Open Access Article. Published on 07 March 2023. Downloaded on 7/26/2025 9:28:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Lab on a Chip

7 ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: Lab Chip, 2023, 23, 2411

Received 27th December 2022,
Accepted 15th February 2023

DOI: 10.1039/d21c01185a

Measurement of cellular thermal properties and
their temperature dependence based on
frequency spectra via an on-chip-integrated
microthermistor

Naoki Inomata, © *2 Takumi Miyamoto,® Kohki Okabe @® and Takahito Ono?

To understand the mechanism of intracellular thermal transport, thermal properties must be elucidated,
particularly thermal conductivity and specific heat capacity. However, these properties have not been
extensively studied. In this study, we developed a cellular temperature measurement device with a high
temperature resolution of 1.17 m °C under wet conditions and with the ability to introduce intracellular
local heating using a focused infrared laser to cultured cells on the device surface. Using this device, we
evaluated the thermal properties of single cells based on their temperature signals and responses.
Measurements were taken using on-chip-integrated microthermistors with high temperature resolution at
varying surrounding temperatures and frequencies of local infrared irradiation on cells prepared on the
sensors. Frequency spectra were used to determine the intensities of the temperature signals with respect
to heating times. Signal intensities at 37 °C and a frequency lower than 2 Hz were larger than those at 25
°C, which were similar to those of water. The apparent thermal conductivity and specific heat capacity,
which were determined at different surrounding temperatures and local heating frequencies, were lower
than and similar to those of water at 37 °C and 25 °C, respectively. Our results indicate that the thermal
properties of cells depend on both temperatures and physiological activities in addition to local heating

rsc.li/loc frequencies.

Introduction

Temperature is an important physical parameter affecting
living organisms, resulting in phenomena such as the body
temperature returning to homeostasis to counteract unusual
hot or cold external temperatures,’ fever during illnesses,”
and hot flashes experienced under social anxiety.® Cells, the
smallest systems that constitute a living organism, are also
affected by temperature in a similar manner. Accordingly,
studies have attempted to clarify certain mechanisms in living
organisms through temperature measurements of single cells;
however, most of them remain unexplained. The 10°-gap
issue is representative of these unexplained matters in
intracellular thermal transport.*” In a previous study, the
authors indicated a 10°-order difference in temperature
between the experimentally obtained and calculated values of
heat production per cell based on the conventional heat
conduction (eqn (4)). Some published reports proposed
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solutions to this issue. One such report stated that this gap
can be explained by considering the heat production, the
distance between the heat source and thermometer, and
intracellular thermal properties,” and another study
approached the problem by determining the quantitative
thermal conductivity. Furthermore, another study’ claimed
that the conventional heat conduction equation should not
be applied to intracellular thermal transport. Several
intracellular thermal mechanisms, including the 10°-gap
issue, have not been satisfactorily studied and require further
research.

Notably, since the introduction of fluorescent nanoparticle
thermometers in early 2010, these measurement methods
focusing on single cells have undergone significant
developments.®** Fluorescent nanoparticle thermometers
enable intracellular temperature mapping, with a spatial
resolution of a few hundred nanometers. Thus far, using this
approach, it has been ascertained that the temperature
distributions in cells are nonuniform, temperatures of nuclei
and mitochondria are slightly higher than those of other
organelles, and certain proteins are expressed or activated
under excessive heat."*™*° Moreover, the thermal conductivity
of cells has also been determined.>*>* The performance of
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cellular temperature measurement methods can be
characterized by temperature, time resolution, and spatial
resolution. A fine spatial resolution offers detailed
information on temperature distribution, and higher
temperature and time resolutions contribute to the capture
of small and short-term changes. Regarding fluorescent
thermometers, the maximum temperature and time
resolution that can be achieved are 10 m °C (with a time
resolution of 4 s)*> and 50 ms (with a temperature resolution
of 0.1 °C),?® respectively, although they are dependent on the
nanoparticles used. These parameters are inversely related
because the fluorescence properties are evaluated based on
the accumulation of photons. Thermal conductivity can be
determined using these optical methods. Sotoma et al
introduced diamond nanoparticle thermometers inside the
cells and determined the thermal conductivity based on the
spatial temperature distributions around the particle.”* Song
et al. used transient microscopy imaging and demonstrated
transient heat dispersions with a temporal resolution of 5 s
using intracellular-introduced photothermal gold
nanoparticles.”® Elafandy et al performed non-invasive
measurements of cells on their surface based on the
phenomenon of temperature dependence on
photoluminescence using gallium nitride nanomembranes.*
The thermal conductivity of the cell reported in these studies
is lower than that of water and has a variation of 0.1-0.6 W
m™ K depending on the type of cell.

