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1. Introduction

Temperature is probably the most important and funda-
mental parameter for cellular activities.'3] As the basic unit
of living organisms, cells appear as sacs of fluid surrounded
by membranes (and rigid walls for plant cells). The fluid
inside of each single cell contains floating chemicals and
organelles. Taking eukaryotic cells for example, the orga-
nelles are the compartments created by intracellular mem-
brane and have different functions.l** The nucleus is a place
mainly containing and synthesizing DNA.Il Endoplasmic
reticulum is responsible for protein synthesis in a cell.'"]
Mitochondria (and chloroplast in plant) is the power house
of the cell, which stores and releases the energy in the form
of a small molecule called adenosine triphosphate (ATP).[!!]
Temperature variation at the single-cell level happens all the
time due to the many biochemical reactions inside the cell. It
can be divided into two categories: the change caused by cell
activities and the response to external stimuli.'? On the one
hand, it is known that every cell activities, such as division,
gene expression, enzyme reaction, metabolism and patho-
logical state, is accompanied by temperature changes.[>013-15]
Cancer cells have higher temperatures than those of normal
tissues because of their enhanced metabolic activity, which
has been proved by a clinical experiment.'>!”] On the other
hand, cellular thermal sensing will be beneficial to under-
stand the influence of external environment to cells. For
example, in the field of hyperthermia therapy, tumor cells are
killed by heating at temperatures above 40 °C.I'21l Without
the exact monitoring of the heating procedure, the health tis-
sues around tumors would also be damaged. Consequently,
temperature sensing of living cells would provide not only
insight into a variety of cell events, but also a grasp of cellular
pathological state, permitting the development of diagnostic
and therapeutic techniques for some diseases.

Some early reports used the conventional thermometers
to detect temperature changes of cell groups. The micro-
calorimeter is the earliest method for direct cellular ther-
mosensing.?2l It has been used to monitor heat production
property of various cell types such as erythrocyte, hepato-
cytes, lymphocytes, thrombocytes, muscle cells and adipo-
cytes.[?>?7l However the readout is only an overall outcome
of the cells in the measuring cup, while 10*-10° cells are suf-
ficient for one measurement.[?$! So the spatial and temporal
resolution is very poor. Infrared thermography is another
option for temperature measurement, which has been widely
applied in researching and industrial field due to its non-con-
tact, non-destructive and high-throughput properties.[16:2%-30]
Paulik et al. used the infrared thermography to measure real-
time thermogenesis of isolated cells for the first time.?"] The
intracellular temperature changes unpredictably and non-
uniformly during different cellular activities, owing to the
nonhomogeneity of cytoplasm.['>°] However, the spatial res-
olution of infrared thermography is only =10 um and the pre-
cision depends on the properties of the object studied.?'-32]
It can only be used to detect surface temperatures of objects
and does not yield absolute temperature values so a correct
calibration is prerequisite for all measurements.>'] Moreover,
infrared radiation does not penetrate glass and water.l>!l So
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to sum up, the conventional infrared thermometer cannot be
used for the accurate intracellular thermosensing of living
cells in the culture medium.

Apart from the conventional methods, living cell thermo-
sensing is in urgent need of precise thermometers working at
the micro/nanoscale with high spatial resolution. Brites et al.
have offered a general overview on many kinds of nano-
thermometers.’2l. Among these methods, only some exam-
ples can be used to measure temperature in living cells.
After that, Jaque et al. and Uchiyama et al. reviewed various
kinds of fluorescent nanothermometers for intracellular
thermal sensing.[*%3] With the development of nanotech-
nology in recent years, the investigation of cellular thermom-
eters has been largely explored, and many new and effective
approaches have emerged currently. On this basis, this review
presents an overview of these developments of technique and
their applications in cell biology. The methods are categorized
according to the sensing principle and listed in Table 1, which
is replenished and modified on the basis of former reports,
including organic fluorophores, rare-earth metal complex,
quantum dots, inorganic materials, thermoresponsive syn-
thetic polymers, biomolecules, thermocouples, and some com-
posite structures.*7] Based on the reception mode of signal,
they can also be divided into the non-contact (luminescent)
and contact thermometer. In addition, the applications of
these thermometers in biological tissues are also included in
Table 1. Some features or parameters of these thermometers
are critical for measuring and need to be defined first in this
review.’!l The temperature range means the range from the
lowest to the highest temperature that can be measured by a
method. The temperature resolution indicates the minimum
detectable temperature signal. Both of them are expressed
in °C. The relative sensitivity (S) of these techniques dis-
cussed in this review and commonly used in previous studies
is defined as:[+3234]

S:@ (1)

where Q is an experimental parameter corresponding with
temperature (7). The S is usually expressed as percent change
per degree Celsius ([%/°C]). To precisely observe intracel-
lular temperature distribution, the thermometers should
simultaneously satisfy many requirements: proper detection
range; high temperature resolution; high spatial resolution;
real-time capability; functional independence from envi-
ronmental changes in pH, ionic strength, and surrounding
biomacromolecules; a concentration-independent output,
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high repeatability and user-friendly operation.l®”] Here, we
will discuss the advantages and drawbacks of these cellular
thermometers mainly from these aspects, and summarize the
achievements and obstacles of this challenging and multidis-
ciplinary field.

2. Luminescence-Based Thermometry

Optical imaging methods for cells have been broadly applied
in life, research and industry fields due to its non-contact,
non-invasive characteristics. Luminescent thermometers
combined with existing and mature imaging techniques make
the operation feasible. They can work remotely with high
temperature resolution, spatial resolution and fast data
acquisition, and are very applicable to biological samples in
fluids. Almost simultaneously, Brites et al. and Jaque et al.
separately presented two early and complete summaries of
luminescence nanothermometry in 2012, when the thermom-
etry of living cells were just getting started.[?233] They intro-
duced and compared the different classes of luminescence
nanothermometry from many aspects, such as principle,
resolution, advantages and disadvantages. The tempera-
ture determination by luminescence mostly depends on the
fluorescence intensity, the maximum emission wavelength
and the decay of lifetime changes, which are caused by the
temperature-dependent structure changes of luminescent
probes. Because of some limitations on stability, accuracy
and practicality, only a few of these luminescence nanother-
mometers had been used in the temperature measurement of
living cells, and provided some plain results. In recent years,
numerous luminescence techniques for thermal imaging of
living cells have sprung up. The most relevant and important
ones are reviewed and compared in this section from many
aspects.

2.1. Organic Fluorophores

Organic fluorophores were first mentioned as “temperature
indicators” in a patent of 1941.7"] They exhibit a temperature-
dependent property: when the temperature increases, the
intensity of excited fluorescence decreases and the peak shifts
to longer wavelength.®] Up to now, there are a lot kinds of
fluorescent dyes commercially available with different charac-
teristics to meet the experimental requirements. Any kinds of
thermometers using fluorescent dyes can be easily designed,
and has provided a leading performance in many fields at the
micro/nanoscale.’>*%71 Chapman et al. first showed that two
fluorescent membrane probes NBD-PC (2-(12-NBD-amino)
dodecanoyl-1-hexadecanoyl-sn-glycero-3-phosphocholin)
and laurdan (6-dodecanoyl-2-dimethylaminonaphthalene)
can be used as sensitive optical thermometers in living cell.l**!
NBD-conjugated lipids insert into the plasma membrane of
Chinese hamster ovary (CHO) cells after the incubation of
cells in a culture medium containing NBD-PC. The fluores-
cence decreases with the increasing medium temperature,
and provides a reasonable temperature resolution (approxi-
mately 2 °C). In contrast, the fluorescence of laurdan located
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on the cell membrane changes as the membrane undergoes a
gel-to-liquid-crystalline phase, which depends on the temper-
ature. The microenvironmental sensitivity of laurdan permits
better temperature resolution (0.1-1 °C) at the expense of a
more limited dynamic range.

DyLight549 is another organic fluorophore that has been
used to measure the surface temperature of the superpara-
magnetic MnFe,O, nanoparticles, which are targeted to ion
channel on the cellular membrane.[’®! DyLight549 conju-
gated to the nanoparticle by biotin-streptavidin linkage.
The emission intensity of DyLight549 decreased after the
heating of MnFe,O, nanoparticles under a radio frequency
magnetic field, indicating heating of more than 15 °C within
15 s (Figure 1).

