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Abstract: Fluorescence thermometry is a microscopy technique in which a fluorescent temperature
sensor records temperature changes as alterations of fluorescence signals. Fluorescence lifetime imag-
ing (FLIM) is a promising method for quantitative analysis of intracellular temperature. Recently,
we developed small-molecule thermometers, termed Organelle Thermo Greens, that target various
organelles and achieved quantitative temperature mapping using FLIM. Despite its highly quanti-
tative nature, FLIM-based thermometry cannot be used widely due to expensive instrumentation.
Here, we investigated the applicability and limitations of fluorescence intensity (FI)-based analysis,
which is more commonly used than FLIM-based thermometry. Temperature gradients generated by
artificial heat sources and physiological heat produced by brown adipocytes were visualized using
FI- and FLIM-based thermometry. By comparing the two thermometry techniques, we examined
how the shapes of organelles and cells affect the accuracy of the temperature measurements. Based
on the results, we concluded that FI-based thermometry could be used for “qualitative”, rather than
quantitative, thermometry under the limited condition that the shape change and the dye leakage
from the target organelle were not critical.

Keywords: intracellular thermometry; organelle thermometer; BODIPY rotor; FLIM; fluorescence

1. Introduction

Temperature is a fundamental physical parameter associated with biological events
within cells, such as gene expression, proliferation, and metabolism [1–3]. Additionally,
abnormal temperatures at the cellular and tissue levels are thought to cause inflammation
and metabolic activity in cancer [4,5]. Monitoring intracellular temperature is important
to understand these biological events at the cellular level. Fluorescence thermometry is a
microscopy technique that enables the measurement of temperature changes through the
alteration of fluorescence signals, such as fluorescence intensity (FI), intensity ratio between
two emissions, peak position, and fluorescence lifetime [6,7]. This thermometry requires
the use of nanosized fluorescent materials with temperature-sensitive properties, called
fluorescent thermometers, which can be used at the cellular and tissue levels [8]. Among
the few types of measurable fluorescence signals, fluorescence lifetime is expected to be a
promising parameter for more accurate thermometry, as the fluorescence signals in FLIM
are independent of factors such as the intensity of excitation, fluorophore concentration,
and focus drift, which are problematic in most conventional FI-based analyses [9].

To achieve fluorescence lifetime imaging (FLIM)-based thermometry, various materials
have been developed in which fluorescence lifetime responds to changes in temperature;
examples include polymeric nanogels, nanorods, nanowires, nanoparticles, and small
fluorescent dyes [10–14]. In particular, fluorescent dyes offer advantages such as the
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accessibility of chemical modification with a targeting moiety and the ability to distribute
evenly in many cell types [15]. Previously, we reported a small molecular-sized fluorescent
thermometer targeting the endoplasmic reticulum (ER), named ER Thermo Yellow (ETY),
which enables FI- and FLIM-based thermometry [15]. Furthermore, by modifying the
structure of ETY, we extended it to a series of fluorescent dyes termed Organelle Thermo
Greens (OTGs), a palette of organelle thermometers, to cover the ER, Golgi body, lysosomes,
lipid droplets, nucleus, mitochondria, and plasma membrane. We further introduced
FLIM-based thermometry for quantitative analysis of physiological heat production and
succeeded in visualizing thermogenesis in brown adipocytes [16].

Although FLIM-based organelle thermometry is a powerful tool for the quantitative
analysis of temperature increases in organelles, it is not widely used because of the high
cost of FLIM instruments, which limits its availability in microscopy. As an alternative,
FI-based thermometry requires only a conventional fluorescence microscope, although
quantitative analysis remains challenging. Here, we demonstrated the applicability of
FI-based thermometry for imaging the temperature gradient generated by photothermal
heating and physiological thermogenesis in brown adipocytes. By comparing the resulting
data with those obtained from FLIM-based thermometry, we evaluated the accuracy of
the FI-based thermometry, taking into consideration the effect of inherent artifacts on the
results. Finally, we discuss the applicability and limitations of FI-based thermometry.

2. Materials and Methods
2.1. Chemicals

All the materials were purchased from Sigma-Aldrich (St. Louis, MO, USA), TCI
(Tokyo, Japan), Nacalai Tesque (Kyoto, Japan), and Thermo Fisher Scientific (Waltham, MA,
USA). ETY and OTGs were synthesized as described in previous studies [15,16].