As an alternative to nanoparticle thermometers,
temperature  measurements of single cells using
microfabricated sensors and lab-on-chip systems have been
reported.”’® Unlike the fluorescent nanoparticle method
that intracellular temperatures, these
microfabricated sensors measure the temperatures on cell
surfaces. Notably, this approach offers high temperature and
time resolutions in addition to the
measurement of cells. The fluorescent nanoparticle and
microfabricated sensor methods have their advantages and
disadvantages. For instance, introducing fluorescent
nanoparticles confers less damage to the cells and, more
importantly, enables clear visualization of the intracellular
temperatures with a high spatial resolution. Moreover,
extracellular non-invasive approaches enable the observation
and measurement of cellular signals without requiring the
introduction of chemical substances into the cells. Previous
studies employed thermocouple arrays to detect the
temperature of hydrogen peroxide decomposition in a single
mouse hepatocyte®” and to chemically stimulate frog kidney
cells.”® In another previous study, the authors measured
intracellular temperatures by inserting a thermocouple
nanoneedle into a cell.>*?° However, these studies applied
fabricated sensors to well-known phenomena that had been
observed in bulk measurements using cell suspensions and
did not focus on the thermal properties of cells.

In our previous research, we successfully measured unique
temperature signals from cells using mechanical and
electrical on-chip devices. These signals have not been
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reported thus far through research involving conventional
bulk fluorescent ~ nanoparticle
thermometers. Specifically, the temperature-dependent
behaviours of brown fat cells were determined using a
mechanical resonant thermal sensor, and the gradual but
prolonged increase in temperature with respect to
uncoupling responses was observed by adding the
noradrenaline solution.**** Occasional pulsed increases in
temperature without chemical stimulation were also noted.
Furthermore, using microfabricated thermistors, we
demonstrated that the temperature signals of single COS-7
cells under a steady state include a frequency spectrum with
high intensity at frequencies lower than 4 Hz.** This
spectrum also exhibits temperature dependence; at a
frequency lower than 4 Hz, high and low intensities were
observed at 37 °C and 25 °C, respectively. A temperature
signal with high temperature and time resolutions was
measured using microfabricated sensors; these resolutions of
the microfabricated thermistor were 2.1 m °C and <100 ms,
respectively.>® Importantly, these cellular temperature
measurements also detected the natural heat production of
cells owing to the individual differences in heat production;
this, however, makes it difficult to quantitatively evaluate the
thermal properties of cells.

As mentioned above, several studies have been conducted
to clarify the mechanism of intracellular thermal transport.
However, the dependence between the temperature signals
and the thermal properties of cells has not been thoroughly
investigated. Specific heat capacity, which is an important
parameter that relates thermal transport and thermal
conductivity, requires further investigation. In this study, the
thermal properties of single cells were evaluated using
microfabricated thermistors integrated on-chip, which offer
the advantages of highly sensitive temperature and time
resolutions, under locally quantitative heating realized using
an infrared (IR) laser. To this end, we microfabricated
vanadium dioxide (VO,) thermistors and cultured the COS-7
cells on them; thereafter, we monitored the thermal
responses of the cells wunder varying surrounding
temperatures and modulation frequencies of IR laser
irradiation. We also reported on the thermal conductivity and
specific heat capacity of cells, including their temperature
dependence.

measurements or
31-34

Experimental device and methods
Temperature measurement device and measurement setup

Fig. 1 shows a schematic of the device and experimental
setup. The advantages of our device include high temperature
resolution, ability to culture cell on the surface of the device,
and ability to introduce intracellular local heating using a
focused IR laser. In particular, this intracellular local heating
is effective to determine the thermal properties of cells, while
it has not been achieved on conventional microfabricated on-
chip devices. On-chip-integrated microthermistors,
comprising thin films made of VO,, were fabricated on