Apart from the cytomembrane thermal sensing, small-
molecule fluorescent thermometers have been reported to
sensing at subcellular level, selectively targeting the orga-
nelles.’7*! Among many organelles, the mitochondrion is
a well-known heat producing organelle. Arai et al. screened
many rosamine compounds for monitoring temperature
changes in mitochondria with high temperature sensitivity.?”]
After screening, the best compound named Mito thermo
yellow was used as a mitochondrial specific dye. The fluo-
rescence intensity of Mito thermo yellow in living NIH3T3
cells declined rapidly when the temperature of the extracel-
lular medium increased, giving a temperature sensitivity of
2.7%/°C. In other cells, the temperature sensitivities changed
from 2.0 to 2.8%/°C, which is possible due to the chemical
environment differences in mitochondria. Another group
designed a mitochondria-targeting ratiometric temperature
probe (Mito-RTP), which is composed of two kinds of dyes:
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Table 1. Different thermometers for thermal sensing and imaging of living cells and biological tissues.
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Thermometer Year Temperature-  Temperature Sensitivity Calibration Reversibility Cells/ Operational Monitoring Refs
dependent range/ (environmental biological approach point
signal resolution [°C] sensitivity) tissues
1. Organic fluorophores
NBD 1995 Fl or FL 17-50/2 NA In cells (sensitive Negative CHO Incubation, Cell [35]
to intracellular 4°C, 4h membrane
environment)
Laurdan 1995 FI Ratio 16-41/0.1-1.0 NA In cells (sensitive Negative CHO Incubation, Cell [35]
to intracellular 37°C,35min  membrane
environment)
DyLight 549 2010 Fl 25-42 -1.5%/°C In water (NA) NA HEK293 Incubation, Cell [36]
room tempera- membrane
ture, 1 min
ER thermo 2014 FI 32-37 -3.9%/°C In cells (resistant Positive Hela Incubation, Endo- [37]
yellow to environmental 37 °C, 30 min plasmic
changes) reticulum
ER thermo 2016 FL 23-40 -0.96— In cells (sensitive Positive Hela, Incubation, Endo- [38]
yellow —1.04%/°C to environmental C2C12 37 °C, 30 min plasmic
changes) reticulum
Mito thermo 2015 FI 37-42 -2.0—- In cells (sensitive Positive Hela, Incubation, Mitochon- [39]
yellow —2.8%/°C to intracellular NIH3T3,  37°C, 15 min dria
environment) c2C12,
mESC,
Chang,
BAT
Mito-RTP 2015 FI Ratio 25-43 —2.65%/°C In PBS (resistant to Positive Hela Incubation, Mitochon- [40]
pH and ionic strength 37 °C, 30 min dria
changes)
2. Rare-earth metal complex
Eu-TTA 1998 FlI 15-40 NA In cells (sensitive Negative CHO Incubation, Cell [41]
to environmental room tempera-  membrane
changes) ture, 30 min
Eu-TTA 2007 FlI 25-50 —2.74%/°C  In DMSO (resistant to Positive Hela Contact Local region [42]
within pH and ionic strength controlled by of cell
micropipette changes) micromanipu-  membrane
lator
Eu-TTA@ 2012 Fl 20-60/0.3 —2.2%/°C In PBS (resistant to Positive Hela Incubation, Endo- [43]
polymer pH and ionic strength 37°C,1h somes/
NPs changes) lysosomes
Ru(bpy);2* 2014 FI 25-45 -1.26%]/°C In water Positive HepG2 Incubation, Cellinterior [44]
doped (NA) 37°C,24h
silica NPs
3. Quantum dots
CdSe-QDs 2010 EW 30-60 0.025%/°C In PBS (NA) Positive Hela Incubation, Dotted [45,46]
37°C,2h within a cell
QD655 2011 EW -20-12 0.016%/°C In PDMS (NA) Positive NIH3T3  Using Qtracker Dotted [47]
cell labeling  within a cell
kit,37°C,1h
CdSe-QDs 2013 EW 30-60 0.016%/°C In PBS (NA) Positive Jurkat Incubation Dotted [48]
cells within a cell
CdSeS/ZnS@ 2015 Fl 25-45/0.43  —1.55%/°C In water (resistant Positive HepG2 Incubation, Dotted [49]
polymer to pH and ionic 37°C,2h within a cell
strength changes)
CdSe-QDs 2013 EW 30-60 0.015%/°C In PBS (NA) Positive Mouse Injection Local tissue [21]
tissue
4. Other inorganic materials
NaYF:Ert, 2010 Fl ratio NA NA In water (NA) Positive Hela Incubation, Dotted [50]
Yb3* NPs 37°C,1.5h within a cell
Nd>*:LaF; NPs 2013 Fl ratio 10-60 0.1%/°C In water (NA) Positive Phantom NA Local tissue [51]
skin
tissue
4 www.small-journal.com © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim small 2016,
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Table 1. Continued.

Thermometer Year Temperature-  Temperature Sensitivity Calibration Reversibility Cells/ Operational Monitoring Refs
dependent range/ (environmental biological approach point
signal resolution [°C] sensitivity) tissues
NaYF:ErtYb* 2016 Fl ratio 10-36 -1.6%/°C In water (NA) Positive Hela Mixing Surrounding [52]
NPs of a cell
Au nanoclusters 2013 FL 15-45/0.3-0.5 NA In cells (sensitive Positive Hela Incubation, Dotted [53]
(AuNCs) to intracellular 37°C 2h within a cell
environment)
Nanodiamonds 2013 Spin -200- NA In air (NA) Positive WS1 Delivered by Dotted [54]
nitrogen- states with 327/0.044 nanowire within a cell
vacancy centers microwave
excitations
Cu nanoclusters 2015 FlI 15-80 NA In water (NA) Positive MC3T3-E1 Incubation, Cell interior [55]
(CuNCs) 37°C 2h
5. Thermoresponsive synthetic polymers
NIPAM-DBD 2009 Fl 27-33/0.29- NA In cells (resistant to Positive C0S7 Microinjection Dotted [17]
nanogel 0.50 pH and ionic strength within a cell
changes)

P(S-alt-MAn)-b- 2012 Fl 32-35 NA In water (sensitive to Positive MDCK Incubation, Dotted [56]
PNIPAmM-AMC pH changes) 37°C 3h within a cell
NNPAM-DBD 2012 FL 29-39/0.18- NA In cell extract (resis- Negative Cos7, Microinjection Dotted [57]

0.58 tant to pH and ionic Hela within a cell

strength changes)

NNPAM-DBD 2013 FL 15-35/ NA In cells (sensitive Negative Yeast, Incubation, Cytoplasm, [58]
cationic 0.09-0.78 to intracellular MOLT-4, 25°C, 10 min cell wall
copolymer environment) HEK293T
NNPAM-DBD 2015 FL 28-38/0.05- NA In cell extract (resis- Negative Hela, Incubation, Whole cell: [59]
cationic 0.54 tant to pH and ionic C0s7, 25°C,10 min  cytoplasm,
copolymer strength changes) NIH3T3 nucleus
Fe;0,@Si0,@ 2015 Fl 26-41 —4.84%/°C In water (NA) Positive Hela Incubation, Cell interior [60]
(pNIPAM-co- 37°C, 2h

RhBITC)/Au NPs

6. Bio-molecules

GFP 2012 FPA 20-60 —0.4%/°C In PBS (sensitive Positive Hela, Genetically Whole cell [61]
to intracellular U-87 MG expressed
environment)
GFP 2013 FPA 20-60 —0.4%/°C In PBS (sensitive Positive C. elegans Genetically Whole cell [12]
to intracellular neurons expressed
environment)
tsGFPs 2013 Fl ratio 34-41 NA In cells (resistant to Positive Hela, Genetically Cytoplasm, [62]
pH and ionic strength brown expressed mitochon-
changes) adipo- dria, endo-
cyte, plasmic
skeletal reticulum
muscle
myotube
L-MB 2012 Fl 20-55/0.7 NA In PBS (resistant to Positive Hela Transfection Nucleus [63]
pH and ionic strength
changes)

