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Abstract: A dual
developed to determine the accuracy and anti-interference

thermocouple difference technique is

ability in the process of intracellular temperature measurement.
First, two micro-nano thermocouples ( TC) and a high-
precision signal acquisition module are used to measure the
temperature difference between the cell and the -culture
medium ( separated about 10 wm from the cell). The cold
junctions of two TCs are connected to eliminate the setting of
the reference temperature and enhance the anti-interference
ability. Then, a low-noise voltage amplifier and digital
acquisition card are used to sample signals. In order to verify
the feasibility of the dual thermocouple difference method,
the temperature changes of U251 cells are detected. The
calibration results of two TCs show that the Seebeck
coefficient is about 5 wV/C, and the signal acquisition
accuracy is 0.5 wV in a low voltage range (0-15 pV). With
the dual thermocouple difference method, errors due to the
cold junctions can be removed and the interference caused by
environmental temperature fluctuation can be reduced. The
phenomenon of cellular temperature increase proves that the
dual thermocouple difference method can detect the tiny
temperature change of a single cell. The method potentially is
a highly powerful technique for studying local thermogenesis
of cells and helps to explore the relationship between cellular
thermogenesis and cellular processes.
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ell is the basic unit of structure and function of or-
C ganisms, and plays an important role in metabo-
lism, signal transduction and other life activities''. It is
well-known that cellular activities such as cell prolifera-
tion, gene expression, and enzyme reaction can be reflec-
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ted in cellular temperature changes”™ .

made numerous attempts in the exploration of intracellular
temperature’” ™ . However, given that the scale of temper-
ature is relatively small, it is difficult to measure the sin-
gle cellular temperature accurately. With the development
of nanotechnology, the process of studying real-time in-
tracellular temperature measurement at the micro/nano
scale has been accelerated and many effective approaches
have emerged”’. Luminescence-based thermometry has
emerged as one of the principal means of measuring intra-
cellular temperature'™ . For example, Gota et al. "' devel-

Researchers have

oped a highly hydrophilic fluorescent nanogel thermome-
ter to detect COS7 cells’ temperature. Okabe et al. '
demonstrated the first intracellular temperature mapping
based on a fluorescent
fluorescence lifetime imaging microscopy.
al. """ used a similar dual-channel approach with two glass
micropipettes filled with the thermosensitive fluorescent
dye Europium ( Il) thenoyltrifluoroacetonate trihydrate to
detect the change in cell temperature by controlling the
enzymatic activity of Ca’"-ATPases in the endoplasmic
reticulum in a single Hela cell. Although fluorescence-
based methods have good spatial resolution, the potential
toxicity of materials to cells and low measurement accura-
cy remains elusive.

To date, thermocouple has been widely used in temper-
ature measurement because of its superior characteristics
in stability, accuracy and practicality. Based on our previ-
ous works, micro-nano thermocouple had the advantage

of high precision and quick time response to measure tem-
[12-15]

polymeric thermometer and
Suzuki et

perature . Thermocouple (TC) is composed of tung-
sten (W), polyurethane (PU) and platinum (Pt)"*'. The
functional part of the TC is a W-Pt junction based on the
Seebeck effect. According to the Seebeck effect, when
the ends of two different metals are joined together to
form a loop and the temperature of the two contact points
differs, a current and a corresponding electromotive force
will appear in the loop. During temperature measure-
ment, one contact point of the thermocouple needs to be
placed at known and constant temperature, and the tem-
perature of the other contact point can be obtained by cal-
culating the temperature difference of the two contact
points. The temperature obtained by a single TC cannot
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eliminate the interference caused by environmental fac-
tors, and the extended circuit of the metal junction also
131 " To address the above problems, we
developed a dual-thermocouple difference thermometry
method. This method improved the connection mode of
thermocouple and removed the setting of reference tem-

introduces errors

perature. The relative temperature difference between the
cells and the culture medium was detected by the differ-
ence method, which reflected changes in cell tempera-
tures that were not disturbed by the environment.