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Schematic of the device and experimental setup; a cell positioned on the microfabricated thermistor.

quartz wafers. Cell culturing on sensor-integrated chips
ensures effective adhesion on the surface of the device,
whereas mounting external sensors on cultured cells entails
problems pertaining to insufficient contact.>® The
thermistors featured dimensions of 50 x 50 um?, accounting
for the size of a single COS-7 cell; the centres of these
thermistors were hollowed out with a keyhole to enable
irradiation with the IR laser. The temperature coefficient of
resistance (TCR) was 2.0% °C',** which was considerably
larger than that of conventional materials such as platinum
(0.8% °C™).>> Reference sensors, which were paired with the
main sensors, were covered with a photosensitive polymer to
prevent the cells from mounting on them. The outputs of the
main sensors varied with respect to the changes in the
temperatures of the cells. The differential signals between
the main and reference sensor outputs were used to
eliminate environmental noise (Fig. 1). Furthermore, COS-7
cells were cultured on wafers. We measured the temperature
of the cells positioned over the main sensors. The
surrounding temperature of cells was changed using a
feedback-controlled Peltier device attached wunder the
fabricated device. Additionally, the cells were locally heated
via a focused IR laser.

Device preparation and characterization

A VO, film with a thickness of 100 nm was deposited on a
quart substrate (30 x 30 mm) via the sol-gel method reported
in a previous study.** We mixed 92 g vanadyl oxalate
n-hydrate (VOC,0,-nH,0) and 100 ml ethyl alcohol (0.5 mol

This journal is © The Royal Society of Chemistry 2023

L™") at 150 °C for 300 min. After cooling, the material was
spin-coated on the wafer at 1000 rpm for 20 s and dried at
200 °C for 10 min on a hot plate. We repeated the spin-
coating and drying process three times and obtained a
thickness of 100 nm. The prepared film was baked at 500 °C
in steps of 265 °C per hour in a nitrogen atmosphere under
350 sccm (FT-02VAC-50, FULL-TECH CO., LTD). The film was
then annealed at 600 °C for 3 min in a 0.2 sccm oxygen
atmosphere after evacuating to 1.4 Pa. The VO, film was
patterned using a photoresist mask and H,O, wet etching.
Thereafter, the electrodes and pads (Ti: 200 nm and Au: 20
nm) were formed using the lift-off process. A SiO, layer with
a thickness of 200 nm was deposited over the entire surface
using P-TEOS CVD. The SiO, area on the electrical pads was
opened using wet etching. A photosensitive polymer
(thickness: 50 um; SU-83050, Nippon Kayaku Co., LTD.) was
patterned on the reference sensors. The chamber was
composed of a polydimethylsiloxane (PDMS) block (with
approximate dimensions of 13 x 13 x 5 mm®). A through hole
with a diameter of 8 mm was established. Subsequently, the
PDMS chambers and wafer were bonded. The resistance
change of the fabricated VO, thermistor was evaluated by
changing the temperature of the device. The measurements
were conducted using the two-terminal method with a source
meter (Model 2410, Keithley Instruments). The resistivity
decreased as the temperature increased, and the metal-
insulation transition was observed after 50 °C (Fig. 3(a)). The
temperature coefficient of the thermistor was 3.9% °C™ in
the temperature range of 20-45 °C. This fabrication process
was similar to that described in a previous study.*

Lab Chip, 2023, 23, 2411-2420 | 2413
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Fig. 2 The frequency dependence of theoretical device characteristics
is shown through: (a) cross-section schematics of the simulation, (b)
frequency spectra at 37 °C for each input frequency, and (c) the
constant frequency of 0.60 Hz at a temperature of 25 °C and (d) 45 °C.