2.2. Cell Culture

HeLa and 3T3-L1 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
at 37 ◦C in 5% CO2. WT-1 cells were cultured in GlutaMAX medium under the same
conditions. All media were supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin. Subsequently, 3T3-L1 and WT-1 cells were differentiated as described previ-
ously [17,18].

2.3. Evaluation of Temperature Sensitivity of OTGs through Photothermal Heating Using
Graphite Flakes

HeLa cells were stained with one of the OTGs and ETY at a final concentration of 1 µM;
subsequently, graphite flakes (98 µm, M199.95, NSC, Osaka, Japan) were placed on the cells.
FI-based images were obtained using a confocal microscope (FV1200, Olympus, Tokyo,
Japan) equipped with a 60 × oil immersion objective lens (NA = 1.42, PLAPON, Olympus,
Tokyo, Japan) in the FITC channel (emission filter set: 490–540 nm; excitation laser: 473 nm)
and Texas Red channel (emission filter set: 575–675 nm; excitation laser: 561 nm) for OTGs
and ETY, respectively. During the observation, graphite flakes were illuminated with an
NIR laser (808 nm, LuxX 808-190, omicron, Dudenhofen, HE, Germany). The timing and
duration of the stimulation were regulated using an IR-LEGO system (IR-LEGO-100/mini,
Sigma Kohki, Tokyo, Japan). The data were analyzed using ImageJ software(ImageJ 1.53t).

2.4. Visualization of Temperature Gradient Generated by Nano Heater (nanoHT) and Comparison
of Accuracy between FI- and FLIM-Based Thermometry

Poly(methyl methacrylate-co-methacrylic acid) solution (500 µL, 10 mg/mL in tetrahy-
drofuran (THF)), vanadyl 2,11,20,29-tetra-tert-butyl-2,3-naphthalocyanine solution (440 µL,
2.0 mg/mL in THF), and coumarin102 solution (250 µL, 1.0 mg/mL in THF) were mixed
together in a glass vial. Distilled water (8 mL) was then added to the organic solutions. The
mixture in the uncapped vial was left overnight in a fume hood to remove THF.

Differentiated 3T3-L1 cells were treated with DMEM containing 10 µL of nanoHT for
24 h. The cells were stained with Mito Thermo Green (MTG) at a final concentration (1 µM)
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for 30 min. Fluorescence imaging was performed using a confocal microscope (FV1200,
Olympus) equipped with an objective lens (NA = 1.42, PLAPON) in the FITC channel
(emission filter set: 490–540 nm; excitation laser: 473 nm). Images were captured at a size
of 512 × 512 pixels at 1.66 s/frame. During the observation, nanoHT was illuminated with
an 808 nm NIR laser at a power of 9.2 mW for 10 s or 500 ms. Images with negligible
photobleaching were selected for analyzing the step-like response.

Fluorescence lifetime images were obtained at 512 × 512 pixels at 1.66 s/frame using a
FLIM system (rapid-FLIMHiRes with MltiHarp 150 Time-Correlated Single Photon Count-
ing unit, PicoQuant), a 485 nm pulsed laser, and an FITC emission filter set (520/35 Bright
Line HC). All FLIM images were analyzed using SymPhoTime 64 (PicoQuant). The in-
strumental response function (IRF) was obtained by calculating the difference in decay
between estimated and measured fluorescence decay curves. The fluorescence decay of
MTG including IRF was then fitted to a double exponential function, and fluorescence
lifetime was calculated using the following Equation (1):

τint =
(

A1τ2
1 + A2τ2

2

)
/(A1τ1 + A2τ2) (1)

where A and τ are the contribution and fluorescence lifetime of each component, respec-
tively. During the observation, the nanoHT was illuminated with an 808 nm NIR laser at a
power of 9.2 mW for 500 ms.

2.5. Visualization of Thermogenesis in Brown Adipocytes

Brown adipocytes (WT1) were stained with MTG at a final concentration of 1 µM for
30 min. The FI and FLIM images were obtained according to the conditions described in
Section 2.4. To image the heat production in brown adipocytes, isoproterenol was added to
the dish at a final concentration of 1 µM during observation.

2.6. Evaluation of the Diffusivity of Dyes in Each Organelle by Fluorescence Recovery after
Photobleaching (FRAP)

HeLa cells were stained with ER Thermo Green (ETG), PTG, or NTG at a final concen-
tration of 1 µM. Differentiated 3T3-L1 cells were stained with DTG at the final concentration
(1 µM). FI images were obtained using the same confocal microscope as that for the FITC
channel. During the observation, the region of interest was irradiated with a green laser
(473 nm) at a power of 64 µW for 10 s.