Cell behaviour greatly varies in metabolic activities to
meet nutrition and energy requirements, while the differ-
ence in metabolic activities may lead to a difference in
cell temperature''*"".

pronounced temperature characterization than normal cells
18-19]

Cancer cells usually have more

. For a more
practical use of the dual-thermocouple difference method,
we chose glioma cells (U251) for the temperature meas-
urement and observed changes in temperature. Two TCs
were placed in the cell and its culture medium, respec-

due to their increased metabolic activity'

tively, to detect the changes in cell temperature. The sig-
nal generated on the TC was displayed on the computer
through amplification, filtering and other processing. In
the detection of small temperature fluctuations, the results
obtained by the dual thermocouple difference method are
more convincing. Therefore,
difference method is potentially a highly powerful tech-
nique for the real-time measurement of intracellular tem-

the dual thermocouple

perature changes. It provides a new dimension to researc-
hing cancer cells by monitoring heat production. More
comprehensive thermal information in cell physiology ob-
tained may help us understand the mechanism of cellular
thermogenesis'™” .

In this work, we developed a dual-thermocouple differ-
ence method to measure intracellular temperature. The in-
terference of the reference point was eliminated by the
difference measurement of two TCs. The human glioma
cells (U251) were seeded in a 35 mm culture dish, and
then the changes of cell temperature were recorded. It
suggested that our method was able to detect tiny cellular
temperature changes. Compared with single thermocouple
temperature measurement, a dual-thermocouple difference
method reduced the error sources and improved the anti-
interference ability. It will drive the development of cell
temperature measurement at the single-cell level.

1 Experimental Method

We designed the dual-thermocouple difference method
and tested its feasibility, seeded human glioma cells
(U251) in a 35 mm culture dish, and evaluated the tem-
perature response of the cell. We also tried to measure in-
tracellular temperature using a conventional single ther-
mocouple. The advantages of the dual thermocouple

difference method were proved by comparing the results

of temperature measurement. The schematic diagram of
the experiment is shown in Fig. 1(a).
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Fig.1 Schematic diagram of experimental setup and process

design. (a) Intracellular temperature measuring device based on the du-
al-thermocouple difference method; (b) System flowchart

1.1 Device building

The device consisted of the operating platform and the
signal acquisition module. The operating platform for cel-
lular experiments consisted of two TCs, an inverted mi-
croscope ( Axiovert 200, ZEISS) and a micromanipulator
(PCS-5000, Burleigh). The signal acquisition module
was composed of two-low noise, low-drift, and broad-
band voltage amplifiers ( HB-818, Hongbin), a multi-
channel digital acquisition card (MyDAQ NI) and a com-
puter to process data. Two TCs were fixed to the mi-
cromanipulator by a self-made fixture, and the W-Pt
junctions were connected to the voltage amplifier. With
the help of the microscope and the micromanipulator,
TCs can be moved to any single cell in the field of view.
The schematic diagram of the device is shown in Fig. 1
(a). Since the scale of temperature inside cells was very
small, the signals on the TCs were collected after being
amplified 10 000 times by an amplifier and converted into
the cell temperature by signal processing. Fig. 1(b) pres-
ents the system structure chart. This device had some im-
portant functions such as multichannel continuous data ac-
quisition, parameter settings, and a waveform display,
which met the testing requirements.

1.2 Fabrication of the TCs

Tungsten was a suitable material used as the base of va-
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rious probes. Platinum acted as the outer pole due to its
good biocompatibility, and polyurethane was used as an
insulation between W and Pt. The tungsten rod ( length:
70 mm; diameter: 0.3 mm) was completely immersed
into anhydrous ethanol to the remove industrial oils that
adhered to the surface before electrochemical etching.
The depth of the tungsten rod in the etching solution was
adjusted to ensure that the tip of the tungsten rod had a
curvature radius of less than 200 nm and a cone angle of
between 10° and 20°. The tungsten rod with a standard
shape was selected using an inverted microscope ( Axio-
vert 200, ZEISS), and then wrapped in 60 g/L PU/THF
dissolvent solution. The tungsten’s tip was exposed due to
the liquid level tension. The W-treated rod surface was
splattered with platinum by using a vacuum splatter appa-
ratus (QI150TS, Quorum) to make TCs.