We conducted a theoretical simulation of the frequency
response of our fabricated device using the finite element
method software (COMSOL Multiphysics 6.0, COMSOL.
Inc.). The simulation was based on the dimensions of our
fabricated device and considered a water layer of 5 um
thickness on the sensor and wafer. The results were
obtained for three different frequencies (0.25, 0.60, and
1.0 Hz) at a constant surrounding temperature of 37 °C,
as well as three different surrounding temperatures (25,
37, and 45 °C) at a constant frequency of 0.60 Hz. The
heat source was represented by a flat cylinder (3.0 x 1.0
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Fig. 3 Characterization of the fabricated device: temperature
coefficient of resistance of the fabricated VO, thermistor (a) and noise
level of the device (b).
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pm) 2.0 um above the centre of the sensor; further, a
square wave with the target frequencies was applied on
the sensor, imitating the laser spot with an input power
of 0.3 mW to produce an observable temperature increase
on the sensor. The set parameters and surface conditions
included a heat quantity of 9 x 10" W m™, a substrate
surface temperature of 37 °C, and a water surface with a
heat transfer coefficient of 1000 W m™> K" on convective
heat flux. The average temperature of the sensor part was
calculated in the time domain, and the frequency spectra
were obtained by transforming the temperature change
into a frequency domain signal. The material properties of
Si0,, VO,, Ti, and water (including density, thermal
conductivity, and specific heat capacity) were determined
to be (2200 kg m™, 1.4 W m™* K, 0.73 J g " K™, (3357
kg m™, 58 W m™ K, 058 J g K™),*® (4506 kg m™>,
219 W m™ K, 052 ] gt K'Y, and (1000 kg m™, 0.61
W m™ K7, 042 ] g K), respectively. The results shown
in Fig. 2 indicate that the temperature increments of the
sensor did not show a significant difference under
different conditions, implying that the device itself has no
frequency dependence.

Measurements

Positive (V) and negative (V_) voltages were applied to the
main and reference sensors, respectively, and an output
voltage was obtained between the sensors. The applied
voltages were adjusted to ensure that the output voltage was
approximately 0 at the initial setting. This output voltage
varied depending on the change in the resistance of the main
sensor under temperature variations. The output signal was
amplified 100 times (CA-271F4, NF Corporation) and filtered
using a low-pass filter of 10 Hz (FV-628B, NF Corporation).
The monitored signal was then converted into a frequency-
domain signal via the fast Fourier transform. The maximum
noise level under wet conditions was 84.0 pV under DC
(Fig. 3(b)).

The temperature resolution was determined based on the
noise level without any input to the main sensor, as
expressed below:

Vnoise‘(l + a)z
Voup TCRat

AT =

where R, (2.14 MQ) and Rg (2.00 MQ), Vi, (0.0737 V), TCR

(3.90%), AT, and « represent the resistances of the main and
reference sensors, total applied voltage (V, — V_), the absolute
value of the TCR, temperature change, and resistance ratio of
the main and reference sensors, respectively. The
temperature resolution of the fabricated device was then
calculated to be 1.17 m °C. The experimentally obtained
voltage signals (Viignais) were similarly transformed into
temperature changes by changing Visise tO Viignais in the
equation.

This journal is © The Royal Society of Chemistry 2023
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Laser irradiation

An IR laser was employed to irradiate the cells via an
objective lens with IR-LEGO (SIGMAKOKI Co., LTD;
wavelength: 1480 nm). The output power of the laser was
adjusted to 1 mW, which decreased to 0.1 mW as the laser
rays passed through the objective lens. The laser irradiation
time was controlled using an optical chopper. The duty cycle
was 1:1.

Experiments and results

Spontaneous thermogenesis signals of COS-7 cells under a
steady state without external thermal stimulation

The aim of measurement was to monitor a cell culture that
was occasionally pointed on the thermistor. The cells were
grown in a densely populated manner on the substrate. The
temperature of the cell was detected solely via the thermistor
with a hole at the centre. At surrounding temperatures of 25,
37, and 45 °C, temperature signals were measured using the
fabricated device. As shown in the upper row of Fig. 4(a)—(c),
the peak-to-peak temperature fluctuations in the time
domain were 0.4, 1.5, and 0.2 °C at surrounding
temperatures of 25, 37, and 45 °C, respectively. Fig. 4(d)
presents the results without the cells at 37 °C. At 37 °C, the
fluctuations on the sensors without the cells were extremely
small, amounting to 0.03 °C. This implies that the signals
obtained from the cell-mounted sensors were derived from
the cells. Consequently, these time-domain signals were
converted into frequency-domain signals via the fast Fourier
transform. In particular, the intensities at frequencies lower
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than 4 Hz were larger than those at other frequencies; this
was evident at 37 °C. Specifically, the temperature fluctuation
and intensity in the frequency spectrum were the largest at
37 °C, indicating high activity, whereas those at 25 °C and 45
°C were almost similar, suggesting limited activity. As
aforedescribed, fluctuations in the temperatures of cells were
mainly dependent on the surrounding temperature.
Additionally, the frequency spectra of the temperature signals
showed large intensities at frequencies in the range lower
than 4 Hz. Our findings on the repeatability of measurement
results in the spontaneous thermogenesis of COS-7 cells align
with the results that were previously reported and discussed
in our earlier work.>® We are delighted to demonstrate the
repeatability of our measurement results.

