HeLa cells in the steady state and 

the drug-stimulated state. In the heating experiment using a CNT cluster and the 

irradiation of focused laser beam, the temperature in HeLa cells in the steady state 

changed passively: the temperature changed back and forth rapidly at a time constant 

of ~200 ms with turning on and off the laser beam irradiation (Figure 19B) and no 

thermal boundary or gap was noticeable in the distance-temperature profile taken from 

the cell during heating (Figure 21B). In addition, the temperatures in the nucleus and 

cytoplasm of HeLa cells in the steady state without any external heat source and drug 

stimulation were measured to be indistinguishable (Figure 29). Baffou et al.56 estimated 

by using the heat diffusion equation that the temperature inside a cell could be higher than 

its surrounding environment by ~10−5 K, in which they assumed heat conduction in 

watery environment and a steady-state heat production of ~100 pW/cell56. The conditions 

of the cells in Figure 19, Figure 21 and Figure 29 might be apparently somewhat near 

to the situation discussed by Baffou et al., considering that the amount of heat production 

of HeLa cells was measured to be ~101 pW/cell84 together with the approximation 

by Baffou et al.56 such that ∆T = P/L, where ∆T is an expected temperature increase 

(K), P is the amount of heat production (W),  is a thermal conductivity (Wm–1K–1), 

and L is a typical size of a heat source56. In contrast, when HeLa cells were stimulated by 

the addition of ionomycin, the temperature increase (∆T = ~1.5 K in the cytoplasm) was 

observed to last for >100 s (Figure 22E). Because ionomycin allows for stimulated 

transport of Ca2+ across a membrane85, the influx of Ca2+ toward the inside of cells 

induced by ionomycin occurs as observed by the R-GECO fluorescence (Figure 22B) 

and this should lead to the activation of intracellular Ca2+ pumps that hydrolyze ATP80, 

possibly having a knock-on effect on the activation of the intricate metabolism. In fact, 

in the observation of HeLa cells stimulated with ionomycin, the fluorescence response of 

ELP-TEMP was observed to delay by ~120 s after the increase of Ca2+ concentration, and 

this delay has been reported previously36,42. Thus, the observation of the continued 

temperature increase observed in the ionomycin stimulation (Figure 22D,E) may be 

compatible with a presumption by Suzuki et al.57 that an intracellular temperature 
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increase relative to the environment under stimulation could be sustained by continued 

glucose uptake. 

I have demonstrated that, by properly calibrating ELP-TEMP, I was able to measure 

temperature inside cells for high accuracy at an optical microscopy resolution. Moreover, 

by localizing ELP-TEMP to a specific organelle by fusing with a targeting peptide or 

protein, I would be able to measure the temperature in an organelle of interest. Although 

the fusion of ELP-TEMP with a targeting peptide or protein may change the transition 

temperature of ELP-TEMP due to the “fusion ∆Tt effect” of the ELP, it would be possible 

to be compensated by a proper calibration. Because of the remarkable ST, I expect that, in 

the future, ELP-TEMP would be able to reveal small heat production arising from 

biological processes or drug stimulations that have been previously invisible at the 

cellular/subcellular level.  
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2.4  Summary  

Here, I successfully developed the first-FRET based GETI, denoted as ELP-TEMP, 

exploiting the LCST behavior of an ELP fused with a FRET pair of FPs. I demonstrated 

the temperature-sensing performance of ELP-TEMP for intracellular temperature 

measurement in mammalian cells with high accuracy. Because ELP-TEMP achieved the 

highest ever ST among reported fluorescent nanothermometers, ELP-TEMP would solve 

the main drawback of poor ST of GETIs. In addition, because the temperature imaging 

with ELP-TEMP provided a quantitative measurement and ELP-TEMP was expressed in 

live cells by simply transfecting the cells with a common transfection method, ELP-

TEMP has overcome the limitation of other approaches using ELPs for temperature 

measurement such as ELPs fused with a GFP that only detect a temperature at the Tt of 

ELPs63 and ELP chemically labeling with a hydrophobicity-sensitive fluorescent dye64. 

Despite the advantages, I found that ELP-TEMP showed sensitivity not only to 

temperature but also to macromolecular crowding and self-concentration. However, by 

the observation with a genetically encoded crowding indicator, crGE71, the possibility of 

the effect of the macromolecular crowding on the temperature response of ELP-TEMP 

was rule out as far as the imaging conditions in my study applied. Additionally, by using 

the stable cell line, I mitigated the effect of different expression level of ELP-TEMP, i.e., 

ELP-TEMP concentration, from cell to cell, and by measuring the concentrations of ELP-

TEMP in the nucleus and cytoplasm separately, I were able to determine the accurate 

temperature response of ELP-TEMP in them, which depended on ELP-TEMP 

concentration. Using ELP-TEMP, I demonstrated its temperature-sensing performance to 

accurately measure temperature changes in live HeLa cells at subcellular level, even if 

the temperature difference was as small as <1 °C, and to visualize the heat production 

from Ca2+ influx for >100 s induced by the stimulation of Ca2+-ionophore ionomycin. 

Additionally, I investigated the temperature in the nucleus and cytoplasm, and found that 

their temperature was almost the same within the temperature resolution of the 

measurement. Thus, ELP-TEMP will be a very useful GETI for the investigation of cell 

thermobiology.  
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CHAPTER 3 

CHARACTERIZATION OF A BLUE-EXCITED GENETICALLY 

ENCODED TEMPERATURE INDICATOR  

 

 Introduction  

Previously, Nagai laboratory developed a genetically encoded ratiometric fluorescent 

temperature indicator (gTEMP) for temperature imaging in live cells and organisms15. 

gTEMP is composed of a green FP, mT-Sapphire (mT-Sap) with low temperature 

sensitivity and blue FP, Sirius with high temperature sensitivity. Because of their 

difference in temperature sensitivity, fluorescence ratios of mT-Sap to Sirius can be used 

as a measure for temperature. In addition, both mT-Sap and Sirius can be excited by the 

same wavelength of light (~370 nm), and thus their fluorescence was simultaneously 

observed, allowing ratiometric temperature imaging at a high temporal resolution. 

Moreover, temperature-sensing performance of gTEMP was little affected by other 

factors such as K+, Ca2+, Mg2+, and pH as long as the solution was near to the 

physiological conditions. gTEMP showed a relative temperature sensitivity of 2.6 %/°C 

within a wide detection range of temperature from 5 to 50 °C. In HeLa cells, gTEMP 

showed a rapid response to a local temperature rise induced by irradiating with an infrared 

laser with a time resolution of 50 ms. Additionally, by localizing gTEMP to mitochondria, 

gTEMP was able to measure heat production inside mitochondria by treatment of an 

uncoupling reagent, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) that 

can cause depolarization of proton gradient across the inner membrane of mitochondria 

resulting a temperature increase instead of ATP synthesis15,16,32. Furthermore, 

temperature imaging with gTEMP suggested a temperature difference between the 

nucleus and cytoplasm, where the temperature in the nucleus was estimated to be higher 

by 2.9 ± 0.3 °C than that of cytoplasm. Because gTEMP showed a wide detection range 

of temperature, gTEMP was exploited to the monitoring of temperature in live medaka 

embryos at a medium temperature of 25 °C, which demonstrated the feasibility of in vivo 

thermometry.  

Despite the advantages, there are drawbacks that would limit the application of 

gTEMP for cellular temperature imaging. First, Sirius86 in gTEMP is dim compared to 
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some of the brightest FPs, e.g., mNeonGreen (mNG)87. In consequence, temperature 

imaging with gTEMP requires relatively strong irradiation or long exposure time. These 

may cause photodamage to the indicator protein as well as a cell or tissue, and decrease 

temporal resolution. Second, gTEMP utilized ultraviolet (UV) excitation that may restrict 

its biocompatible applications in live-cell imaging because of the phototoxicity. 

Additionally, UV irradiation also generates excessive autofluorescence from some 

endogenous molecules such as flavins, NADH/NADPH88, and glass material in glass-

bottom dish, resulting in low signal-to-background. Thus, it is needed to develop a new 

GETI that would overcome the limitations of gTEMP for a friendly-biocompatible 

temperature imaging in live cells.  