3. Results and Discussion
3.1. Evaluation of FI-Based Temperature Sensitivity of OTGs

First, we address the mechanism of temperature sensing in OTGs. Meso-substituted
boron-dipyrromethene (BODIPY), called the BODIPY rotor, is often used as a scaffold for
the development of fluorescence sensors because it responds to changes in the microenvi-
ronment, such as viscosity and temperature [19,20]. Previous studies using time-dependent
density functional theory (TD-DFT) have estimated the relative electronic energy versus
the dihedral angle between BODIPY and the benzene ring in BODIPY rotors [21]. BODIPY
rotors possess two metastable states: the planar conformation (PC-1) and the butterfly con-
formation T(BC-2). Notably, the rotor is more often in the PC-1 state in the higher-viscosity
environment and BC-2 in the lower-viscosity environment. The energy state of BC-2 was
lower than that of PC-1, resulting in a short S0–S1 energy gap for BC-2 and the relaxation of
the excited energy via a nonradiative pathway. In other words, in lower-viscosity environ-
ments, the nonradiative constant (knr) of the BODIPY rotor increases while the radiative
constant (kf) remains the same, meaning that the fluorescence lifetime decreases [22]. Op-
positely, the fluorescence lifetime increases in higher-viscosity environments. In the case of
ETG as the latest version, the energy barrier between PC-1 and BC-2 is quite small (0.016 eV);
therefore, the transition from PC-1 to BC-2 is smooth, without the aid of a temperature rise
to overcome the barrier [23]. In this case, ETG can function as fluorescence lifetime-based
viscosity sensors. In fact, we found that the fluorescence lifetime of OTGs was not sensitive
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to temperature but to viscosity. However, we proposed that a viscosity sensor can be used
as a temperature sensor. This is because ETG is able to detect the “temperature induced
viscosity change” as a detectable fluorescence signal, since the change in the viscosity of
the microenvironment is always physically accompanied by the change in temperature.
We then successfully visualized temperature increments with ETG or other OTGs that
are sensitive only to viscosity [16]. We also observed that the FI of ETG was sensitive to
viscosity with negligible temperature sensitivity (Supplementary Figure S1). Similar to the
fluorescence lifetime, the FI values of ETG, as well as those of the other OTGs, are expected
to follow the same trend as the sensing temperature. This means that the fluorescence
would be dimmed in a lower-viscosity environment induced by an increase in temperature.