7. Non-luminescent thermometer

Pt-W 2011 Thermo- 0-90/0.1 NA In water (NA) Positive U251 Puncture Local region [64]
thermocouple electric controlled by within cell

voltage micromanipu-

lator

Micropipette 2011 Thermo- 25-39 18%/°C In water (NA) Positive RPE cells Puncture Local region [65]
thermocouple electric controlled within cell

voltage by micro-

manipulator

Micropipette 2013 Thermo- NA 4.0%/°C In water (NA) Positive Leaves of Puncture Local region [66]
thermocouple electric S.variegata  controlled within cell

voltage and F. by micro-

aurantiaca  manipulator
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Table 1. Continued.
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Thermometer Year Temperature-  Temperature Sensitivity Calibration Reversibility Cells/ Operational Monitoring Refs
dependent range/ (environmental biological approach point
signal resolution [°C] sensitivity) tissues
Nano-needle 2014  Resistance 24-60/0.01 NA In water (NA) Positive NA Micro-fluidic ~ Local region [67]
channel within cell
8. Composite Structures
Pluronic 2011 Fl ratio 20-30 NA In water (NA) NA Hela Incubation, Dotted [68]
P85-TRITC-HMA 37°C,3h within a cell
micelles
QD-QRs 2012 Fl ratio 20-40/0.1 2.4%/°C In cells (sensitive Positive Hela, Assisted Cell interior [69]
appended by to intracellular NIH3T3 by cationic
Alexa-647 environment) polymer
colloid
PNIPAmM- 2014 Fl ratio 34-40/0.3-0.5 NA In cells (resistant to NA Hela Incubation, Dotted [70]
co-NBDAA/ pH and ionic strength 28°C,3h within a cell
PNIPAmM-co- changes)
RhBAM
Eu-TTA & rho- 2014 Fl ratio 26-40 —0.108 /°C  In solutions (resistant Positive Hela Incubation, Dotted [71]
damine101@ to pH and ionic 37°C,2h within a cell
polymer NPs strength changes)
Magnetic NPs@ 2015 Fl ratio 22-42 5.8%/°C In water (NA) Positive Opossum Incubation, Around the [72]
Eu3t/Th3* kidney 37°C,24h nucleus
complexes@ (0K)
P4VP@P(PEGA) cells
(EuDT/Ir(ppy)5/ 2015 Fl ratio 25-46 —4.0%/°C In PBS (sensitive Positive Fruit fly Feeding Remain in [73]
PS-MA)@PVA to environmental larva the guts
changes)
NaGdF,:Nd>* 2015 Fl ratio 10-50 0.025/°C In PBS (NA) Positive Chicken NA NA [74]
NPs & QDs @ breast
PLGA tissue
PNIPAM- 2015 Fl ratio 34-56/0.2 NA In water (NA) Positive NIH3T3 Incubation, Cell interior [75]
DPTB-Nile Red 37 °C, 30 min
nanogel
NNPAM-APTMA- 2015 Fl ratio 25-44/0.01- NA In solutions (resistant Positive MOLT-4, Incubation, Whole cell: [76]
DBThD-BODIPY 0.25 to pH and ionic HEK293T  25°C,10 min  cytoplasm,
strength changes) nucleus
P(NIPAm-NBD- 2015 Fl ratio 31.8- NA In cells (sensitive Positive Hela Incubation, Cell interior [77]
NSVB)- TFAuNCs 38.5/0.3-0.5 to intracellular 25 °C, 20 min
environment)
PEG-b-P(NIPAM- 2015 Fl ratio 20-44 NA In cell extract (NA) Positive Hela Incubation, Cell interior [78]
co-CMA), 37 °C, 40 min
PEG-b-P(NIPAM-
co-NBDAE),
PEG-b-P(NIPAM
-co-RhBEA)

Fl: fluorescence intensity; FL: fluorescence lifetime; EW: maximum emission wavelength; FPA: fluorescence polarization anisotropy; PBS: phosphate-buffered saline solution; NA: not available.
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rhodamine B and CS NIR dye (Figure 2a).*”! From 25 to
43 °C, the fluorescence intensity of rhodamine B reversibly
responded to temperature changes, whereas that of CS NIR
dye was constant. The fluorescence intensity ratio of these
two dyes showed a linear decline with increasing temperature
(Figure 2b), giving a temperature sensitivity of —2.65%/°C.
This ratiometric thermometer is insensitive to environmental
parameters change, such as pH and ionic strength variation.
Except mitochondrion, the sarco/endoplasmic reticulum
(SR/ER) has also received attention as one of the orga-
nelles responsible for heat production recently.®!] Arai et al.
reported a small organic molecule fluorescent thermometer
(ER thermo yellow) with targeting ability to ER and high

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

thermosensitivity (Figure 2d).’738] The fluorescence intensity

decreased linearly with the increasing temperature, providing
a high sensitivity of 3.9%/°C.’71 Furthermore, they used
fluorescence lifetime imaging microscopy (FLIM) to image
the temperature changes of myotubes, since the fluores-
cence lifetime of ER thermo yellow reduced with increasing
temperature (Figure 2e).1%!

2.2. Rare-Earth Metal Complex

Europium (IIT) thenoyltrifluoro-acetonate (Eu-TTA) is a
rare-earth chelate, whose emission intensity decreases rapidly

small 2016,
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Figure 1. Temperature sensing of the HEK293 cells by using DyLight549-
coated MnFe,0, nanoparticles. a) Differential interference contrast
(DIC) images. b) Green fluorescence image of Golgi apparatus labeled
with GFP. ¢) Cyan fluorescence marking the membrane protein. d) red
fluorescence image of the DyLight549-coated nanoparticles. Scale bar,
20 mm. e) the local temperature increased at the plasma membrane
(red, measured by the change in DyLight549 fluorescence intensity),
after the application of the RF magnetic field (as indicated by the
hatched box). Reproduced with permission.¢ Copyright 2010, Nature
Publishing Group.

with increasing temperature because of the competition
between the luminescence and nonradiative energy transfer
from the Eu(IIl) ion to the ligand (Figure 3a and b).[+41:82]
Because of its hydrophobic nature, Eu-TTA was used to
integrate into CHO cell membranes for imaging intracel-
lular heat waves after the activation of the ml-muscarinic
receptor by acetylcholine (ACH).[*!l' Fast application of
ACh onto the cells can generate a biphasic intracellular heat
wave which can be blocked by atropine (Figure 3c). Mean-
while, a typical calcium wave can be activated by ACh that
has a much longer latency and duration than the typical
heat wave. This thermal imaging technique provided the first
example of receptor-activated metabolic heat generation in
single living cells and new insights into cellular activities.
However, the fluorescence intensity was also sensitive to the
pH value of solution.[*>83] Suzuki et al. used a glass micro-
pipette filled with Eu-TTA dissolved in dimethylsulfoxide
(DMSO), and measured the cellular temperature changes of
a single HeLa (human epithelial carcinoma) cell.*?! By this
thermometer, the heat production caused by the ionomycin-
induced calcium ion influx from extracellular fluid was
observed.*284 And the temperature increase was suppressed

small 2016,
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when Ca?*-ATPases were blocked by thapsigargin. Since the
micropipette method afforded a low spatial resolution, they
designed fluorescent nanoparticles (Figure 4a), in which
Eu-TTA was embedded in a poly(methylmethacrylate)
(PMMA) network.[¥}] The fluorescence intensity was not
affected with the condition of pH (4-10) and ionic strength
(0-500 mM). With a hydrodynamic diameter of 211 nm,
these nanothermometers easily entered living HeLa cell
by endocytosis, enclosed in acidic organelles (endosome/
lysosome) (Figure 4d), and then transported along micro-
tubules in a temperature-dependent manner. The spatial
and temperature resolutions of these “walking nanothermo-
meters” are 5.3 nm and 0.3 °C, respectively.

Ruthenium (II) tris(bipydidyl) ion (Ru(bpy):?*) is
another metal complex that can be used as a luminescent
temperature indicator. The emission of Ru(bpy),>* arises
from the electronic transition from a triplet metal-to-ligand
charge transfer (*MLCT) state, which could be thermally
deactivated.[**®! Yang et al. prepared Ru(bpy);**-doped
silica nanoparticles for intracellular temperature sensing.[*4!
Luminescence of the resulting nanosensors is immune to the
quenching by oxygen thanks to the protection of outer silica
shell, and is rather sensitive to temperature in the physiolog-
ical range (25-45 °C) with a sensitivity of —1.26%/°C. After
further modification of poly L-lysine, the nanosensors were
easily introduced into living HepG2 (human hepatocellular
carcinoma) cells along with gold nanorods. A local tempera-
ture rise in living cells was monitored, which was caused by
gold nanorods after the laser irradiation at 808 nm.