Previously, a former lab member Asst. Prof. Masahiro Nakano has screened several 

FPs that can be excited with visible excitation and found that tdTomato89 (tdT) showed 

the largest temperature sensitivity and mNeonGreen87 (mNG) showed the smallest 

temperature sensitivity among the examined FPs. Thus, a fusion of mNG-tdT was 

expected to be a GETI with a blue excitation light, and this fusion protein was denoted as 

blue-excited genetically encoded temperature indicator, B-gTEMP, as an improved 

version of gTEMP. 

Here, I aim to evaluate temperature-sensing performance of B-gTEMP in vitro 

characterization and to examine its specificity to temperature. I also make a comparison 

between B-gTEMP and gTEMP in serval aspects of macromolecular crowding, 

autofluorescence, signal-to-background, temperature resolution, and phototoxicity. I 

apply B-gTEMP to the intracellular temperature measurement in live HeLa cells. I 

demonstrated the temperature-sensing performance of B-gTEMP to monitor temperature 

changes with a local heat spot, to visualize heat production in mitochondria with chemical 

stimulation, and to investigate the temperature in the nucleus and cytoplasm of live HeLa 

cells. 
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 Materials and methods 

Gene construction. I constructed B-gTEMP by fusing mNG and tdTomato (tdT), and a 

reference fusion protein by fusing mNG and mScarlet (mS). For gene construction of B-

gTEMP, I amplified the cDNA of mNG with BamHI/KpnI restriction enzyme sites, and 

the cDNA of tdT with KpnI/EcoRI sites. I then ligated both cDNA fragments of mNG 

and tdT to pRSETB vector (Invitrogen) for bacterial expression or to pcDNA3.0 vector 

(Invitrogen) for mammalian expression. For localizing B-gTEMP to specific subcellular 

compartments, I amplified the cDNA of B-gTEMP and inserted it to a pcDNA3.0 vector 

between the NotI/XhoI restriction sites; a nucleus export signal 

(MNLVDLQKKLEELELDEQQ) or a duplicated mitochondrial targeting signal of 

cytochrome c oxidase subunit VIII (sCOX8), denoted as mito-B-gTEMP, was inserted 

between HindIII/NotI restriction sites on pcDNA3.0 for cytosolic or mitochondria 

localization, respectively. For mNG-mS, I replaced the cDNA of tdT in the B-gTEMP 

gene with that of mS. I transformed all gene constructions into XL-10 Gold E. coli cells 

(200314, Agilent Technologies) and cultured in the Luria-Bertani (LB) medium with 100 

µg/mL carbenicillin (Sigma-Aldrich) for 10–12 h at 37 ºC before performing plasmid 

purification.  

 

Protein purification. I transformed E. coli strain JM109(DE3) (P9801, Promega) with 

pRSETB plasmid encoding B-gTEMP or mNG-mS with a N-terminal polyhistidine tag 

by heat shock method at 42 ºC for 45 s. I spread the transformants on a LB plate containing 

100 µg/mL carbenicillin and incubated at 37 ºC for overnight. I grew E. coli in a 200 mL 

LB medium containing 100 µg/mL carbenicillin at 23 ºC for 4 days under gentle shaking 

at 120 rpm. I harvested the E. coli cells, re-dispersed them in a phosphate-buffered saline 

(PBS; T900, Takara Bio) containing a protease inhibitor cocktail (11873580001, Roche 

Diagnostics), and ultrasonicated to lyse the cells. Next, I purified proteins with Ni-NTA 

chromatography (30230, Qiagen) and eluted them from the column with a TN buffer (10 

mM Tris-HCl pH 8.0 and 150 mM NaCl) supplemented with 200 mM imidazole (099-

00013, FUJIFILM Wako). Finally, I exchanged the solvent of the protein solution with a 

20 mM HEPES buffer (pH 7.4) by applying on a PD-10 desalting column (17085101, GE 

Healthcare) equilibrated with the buffer. I concentrated the protein by ultrafiltration using 
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a 30 kDa molecular weight cut-off filter (UFC803024, Amicon Ultra-4, Merck Millipore), 

quickly frozen the protein solution in liquid nitrogen and stored at −80 °C.   

 

In vitro characterization. I performed fluorescence measurement with scanning 

temperature from 15 to 50 °C by an FP-750 spectrofluorometer (JASCO) equipped with 

a temperature controller unit (ETC-272T, JASCO). I diluted proteins in a MOPS buffer 

(20 mM MOPS, 150 mM KCl, pH 7.3) to 0.2 µM, loaded into a quartz cuvette. I took 5 

min to wait for the stabilization of temperature at each temperature point before starting 

the fluorescence measurement. I set the excitation wavelength at 470 nm. For comparison 

with microscopy data, I integrated the FI of 580–600 nm and 500–540 nm, which I 

denoted as FR and FG, respectively. Then, I calculated a fluorescence ratio by FR/FG.  

To examine the effect of salts, I added a salt such as NaCl, CaCl2, or MgCl2 to the 

20 mM MOPS buffer containing 150 mM KCl, pH 7.3. For 0 mM of CaCl2 and MgCl2, I 

added EDTA to the final concentration of 1mM to the solution. For pH dependence 

measurement, I prepared a mixture of 150 mM KCl, 30 mM trisodium citrate, and 30 mM 

borax adjusted to pH 8.0, 7.0, 6.0, and 5.0 by titrating with HCl. To investigate the effect 

of macromolecular crowding, I dissolved Ficoll PM70 powder (F2878, Sigma-Aldrich) 

in an aqueous buffer solution containing 10 mM sodium phosphate, 100 mM NaCl, and 

2 mg/mL BSA (pH 7.3) as described in ref.71 To study the effect of heating-cooling 

cycles, I measured fluorescence in cycles of temperature change between 30 to 40 °C with 

an interval of 5 min.  

 

Acceptor photobleaching. I measured the FRET efficiency of B-gTEMP and mNG-mS 

expressed in HeLa cells by the acceptor photobleaching FRET method90. To perform 

photobleaching of the acceptor of tdT in B-gTEMP or mS in mNG-mS, I used a 561 nm 

laser beam and a Ti2 microscope (Nikon) equipped with a confocal unit (Dragonfly 200, 

Andor Technology). After three days of transfection, HeLa cells were fixed with 4% 

paraformaldehyde at room temperature for 30 min. I performed the photobleaching of tdT 

in B-gTEMP by continuously irradiating 561 nm laser beam (maximum power) for 30 

min, whereas the photobleaching of mS in mNG-mS for 15 min. I measured the 

fluorescence intensity of mNG before and after photobleaching by an EM-CCD camera 
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(iXon Ultra, Andor) through a bandpass filter (FF01-520/35, Semrock). The FRET 

efficiency was calculated as:  

𝐸 =  
ூౣొృ(౦౥౩౪షౘౢ౛౗ౙ )ି ூౣొృ(౦౨౛షౘౢ౛౗ౙ౞) 

ூౣొృ(౦౥౩౪షౘౢ౛౗ౙ ) 
× 100%,   (5) 

where E is FRET efficiency, ImNG(post-bleach) is the fluorescence intensity of mNG after 

photobleaching and ImNG(pre-bleach) is the fluorescence intensity of mNG before 

photobleaching. 

 

Phototoxicity of B-gTEMP and gTEMP. I illuminated cells expressing B-gTEMP with 

a visible light (center wavelength, 472 nm; band width, 30 nm; power density, 0.34 

W/cm2), whereas I illuminated cells expressing gTEMP with a UV light (center 

wavelength, 370 nm, band width, 36 nm; power density, 0.34 W/cm2). I captured images 

every 5 min on an inverted microscope (Ti-E, Nikon) equipped with a Plan Fluor 40×1.3 

NA oil immersion objective lens (Nikon), a motorized-stage (BIXY Chuo Precision 

Industrial), a stage-top incubator with supply of air containing 5% CO2 (INUB-ONICS, 

Tokai Hit), and a sCMOS camera (ORCA Flash4.0, Hamamatsu Photonics). The 

exposure time was 100 ms and the medium temperature was 37 °C.  