To assess whether the fluorescence of OTGs responds to changes in temperature,
we employed a microscopic system that can generate a temperature gradient during
observation, as reported in a previous study [15]. Specifically, an 808 nm NIR laser was
used to illuminate the graphite flakes as a photothermal material with micro-size (98 µm2 on
average), generating a temperature gradient across a few cells (Figure 1A) [24]. To estimate
the temperature sensitivity of OTGs, HeLa cells were stained with ETG as representative
OTGs together with ETY, where dual imaging could be performed due to the emission at
different wavelengths in the FITC and Texas red channels (Figure 1B). When the shutter of
the NIR laser was opened during microscopic observation, the FI of the ETG decreased,
indicating that the FI of the ETG possessed temperature sensitivity, as mentioned above
(Figure 1C). Additionally, the time course of FI exhibited a step-like pattern in ETG and ETY
in each channel in response to NIR illumination, with deeper steps observed with increasing
laser power (Figure 1D). Previously, we have prepared the calibration curve for the first
temperature sensor, ER thermo yellow (ETY), using an NIR heating method [15]. Apart from
that, using the conventional circulation chamber with the thermocouple thermometer, we
varied the temperature in the dish and obtained the reproducible value of the temperature
sensitivity, which is estimated to be 3.9%/◦C. Therefore, ETY could be used as a robust
reference fluorescence thermometer. In conjunction with ETY, we then evaluated the
temperature sensitivity of ETG in HeLa cells. Firstly, the temperature at each region of
interest (ROI) could be estimated from the depth of the step generated by the heating using
ETY as a reference thermometer. In the other emission channel, the normalized FI of ETG at
the same ROI could be obtained and plotted versus the temperature increment given by the
calibration using ETY. Similarly, after analyzing the different depths of the steps at different
ROIs in the repeated experiments, the normalized FI of ETG was plotted against varying
temperature increments to generate the calibration curve (Supplementary Figure S2). This
method could also be used to generate the calibration curves for other OTGs, as these
organelles can be encircled by the same ROI at a subcellular scale, although the localization
of ETY and the other OTGs was not exactly the same. The obtained curves tended to
be negatively correlated in the range of 37 to 45 ◦C (Figure 1E). As reported in previous
studies, while representative temperature-sensitive dyes are likely to show an exponential
trend in sensitivity, the correlation between the FI of ETG and temperature could be fitted
with negative linearity in the physiological temperature range (4.1%/◦C) [25,26]. Similarly,
based on the temperature increments analyzed with ETY as a reference thermometer in the
other channel, the normalized FI of the other OTGs was plotted against the temperature
increments (Figure 1F). The temperature sensitivity of Plasma Membrane Thermo Green
(PTG), Nucleus Thermo Green (NTG), Mitochondria Thermo Green (MTG), Golgi Thermo
Green (GTG), Lysosome Thermo Green (LTG), and Droplet Thermo Green (DTG) were
measured to be 2.9, 1.4, 4.1, 3.9, 3.8, and 5.1%/◦C, respectively (Figure 1G). Notably, the
order of temperature sensitivity of the OTGs obtained from the FI-based analysis did
not agree with that of the FLIM-based analysis in a previous study. The difference in
sensitivity was assumed to be due to the microenvironment surrounding the OTG. In a
previous study, it was shown that the FLIM-based sensitivity of PTG is higher than that
of ETG, MTG, GTG, LTG, and DTG, which could be attributed to the distinct capacity of
how much the membrane fluidity can be altered upon heating [16]. Plasma membranes
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constitute a liquid-ordered phase (Lo), whereas other intracellular membranes constitute a
liquid-disordered phase (Ld). Indeed, the FRAP study showed that the lateral diffusion
coefficient at the ER was greater than that at the plasma membrane, which is compatible
with the characteristics of the membranes (Supplementary Figure S3A,B). Consequently, the
viscosity change induced by a temperature increment (∆T) of 1 ◦C in the plasma membrane
is greater than in the others, leading to the greater temperature sensitivity of PTG compared
to the other green dyes. Considering such a fluidity-dependent mechanism, as well as
the relationship between lifetime and FI, it was expected that the order of the FI-based
sensitivities would be similar; yet, the results were not consistent. As the discrepancy
between the two sensitivities is yet to be explained, the underlying mechanism should be
further investigated in the future.
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Figure 1. Temperature sensitivity in the fluorescence intensity of Organelle Thermo Greens (OTGs).
(A) Schematic image of the microscopic set-up. HeLa cells were stained with endoplasmic reticulum
(ER) Thermo Green (ETG) and ER Thermo Yellow (ETY). A graphite flake was illuminated with an
808 nm NIR laser to create temperature gradient at microscopic scale. (B) Fluorescence images of
ETG and ETY with bright field (BF) image in HeLa cells. Scale bar: 20 µm. (C,D) Step-like responses
of fluorescence intensity (FI) of ETG and ETY in HeLa cells when subjected to photothermal heating.
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Scale bar: 10 µm. (E) Calibration curve (normalized FI vs. DT) of ETG in HeLa cells. For normalization
of FI, the FI at each timepoint was divided by the average of FI before heating (from 0 to 10 s). ∆T at
each point was obtained from change in FI of ETY. (F) The calibration curves of PTG, NTG, MTG,
GTG, LTG, and DTG in HeLa cells. The calibration curve was calculated to be y = −0.029x + 0.99,
y = −0.014x + 0.97, y = −0.041x + 0.99, y = −0.039x + 0.99, y = −0.038x + 1.0, and y = −0.051x + 1.0 for
PTG, NTG, MTG, GTG, LTG, and DTG, respectively. (G) Temperature sensitivity of OTGs estimated
from analysis of FI and fluorescence lifetime imaging (FLIM). The temperature sensitivity was referred
from the previous study (X. liu et al., 2022 [16]). Base temperature was 37 ◦C through all experiments.