Temperature signals of COS-7 cells with external heating

Subsequently, we measured the increase in the temperature
of cells and evaluated the thermal responses by changing the
local heating cycles along with the frequency modulation of
the IR laser. The IR laser rays were focused on the centre of
the hole in the thermistor, which heated the cell inside. The
temperature of the cell was detected solely via the thermistor
around the IR-irradiated point, as shown in Fig. 1. The
modulation frequency of the IR laser was increased from 0.25
Hz to 7.0 Hz, with increments of 0.25 Hz. The duty ratio was
set as 1:1, ensuring that the on/off times of local heating
were identical in a cycle. The changes in the temperatures of
the cells were measured at surrounding temperatures of 25
°C and 37 °C. Additionally, temperature fluctuations of water
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Fig. 4 Time- and frequency-domain signals of spontaneous thermogenesis from cells at varying ambient temperatures without external heating
(top: time domain and bottom: frequency domain). The ambient temperature was set as (a) 25 °C, (b) 37 °C, and (c) 45 °C. (d) The results without

the cell on the sensor at 37 °C.
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Fig. 5 Variation in temperature changes and signal intensities of the cells in the time and frequency domains with the surrounding temperature
and laser irradiation frequency. (a) Measured temperature change in the cell under local irradiation using the IR laser with 0.25 Hz at 25 °C, (b)
with 3.0 Hz at 37 °C, and (c) that of water with 5.0 Hz at 37 °C. (d) Frequency spectrum of the signal intensity of the cell under local irradiation
with the IR laser at 0.25 Hz, (e) 3.0 Hz, and (f) that of water at 5.0 Hz. Signal intensity for each modulated frequency of the cell at a temperature of

(g) 25 °C, (h) 37 °C and (i) those of water at a temperature of 37 °C.

at 37 °C were considered as a reference for comparison. The
time-domain signals obtained were converted into frequency-
domain signals, and the signal intensities at modulated
frequencies are plotted in Fig. 5(d)-(f). Fig. 5(a)-(f) show
measurement examples of the following: (a) and (d) show the
cell at 25 °C with 0.25 Hz, (b) and (e) show the cell at 37 °C
with 3.0 Hz, and (c) and (f) show the water at 37 °C with 5.0
Hz. The signal intensities (which, in this case, indicate the
changes in temperature) of the cells were higher at lower
frequencies, linearly decreasing up to 2 Hz and remaining
almost constant above 2 Hz at the surrounding temperatures
of 25 and 37 °C. Furthermore, the signal intensity at 37 °C
was higher than that at 25 °C at frequencies in the range
lower than 2 Hz. A lower modulation frequency corresponded

2416 | Lab Chip, 2023, 23, 2411-2420

to a longer heating time. The signal intensities of water were
almost constant at approximately 2 °C in the measured
frequency range.

The saturated temperature, with an increase in the
irradiation time, was obtained. Fig. 6 shows an increase in
the temperature signal through IR laser irradiation to heat
the subjected cell as a measurement example at a
surrounding temperature of 37 °C and modulation frequency
of 0.25 Hz. Here, the time constant is defined as the time
required for the cells to reach 63.2% of the saturated
temperature. The increase in the saturated temperature and
time constant at surrounding temperatures of 25 and 37 °C
with 0.25, 0.60, and 3.0 Hz, and 45 °C at frequencies of 0.6
and 3.0 Hz are summarized in Table 1. The temperature

This journal is © The Royal Society of Chemistry 2023
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IR laser. (a) Measured temperature change in the cell at a surrounding

temperature of 37 °C under local irradiation with the IR laser at 0.25 Hz and the enlarged image with the IR laser turned on. (b) Temperature
changes for each modulated frequency of the cell at 25 °C with 0.6 Hz, (c) 37 °C with 3.0 Hz, and (d) 37 °C with 5.0 Hz.

increase did not saturate at a frequency of 5.0 Hz (Fig. 6(d));
hence, this frequency was eliminated from the thermal
response results.