For B-gTEMP imaging, I used a filter cube made of an excitation filter of FF02-

472/30 (Semrock) and a dichromic mirror of FF495-Di03 (Semrock). Emission filters of 

mNG (FF01-520/35, Semrock) and tdT (FF01-589/15, Semrock) were inserted in a filter 

wheel unit (MAC6000, Ludl Electronic Products). For gTEMP imaging, I used another 

filter cube made of an excitation filter of FF01-370/36 (Semrock) and a dichromic mirror 

of CFW-Di01-Clin (Semrock). The emission filters were FF01-440/40 (Semrock) and 

FF01-520/35 (Semrock) for Sirius and mT-Sap, respectively.  

To detect dead cells, I stained dead cells with propidium iodine91 (PI; P3566, 

Thermo Fisher Scientific) at a final concentration of 1 µg/mL during the time-lapse 

imaging with FF02-472/30 (Semrock) and FF01-732/68nm (Semrock) bandpass filters 

for excitation and emission, respectively. The exposure time was 500 ms for PI imaging. 

I calculated the percentage of live cells as: 

Live cells (%) =  
(୲୭୲ୟ୪ ୤୪୳୭୰ୣୱୡୣ୬୲ ୡୣ୪୪ୱିୢୣୟ  ୡୣ୪୪ୱ)

୘୭୲ୟ୪ ୤୪୳୭୰ୣୱୡୣ୬୲ ୡୣ୪୪ୱ
× 100,  (6) 

where dead cells were counted from images of PI staining. 



 

58 

 

Cell culture and transfection. I cultured HeLa cells in Dulbecco’s modified Eagle 

medium (DMEM; D6046, Sigma-Aldrich) supplemented with 10% fetal bovine serum 

(FBS; Biowest) at 37 °C in a 5% CO2 incubator. I seeded the cells on in-house-made glass 

bottom dishes and grew up to 50–60% of cell confluence before performing transfection. 

For transfection, I mixed 2.0 µg of plasmids and 5.0 µg of polyethylenimine MAX 

(24765-1, Polysciences) in 200 µL of Opti-MEM media (31985-070, Thermo Fisher 

Scientific), and incubated for 20 min at room temperature. Subsequently, I added the 

mixture to a medium containing HeLa cells, and exchanged the culture media at 6 h after 

the mixing. I cultured cells for ~72 h and exchanged the medium to DMEM/F12 (11039-

021, ThermoFisher Scientific) without phenol red before microscopy observation.  

 

Cell imaging. I performed cell imaging with an inverted microscope (Ti-2, Nikon) with 

an air conditioner to maintain the room temperature at 25 °C. The microscope was 

equipped with a Plan Apo λ 60×1.40 numerical aperture (NA) oil objective lens (Nikon), 

a LED light source (Niji Bluebox, power 1%), a stage-top incubator with 5% CO2 supply 

(STXG-WSKMX, Tokai Hit), and a dual-view optics (W-View GEMINI 2C, Hamamatsu 

photonics). For B-gTEMP imaging, I used a dichroic mirror (FF495-Di03, Semrock) and 

an excitation filter (FF01-482/18, Semrock). I used a dual-view optics equipped with a 

dichroic mirror (FF560-FDi02, Semrock) and emission filters of FF01-589/15 (Semrock) 

for tdT or mS and FF01-520/35 (Semrock) for mNG. I captured fluorescence images from 

mNG and tdT separately by two scientific complementary metal oxide semiconductor 

(sCMOS) cameras (ORCA Flash4.0, Hamamatsu Photonics) synchronized by a TTL 

signal from a delay pulse generator (Sapphire Plus, Quantum Composer). The exposure 

time was 100 ms and the binning of the sCMOS was 2×2 pixels.  

I measured fluorescence ratios FR/FG cell by cell to calculate average values and 

the standard deviation.  

 

Heat production in mitochondria. I transfected HeLa cells with mito-B-gTEMP for 

mitochondria localization (see gene construction in section 2.3). I freshly dissolved an 

uncoupler reagent of carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP; 

C2920, Sigma-Aldrich) in dimethyl sulfoxide (DMSO; D2650, Sigma-Aldrich). I added 

FCCP solution to the cell culture to the final concentration of 10 µM. As a negative 
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control, I added DMSO to the cell culture to the same final DMSO concentration as in 

the FCCP solution. Medium temperature was 37 °C. 

 

Quick temperature rises by a local heat spot using carbon nanotubes (CNTs).  

I prepared 1mg/mL multiwalled carbon nanotubes (CNTs) with average diameter and 

length of 170 nm and 5–9 m, respectively, (659258, Sigma-Aldrich) suspended in a 

mixture containing 0.5 mL of Tween20 with 1.5 mL of HEPES buffer (20 mM HEPES, 

25 mM KCl, and 5 mM MgCl2, pH 7.0) as described in ref.79 For imaging, I dispersed 50 

µL of Tween-CNTs (1 mg/mL) into culture media containing HeLa cells expressing B-

gTEMP in cytoplasm. I used an inverted microscope (Olympus, IX71) equipped with a 

PlanApo 60X/1.40 oil objective lens (Olympus), a Light Engine (SPECTRA X, 

Lumencor), a stage-top incubator (INUB-ONICS, Tokai Hit), and a dual-view optics (W-

View GEMINI, Hamamatsu photonics). I used a dichroic mirror of Di01-

R405/488/561/635 (Semrock) and an excitation filter was FF01-475/28 (Semrock) in the 

filter cube of the IX-71 microscope. I used the dual-view optics equipped with a dichroic 

mirror (FF560-FDi02, Semrock), emission filters of FF01-589/15 (Semrock) for tdT and 

FF01-520/35 (Semrock) for mNG, and a sCMOS camera (ORCA Flash4.0, Hamamatsu 

Photonics). To generate local heat, I irradiated a cluster of CNTs located nearby a cell 

with a 638 nm laser beam (Coherent). The medium temperature was 30 °C. 
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 Results and discussion 

3.3.1  Development of an improved version of gTEMP, B-gTEMP  

To develop an improved version of gTEMP based on a pair of FPs with different 

temperature sensitivity, a former lab member Asst. Prof. Masahiro Nakano first searched 

for a FP with visible excitation wavelengths and large temperature dependence in the 

emission fluorescence intensity. Among FPs examined, tdTomato89 (tdT) showed the 

largest temperature dependence of FI (Figure 30) with a relative temperature sensitivity 

(ST,tdT) of −2.9 %/ºC (Table 2), which was defined by Equation 2 in the Box 1 in Chapter 

1 and Q is replaced with F, the fluorescence intensity. In addition, he also searched for 

another FP which showed minimal temperature dependence and fluorescence emission 

separable from that of tdT (emission wavelength peak, 581 nm) so that it would be used 

as an internal reference for the FI of tdT for ratiometric temperature measurement. He 

selected mNeonGreen (mNG),87 which had the smallest temperature dependence of FI 

(Figure 30, Table 2) with a ST,mNG value of −0.7 %/ºC and a fluorescence spectrum 

peaking at 517 nm, which was separable from that of tdT. Thus, he constructed a fusion 

protein of mNG and tdT (Figure 31), denoted as a blue-excited genetically encoded 

temperature indicator (B-gTEMP).  

 

Figure 30. Plots of fluorescence intensity (FI) against temperature for purified mT-

Sapphire (mT-Sap), mNeonGreen (mNG), mScarlet (mS), tdTomato (tdT), and 

Sirius. Their excitation wavelengths were 400, 470, 550, 550, and 350 nm, respectively, 

while their fluorescence emission was monitored at 509, 517, 587, 581, and 424 nm, 
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respectively. The proteins were dissolved in a buffer containing 20 mM MOPS and 150 

mM KCl (pH 7.3). 

Table 2. Physical properties of FPs involved in the study. 