3.2. Visualization of Temperature Gradient Induced with a Nano Heater

Recently, efforts to develop a myriad of nanoscale photothermal materials have been
devoted to the light-operated modulation of cellular functions, including clinical appli-
cations such as photothermal therapy [27]. In order to achieve effective treatment with
photothermal heating, it is important to comprehend how the spatial distribution of heat
is provided by a photothermal material and which cellular components feel temperature
increments. A series of OTGs are essential microscopic tools in this research field. There-
fore, we examined OTGs in the visualization of the intracellular temperature gradient by
internal heating using nanosized photothermal particles. For this purpose, we employed
a polymeric nanoparticle containing a naphthalocyanine vanadium oxide complex as a
photothermal dye that converts NIR light into heat, named nano heater (nanoHT) in a
previous study [28]. In this experiment, nanoHT was prepared without europium(III)-
tris(dinaphthoylmethane)-bis-trioctylphosphine oxide complex (EuDT) as a temperature-
sensitive dye, although the original nanoHT contains EuDT for fluorescence thermometry
at the heat spot (Figure 2A). This is because we only need the heating function at the
subcellular scale. Compared to graphite flakes, nanoHT is expected to generate a steep
temperature gradient at the subcellular level by 808 nm NIR laser stimulation. Given that
mitochondrial function is a target for effective photothermal therapy, MTG was chosen
for subsequent experiments. After the uptake of nanoHT into the cell via the endocytosis
pathway, nanoHT was surrounded by dense mitochondrial networks, as supported by
MTG staining (Figure 2A). When nanoHT was illuminated with an NIR laser for 10 s, the
FI of the MTG at an ROI located at a certain distance from the heat spot showed a step-like
pattern (Figure 2B,C). Moreover, the depth of the step decreased with increasing distance
from the NIR spot, indicating a steep gradient at the single-cell level (Figure 2D). When the
normalized FI was converted into a temperature increment using the calibration curve, we
found that an approximately 10 ◦C gap exists within the 10 µm range. Notably, the nucleus
and plasma membrane exhibited reversible step-like responses as long as the temperature
gradient reached the target location (Supplementary Figure S4).

Importantly, we also found that when mitochondria feel the harsh temperature in-
crement in proximity to nanoHT, their shape appears to physically change due to heat
stress, or their position appears to shift out of the focal plane (Figure 3A). In addition, the
harsh temperature increase would cause MTG to leak out of the mitochondria because
heat stress causes the loss of mitochondrial membrane potential due to the aggregation of
mitochondrial proteins [29]. Therefore, these elements affecting the FI-based analysis may
lead to irreversible changes in the FI of MTG as shown in Figure 3C. However, even in such
cases, the FLIM-based analysis showed reversible responses upon heating (Figure 3D,E),
suggesting quantitative thermometry with smaller measurement errors than FI-based ther-
mometry (Figure 3F). Because of the merit of the fluorescence lifetime, shape changes
in mitochondria or leakage of the thermometer from mitochondria can be negligible for
FLIM-based analysis. In contrast, whenever an irreversible step pattern is observed during
photothermal heating, the accuracy of FI-based thermometry should be considered.
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Figure 2. Visualization of a steep temperature gradient with Mito Thermo Green (MTG)
(A) A schematic illustration of a nanoheater (nanoHT) and experimental design. Fluorescence
image showed mitochondria (green) and the location of nanoHT (red) in HeLa cells. Scale bar: 10 µm.
(B,C) Detection of temperature gradient with MTG. The depth of the step at each ROI depended on
the distance from the heat spot (B,C). (D) Normalized fluorescence intensity (FI) at ROI (Blue dot)
was plotted versus the distance from nanoHT (2nd axis). The temperature increment (∆T) obtained
from the calibration curve of MTG (Black dot) was plotted as 1st axis.
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Fluorescence intensity (FI) and fluorescence lifetime imaging (FLIM) images of 3T3-L1 cell stained
with Mito Thermo Green (MTG). Scale bar: 10 µm. (B) Fl images of MTG before and after an NIR
stimulation. Scale bar: 10 µm. (C) The irreversible fluorescence response upon heating using nanoHT.
(D,E) As such, the harsh temperature increment was imaged with FLIM-based thermometry with
MTG, which was reversible response. (F) Comparison of the accuracy in the thermometry between
FI- and FLIM-based analysis. The box plot shows nanoHT-induced temperature increment (∆T)
analyzed from normalized FI and Fluorescence lifetime during the heating. Number of cells was
5. Average ± SD indicates 8.0 ± 4.8 ◦C (FI-based analysis) and 5.7 ± 1.7 ◦C (FLIM-based analysis).
Median represents 9.8 ◦C (FI) and 6.3 ◦C (FLIM). The line and x in the boxes show the median and
the average, respectively.