2.3. Inorganic Materials
2.3.1. Quantum Dots

Quantum dots (QDs) are attractive candidates for intra-
cellular thermometers, mainly owing to their small size,
adjustable fluorescence, remarkable photostability, and com-
mercial availability. They present temperature-dependent
photoluminescence (intensity changes or emission wave-
length shifts), and acceptable biocompatibility after suitable
surface modification.[¥%” Furthermore, QDs as tempera-
ture sensors are resistant to pH (5-7) and other environ-
mental variations that are very important for the design
and development of the cellular thermometry.®! A lot of
progress has been achieved by Yang et al. for using QDs
as intracellular thermometers.*”#%1 In an earlier report,
they studied the individual CdSe QDs (7-12 nm in diam-
eter) and observed that the emission spectra of a single QD
exhibited a red-shift to a longer wavelength as the tempera-
ture increased (Figure 5a).[%] The temperature sensitivity is
approximately 0.1 nm °C™! over a range of 24.4 to 43.6 °C,
consistent with the result of previous bulk measurements
(0.093 nm °C™!). However, their observation indicated that
it is not advisable to measure absolute temperatures based
on the results of a single QD. The average results of QDs
group are more precise and reproducible. After that they
performed several studies on NIH3T3 cells using QD655
(CdSe/ZnS core/shell QDs), which has a 0.057 nm °C™!

www.small-journal.com
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Figure 2. Organelle thermosensing using small-molecule dyes targeting mitochondria
(a—c) and endoplasmic reticulum (d). a) Chemical structure of Mito-RTP: thermosensitive
rhodamine B and thermoinsensitive CS NIR dye were conjugated to each end of the linker.
b) The fluorescence intensity ratio (rhodamine B/CS NIR dye) was determined at various
temperatures (normalized at 34 °C). c) Localization of Mito-RTP in living Hela cells. Scale
bar, 5 pm. Reproduced with permission.!?! Copyright 2015, the Royal Society of Chemistry.
d) Chemical structure of ER thermo yellow and fluorescence lifetime images of living C2C12
myotubes loaded with ER thermo yellow at 25 °C and 37 °C. Scale bar, 50 um. Reproduced
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intensity excited by two-photon provided
higher temperature sensitivity than that
obtained under one-photon excitation.
The use of the two-photon fluorescence
microscope excited with near-infrared
(NIR) light not only provided much better
spatial resolution (below 100 nm), but
also reduced specimen photodamage and
enhanced penetration depth.[%%3]

2.3.2. Upconverting Nanoparticles

Apart from QDs, lanthanide-doped fluo-
rescent nanoparticles have been devel-
oped for intracellular thermosensing.
These nanoparticle can convert NIR exci-
tation light to high-energy light (ultra-
violet, visible or NIR light) via multiphoton
upconversion process.[”! Compared with
fluorophores or QDs, these upconverting
nanoparticles can be stimulated by low
power and inexpensive NIR lasers, which
is capable of deep tissue penetration. The
variation of particle size also has no effect
on the absorption/emission maxima.[>]
Vetrone et al. devised a nanothermom-
eter based on the temperature-sensitive
fluorescence of NaYF4:Er3+,Yb3+ NPs,
where the intensity ratio of the green flo-
rescence bands of the Er** dopant ions
(Hyp>'s, and *S3,—%s,) changes
with temperature.®"! The nanothermome-
ters are capable of accurately determining
the temperature of solutions as well as

8 www.small-journal.com

with permission.[38 Copyright 2016, the Royal Society of Chemistry.

resolution in the cellular environment.[7*1 With the help
of streptavidin-QD655, a temperature increase of 1.5 °C
was observed in NIH3T3 cells after the infusion of calcium
ions.[®l The photoluminescence spectral shifts from endocy-
tosed QDs could be allowed for mapping intracellular heat
generation under Ca®* stress and cold shock (Figure 5b—d).
The inhomogeneous intracellular temperatures rise can be
directly observed.

More remarkably, the thermal sensitivity and stability of
QDs can be significantly enhanced by surface modification
and optical equipment.[*>**!] The linkage of thiolated cyclo-
dextrin with aqueous CdTe QDs dramatically enhanced the
sensitivity to 0.28 nm °C~!,2.4-fold higher than those of mono-
thiol-ligand-decorated QDs, and suppressed the size alteration
of QDs both in the presence of N,H, and under elevated
temperature.[’!l Polymer-encapsulated QDs, CdSeS/ZnS
QDs in the matrix material of poly(methyl methacrylate-co-
methacrylic acid) (PMMA-co-MAA), showed non-sensitivity
to pH and ionic strength, as well as ultra-high reversibility.[*]
Besides, two-photon fluorescence microscopy was used to
measure the temperature evolution of HeLa cells applying
CdSe QDs as nanothermometers.”] The fluorescence

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

biological systems such as HelLa cancer
cells.

2.3.3. Metal Nanoclusters

Metal nanoclusters has been considered as fluorescent nano-
thermometers, due to ultrasmall size (< 2 nm in diameter),
colloidal stability, good biocompatibility, and facile syn-
thesis.[’>%5%] Shang et al. reported that the lifetime of gold
nanoclusters (AuNCs) dramatically decreased with increasing
temperature in the physiological range (Figure 6a). They
also found that the temperature-induced lifetime reduc-
tion is dependent on the environment. The lifetime versus
temperature behavior in living cells is different from that
in buffer solution. The calibration of these AuNCs should
be carefully implemented in living cells. Using FLIM, intra-
cellular temperatures of HelLa cells were mapped after the
internalization of AuNCs by endocytosis (Figure 6b). Simi-
larly, copper nanoclusters (CuNCs) have also been employed
as a fluorescent probe for temperature sensing and cellular
imaging.5>%] CuNCs prepared by Wang et al. were stabi-
lized by glutathione (GSH) and possessed quantum yield
up to 5.0%, higher than that of the CuNCs prepared in
the previous works.”>! GSH was used as both the reducing
agent and the protective layer preventing the aggregation of

small 2016,
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Figure 3. Thermal imaging of living CHO cells using EuTTA in response
to a brief application of ACh. a) Chemical structure of Eu-TTA.
b) Dependence of Eu-TTA emission intensity on temperature while
integrated in liposomal membranes (pH 7.4). c¢) Transmitted light (TD),
luminescence (FI) and consecutive pseudo-color images taken before
and after the ACh treatment. The numbers on the images are the
frame numbers (frame interval =1 s). Reproduced with permission./41l
Copyright 1998, Elsevier.

formed nanoclusters. The emission intensity of copper nano-
clusters decreased when the temperature rose from 15 to
80 °C. The GSH-CuNCs exhibited good biocompatibility and
easy penetration into MC3T3-E1 cells (even cellular nucleus)
and monitored intercellular temperature by the help of laser-
scanning confocal microscopy.

2.3.4. Nanodiamonds

Recently, nanodiamonds (NDs) have been reported as
thermal sensors by some researchers at the same year.[5+97-%]
Temperature-sensing ability of NDs comes from the
nitrogen-vacancy (NV) center, which is a molecular impu-
rity in the diamond crystal comprised of a substitutional
nitrogen impurity adjacent to a carbon vacancy.”’! The elec-
tronic ground state of each NV center is split into two energy
sublevels under the manipulation of microwave pulse. The
precise value of the transition frequency between the levels
is highly dependent on temperature. Thus, the principle of
NDs is based on accurate measurement of the transition
frequency changes.’#1901011 Kycsko et al. introduced both
NDs and gold nanoparticles (light-induced nanoheaters)
into human embryonic fibroblast WS1 cell using nanowire-
assisted delivery, and temperature variation was precisely
measured (Figure 7). This method probably provides the

small 2016,
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highest temperature resolution (0.044 °C) so far. Neverthe-
less the introduction of NDs into cells using nanowires is an
invasive and complicated operation, which greatly restricts
the application.