FPs 
ST  

(%/°C)§ 
λex λem 

(mM-1 cm-1) 


Relative 
brightness‖ 

pKa
‡ Ref. 

Sirius −3.0 355 424 15 0.24† 3.6 3.0 86 

mT-Sap −0.6 399 511 44 0.60† 26.4 4.9 92 

mNG −0.7 506 517 116 0.86* 99.8 5.7 87 

tdT −2.9 554 581 138 0.73* 100.7 4.7 89 

mS −1.3 569 594 100 0.72* 72.0 5.3 93 
§Calculated from Figure 30 and Equation 2 in the Box 1 in Chapter 1.  
†Reported fluorescence quantum yield ( 
*Measured in this study. Proteins were dissolved in a 20 mM HEPES buffer (pH 7.3) and measured 
the fluorescence quantum yield with a Quantarus QY absolute quantum yield spectrometer (C11347, 
Hamamatsu Photonics).  
‖Relative brightness was calculated by × 
‡ pKa values from references (Ref.) 
 
 

 

Figure 31. Gene design of B-gTEMP and its reference, mNG-mS. 

I tested the temperature response of purified B-gTEMP on a fluorescence 

spectrophotometer. B-gTEMP excited at a single wavelength of 470 nm showed two 

fluorescence emission bands with peak wavelengths of 517 and 581 nm, which are 

attributed to mNG and tdT, respectively (Figure 32A). When I increased the temperature 

from 15 to 50 °C, the tdT fluorescence from B-gTEMP showed a large decrease in the FI 

with temperature, whereas the mNG fluorescence showed considerably smaller decrease 

in the FI (Figure 32A), consistent with the temperature dependence of the individual FPs 

(Figure 30). Therein, I took a ratio of the integrated FI of tdT (580–600 nm), denoted as 

FR, to that of mNG (500–540 nm), denoted as FG for ratiometric temperature 

measurement. As shown in Figure 32B, the FR/FG ratio monotonically decreased with 

temperature, so that I expected that FR/FG would be able to be used as a measure of 
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temperature with one-to-one correspondence. When I performed cooling from 50 to 15 

°C, FR/FG increased, and the values were well consistent with those in the heating (Figure 

32B). Moreover, B-gTEMP showed an excellent reproducibility of FR/FG during repeated 

cycles of heating and cooling between 30 and 40 °C (an inset in Figure 32A). This 

indicates the high reversibility of the fluorescence change of B-gTEMP with temperature. 

In addition, the averaged relative temperature sensitivity ST,B-gTEMP of the ratio FR/FG 

between 15 and 50 °C was −2.2 ± 1.2 %/°C, where Q is replaced with R in Equation 2.  

 

Figure 32. Temperature response of B-gTEMP. (A) Fluorescence emission spectrum 

of B-gTEMP at various temperatures. (B) A plot of the ratio FR/FG of B-gTEMP against 

temperature. An inset showed trajectory of FR/FG during heating-cooling cycles between 

30 and 40 °C. Green and red transparent boxes in panel (A) indicate transmission bands 

used in microscopy observation. FR and FG in panel (B) are the integrated fluorescence 

intensity (FI) of 580–600 nm and 500–540 nm, respectively. The buffer contained 20 mM 

MOPS and 150 mM KCl (pH 7.3). Excitation wavelength was 470 nm. Data are mean ± 

SD (n = 3). 

Additionally, I constructed a reference fusion protein composed of mNG and 

mScarlet93 (mS) (Figure 31). Because mS showed negatively 2.2-fold smaller 

temperature sensitivity (ST,mS of −1.3 %/°C, Table 2) than tdT, the ratio FR/FG of mNG-

mS was expected to be less sensitive to temperature. Although the FIs of mNG and mS 

in mNG-mS somewhat decreased with temperature, its FR/FG value showed significantly 

smaller temperature sensitivity (ST,mNG-mS = −0.6 ± 0.2 %/°C) than that of B-gTEMP 

(Figure 33). 
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Figure 33. Temperature response of the reference, mNG-mS. (A) Fluorescence 

emission spectrum of mNG-mS at various temperatures. (B) A plot of the ratio FR/FG of 

mNG-mS against temperature. Green and red transparent boxes in panel (A) indicate 

transmission bands used in microscopy observation. FR and FG in panel (B) are the 

integrated fluorescence intensity (FI) of 580–600 nm and 500–540 nm, respectively. The 

buffer contained 20 mM MOPS and 150 mM KCl (pH 7.3). Excitation wavelength was 

470 nm. Data are mean ± SD (n = 3). 

It should be noted that Förster resonance energy transfer (FRET) occurred between 

mNG and tdT in B-gTEMP, as well as mNG and mS in the reference mNG-mS, so that I 

questioned whether FRET was responsible for the temperature sensitivity of B-gTEMP. 

To clarify that, I measured the FRET efficiency of B-gTEMP and the reference mNG-mS 

at 25 and 35 °C in fixed HeLa cells with the acceptor photobleaching method (see 

Materials and methods for detail). As shown in Figure 34, FRET efficiency of B-gTEMP 

was little dependent on temperature as the FRET efficiency was calculated to be 70.7 ± 

3.2 % and 69.6 ± 2.8 % at 25 and 35 ºC, respectively. Similarly, mNG-mS showed almost 

no temperature dependence on FRET efficiency, which was calculated to be 51.0 ± 1.6 

% and 51.6 ± 1.7 % for 25 and 35 ºC, respectively. These results suggested that FRET 

would have a small contribution to the temperature sensitivity of B-gTEMP, while the 

major contribution should be derived from the temperature dependence of FI and the FPs 

made up the indicator. Thus, B-gTEMP is not a FRET-based GETI.  
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Figure 34. FRET efficiency calculated by the acceptor photobleaching method using 

fixed HeLa cells. The FRET efficiency of B-gTEMP was calculated to be 70.7 ± 3.2 % 

and 69.6 ± 2.8 % at 25 and 35 ºC, respectively, whereas that of mNG-mS was calculated 

to be 51.0 ± 1.6 % and 51.6 ± 1.7 % for 25 and 35 ºC, respectively. Data represents mean 

± SD (n = cells). 

 

3.3.2  In vitro characterization of B-gTEMP 

To evaluate the specificity of fluorescence response of B-gTEMP to temperature, I tested 

the dependence of FR/FG on other factors such as ionic strength (Is), salts, self-

concentration, and pH. To examine the effect of ionic strength on FR/FG of purified B-

gTEMP, I used KCl as an additive to modify Is of B-gTEMP solutions, because K+ is 

generally the most abundant cation species in cytoplasm (~150 mM)94 and Clˉ is also an 

abundant anion species in mammalian cells. As shown in Figure 35A, the temperature 

response of FR/FG in the range of 15–50 °C was almost unaffected by Is for Is = 60–210 

mM (the ionic strength due to the MOPS buffer (10 mM) and KCl), although FR/FG at Is 

= 10 mM showed slightly deviated FR/FG values. However, the deviation of FR/FG at Is = 

10 mM should not affect temperature imaging in cells, since Is in mammalian cells is 

usually ~150 mM94. To examine the effects of other factors, I used 150 mM KCl as a 

basal constituent of the sample solutions. The value of FR/FG was almost unaffected by 

the addition of salts such as NaCl, CaCl2, and MgCl2 (Figure 35B–D), and was little 

dependent on the B-gTEMP concentration itself (Figure 36). The value of FR/FG was also 

almost stable in a pH range of 6–8, although FR/FG showed small deviation at pH ~5 
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(Figure 37). Thus, the results indicate that B-gTEMP is likely to be a specific and 

sensitive indicator to measure temperature in live cells. 

 

Figure 35. Effect of some salts on the fluorescence response of B-gTEMP to 

temperature. (A) The effect of ionic strength on the temperature dependence of FR/FG 

using KCl as an additive. The B-gTEMP solution contained 20 mM MOPS buffer (pH 

7.3) and KCl (0–200 mM). The ionic strength of the MOPS buffer was 10 mM. (B–D) 

The effects of (B) NaCl, (C) CaCl2, and (D) MgCl2 on the temperature dependence of 

FR/FG. The B-gTEMP solution contained 20 mM MOPS buffer, 150 mM KCl (pH 7.3), 

and one of the salts.  For 0 mM of CaCl2 and MgCl2, I added EDTA to the final 

concentration of 1 mM to the solution. Excitation wavelength was 470 nm. Data are mean 

± SD (n = 3). 
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Figure 36. Temperature dependence of FR/FG at different B-gTEMP concentrations. 