1.3 The principle of the difference thermometry

The key to measuring temperature with TCs was to de-
termine the relationship between temperature and voltage.
When Seebeck values for metals were constant with a
small temperature range (20-40 C), the thermoelectric
potential can be obtained based on the following formula:

V = J'T(SA(T) -8S,(1)dT = (T, - T,) (1)

where V is the voltage; S =S,(7) —S;(7) is defined as
the thermoelectric power; T,
W-Pt junction; and T,

junction. When the cold junctions of two TCs were
placed together, the difference in temperature ( A7) be-

tween the two W-Pt junctions can be calculated with

is the temperature of the
is the temperature of the cold

Vlip] = Slipl (Tt = Ten) (2)
vlip2 = Stipz( TlesLZ - Trel2) (3)
When T, =T,
V. V.
AT=T ~To =g " (4)
testl tes2 S[ip] S‘ipz
where V., V,, are the voltages of the two TCs; S,

S, are their thermoelectric power; AT is the relative tem-
perature change of a single cell in its culture medium.

Therefore, AT between the two TCs can be obtained
through their voltage values and their Seebeck coeffi-
cients.

1.4 Device calibration

In the signal processing module, the effective signal
frequency band was screened by the frequency domain
analysis. The butterworth filter from the LabVIEW pro-
gram was used to eliminate the noise interference. In or-
der to determine the device accuracy, the voltage value
from 5 wV to 30 wV which was generated by a micro-sig-

nal generator, was measured by the device and the high
precision digital multimeter ( precision: 0.3 wV) at the
same time. The voltage deviations were obtained by com-
paring the test results of our device and the high precision
digital multimeter. Then, the voltage deviations of the
device were corrected by software compensation.

The property of each thermocouple was not consistent
due to manufacturing process deviations. Thus, a calibra-
tion for each thermocouple to be used is necessary. The
calibration to TC was conducted in a standard thermally
gradient distilled-water bath. The water was heated from
5 C to 70 C and the W-Pt junctions of the TCs were
submerged in it. The voltage of the TC varied with the
temperature and was recorded every 5 C using a high
precision digital multimeter ( Agilent 34410A). The for-
mula of voltage signals versus temperatures can be ob-
tained through polynomial fitting.

To simulate the cell culture environment, 2 mL of me-
dium was added into a 35 mm dish while two TCs were
simultaneously transferred into the medium. The tips of
TCs were kept as close as possible without damaging it,
and the temperature at the same point was measured.

1.5 Cell culture

The human glioma cell line (U251) was obtained from
KeyGENBioTECH ( Nanjing, China). The cells were
cultured in Dulbecco’s Modified Eagle Medium ( DMEM,
Gibco) supplemented with 10% fetal bovine serum
(FBS, Cellsera) and maintained at 37 C in 5% CO,.

1.6 Cell temperature measurement

Cells grown in 35 mm dishes were placed on the objec-
tive platform of the microscope and the two TCs were
controlled by the micromanipulator to measure the tem-
perature. The two TCs were moved to the tested cell and
remained in the current state until the reading was stable.
One was gently touched with the cell as a test thermome-
ter, and the other was placed near the cell as a reference
thermometer.

2 Results and Discussion

2.1 Device realization

We built a dual-thermocouple difference thermometry
device and the connection mode of TCs was simplified.
During the use of a single TC, multiple junctions (J1,
J2, J3, and J4) were generated due to the connection of
the thermocouple and the metal conductor. In order to
capture the cellular temperature, the cold junction (J2)
should be placed in a mixture of ice and water at a con-
stant temperature. The contact point between the thermo-
couple and the conductor (J3 and J4) should be main-
tained at the same temperature (see Fig.2(a)). The wire
connection needs to be in an isothermal state during the
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course of use. The experimental conditions were difficult
to realize, and incorrect operation could produce unwant-
ed errors.
(b)), the two cold junctions are connected at the same
temperature, so AT between the two TCs can be obtained
through Eq. (1). There was no need to set the condition
of constant temperature,

In the dual-thermocouple mode ( see Fig. 2

and the measurement results
were completely comprised of the temperature difference
between the cell and its culture medium.