2.4. Thermoresponsive Synthetic Polymers

Polymeric intracellular thermometer composed by ther-
moresponsive polymers and fluorophores was first demon-
strated by Gota et al. based on Poly(N-isopropylacrylamide)
(PNIPAM).['] In this work, the fluorescent nanogel ther-
mometer (FNT) consisted of PNIPAM and a water-sensitive
fluorophore (DBD-AA), as displayed in Figure 8A. At a low
temperature, the polymer is in a fully swollen state and will
absorb water into its inner part, leading to the quenching of
DBD-AA by neighboring water molecules. When the tem-
perature increases, the polymer shrinks to form a colloidal
nanoparticle, and DBD-AA changes to be fluorescent after
the release of water molecules. It is well designed to be very
stable and pH insensitive, by avoiding interactions with cel-
lular components and removing undesirable fluorescence
quenching. A practical use of the FNT was confirmed by
measuring intracellular temperature variations of COS7 cells
induced by external chemical stimuli. They were internalized
into COS7 cells by the means of microinjection, and provided
a temperature resolution of 0.29-0.50 °C over the range of
27-33 °C. They found that temperature variation was dif-
ferent among the cells after the treatment of camptothecin.
Similarly, Qiao et al. reported an intracellular thermometer
based on a block copolymer, consisting of fluorescent and
temperature responsive units.’°) The fluorescence intensity
decreased with the temperature increase from 24 to 44 °C
due to heat-induced block copolymer aggregates. It was suc-
cessfully applied in the intracellular temperature sensing of
MDCK (Madin-Darby canine kidney) cells.

However, the above described nanogel thermometer
could not provide a intracellular temperature distribution
mabp, since the relatively large size (= 62 nm in hydrodynamic
diameter) and low hydrophilicity of the nanogel hindered the
spreading throughout the cell. In 2012, the first method for
mapping the temperature distribution inside living cells has
been demonstrated by Okabe et al., which was improved on
this basic.’”] This novel fluorescent polymeric thermometer
(FPT) consisted of the same units, but with a reduced size
(8.9 nm in hydrodynamic diameter) and an improved hydro-
philic behavior, permitting the diffusion throughout a living
cell. The three units of FPT can be observed in Figure 9A:
a thermosensitive unit, a hydrophilic unit, and a fluores-
cent unit. The fluorescence lifetime of FPT is temperature-
dependent. With the help of FLIM, the spatial resolution of
FPT reached a diffraction-limited level (200 nm). At a low
temperature, the fluorescence is quenched by water mol-
ecules in the swelling structure, leading the reducing of the
fluorescence lifetime. The lifetime increases with the temper-
ature due to the shrinking structure (Figure 9B), providing a
temperature resolution of 0.18-0.58 °C. This method success-
fully performed temperature mapping in living COS7 cells at
the organelle level (Figure 9c). It was found that the nucleus
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a) b) C) was also observed. However, in this
Cationic polymer network (PAH) method, the microinjection technique was
= S50n0m 512 still required to introduce fluorescent ther-
y it o ® 3 21.0 20°C mometers into mammalian cells. It was
e ionic strength " %0.8 not user-friendly and inefficient, and could
+ . 0 @ o % 06 not be used in small cells or cells with a
4 T) N 04 cel.l wall, such as yeast. An improved cati-
- g | s0%c onic FPT (NN-AP2.5) by the same group
& RH v . 502 effectively solved this problem.[8] This
% L Z0.0 cationic fluorescent thermometer contains
Polymer network (PMMA) * - 580 600 620 . .
Thermosensitive fluorescent dye (Eu-TTA) Wavelemgth (nm) three units (Figure 10a): a thermorespon-

sive unit (NNPAM: N-n-propylacryla-
mide), a fluorescent unit (DBD-AA), and
a cationic unit (APTMA: (3-acrylami-
dopropyl)trimethylammonium) that can
support the uptake of proteins and genes
from the extracellular matrix into a living
cell. After easy incubation with yeast cells
Saccharomyces cerevisiae strain SYTO001
at 25 °C for 10 min, NN-AP2.5 rapidly
entered into cells and retained stably in
the cytoplasm (Figure 10c). Spontaneous
entry of the cationic thermometer was
also observed in MOLT-4 (human acute
lymphoblastic leukemia) and HEK293T
(human embryonic kidney) cells. It
demonstrated that NN-AP2.5 could be
extended to the measurement of intracel-
lular temperature of mammalian cells.

Figure 4. Temperature measurement of living Hela cells using the fluorescent 2.5. Biomolecules
nanothermometer composed of a polymer network (PMMA) and thermosensitive
fluorescent dye (Eu-TTA). a) Schematic diagram of this nanothermometer. b) The core of
nanothermometers observed by transmission electron microscopy. c) Fluorescence spectrum
of the nanothermometers dispersed in PBS (pH 7.4) at various temperatures. d) Fluorescence
images of nanothermometers (Eu-TTA), endosomes/lysosomes labeled with pHrodo-dextran, . . ; )
and merged. Reproduced with permission.%3 Copyright 2012, the Royal Society of Chemistry. ~ PT€senting better spatial resolution owing

to small molecular size.['201-63] The green
and centrosome showed a significantly higher temperature fluorescent protein (GFP) is widely used as fluorescent
than the cytoplasm, with an average difference of 0.96 °C  markers for cell imaging. In contrast to ectogenous chemical
(Figure 9d). The local heat production from mitochondria probes, GFP can precisely target to defined organelles and

Although very rare, there are also some
reports tried to develop biomolecule-
based thermometers on proteins or DNA,
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Figure 5. Intracellular thermosensing of living NIH3T3 cells using streptavidin-coated QDs. a) Temperature-dependent spectral shifts of a single
QD from 24.4 to 43.6°C. Reproduced with permission.[®¥ Copyright 2007, American Chemical Society. b) A bright-field micrograph of cells overlaid
with QDs emission image. ¢) Representative snapshot of the raw position-spectrum maps for the sample shown in (b). d) Location-dependent
intracellular temperature progression as a function of time of the same cell shown in c). Reproduced with permission.!*”! Copyright 2011, American
Chemical Society.
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reliable. It was also interesting to find that
the calibration curve (FPA vs tempera-
ture relationship) obtained inside the cells
was significantly different to that in buffer
solution due to the viscosity difference.
This observation indicated that the cali-
bration should be performed for each cell
line to be studied. The method is tested
on GFP-transfected HelLa and U-87 MG
(human glioblastoma-astrocytoma) cancer
cell lines. They monitored the heat delivery
by photothermal heating of gold nanorods
surrounding the cells (Figure 11c—e).[0] In
addition to this, they extended this method

Reproduced with permission.®3 Copyright 2013, Wiley-VCH.

will not disrupt cellular activities if appropriately designed.
Donner et al. developed GFP-based thermometers for
monitoring intracellular thermogenesis.[’!! The fluorescence
polarization anisotropy (FPA) of GFP is strongly tempera-
ture dependent, decreases linearly with temperature in the
physiological range (20-60 °C, Figure 11b). The FPA of the
GFP is defined as a ratio of the intensities of the fluores-
cence polarized parallel and perpendicular to the incident
polarization, and not sensitive to absolute intensity changes
caused by uncontrollable factors, making the results more
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to a living organism and present the first
in vivo intracellular temperature imaging
of Caenorhabditis elegans (C. elegans).'?]
The thermal sensitivity of GFP-based thermometers
(tsGFPs) was further improved by Kiyonaka et al. and ena-
bled the visualization of thermogenesis in discrete organelles
in living cells.[? The thermosensitive coiled-coil protein TIpA,
an autoregulatory repressor protein in Salmonella that senses
temperature changes and controls transcription repression in
a temperature-dependent manner, was used to build tsGFPs.
A GFP is inserted between tandemly repeated coiled-coil
regions of TIpA. The thermosensing capability is derived
from a rapid and reversible structural transition of TIpA from
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Figure 7. Intracellular temperature measurement using nanodiamonds (nitrogen-vacancy centers in diamond nanocrystals). a) Confocal image of
nanodiamonds in a single WS1 cell. The cross marks the position of the gold nanoparticle used for heating, and circles represent the location of the
nanodiamonds (NV; and NV,) used for thermometry. b) Temperature at the position of NV, and NV, changes with the incident laser power applied
to the gold nanoparticle. c) Temperature of o single nanodiamond (circle) with local heat applied at two different locations (crosses). d) Confocal
fluorescence images indicate the cell death under laser illumination. Reproduced with permission.[** Copyright 2013, Nature Publishing Group.
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Figure 8. Intracellular thermosensing of living COS7 cells using fluorescent nanogel thermometer (FNT). a) Schematic diagram and chemical
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Copyright 2009, American Chemical Society.

a parallel coiled-coil dimer to two unfolded monomers at
around 37 °C, which will be transmitted to GFP, thus eliciting
a measurable temperature-dependent fluorescence change
(Figure 12a). Temperature rise from 20 to 50 °C increases the
intensity of the 480 nm peak and decreases that of the 400 nm
peak (Figure 12b). Figure 12c shows the temperature depend-
ence of ex400/ex480 intensity ration as a function of tem-
perature. The sensitivity lies in the linear region (38-46 °C)
is 3.5 times higher than that of GFP. Besides, the tempera-
ture-sensing range of tsGFPs can be controlled by selecting
the suitable coiled-coil region from TIpA. They monitored
the temperature changes in ER and mitochondria of living
HeLa cells by fusing specific organelle-targeting sequences
to tsGFPs.[%?l As shown in Figure 12d—e, the heterogeneous
thermogenesis of mitochondria was clearly observed after
the treatment of carbonyl cyanide 3-chlorophenylhydrazone
(CCCP). The thermogenesis processes in brown adipocytes
and skeletal muscle myotubes were also visualized.