The B-gTEMP solution contained 20 mM MOPS buffer and 150 mM KCl (pH 7.3). 

Excitation wavelength was 470 nm. Data are mean ± SD (n = 3). 

 

Figure 37. Effect of pH on the temperature dependence of FR/FG. The B-gTEMP 

solution contained 150 mM KCl, 30 mM trisodium citrate, and 30 mM borax, whose pH 

was adjusted by adding HCl. The pH values of the solution were directly measured at 

different temperatures. Excitation wavelength was 470 nm. Data are mean ± SD (n = 3). 
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3.3.3  Comparison between B-gTEMP and gTEMP 

I investigated the influence of macromolecular crowding on the temperature response of 

purified B-gTEMP and gTEMP. I measured the dependence of fluorescence ratio on 

Ficoll PM70 as a widely-used macromolecular crowding reagent. Although the 

macromolecular crowding in HEK293 cells was reported to be equivalent to 20% (w/w) 

Ficoll PM7071, the ratio FR/FG of B-gTEMP was observed to be only slightly affected by 

Ficoll PM70 especially at low temperature of 25 °C, even with Ficoll PM70 

concentration 30% (w/w) (Figure 38A). In contrast, the fluorescence ratio of gTEMP 

was significantly affected by Ficoll PM70 (Figure 38B), which should be attributed to a 

difference in Ficoll PM70 dependence between mT-Sap and Sirius, whereas mNG and 

tdT showed a similar dependence (Figure 39). This result indicated that B-gTEMP would 

be more specific to temperature than gTEMP. 

 

Figure 38. Comparison of the effect of Ficoll PM70 on the fluorescence ratio of (A) 

B-gTEMP and (B) gTEMP. The solution contained 10 mM sodium phosphate, 100 mM 

NaCl, 2 mg/mL BSA (pH 7.4), and Ficoll PM70 (0–40% w/w), as described in ref71. The 

excitation wavelengths were 470 nm and 370 nm for B-gTEMP and gTEMP, respectively. 

Data are mean ± SD. 
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Figure 39. Effect of Ficoll PM70 as a macromolecular reagent on the fluorescence 

intensity of (A) Sirius, (B) mT-Sap, (C) mNG, and (D) tdT. The proteins were 

dissolved in a buffer containing 0–40% (w/w) Ficol PM70, 10 mM sodium phosphate, 

100 mM NaCl, and 2 mg/mL BSA (pH 7.4). The excitation wavelength was 350, 400, 

470, and 550 nm for Sirius, mT-Sap, mNG, and tdT, respectively. 

Next, I compared B-gTEMP and gTEMP in microscopy observation of live-cell 

imaging in terms of autofluorescence and phototoxicity. For autofluorescence, I measured 

the background of images with no cells and untransfected HeLa cells from fluorescence 

channels of mNG and tdT in B-gTEMP, and Sirius and mT-Sap in gTEMP (Figure 40). 

I used the same microscopy setup as in phototoxicity experiment (see Phototoxicity of B-

gTEMP and gTEMP the materials and methods for detail). The exposure time was 100 

ms and the power density of excitation was the same (0.34 W/cm2) for both B-gTEMP 

(center wavelength, 472 nm; band width, 30 nm) and gTEMP (center wavelength, 370 

nm; band width, 36 nm). As shown in Figure 40A, the background of fluorescence 
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channels of Sirius and mT-Sap in gTEMP was significantly higher than that of mNG and 

tdT in B-gTEMP. No difference between no cells and untranfected cells was observed 

suggesting that the autofluorescence was mostly derived from the bottom glass. In 

addition, because mNG and tdT were brighter than Sirius and mT-Sap (see relative 

brightness in Table 2), I calculated signal-to-background ratios from HeLa cells 

expressing B-gTEMP or gTEMP and untransfected HeLa cells. As shown in Figure 40B, 

the signal-to-background ratio of mNG and tdT was significantly higher by ~66- and 180-

fold than that of Sirius, respectively, and by ~10- and 27-fold than that of mT-Sap, 

respectively.  

 

Figure 40. Comparison of background autofluorescence and signal-to-background 

(S/B) between B-gTEMP and gTEMP. (A) Background signals in microscopy 

observation of no cells (n = 5) and untransfected HeLa cells (n = 135) of fluorescence 

channels of mNG and tdT in B-gTEMP, and Sirius and mT-Sap in gTEMP. (B) Signal-

to-background ratios of live HeLa cells expressing B-gTEMP (n = 135) or gTEMP (n = 

125). The exposure time was 100 ms with the same power density of excitation for B-

gTEMP and gTEMP. Fluorescence signals were subtracted to the camera offset. Data are 

mean ± s.e.m. 

Because the temperature resolution (δT, see Box 1 in Chapter 1) is related to the 

signal-to-background noise, I therefore compared the δT between B-gTEMP and gTEMP 

under the same imaging condition (i.e., exposure time, 100 ms; power of excitation, 0.34 

W/cm2). As shown in Figure 41, the δT of B-gTEMP showed 88.8-fold higher than that 
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of gTEMP. This suggests that microscopy observation with B-gTEMP would require 

much less power of irradiation or shorter exposure time than that with gTEMP.  

 

Figure 41. Comparison of temperature resolution between B-gTEMP and gTEMP 

at the same imaging condition. The exposure time was 100 ms with the same power 

density (0.34 W/cm2) of excitation for B-gTEMP and gTEMP. Fluorescence signals were 

subtracted to the camera offset. Data are mean ± SD. 

For phototoxicity, I performed a phototoxicity experiment in HeLa cells expressing 

B-gTEMP or gTEMP encountered in fluorescence microscopy observation. When I 

continuously illuminated cells expressing B-gTEMP with a visible excitation light (center 

wavelength, 472 nm; band width, 30 nm; power density, 0.34 W/cm2) to observe the 

fluorescence of mNG and tdT, the cells started dying around 2 h, as detected by propidium 

iodine staining of DNA91 (red trajectory, Figure 42A). In contrast, when I continuously 

illuminated cells expressing gTEMP with a UV excitation light (center wavelength, 370 

nm; band width, 36 nm) at the same power density as in the B-gTEMP observation, the 

cells started dying around 50 min (black trajectory, Figure 42A), significantly earlier than 

the cells irradiated with the visible excitation light. The half-lives were 3.5 and 1 h for 

cells continuously irradiated with the visible and UV excitation lights for B-gTEMP and 

gTEMP, respectively. Thus, HeLa cells were more vulnerable to the observation 

condition of gTEMP than that of B-gTEMP.  

I also examined intermittent illumination of an excitation light, which is often-used 

observation sequence for long-term imaging. I illuminated HeLa cells expressing B-

gTEMP with the visible light (see above) for 100 ms to acquire mNG and tdT images, 

and repeated the acquisition every 5 min. The cells showed little cell death and remained 
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viable (red trajectory, Figure 42B), but the cells expressing gTEMP with intermittent 

irradiation of UV light started dying at around 11 h (black trajectory, Figure 42B). It 

should be noted that the fluorescence of Sirius in gTEMP under the exposure time of 100 

ms was too dim to be imaged. To evaluate the phototoxicity under realistic imaging 

condition for gTEMP, I performed another experiment of intermittent UV irradiation with 

the exposure times adapted from temperature imaging of gTEMP15, which was 1500 and 

500 ms for Sirius and mT-Sap, respectively. Unfortunately, cells died around 4 h under 

this gTEMP-adapted imaging condition (data not shown). Thus, these results clearly 

demonstrated that temperature imaging with B-gTEMP inflicted less phototoxicity than 

that with gTEMP.  