3.3. Comparison between FI- and FLIM-Based Thermometry in Brown Adipocytes

Finally, we imaged physiological heat production in brown adipocytes. Brown
adipocytes have dense mitochondria that express uncoupler protein 1 (UCP1) to maintain
body temperature in cold environments [30]. To induce thermogenesis in brown adipocytes,
cells were treated with isoproterenol (Iso), which triggers β-adrenergic signaling. Firstly, Iso
is taken up by the receptor, which increases the level of cyclic adenosine monophosphate
(cAMP). Subsequently, cAMP activates protein kinase A and then induces the release of
free fatty acids (FFAs) from lipid droplets. FFAs uncouple the mitochondrial respiratory
chain via UCP1, resulting in mitochondrial heat production (Figure 4A). In a previous
report, FLIM-based thermometry using MTG showed a temperature increase of a few
degrees in the mitochondria. We also observed a change in the shape of brown adipocytes
during thermogenesis in some populations (Figure 4B) [16]. As mentioned in the previous
section, FI-based analysis is strongly influenced by the concentration of the fluorophore
and changes in the morphology of the samples. Therefore, this demonstration is a suitable
example for discussing the accuracy of FI- and FLIM-based thermometry.

Using the MTG, we performed FI- and FLIM-based mitochondrial thermometry to
monitor the thermogenesis of brown adipocytes in real time (Figure 4C). In the case of
FI-based thermometry, the FI in the MTG after stimulation with isoproterenol decreased
in some brown adipocytes and increased in others (Figure 4D,E). We defined the criteria
for whether the morphological change was significant based on the analysis of the change
in the nucleus shape. The area of the nucleus in brown adipocytes was analyzed before
and after treatment with isoproterenol, and a “large” change was defined as when its
ratio of the area was less than 0.1, while the other cases were defined as “small” changes
(Supplementary Figure S5). A more detailed analysis indicated that the normalized FI of
the MTG decreased when less shape change occurred after thermogenesis. In contrast,
the FI in the MTG increased when the shape changed drastically after thermogenesis
(Figure 4F). Furthermore, the fluorescence lifetime of MTG showed a decreasing trend in
any case, regardless of shape changes (2.3 to 1.8 ns on average) (Figure 4G,H). The data
obtained from both types of thermometry were converted into temperature increments.
The temperature change from FI was estimated to be 11.6 ◦C in cells with less shape change
and −24.8 ◦C with a drastic shape change. Notably, the temperature increment obtained
from FLIM-based thermometry was estimated to be 2.5 ◦C, which is in good agreement
with the findings of a previous study (Figure 4I) [16].
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Figure 4. Comparison of the accuracy in fluorescence intensity (FI)- and fluorescence lifetime imaging
(FLIM)-based thermometry of thermogenesis in brown adipocytes. (A) Heat generation mechanism in
mitochondrion of brown adipocytes. (B) Illustration of cell morphology change after the isoproterenol
stimulation. The cases were classified to type 1 with less change and type 2 with drastic change.
The definition was shown in Supplementary Figure S5. (C) FI and FLIM images of brown adipocyte
with Mito Thermo Green (MTG) and bright field (BF) image. Scale bar: 10 µm. (D–F) Visualization
of heat production by FI-based thermometry (D). In both cases of type 1 and 2, normalized FI of
MTG was plotted versus time (E). The average of normalized FI at 40 min after the Iso stimulation
(F). Thick lines represent the average of normalized FI in 5 cells. (G) Similar to Figure 4D–F, the
heat production was imaged using FLIM-based thermometry. Scale bar: 10 µm. (H) Changes in
the fluorescence lifetime were plotted before and during heat production. Thick lines represent the
average of fluorescence lifetime in 5 cells. Fluorescence lifetime was analyzed after 40 min treatment
of Iso. (I) Comparison of temperature increment (∆T) obtained from FI- and FLIM-based analysis.
The line and x in the boxes show the median and the average, respectively.
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Although not surprising, it was clear that the drastic change in cell morphology
was misleading in FI-based thermometry. Although the intracellular temperature remains
controversial, a cooling event as low as −24.8 ◦C, namely ectothermic reactions occurring in
mitochondria, would not be a realistic consideration [31]. Even if the cellular shape was not
changed apparently, there was a critical gap in the estimated temperature, approximately
+8 ◦C (FI: 11.6 ◦C, FLIM: 2.5 ◦C), between FI- and FLIM-based thermometry. This is
because MTG contains a triphenylphosphonium moiety as a lipophilic cation for targeting
mitochondria, and its uptake depends on the mitochondrial membrane potential [32,33].
Because heat production is accompanied by depolarization of the mitochondrial membrane
by the uncoupling of the mitochondrial respiratory chain, MTG is likely to leak into the
cytosol [34]. That led to the overestimation of the chance in FI including the effect of
the leakage of MTG and reached approximately +10 ◦C. Therefore, there is no doubt that
FLIM-based analysis provides more quantitative and reproducible data than FI-based
analysis. Additionally, the cellular morphology and retention of OTG in organelles should
be considered when using the OTG series for FI-based thermometry. Notably, unless it is not
applied in the case of a critical morphological change, the thermal event can be discussed
qualitatively and not quantitatively. For example, FI-based thermometry qualitatively
identifies cell types with upregulated thermogenic functions [35]. It should also be noted
that ER thermometry, regardless of FI- and FLIM-based analyses, would provide reliable
data because heat production at the ER in skeletal muscle is scarcely involved in the shape
change of cells and organelles and leakage of the dye from the ER.