Other than GFP, molecule beacons are functional engi-
neered nucleic acid molecules that can selectively interact
with a target DNA or RNA sequence, and has been widely

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

applied in many bio-sensing areas. Ke et al. reported an intra-
cellular thermometer based on L-DNA (isomer of natural
D-DNA) molecular beacons (L-MBs).[%*] A molecular beacon
is a hairpin-structured DNA molecule dually labeled by a fluo-
rophore and a quencher at two opposite ends (Figure 13a-b).
The distance between the fluorophore and quencher changes
with temperature. At a low temperature, the beacon has low
fluorescence due to the closed hairpin, but becomes highly flu-
orescent with the temperature increasing. L-MBs were intro-
duced into living HeLa cells via liposome transfection and
distributed in the nucleus, and became highly fluorescent when
the temperature increased from 20 °C to 37 °C (Figure 13c-d).
In this issue, the utilization of non-natural L-DNA is crucial
for the stability in a complex cellular environment. Since
D-DNA-based molecular beacons (D-MBs) were believed
to be completely digested by intracellular nucleus, they were
unable to respond to temperature changes (Figure 13e).
Then Ebrahimi et al. designed a multiplex MB probe using
gold nanoparticles as quenchers, on which many MBs of more
than one type were immobilized.'™ In this design, 13 nm
gold nanoparticles were labeled with three types of MBs with
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Figure 9. Intracellular temperature mapping of living COS7 cells with fluorescent polymeric thermometer (FPT). a) Chemical structure of FPT.
b) Calibration curve (closed, left axis) and temperature resolution (open, right axis) of FPT. c) Temperature mapping in living COS7 cells: Confocal
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Figure 11. Intracellular temperature mapping of Hela cells using green fluorescent protein (GFP). a) Structure of GFP. b) Calibration curve that
relates between FPA of GFP and temperature in PBS. c-e) Temperature measurements in Hela cells while heating via the photothermal approach:
c) fluorescence intensity of GFP transfected Hela cells, d) temperature map while not heating, €) temperature map while heating the nanorods with
a focused infrared laser. Reproduced with permission.[6! Copyright 2012, American Chemical Society.

different thermostabilities, providing a wide temperature
sensing range. The temperature resolution of the nanoprobes
is less than 0.5 °C over a range of 15-60 °C.

3. Contact Thermometry

In addition to contactless (luminescent) thermometers, a
number of contact thermometric techniques have been

developed for cell thermal sensing, primarily electrical and
mechanical thermometers. The developments of nanolithog-
raphy and microelectromechanical systems (MEMS) make it
possible for fabricating thermal probes with sub-micrometer
size and miniaturize the conventional thermometers with
geometrical size at submicroscale.

The thermocouple is the most commonly used macro
thermometer, which employs the Seebeck effect of thermal
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Figure 12. Monitoring Subcellular thermogenesis using a GFP-based thermosensor tsGFP1. a) Schematic diagram of tsGFP1, which is composed
of GFP and coiled-coil regions of TIpA. The tandem formation of the coiled-coil structure is associated with thermal changes resulting fluorescence
change of tsGFP1. b) Fluorescence excitation spectra of tsGFP1 at various temperatures. c¢) Temperature-dependent changes in the ex400/ex480
ratio of tsGFP1 and GFP. d) Fluorescent responses in tsGFP1-mito-expressing Hela cells at 37 °C after the treatment of CCCP and DMSO, respectively.
e) Pseudocolor confocal images of fluorescence intensity ratio in tsGFP1-mito-expressing Hela cells after the treatment of CCCP. Reproduced with

permission.l®? Copyright 2013, Nature Publishing Group.
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Figure 13. Intracellular temperature sensing of living Hela cells
using L-MB. a) Structure of L-DNA. b) Principle of the L-MB-based
intracellular nanothermometer. Confocal microscopy images of Hela
cells transfected with L-MBs at different temperatures: ¢) 20 °C and
d) 37 °C. e) Temperature-fluorescence intensity curve of cells transfected
with L-MBs and D-MBs (normalized to the fluorescence intensity at
20 °C). Reproduced with permission.l63] Copyright 2012, American
Chemical Society.

electric materials to measure temperature based on the heat
transmission at the tip-sample contact point.[%*1%] Watanabe
et al. first produced micro-thermocouple probes for the
measurement of cellular thermal responses.'’™ In this tech-
nique, a junction of two different metal films (Pt-Au) is
formed at the glass micropipette tip with a diameter of 1 pm
by using microfabrication methods. After that, Shrestha et al.
improved the sensitivity of the micropipette-thermocouple
by using inexpensive materials.'®! The sensors were fabri-
cated by filling a glass micropipette with Sn-based alloy and
coating another metal thin film (Ni) on the outer surface of
the pipette by physical vapor deposition (PVD). This ther-
mometer has a spatial resolution of 4 pm and temperature
resolution of 0.01 °C. In order to verify the feasibility, they
injected the tip of micropipette-thermocouple into a living
cell, which was exposed to a green laser beam (at 532 nm)
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for 1500 ms. The rising time of temperature was revealed at
round 600 ms.'%] After that, our group promoted the ther-
mocouple-based method for detecting intracellular tempera-
ture.[%106] In our scenario, the thermocouple (TC) probe has
a sandwich structure consisting of the tungsten (W) tip, an
insulating layer made of polyurethane (PU), and a platinum
(Pt) film (Figure 14a). We found that the sensitivity of the
TC probes is dependent on the thickness of the Pt film. After
the calibration, the temperature-thermoelectricity curve of
the probe with 100 nm Pt film matched perfectly with the
standard macro-size TC probe, but was different with the
probe with 50 nm Pt film. The TC probe can distinguish
temperature differences of less than 0.1 °C. For intracellular
temperature measurement of a living cell, micromanipula-
tion system is needed for handling precise insertion of the
tip into a single U251 cell. Meanwhile, the thermovoltage is
recorded by a digital multimeter. Using this method, a tem-
perature increase in a living U251 cell can be observed after
the treatment with camptothecin (a DNA topoisomerase I
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Figure 14. Intracellular temperature determination of U251 cells by a
thermocouple method. a) SEM image of the thermocouple: tungsten
tip (inner core), polyurethane film (interlayer), and platinum film (outer
layer). b) Optical microscopic image of a living U251 cell inserted by
the thermocouple probe. c) Intracellular temperature changes of a
single U251 cell after the treatment of camptothecin (CPT, upper)
and doxorubicin (DOX, lower). a: the thermocouple was inserted into
the cell; b: after the addition of CPT or DOX to the culture medium;
c: the thermocouple was withdrawn from the cell. Reproduced with
permission.[®4 Copyright 2011, Nature Publishing Group.
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inhibitor), but unchanged in the case of doxorubicin (a DNA
topoisomerase II inhibitor) (Figure 14b—c).

Another interesting method developed by Inomata et al.
can detect the heat released from a single cell.l'V”] They
developed a pico calorimeter containing a heat-detecting
Si resonator (resonant thermal sensor). The measurement
principle relies on temperature-dependent change in the
resonant frequency of the resonator, as heat flows from the
sample in water to the resonator in a vacuum. The heat reso-
lution of the fabricated sensor is 5.2 pJ. This device was tested
on measuring heat production from a single brown fat cell
(BFC) after treatment of norepinephrine, which maintained
over approximately 20 min.

4. Composite Structure Thermometry

Up to now, the cellular thermometers above-described
mostly give a temperature value from an absolute change of
one single temperature-dependent signal, without any addi-
tional reference. Especially for the luminescence-based ther-
mometry, it is a valid approximation only when the signal
is extracted from the emission spectral position or lifetime
decay. However, many of these thermometers are based on
thermally induced fluorescence intensity variation. In these
cases, the accuracy could be affected by many factors: (1)
the environment; (2) the distribution and concentration of
the probes; (3) photobleaching; (4) fluctuations in the exci-
tation source; and (5) the efficiency of the detectors, leading
to erroneous results and interpretation. Recently, composite
thermometers with dual wavelength self-calibration have
attracted great attention. Because the ratiometric fluorescent
readout is independent of the above factors, it provides a
more robust result.