 

Figure 42. Comparison of phototoxicity between B-gTEMP and gTEMP. (A) Time 

courses of the viability of cells expressing B-gTEMP (n = 87) or gTEMP (n = 94) with 

continuous illumination of excitation. (B) Time courses of the viability of cells expressing 

B-gTEMP (n = 91) or gTEMP (n = 95) with intermittent illumination of excitation. Cells 

expressing B-gTEMP were illuminated with a visible light (center wavelength, 472 nm; 

band width, 30 nm; power density, 0.34 W/cm2), whereas cells expressing gTEMP were 

illuminated with a UV light (center wavelength, 370 nm; band width, 36 nm; power 

density: 0.34 W/cm2). Images were captured every 5 min with the exposure time of 100 

ms with continuous or intermittent illumination. Medium temperature was 37 °C. Data 

are mean ± SD.  

Additionally, in the observation of cells expressing B-gTEMP or gTEMP, 

photobleaching was observed to occur. However, as shown in Figure 43 mNG and tdT 

showed slower photobleaching than Sirius and mT-Sap, suggesting that B-gTEMP would 



 

72 

 

likely to have higher photostability than gTEMP (as I demonstrated in the section 3.3.5). 

Thus, B-gTEMP should be more suitable for long-term temperature imaging than 

gTEMP. 

 

Figure 43. Photobleaching of mNG, tdT, Sirius, and mT-Sap in live HeLa cells under 

the microscopy observation condition of B-gTEMP or gTEMP. The cells were 

continuously irradiated with a light at 370 nm (band width, 36 nm, power density, 0.34 

W/cm2) for Sirius and mT-Sap (n = 13), a light at 470 nm (band width, 28 nm, power 

density, 0.34 W/cm2) for mNG and tdT (n = 10). Data represents mean ± SD. 

 

3.3.4  Temperature response of B-gTEMP in live HeLa cells 

To test the temperature-sensing performance of B-gTEMP in live cells, I measured the 

ratio FR/FG of B-gTEMP in the cytoplasm of HeLa cells between 30 and 40 °C. The ratio 

FR/FG from B-gTEMP in cells also showed a decrease with temperature (Figure 44A) 

and the temperature sensitivity ST,B-gTEMP was −1.8 ± 0.1 %/°C (in a range of 37–40 °C), 

almost consistent with the data of purified B-gTEMP (Figure 32B). However, the ratio 

FR/FG from cells was slightly different from the data of purified protein (Figure 32B), 

presumably because of differences in the environment of B-gTEMP (an aqueous buffer 

solution and cytoplasm for Figure 32B and Figure 44A, respectively) as well as 

measurement setup (fluorescence spectroscopy and fluorescence microscopy for Figure 

32B and Figure 44A, respectively). In contrast, the reference of mNG-mS responded to 

temperature at a lower temperature sensitivity (ST,mNG-mS, −1.1 ± 0.2 %/°C in a range of 
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37–40 °C) (Figure 44B). In addition, I calculated the temperature resolution (δT) in 

estimated temperature through FR/FG measured from B-gTEMP (see Equation 3 in the 

Box 1 in Chapter 1) and found that the temperature resolution of B-gTEMP was 0.5–0.8 

ºC in a range of 30–40 °C, and that of mNG-mS was >2 °C (Figure 45). 

 

Figure 44. Fluorescence response of B-gTEMP and mNG-mS in live HeLa cells. (A) 

Intracellular temperature response of B-gTEMP in cytoplasm of live HeLa cells (n = 11). 

(B) Intracellular temperature response of mNG-mS in cytoplasm of live HeLa cells (n = 

13). Data are mean ± SD. 
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Figure 45. Temperature resolution (δT) in estimated temperature through FR/FG 

measured by B-gTEMP and mNG-mS. The data were derived from Figure 44 using 

Equation 3 in the Box 1 in Chapter 1.  

 

3.3.5  Application of B-gTEMP to monitor quick temperature rises with a local heat 

spot  

 I employed B-gTEMP to monitor quick temperature rise with an external heat source. I 

dispersed carbon nanotubes (CNTs) in a medium containing HeLa cells expressing B-

gTEMP, and irradiated a cluster of CNTs in the neighbor of cells with a focused laser 

beam (wavelength, 638 nm) to locally produce heat. Temperature change in cells was 

monitored through the fluorescence of B-gTEMP (Figure 46). Previously, laser 

irradiation of CNTs has been used for locally increasing temperature surrounding motor 

proteins,79 and producing a steep temperature gradient in the neighbor of cells.16,33 As 

shown in Figure 46A, when I irradiated the CNTs with the laser beam, a decrease of the 

ratio FR/FG in a HeLa cell near the CNTs was observed, which indicated temperature 

increase. The ratio FR/FG, i.e., temperature, immediately returned to the original value 

when I turned off the laser beam. Furthermore, the time trajectories of temperature at 

regions of interest (ROI) 1–3 (Figure 46B), which was calculated from the ratio FR/FG at 

ROI 1–3 in reference with the calibration curve (Figure 44A), showed that the read-out 

of temperatures from B-gTEMP reversibly responded to the laser irradiation of the CNTs. 
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The plateau temperatures negatively correlated with the distance from the CNTs 

(distances from the CNTs were 7, 14, and 21 µm for ROI 1, 2, and 3, respectively). 

Furthermore, the temperature increase at ROI 1 well correlated with the laser power 

(Figure 46C), i.e., the higher the laser power, the larger the temperature increase became. 

These results underpinned that the read-out from B-gTEMP really provided the 

spatiotemporal dynamics of temperature in cells. In addition, the rising and the falling of 

temperature were observed to occur almost at the same time among ROI 1–3 (Figure 

46B). These data suggest that B-gTEMP should respond to temperature change faster 

than 10 ms.  

 

Figure 46. Applications of B-gTEMP for tracking temperature change in live cells. 

(A) Bright filed (BF) and pseudo-colored ratio images before, during, and after local 

heating. The red circle indicates heat spot. The color bar indicates fluorescence ratio 

FR/FG. (B) Temperature increase estimated from the calibration curve (Figure 44A) as 

the function of time. A CNTs cluster located nearby a cell was irradiated with a 638 nm 

laser at a power of 1.3 mW. Black lines indicate the periods of laser irradiation. The 

exposure time was 10 ms. (C) Temperature increase at ROI 1 as a function of laser power 

at 638 nm. The medium temperature was 30 °C. Scale bar, 20 µm.  



 

76 

 

Additionally, as shown in Figure 47A,B, gTEMP also exhibited a rapid response 

to temperature change like B-gTEMP. However, gTEMP showed a decrease of ratio with 

time, which should be attributed to the photobleaching of mT-Sap, while B-gTEMP 

showed complete reversibility of the ratio (Figure 46B). This indicates that B-gTEMP 

would have higher photostability than gTEMP. In contrast, ELP-TEMP showed a slow 

response speed with the half-life (τ) of 108 and 112 ms for the rising and falling 

temperature, respectively (Figure 47C,D,E). This slow response may derive from the 

kinetic of conformation change of the ELP moiety in ELP-TEMP. Thus, ELP-TEMP is 

not suitable for the application of high-speed temperature imaging with a time resolution 

<100 ms.  

 

Figure 47. Comparison of temperature response of gTEMP (upper) and ELP-TEMP 

(lower) at a time resolution of 10 ms. (A) Bright-field (BF) and pseudo-colored ratio 

images of HeLa cells expressing gTEMP during local heating. (B) A plot of ratio of mT-

Sap/Sirius against time. (C) BF and pseudo-colored ratio images of HeLa cells expressing 

ELP-TEMP during local heating. (D) A plot of ratio of mV/mT against time. (E) An 

expand of blue box in panel (D). Red and blue lines indicate exponential fitting for the 

rising and falling, respectively, with the half-time (). Red circles indicate the heat spot. 