The thermal conductivity and specific heat capacity were
calculated based on the increase in the saturated temperature
and time constants. The definition for thermal conductivity «
can be expressed as

a(Wm™'K"). =

where W, L, AT, and A denote the input heat, length of the
heat propagation path, temperature difference between the
input and output along the path, and cross-sectional area,
respectively. The thermal conductivities of the cell and water
can be expressed as follows:

W-L 2
[o4 =,
water AT water-A
W-L
Coel] = — . 3
cell ATcell A ( )

For the experiments conducted in this study, W, L, and A are
approximately equal because the dimensions of the sensor
and experimental system were similar; thus, we obtained the
following:

(4)

Qell = *Owater AT water -

1
ATcent

The thermal resistance of an object can be expressed, as
shown in eqn (5), considering the definition of thermal
conductivity as

Table 1 Experimentally obtained saturated temperature and time constant at each temperature and laser input frequency

Temp. 25 °C 37 °C 45 °C
Frequency (Hz) 0.25 0.60 3.0 0.25 0.60 3.0 0.60 3.0
Cell Saturated temp. (°C) 3.52 2.56 3.02 4.73 5.90 5.00 3.02 2.89
Deviation (°C) 0.30 0.2 0.30 0.35 0.31 0.30 0.16 0.24
Time constant (ms) 63 57 48 58 51 44 49 47
Deviation (ms) 13 10 4.9 10 7.8 3.6 5.1 4.4
Water Saturated temp. (°C) 3.39 2.71 3.28 3.35 3.55 4.43 4.09 4.00
Deviation (°C) 0.31 0.50 0.14 0.36 0.61 0.30 0.15 0.16
Time constant (ms) 61 59 50 60 59 47 60 58
Deviation (ms) 10 13 29 7.6 6.7 4.0 3.4 3.5

This journal is © The Royal Society of Chemistry 2023
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L(m)
a(Wm™K1)-A(m?)

RKW?) = (5)
Similarly, the heat capacitance of an object can be expressed,
as in eqn (6), based on the definition of specific heat capacity
as

COK™ =cp(J g K )p(g m™)-V(m?). (6)

Here, Cp, p, and V denote the specific heat capacity, density,
and volume of the material, respectively. The time constant,
which was experimentally obtained by periodic local heating
via IR laser irradiation, can be expressed as follows:

7(s) = REK W ')-CJ K™). 7)
The ratio of time constants for the cell and water is given as,
L c 14
Teell Reen*Ceen Aeell*A p-cell Peell
= =—7 . (8)
Twater  Rwater*Cwater .c . v
Qyater A p-water ‘Pwater

Thereafter, assuming that the densities of the cell and water
are the same (i.e., pcell = Pwater), We Obtained

Teell  Cleell

Cp_cell = *Cp_water- (9)

Twater (water

It is important to note that the density of cells and water has
a 4% difference;’” however, in this study, we assumed that

0.9 7

0.61 W/mK
06 + - — B - - - oo

0.3 A

Apparent thermal conductivity (W/mK)

0.0 -

0.25Hz 0.6 Hz 3.0Hz 0.25Hz 0.6Hz 3.0Hz 0.6Hz 3.0Hz
25°C 25°C 25°C 37°C 37°C 37°C 45°C 45°C

(a)
o80T
S 4.217 JIgK (water)
g a0 1T "I'"";IL'"""""""*T"'I'
£ LB
g 0.0

0.25Hz 0.6Hz 3.0Hz 025Hz 06Hz 3.0Hz 06Hz 3.0Hz
25°C 25°C 25°C 37°C 37°C 37°C 45°C 45°C

(b)