The design of many ratiometric fluorescent thermo-
meters is based on a thermosensitive polymer and the use
of two fluorophores.[870:7578108] Chen et al. synthesized a
cross-linked PNIPAM-based fluorescent nanothermometer
known as Thermo-3HF (3HF refer to 3-hydroxyflavones).[%8]
The probe 3-HF displays dual-band emissions associated
with normal excited state intramolecular charge and tau-
tomer excited state intramolecular proton transfer. PINPAM
switches between swollen and shrunken state at different
temperatures, resulting in 3-HFs changes from a bluish to
greenish color. The intensity ratio of the two bands provided
a sensitive and reversible response to temperature in the
range of 33 to 41 °C, providing more sensitive and robust
signals. Uchiyama et al. designed a novel cationic fluorescent
polymeric thermometer containing both DBThD-AA and
BODIPY-AA units as an environment-sensitive fluorophore
and as a reference fluorophore, respectively.l’®! Except two
fluorophore units, it contains two other units: a thermosensi-
tive NNPAM unit and a cationic APTMA unit. The change in
the fluorescence ratio at 580 nm to 515 nm (primarily origi-
nates from the DBThD-AA and BODIPY-AA units, respec-
tively) was strongly correlated with the temperature from
25 to 45 °C. The temperature resolution was determined to
be 0.01-1.0 °C after introduction into the MOLT-4 (human
acute lymphoblastic leukemia) and adherent HEK293T
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(human embryonic kidney) cells. Moreover, fluorescence
resonance energy transfer (FRET) is very powerful in detec-
tion and sensing, and can be applied in ratiometric fluores-
cent thermometers. Liu developed a hydrophilic fluorescence
temperature probe (PNDP-NR) based on PNIPAM nanogel,
and the ratiometric readout was obtained from the FRET
between a polarity-sensitive triarylboron compound (DPTB)
and Nile Red (NR).[¥ Upon heating, the green fluorescence
at 470 nm increases, whereas the fluorescence intensity of NR
at 625 nm slightly decreases due to the decreasing efficiency
of FRET. With this probe, the temperature can be measured
directly with a colorimeter or distinguished easily by the
naked eye. Based on two-step cascade FRET, thermorespon-
sive double hydrophilic block copolymers-based fluorescent
thermometers were fabricated by Hu et al.’¥! CMA (Blue-
emitting coumarin monomer), NBDAE (green-emitting
NBD monomer), and RhBEA (red-emitting rhodamine B
monomer) were copolymerized separately with NIPAM to
afford dye-labeled PEG-b-P(NIPAM-co-CMA), PEG-b-
P(NIPAM-co-NBDAE), and PEG-b-P(NIPAM-co-RhBEA).
In this thermometer, NBD acted as a bridging dye by trans-
ferring energy from CMA to RhBEA. Compared with one-
step FRET thermometers, the sensitivity was improved
significantly and reached as low as =0.4 °C in the temperature
range of 20-44 °C.

The precision of the thermometers containing two
organic dyes decreases with long-term irradiation, which
is not good for continuous measurement.l’>1%! While inor-
ganic luminescence materials are more photostable.[0%71-74]
In the work of Albers et al., the dual-emitting quantum
dot/quantum rod-based nanothermometers are conferred
by FRET process between CdSe—CdS quantum dot-
quantum rods as donors and cyanine dyes as acceptors
(Figure 15a).[] Thermometers were immobilized onto
the pH-sensitive polymer colloid surface via electrostatic
interactions, which served to both improve uptake and
release of nanocrystals from endosomal confinement, just as
described before.''%1M1] The intensity of QD-QR from the
region (g3 649) Undergoes a small change, while Alexa-647
is most temperature responsive at another region (g ¢74)
(Figure 15b). In the temperature range of 20-25 °C, the
ratiometric response (Ig30_640/lge4_g74) €Xhibited the sensi-
tivity at =2.4%/°C (Figure 15c). Takei et al. also developed
a ratiometric nanothermometer containing two fluorophores
embedded in a polymeric particle: Eu-TTA (the thermosen-
sitive fluorophore) and rhodamine 101 (the thermoinsensi-
tive fluorophore used as a self-reference) (Figure 16a—c).l’!]
They successfully followed the temperature change in a
single cell together with the Ca?* burst induced by the Ca**
ionophore ionomycin (Figure 16d-e). The different tem-
perature increase among different spots indicated heteroge-
neous heat production in the cell.

5. Applications

Much information about the different cellular processes
can be reflected in or strongly influenced by the intracel-
lular temperature changes. During recent years, researchers
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In addition, one of the most studied
applications is the real-time monitoring
of hyperthermia for the therapy of
cancer.[2021.46.4851.52.112.113] Fjrst  the accu-
rate measurement of temperature increase
around the heaters is crucial for regulating
the heat release. Bendix et al. directly
measured the temperature surrounding
single gold nanoparticles trapped on a

1. ODPA-CdSe/CdS lipid bilayer, which had incorporated

CHCI -
2.dry ? with fluorescent molecules related to
3'::‘::’ Butfer phase transitions of lipid bilayers.? The

4. Alexa647-NHS

temperature increase ranges from a few
bicarbonate

degrees to hundreds of degrees Celsius

(r " O pH8.3
NaOj and the heating process can be controlled
exactly by a careful choice of gold nano-
particle size and laser power. By using
CdSe QDs, Li et al. quantitatively meas-
ured the dynamic microscale thermal gra-
dient induced by localized gold nanorods
in solutions.'3] Precise temperature map-
b) 10 | E—c— T v c) e s B ping with diffraction-limited spatial reso-
- Y 20¢ » lution and the sub-degree temperature
% 0.3 25C | 0.80p */ b resolution was achieved, and the results
§ 30Cc J / showed an excellent agreement with theo-
£08 ig% 91 x s d 4 retical simulations. Besides, Jaque’s group
d 04 o _' ‘/ has done a lot of work in the tempera-
N 41 o7k / | ture monitoring of hyperthermia. They
0.2 ) > used CdSe QDs to monitor intracellular
0 1 . 1 . 3_/ temperature during plasmonic-mediated
4 iz 1 s 2'3 hyperthermia of HeLa cancer cells.]
= =0,18 500 Py 550 =50 T CC) Both the fluorescence nanothermom-

Figure 15. Dual-emitting quantum dot/quantum rod-based nanothermometers (NanoTs).
a) Chemical Structure of the nanothermometer. CdSe-CdS quantum dot-quantum rod
semiconductor nanocrystal is passivated with an amphiphilic polymer shell, to which is
appended with far-red emitting cyanine dyes. b) Calculated (dots) and observed (solid lines)
temperature-dependent emission from NanoTs with =12 Alexa-647 dyes conjugated to their
periphery. c) Ratiometric response of NanoTs for T=20-25 °C. Reproduced with permission. 6]

Copyright 2012, American Chemical Society.