4. Conclusions

In this study, we demonstrated an OTG using FI- and FLIM-based thermometry for
artificial photothermal heating and physiological thermogenesis (the result is summarized
in Supplementary Figure S6). It was confirmed that robust FLIM-based thermometry
provided quantitative and reproducible data. In particular, the thermometry in brown
adipocytes was repeated independently, showing results that were largely similar to those
reported in previous studies. We then assessed the morphological changes in organelles
and cells and found that the leakage of OTG from the target organelle was a critical element
in the FI-based analysis. In other words, as long as these factors are considered, FI-based
thermometry using an OTG would be a feasible approach. Even in problematic cases,
it has been suggested that an internal reference dye be used to correct morphological
changes. For instance, organelle trackers, which are insensitive to temperature, can be
used in such applications to correct the artifact that FI-based analysis suffers from. For
a future perspective of temperature sensor development, the drastic improvement of
the sensitivity (%/◦C), called dynamic range, will be essential, which makes the artifact
negligible. Furthermore, it will also include the development of a “turn-on”-type sensor
with a positive correlation between the temperature and FI.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/chemosensors11070375/s1. Figure S1. Relationship between fluorescence
intensity (FI) of ER Thermo Green (ETG) and viscosity. The normalized fluorescence intensity (FI) at
512 nm was plotted against viscosity. Viscosity was varied from 17 to 529 cP by preparing mixtures of
glycerol and ethylene glycol at different volume ratios. Figure S2. How to evaluate the temperature
sensitivity of OTGs. (1) Temperature increment (∆T) was estimated from the step depth in the
normalized FI of ETY (F/F0) when a graphite flake was illuminated with an NIR laser. (2) The
experiment of 1 was repeated to investigate the relationship between normalized FI (F/F0) of ETG
and ∆T. F/F0 was plotted against ∆T to obtain the calibration curve and the temperature sensitivity
of ETG. Figure S3. Lateral diffusion of Organelle Thermo Greens (OTGs) analyzed by fluorescence
recovery after photobleaching (FRAP). A) Fluorescence images of ETG, PTG, NTG, and DTG in the
FRAP experiments. Scale bar: 10 µm. (B) Normalized fluorescence intensities (FIs) of ETG, PTG,
NTG, and DTG were plotted against time, showing the recovery of fluorescence intensity after the
bleaching. Figure S4. Step-like response of the fluorescence intensity of PTG, NTG, and DTG after
photothermal heating using a nanoheater (nanoHT). The step-like responses of the normalized FIs

https://www.mdpi.com/article/10.3390/chemosensors11070375/s1
https://www.mdpi.com/article/10.3390/chemosensors11070375/s1
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of the PTG, NTG, and DTG were plotted. Images with negligible photobleaching were selected for
analyzing the step-like responses. Figure S5. Definition of induced shape change in brown adipocytes
after stimulation. The nuclear area in brown adipocytes was evaluated before and after treatment
with isoproterenol, after which a “large” shape change was defined when its ratio of the area was less
than 0.1 and the others as “small” shape changes. The nuclear area was measured using ImageJ software.
Figure S6. Pros and cons in fluorescence intensity-based and fluorescence lifetime-based thermometry.
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