Black lines indicate the periods of laser irradiation. The medium temperature was 30 and 

34 °C for gTEMP and ELP-TEMP, respectively. The color bar indicates fluorescence 

ratio. The scale, 20 m.  
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3.3.6  Application of B-gTEMP to monitor heat production in mitochondria by 

treatment of an uncoupling reagent 

I employed B-gTEMP to detect a temperature change arising from the depolarization of 

proton gradient across the inner membrane in mitochondria with the addition of carbonyl 

cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP), an uncoupling reagent15,16,32. To 

measure temperature inside mitochondria, I fused B-gTEMP with a duplex of 

mitochondria target sequence of cytochrome c oxidase VIII (mito-B-gTEMP) to localize 

the nanothermometer in mitochondria. As shown in Figure 48, when I added 10 µM 

FCCP to HeLa cells, I were able to detect a temperature rise of 1.8 ± 0.6 °C in 

mitochondria as estimated from a calibration curve in Figure 49, where B-gTEMP was 

localized in mitochondria. As a negative control, adding DMSO, the solvent for FCCP, 

did not raise the temperature in mitochondria (Figure 48B). The data demonstrated that 

B-gTEMP was able to detect heat production in mitochondria from the depolarization of 

proton gradient by FCCP treatment. Thus, B-gTEMP would be useful for tracking 

temperature involving cellular processes. 

 

Figure 48. Monitoring the heat production in mitochondria by the treatment of an 

uncoupling reagent, FCCP. (A) Pseudo-colored ratio images of HeLa cell expressing 

mito-B-gTEMP before (left) and after (right) treatment with FCCP (10 µM). (B) Plots of 

temperature increase in mitochondria against time. The temperature increase was 

estimated by the calibration curve in the Figure 49, where B-gTEMP was localized in 

mitochondria. The arrow indicates the treatment of 10 µM of FCCP (n = 5) or DMSO (n 

= 6). The medium temperature was 37 °C. The scale bars, 20 µm. Data are mean ± SD. 
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Figure 49. A plot of fluorescence ratio of mito-B-gTEMP in fixed HeLa cells as a 

function of temperature. B-gTEMP was fused to a duplex of mitochondria signaling 

peptide (sCOX8) so as to be localized in mitochondria. A slope from the linear regression 

was calculated to be −0.0169/°C (R2 = 0.9954). Data are mean ± SD (n = 25). 
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3.3.7  Temperature in the nucleus and cytoplasm of live HeLa cells 

There has been a debate over heterogeneous temperature distribution in cells56-59, and 

specifically, there have been several reports which suggested temperature difference 

between cytoplasm and nucleus15,19,22,81. With B-gTEMP, I found that the values of the 

ratio FR/FG of B-gTEMP in the nucleus and cytoplasm were measured to be similar 

(Figure 50), suggesting their temperatures would be almost the same, consistent with the 

result of ELP-TEMP in Chapter 2. 

 

Figure 50. Investigation of fluorescence ratio of B-gTEMP between the nucleus and 

cytoplasm in live HeLa cells. (A) A pseudo-colored ratio image of B-gTEMP. (B) 

Comparison of FR/FG of B-gTEMP between the nucleus and cytoplasm. n.s represents 

not significant (two-tailed Student’s t-test, p = 0.13). The temperature was 37 °C. Scale 

bar, 20 µm. Data are mean ± SD (n = 30). 



 

80 

 

 Summary  

B-gTEMP was successfully developed to be an improved version of gTEMP in which 

temperature imaging can be performed with more advantageous than gTEMP as 

following. First, B-gTEMP used visible light excitation, and this allowed temperature 

imaging with greatly-reduced phototoxicity and low background autofluorescence 

compared to temperature imaging with gTEMP utilizing UV excitation. Second, because 

B-gTEMP is made up of mNG and tdT, which are much brighter than Sirius and mT-Sap 

in gTEMP, cell imaging with B-gTEMP requires much less power of irradiation or shorter 

exposure time than that with gTEMP. Additionally, due to the brightness of mNG and 

tdT, cell imaging with B-gTEMP achieved high signal-to-background and temperature 

resolution compared to that of gTEMP. Third, B-gTEMP would be more specific to 

temperature than gTEMP, as B-gTEMP showed a little dependence on macromolecular 

crowding and gTEMP showed a significant dependence on macromolecular crowding. 

Fourth, since B-gTEMP was likely to be more resistant to photobleaching than gTEMP, 

B-gTEMP would be more useful for long-term temperature imaging than gTEMP. In 

addition, B-gTEMP had an average ST of −2.2 ± 1.2%/°C, comparable to that of gTEMP 

(2.6%/°C15). Furthermore, temperature measurement with B-gTEMP was insignificantly 

affected by factors such as ionic strength, salts, pH, self-concentration as long as the 

solution was near to physiological conditions. It should note that temperature 

measurement with B-gTEMP was not affected by macromolecular crowding and self-

concentration, which were factors that influenced the temperature measurement with 

ELP-TEMP. Thus, B-gTEMP is a useful GETI showing high specificity to temperature 

comparing to gTEMP and ELP-TEMP. I successfully demonstrated temperature-sensing 

performance of B-gTEMP in live cells. B-gTEMP showed a response to temperature in 

live HeLa cells with a ST of −1.8 ± 0.1 %/°C (in a range of 37–40 °C) and δT of 0.5–0.8 

°C. Using B-gTEMP, I demonstrated its applicability to monitor the temperature rises 

inside HeLa cells induced by a local temperature heat spot. Although the ST of B-gTEMP 

was lower than that of ELP-TEMP, B-gTEMP showed a linear response to temperature 

in a wider temperature detection range from 15 to 50 °C and a faster temperature response 

speed than that of ELP-TEMP. In addition, I demonstrated the applicability of B-gTEMP 

to measure heat production in mitochondria induced by the stimulation of an uncoupling 

reagent. Furthermore, I investigated the temperature between the nucleus and cytoplasm 
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with B-gTEMP in live HeLa cells, and I found that their temperatures were almost the 

same within the error of the measurement, which was consistent with the result of ELP-

TEMP in Chapter 2.    
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CHAPTER 4 

CONCLUSION AND PERSPECTIVES  

 

4.1  Conclusion 

In this thesis, I report the development of ELP-TEMP and B-gTEMP for temperature 

imaging in live mammalian cells. For ELP-TEMP, I successfully exploited ELP as a 

temperature-sensing domain and FRET technique to develop the first FRET-based GETI 

for highly-sensitive temperature imaging in live cells. Although I found that ELP-TEMP 

was sensitive to other factors such as self-concentration and macromolecular crowding, 

by properly calibrating, I managed to correct the output of ELP-TEMP to measure 

temperature at the sub-organelle scale. In live HeLa cells, ELP-TEMP showed a response 

to temperature from 33 to 40 °C with a maximum ST of 45.1 ± 8.1%/°C, which was the 

highest ever ST among the existing fluorescent nanothermometers. I demonstrated 

temperature-sensing performance of ELP-TEMP to monitor quick temperature rises 

induced by a local heat spot, even if the temperature difference was as small as < 1 °C. 

Additionally, I visualized heat production from Ca2+ influx induced by ionomycin 

stimulation with ∆T = 1.0 ± 0.8 °C and ∆T = 1.5 ± 0.7 °C in the nucleus and cytoplasm, 

respectively. Furthermore, when I observed HeLa cells stably expressing ELP-TEMP 

with a confocal microscope, I found a difference in fluorescence ratios of ELP-TEMP 

between the nucleus and cytoplasm. However, by correcting ELP-TEMP concentration 

dependence of the temperature response of ELP-TEMP, the temperatures in the nucleus 

and cytoplasm were indistinguishable, suggesting that the difference in fluorescence 

ratios between the nucleus and cytoplasm was due to difference in ELP-TEMP 

concentrations between them.  