are starting to take advantage of these micro/nanoscale
thermometers in cell biology, with high resolution and accu-
racy in living cells. It has already been found that anti-cancer
drug CPT can cause the intracellular temperature variation,
which might be due to early responses of apoptosis such as
DNA cleavage.'”* In cytosol, heat production at the ER
in living cells was observed after the treatment of iono-
mycin, which causes calcium influx from the extracellular
medium.’7#1 Carbonyl cyanide 4-(trifluoromethoxy)phe-
nylhydrazone (FCCP) and carbonyl cyanide 3-chlorophe-
nylhydrazone (CCCP) have been demonstrated to lead heat
generation in mitochondria, which transports protons across
the mitochondrial inner membrane to prevent the coupling
of ATP synthesis and oxidative phosphorylation.[#0->96271]
The temperature difference between the nucleus and the
cytoplasm (0.96 °C) was also observed, which may originate
from the intense activities of the nucleus (e.g., DNA replica-
tion, transcription and RNA processing) and/or from struc-
tural separation by the nuclear membrane.[°7]
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eters (CdSe QDs) and metallic nano-
heaters (gold nanorods) were introduced
into cells simultaneously by incubation.
Then, a single HeLa cell was illuminated
by lasers at the plasmon resonance wave-
length (808 nm) of the gold nanorods
inside this cell, leading a relevant intra-
cellular heating. The real-time tempera-
ture reading was achieved from the spectral analysis of QDs
(Figure 17). Later, they used neodymium-doped LaF; core/
shell nanoparticles as subtissue optical probes because of
the spectral overlap of the neodymium emission bands with
the transparency windows of human tissues.’!l Subtissue
penetration length of 2 mm has been demonstrated, which
is significantly larger than that achieved by QDs. The pre-
cise real-time temperature reading provides a possibility
to improve the operation of laser-induced hyperthermia,
avoiding the irreversible thermal damage in healthy cells and
tissues surrounding, which is crucial in real clinical treatment
of patients. In addition to hyperthermia of cancer, they also
investigated the laser-induced thermal effects in optically
trapped microspheres and single cells by QDs luminescence
thermometry.*8! The experimental results revealed that an
optimum trapping wavelength exists for biological applica-
tions close to 820 nm (Figure 18a). In contrast, maximum
heating has been found for a trapping wavelength of 980 nm,
resulting in cell damage and even cell death due to water
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Figure 16. Intracellular thermosensing of living Hela cells using ratiometric nanothermometer (RNT) composed of Eu-TTA and rhodamine 101.
a) Schematic illustration of RNTs. b) Fluorescence spectra of Eu-TTA and rhodamine 101 in the RNT measured from 26 to 40 °C. ¢) Fluorescence
ratio (Eu-TTA/rhodamine 101) at various temperatures. d) Time lapse imaging of DIC (differential interference contrast), Fluo-4 (indicating Ca?*
ion) and rhodamine 101 in the RNT after the treatment of the ionomycin—Ca?* complex. €) Time courses of the fluorescence intensity of Fluo-4
(top), the fluorescence ratio of the RNT (Eu-TTA/rhodamine 101, middle), and the temperature (bottom) measured inside the cell. Reproduced with

permission.”! Copyright 2014, American Chemical Society.

absorption at this wavelength (Figure 18b-c), particularly
when highly focused laser beams are used.

The above-described dual-particle approaches, which
using one nanoparticle for heating and a second nanoparticle
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Figure 17. Plasmonic-mediated intracellular hyperthermia monitored
by QDs. a) Schematic representation of gold nanorods-assisted
intracellular heating and CdSe QDs-mediated thermal reading, both
activated by laser. b) Schematic representation of the same effect but
in the absence of gold nanorods. c) Intracellular temperature increment
of a single Hela cell as a function of the heating laser power in the
presence/absence of gold nanorods. Reproduced with permission.[“¢l
Copyright 2013, Future Medicine Ltd.
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for thermometry, have an intrinsic limitation of uncontrolled
spatial distribution of nanoheaters and nanothermometers.[’?!
Thermosensing cannot be achieved at the same position of
heaters. Recently, joining nanoheaters and nanothermom-
eters in a single nanoparticle (single-particle approach) has
been gradually achieved within last three years.[72114-110]
Freddi et al. bounded rhodamine B to the surface of nano-
heaters by electrostatic interaction, monitored accurately
the temperature in the close proximity of the nanoheaters
(=20 nm) through its excited state lifetime.['”] In the method
of Dong et al., the NaYF,Yb*,Er** nanothermometer and
the magnetic Fe;O, nanoparticle are encapsulated in the
same mesoporous silica nanoparticle, which provides a rigid
structure support and isolates the thermometer and heater
from the bulk surroundings.''% Nevertheless, the tempera-
ture determination of the heater was not accurate enough,
since the thermometer was 89 nm from the heater. In
another work, Debasu et al. developed a simple and all-in-
one nanoplatform, in which (Gd,Yb,Er),0; nanorods (ther-
mometers) were decorated with Au NPs (heaters).[''*] The
small interparticle distance between thermometer and heater
enables to measure the absolute local temperature (not an
average temperature) of the sample volume under irradia-
tion, over a wide range (300 to 2000 K). By increasing the
amount of Au NPs, the surface temperature of thermometer
rises. Whereas the thermometer is overdimensioned rela-
tive to the heater, and a high heating power induced by laser
radiation is needed. Pifiol designed a unique heater/ther-
mometer nanoplatform that overcame the limitations men-
tioned in the previous studies.l”?l In this platform, magnetic
NPs (heater) are functionalized with dual-emissive Eu’'/
Tb** lanthanide complexes (thermometer), and then coated
with a P4VP-b-P(PMEGA-co-PEGA) copolymer. The ther-
mometer is located directly on the surface of the heater that
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Figure 18. Thermal spectroscopy and imaging of optically trapped
microspheres and single cells using QDs. a) The wavelength dependence
of laser-induced CHO (Chinese Hamster Ovary) cell damage after optical
trapping (solid line), and the wavelength dependence of the laser-
induced thermal loading of an optical trap (dashed line). b) Intracellular
temperature increment produced in the trapped lymphocyte as a
function of the trapping laser obtained at two different wavelengths
(820 and 980 nm). c) Optical transmission images of a single trapped
lymphocyte as obtained for different trapping durations. Reproduced
with permission.“8! Copyright 2013, Wiley-VCH.

successfully realizes the thermal contact. The reproducibility
(>99.5%), the fast time response, and the high temperature
sensitivity (5.8%/°C) in the physiological temperature range
(2242 °C) ensure a good performance in thermosensing of
living cells. After the incubation of heater/thermometer NPs
with opossum kidney (OK) cells, fluorescence images showed
the internalization of these NPs, mostly around the nucleus,
which enables the thermometric mapping at subcellular scale
by simply taking the pixel-by-pixel ratio of the Eu**/Tb**
intensities.

6. Conclusion and Future Perspectives

Over the past decade, multifarious thermometers for intra-
cellular temperature detection have been developed and
the number of works is on the increase in recent years. This
young and active area indicates a great demand of cellular
thermometry in fundamental research of cytobiology and
clinical treatment of diseases. While these techniques have
been able to accomplish this goal basically, they still stay in
the experimental stage due to some drawbacks. Few studies
have been conducted to further survey the mechanism of
activity-related cellular thermogenesis. The thermocouple has
a high temperature resolution, fast response and large detec-
tion range, but it often compromises the cell's integrity in
measurement. Organic fluorophores are unqualified for con-
tinuous longtime detection limited by photobleaching and
pH sensitivity. Apart from the instability and toxicity under
intracellular acidic environment with different ionic strength,
the size and shape distribution of QDs results in a non-
homogeneous luminescence. Fluorescent polymetric ther-
mometers have a slow response due to the hysteretic
phase transitions. Biomolecule-based thermometers are
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complicated and cumbersome, and should be calibrated to
selectively and frequently. What's more, in some systems,
the thermometers are multi-parameter sensitive (pH, ionic
strength, solution viscosity and so on), which makes the pre-
cise determination of temperature difficult. Systematic and
comprehensive calibration in solutions with different pH or
ion strength, cell extracts and in living cell's internal, is essen-
tial to deal with this problem. However, the development
of the thermometer only sensitive to temperature would be
more effective.

To date, all cellular thermometry are in urgent need of
universal reference standards and theoretical calculation
based on math-physical model to guarantee the accuracy of
the signal measured in living cells.!"117-120] In the theoretical
work of Baffou et al., they argued that a single cell cannot
substantially raise its temperature by endogenous thermo-
genesis.''”l The measured temperature increase of 1-2 K in
a single cell using cellular thermometry is much larger than
the theoretically calculated increase limit of 10~ K. How-
ever, other researchers did not believe that all the results
measured by completely different kinds of thermometers are
due to some factors else instead of temperature changes, and
thought that Baffou's theoretical model was not suitable for
a real cell.'"®119 A more accurate referential thermometer
and a comprehensive theoretical model are greatly required
for the existing cellular thermometers to prove their validity.
Combining two different thermometers together into one
probe may be simple and direct validation method. In addi-
tion, from the kinetic molecular theory's point of view, tem-
perature is essentially a number that is directly proportional
to the average kinetic energy of the molecules in a substance.
Thus, the fluctuations of a Brownian particle can be used to
ascertain the properties of its environment.'?!l' Analyzing
the nanosphere’s Brownian motion offers an opportunity for
more direct and accurate temperature measurements with
spatial resolution on the nanoscale, which has important
value of reference to cellular thermometry.l'?!:122] Summarily,
cellular thermometry is still in its childhood and already
provides promising outlooks. With its ongoing progress, it is
undoubtedly that cellular thermometry would be a powerful
tool and greatly contribute to the development of cytobi-
ology or life science.
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