Fig. 7 Variation of thermal properties of the cells with the
surrounding temperature and laser irradiation frequency: (a) apparent
thermal conductivities at each temperature and laser input frequency
and (b) heat capacities at each temperature and local heating
frequency.
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they are the same. This assumption could impact the
accuracy of the measurement results. Furthermore, the
thermal conductivity and specific heat capacity can be
calculated by substituting the experimental results with the
temperature changes and time constants of the cell and water
as well as the thermal properties (thermal conductivity: 0.61
W m™ K" and specific heat capacity: 4.217 ] g K™') in eqn
(8). Fig. 7 shows the obtained thermal conductivities and
heat capacities at each temperature and heating frequency. At
a surrounding temperature of 25 °C, the spontaneous
thermogenesis signals and responses were limited, and the
thermal conductivity and specific heat capacity ranged from
0.61-0.66 W m™* K™ and 4.5-4.6 ] g”* K™, respectively, which
were almost identical to those of water. Of note, these
thermal properties were calculated under the assumption
that the entire input heat was diffused within the cell via
thermal conduction. At a temperature of 37 °C with large
spontaneous  thermogenesis responses, the thermal
conductivities and specific heat capacities obtained under
the aforementioned assumption (referred to as apparent
thermal properties) were 0.45, 0.37, and 0.55 W m~* K and
2.92, 2.21, and 3.6 J ¢ K with 0.25, 0.6, and 3.0 Hz,
respectively. At a temperature of 45 °C, the values of 0.81-
0.82 Wm™ K and 0.43-0.45 J g”* K" were obtained.

Discussion

In this study, we measured the temperature signals of cells
with and without external local heating. Subsequently, the
frequency spectra of the signals and their temperature
dependence were determined.

First, we acknowledge the measurement errors in our
experiments. The main cause is the influence of the culture
medium that surrounds and is in between the cell and
sensor. The cells were cultured densely on the device surface,
which means that the sensors were not directly exposed to
the medium. The distance between the cells and substrate is
reported to be 100 nm,**?° while the average height of the
cells is approximately 3 um.**** The thickness rate in volume
of the cell and water layers can result in an error of 3% in
our measurements. Considering the differences in height
and adhesion conditions of each cell, the actual error range
could be conceivable. The apparent thermal properties we
reported here also consider the effect of the cell membrane
and the interface between the cell and the surrounding
water.

The modulation frequency under local heating
corresponded with the duration of local heating, and the
signal intensities depended on the frequency. In particular,
stronger signals were observed in a frequency range lower
than 2 Hz at 37 °C, whereas that of water is almost constant
at any given frequency, as shown in Fig. 5. These results
indicate that the heat propagation is dependent on
frequency, which is a different result from that of water. The
researchers assume that the unique effects of periodic local
heating on different physiological temperatures in the whole

This journal is © The Royal Society of Chemistry 2023
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cell have an important role in cell functions; however, a
method for examining the intracellular phenomena that
occur is required. The differences in the thermal conductivity
and specific heat capacity at each surrounding temperature
and heating frequency were clearly observed. The apparent
thermal conductivity at 37 °C was lower than that of water.
Similar results for thermal conductivity (0.1-0.6 W m™" K)
have been reported using several types of cells.”’>* At 25 °C,
both these thermal properties and the frequency spectrum of
the cell were similar to those of water at each frequency.
Considering these results, we conclude that the thermal
properties of cells do not differ significantly from those of
water. Previous studies have reported the thermal
conductivity of dead cells to be approximately 0.6 W m™"
K.*** This value is similar to that of water and to our
results at 25 °C. However, the mechanism leading to this
thermal conductivity in both the inactivated cells at 25 °C
and dead cells are likely different as cells do not die at 25 °C.
This suggests that the cellular conditions related to low
physiological activity can be obtained without chemical
fixing, which accompanies cellular denaturation, by
decreasing the temperature. Nevertheless, it is assumed that,
at 37 °C, certain functions of cells are initiated, and some
intracellular reactions are activated. Additionally, the
frequency dependence of the apparent thermal properties
possibly shows the frequency of the activated reactions. The
spontaneous thermogenesis signal under a steady state is
considerably larger at 37 °C than that at other temperatures.
Periodic external heating induces reactions, and the thermal
fluxes inside the cells are somehow disturbed resulting in
smaller thermal conductivity and heat capacities. Previously
reported thermal conductivities,**™*” which were lower than
those of water, were likely influenced by the heat balance and
responses related to the cell's activity. It is possible that the
spontaneous thermogenesis signals at the physiological
temperature of 37 °C were induced by the cell's functions
and that the intracellular heat flow was disturbed by
interactions, such as protein denaturation or other
biochemical reactions along the path of heat propagation.
These results possibly aid in clarifying the 10°-gap issue by
highlighting the spontaneous thermogenesis changes of cells
via simple thermal conduction.*”” At 45 °C, a larger thermal
conductivity was measured at approximately 0.8 W m™ K.
Song et al. have reported similar results of large thermal
conductivity at high temperatures through the pulsed heating
of cells.** At this non-physiological temperature, cellular
activity is reduced and protective mechanisms are likely to be
triggered. The larger thermal conductivity contributes to the
heat dispersion and cooling of the cell. This is reasonable,
considering that a temperature greater than 37 °C would
damage the cells and fast cooling is required.