On the other hand, B-gTEMP was successfully developed as a chimera of mNG and 

tdT with different temperature sensitivities. In comparison to its parental gTEMP, B-

gTEMP showed superior in brightness due to the brightness of mNG and tdT, which are 

ones of bright FPs. This allowed B-gTEMP to be excited with short exposure time or low 

power of excitation without losing its temperature resolution. Additionally, because B-

gTEMP utilized blue excitation light, the imaging in live cell could be performed with 

lower phototoxicity and autofluorescence background than gTEMP that utilized UV 
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excitation. In comparison to ELP-TEMP, temperature measurement with B-gTEMP was 

not affected by macromolecular crowding, self-concentration, which were the factors 

influenced the temperature measurement of ELP-TEMP, and B-gTEMP showed faster 

response speed than ELP-TEMP. Using B-gTEMP, I successfully visualized quick 

temperature changes induced by a local heat spot and measured the heat production in 

mitochondria by treatment with an uncoupling reagent. Furthermore, I investigated the 

temperature between the nucleus and cytoplasm of HeLa cell and confirmed that the 

temperature was almost the same between them within the temperature resolution of the 

measurement, consistent with the result of ELP-TEMP.   

 

4.2  Perspectives 

4.2.1  New versions of ELP-TEMP with different temperature-response ranges 

I have showed that, by changing the polypeptide length of the ELP moiety and the guest 

residue in the pentapeptide, the temperature response of ELP-TEMP can be optimized to 

fit the physiological temperature of mammalian cells. Thus, by further modifying the 

length of ELP moiety, a new version of ELP-TEMP with a different temperature response 

range can be developed for a wide range of different applications such as temperature 

imaging in medaka fish, whose optimum temperature for rearing was reported at 28 °C95, 

some plants growing with an optimum temperature range of 20–30 °C96, or thermophilic 

bacteria that tolerate a wide temperature of 20–80 °C97 .   

 

4.2.2  Development of bioluminescent ELP-TEMP 

Although FP-based GETIs has demonstrated their usefulness in temperature imaging in 

live cells, the irradiation of excitation may have caused phototoxicity, autofluorescence 

background, and photobleaching of the chromophores. However, these limitations would 

be overcome by utilizing bioluminescent proteins, whose luminescence is generated from 

a biochemical reaction between a luciferase and its substrate. There have been a number 

of bioluminescent-based indicators using a combination of NanoLuc98, the brightest 

luciferase, and Venus, a yellow FP70,99. Thus, by replacing mT in ELP-TEMP with 
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NanoLuc, a new version of bioluminescent ELP-TEMP can be developed, and this would 

be the first bioluminescent GETI that has not been reported previously.  

 

4.2.3  In vivo temperature imaging 

Photothermal therapy (PTT) utilizes heat, which is often generated by pulsed near 

infrared laser into photosensitizing agents such as gold nanoparticles, to thermally ablate 

cancer tumors100. In this case, real-time measurement of temperature increase of the area 

surrounding the laser irradiation is essential to minimize the heat damage to the healthy 

tissue. Thus, an animal model that allows real-time temperature measurement is of great 

demand to optimize the dose of heat and treatment time before applying in clinical 

practice. In Figure 51, I showed a preliminary result of whole body imaging of nude mice 

with the injection of B-gTEMP purified protein in the blood vessel. I could detect the 

fluorescence signal from mNG and tdT to derive a ratio imaging (Figure 51A). In contrast, 

a nude mouse without injection of B-gTEMP showed low fluorescence signal for both 

mNG and tdT that should be attributed to autofluorescence (Figure 51B). Although this 

just a preliminary data, whether the fluorescence ratio reflects the temperature is needed 

to verify in the future. If I could measure temperature in mice with B-gTEMP, I would 

create transgenic mice expressing B-gTEMP and demonstrate its practical for 

photothermal therapy. 
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Figure 51. Preliminary data of whole body imaging of nude mice injected with (A) 

purified B-gTEMP in the blood vessel and (B) control (without B-gTEMP). Nude 

mice (BALB/cSIc-nu/w, 5-week age, female, 14–19 g in weight obtained from JSLC 

company, Japan) was injected with 10 mg B-gTEMP in a 500 mL Ringer’s solution into 

the blood vessel. Fluorescence images were captured by EMCCD camera (iXon, 

ANDOR) with bandpass filters of FF03-525/50 (Semrock) and FF01-593/LP (Semrock) 

for mNG and tdT, respectively. The exposure time was 10 ms and binning was 1x1 pixels. 

The excitation light was 470 nm. Color bars indicate fluorescence intensity (FI) or ratio. 

Scale bar, 1 cm.  

 

4.2.4  My viewpoint on “the 105 gap issue” 

In this study, I found that temperature measurement with ELP-TEMP was affected by 

other factors such as self-concentration and macromolecular crowding, and that of 

gTEMP was also affected by macromolecular crowding, which is a factor that has not 

been tested in most of fluorescent nanothermometers3,15,22,23,31,32. Other temperature 

indicators involving conformation change of polymer chains or polypeptides should also 

be susceptible to macromolecular crowding in temperature imaging, which may cause 

misinterpretation. Regarding the single-cell thermometry with temperature indicators, 

Baffou et al. previously criticized the experimental results obtained by FNT showing a 

temperature increase by >1 °C that would exceed their theoretical calculation of 
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temperature changes in single cells by serval orders of magnitude56. They pointed out that 

temperature measurement with fluorescent nanothermometers would have suffered from 

other factors56 except for temperature. Accordingly, my results are likely to agree with 

Baffou et al. study in the standpoint of non-specificity of fluorescent nanothermometers 

to temperature.  

Baffou et al. argument, however, has been challenged by recent results of non-

fluorescent nanothermometry. For examples, Yang et al. developed a built-in high-

performance micro-thermocouple arrays and a temperature-stabilized system to monitor 

local temperature of adherent human hepatoblastoma (HepG2) cells under unstimulated 

condition for days, and found that cellular temperature frequently fluctuated by 60 mK 

and a maximum increment of 285 mK101. In addition, Inomata et al. developed a 

microthermistor to measure single cultured COS7 cells and detected temperature 

increment by 1 °C in an order of minutes by stimulating with a chemical drug102. 

Furthermore, short-term temperature variations were observed in unstimulated cells with 

large amplitudes up to 0.8 °C when culturing at 37 °C102. Rajagopal et al. employed a 

microthermocouple to measure intracellular temperature increase in the perinuclear 

cytoplasm enriched with mitochondria of neurons from the seaslug Aplysia californica12. 

By stimulating with an uncoupling reagent, the authors detected temperature spikes of 

~7.5 °C that showed a rapid decay of ~4.8 °C over ~1 s followed by a slower decay over 

~17 s12. Such results from non-fluorescent nanothermometry would indicate that there is 

local temperature fluctuation in single cells that can be measureable.  

Perhaps the gap between theoretical and experimental values in single-cell 

thermometry may be uncovered by reconsidering the values of parameters in the 

theoretical calculation82. In a great attempt, Suzuki group25 recently utilized a 

nanoheater/nanothermometer hybrid to measure the intracellular thermal conductivity of 

HeLa and MCF-7 cells and reported the value of 0.11 ± 0.04 Wm-1K-1, which is 

significantly smaller than the value using the theoretical calculation56 of 1 Wm-1K-1. Also, 

it should be noticed that in the calculation, Baffou et al. estimated that the glucose of cells 

has will be consumed up in a few seconds in order to rise the temperature to 1 °C56. 

However, this consideration assumes an unrealistic condition in which the cell does not 

continuously take up glucose as Suzuki et al.57 have pointed out in a reply to the critique. 

In my experiment, when I stimulated HeLa cells with an ionomycin-induced Ca2+ influx, 
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I detected a temperature increase ∆T ~ 1.5 °C in the cytoplasm with a delay of ~120 s, 

which may be compatible with a presumption by Suzuki et al.57 that an intracellular 

temperature increase relative to the environment under stimulation could be sustained by 

continued glucose uptake. However, to confirm the glucose uptake during ionomycin 

stimulation, in the future, I will examine this experiment using glucose uptake assay with 

fluorescent glucose analog (2-NBDG)67,103 together with the stimulation of ionomycin.  

To conclude, Baffou et al. may correct only if the cells in the steady-state under 

unstimulated condition. However, under the stimulated condition, I agree with Suzuki et 

al. that cells can rise intracellular temperature to ~1.0 °C higher than the medium 

temperature.  
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