Specific heat capacities generally increase with the atomic
and molecular weights or as the molecular structure and
degrees of freedom become more complicated, owing to the
increase in the amount of energy that can be stored.***° Cells
contain not only water but also several types of proteins at
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varying amounts; they are, therefore, expected to exhibit heat
capacities exceeding those of water owing to their hydrogen
bonds and proteins with complicated structures. However, in
this study, the heat capacity determined via experiments was
lower than that of water at 37 °C. These results correspond to
those reported in previous studies on the specific heat
capacities of human and animal tissues.**™*’ Notably, this
low heat capacity indicates that energy storage and release
are convenient. Fast energy conversion is advantageous for
cells because they are continuously involved in biochemical
reactions. The specific heat capacities of general proteins and
lipids are approximately a third of that of water,’® while that
of certain lipids such as DMPC, which is one of the
representative lipids, is 125 J kg™ at 25 °C.”' Despite the
lower heat capacities of most cell components, the presence
of some components with higher values could result in a
specific heat capacity for cells similar to that of water at 25
°C. Furthermore, the heat capacity of cells at 45 °C was
similar to that of water, whereas the thermal conductivity
increased remarkably. At 37 °C, both thermal properties
varied from those of water. We assumed that this was
because the periodic local heating induced an intracellular
reaction related to the disturbance of intracellular heat
fluxes. The intracellular heat dispersion process that occurred
at 45 °C was different from the heat generation process that
occurred at 37 °C, likely because the heat capacity was the
same as that of water. However, this study could not clarify
why the heat capacity of the cells was lower than that of
water. To clarify this, another method to evaluate the
alterations in intracellular —materials, among other
functionalities, is required. Nevertheless, the results of this
study indicate that the cells feature unique thermal
characteristics that do not conform to the laws of
conventional thermal engineering. It is remarkable that the
frequency spectrum of spontaneous thermogenesis responses
from the cells corresponds to those of periodic external
heating. This possibly indicates that the unique frequency-
related signals were caused by the thermal functions of cells
and shows the time scales of intracellular reactions.

Conclusions

In summary, we evaluated the temperature signals of cells
using a microfabricated thermistor under varying local
heating times in addition to surrounding temperatures, in
contrast to previous studies, which have primarily focused on
the surrounding temperature. The frequency responses of the
cells varied depending on the surrounding temperatures;
high signal intensities were noted at lower modulation
frequencies (local heating times) at 37 °C, and the spectra
were similar to those of water at 25 °C. Furthermore, we
quantitively evaluated the thermal conductivity and, for the
first time, the specific heat capacity of the cells. The apparent
thermal conductivity and specific heat capacity were similar
to those of water at 25 °C, and both values decreased with
the increasing dependence of local heating frequency at 37
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°C; only the thermal conductivity increased at 45 °C. The
dependence of surrounding temperature and local heating
frequency possibly shows that the thermal properties are
similar to those of water and reflects the influences of
intracellular reactions at each temperature, such as for
metabolic heat generation at 37 °C and protective
mechanisms at 45 °C.
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