Isothermal
block ggl3

|Ice water
l mixture

o8- "‘f
]

(b)
Fig. 2 Comparison of single-thermocouple connection mode
and dual-thermocouple connection mode. (a) Single-thermocouple
mode; (b) Dual-thermocouple mode

The structure of the TC is shown in Fig.3(a). Needle-
like morphology made the W-Pt junction smaller and
more suitable for single-cell analysis. In the magnified
image, the tip of the thermocouple was less than 1 pm
which indicated that the TC could meet the requirements
of single cell temperature measurements ( see Fig. 3(b)).

/

Junction:

Insulating layer

(a)

Fig.3 Schematic diagram of the TC. (a) Schematic diagram of
the TC structure; (b) SEM images of the tungsten rod after electrochem-
ical etching (800 x)

2.2 Signal processing

The purpose of the frequency domain analysis was to
make the signal as smooth as possible while retaining the

characteristics of the signal. When the low frequency sig-

nal was submerged in the high frequency noise, as long
as the signal and noise were in different frequency bands,
a suitable frequency selective filter could be designed to
filter the high frequency noise. Fig.4(a) shows the fluc-
tuation of the signal in different frequency bands.
found that the signal was stable and accurate in the low
frequency range (0-50 Hz). The original signal showed
good stability after being filtered. Fig.4(b) shows the re-

It was

sult of signal filtering that the signal fluctuation range was
less than 0.5 wV (the red line). One of the advantages of
the virtual instrument based on LabVIEW was that the fil-
ter parameters can be adjusted according to the actual situ-
ation to ensure the optimum performance of the device.

The device was calibrated with the data collected by the
high precision digital multimeter as a reference, and the
device accuracy was 0.5 wV in a low voltage range (0-15
V) (see Fig.4(c)). The voltage in this range was con-
verted to temperature, far exceeding the heat produced by
a single cell, which met the requirements of cellular tem-
perature measurement.
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Fig.4 Signal processing results. (a) Results of frequency domain
analysis; (b) The curves of the voltage signal before and after filtering;
(c¢) The test curves of the voltages provided by the system and the high

precision digital multimeter
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2.3 Device test

As shown in Fig. 5(a), the relationship between volt-
age and temperature obtained by the trinomial fitting in
the calibration process of TC was clear. S was the See-
beck coefficient of the TC. According to the Seebeck co-
efficient of 5 wV/C, the temperature precision was about
0.1 C. The two TCs with known Seebeck coefficients
were combined with the signal acquisition module in ac-
cordance with Fig. 1 (a). The temperature of the same
point was measured by two TCs. Fig. 5(b) shows the
voltage value of each thermocouple and the temperature
value calculated by Eq. (4). Although the voltage values
from each TC showed an obvious fluctuation, the fluctua-
tion trend was parallel, and the relative temperature ob-
tained through the device was stabilized and close to ze-
ro. Compared with single thermocouple, the dual-ther-
mocouple difference method showed better accuracy and
anti-interference ability.
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Fig.5 TCs calibration results and device test results. (a) Volt-
age versus the temperature of the TCs; (b) The test curve of the dual-
thermocouple difference method

2.4 Comparison of single-thermocouple mode and
dual-thermocouple mode

In order to further demonstrate the advantages of the
dual-thermocouple difference method for the insensitivity
to environmental disturbance, we prepared two experi-
mental schemes. One was to use a single thermocouple
for intracellular temperature measurement, and the other

was to use a dual-thermocouple difference method for in-
tracellular temperature measurement. Both experiments
were conducted simultaneously in an open experimental
environment, and changes in environmental temperature
were recorded during the experiment. Fig. 6 is a schemat-
ic diagram of the positions of thermocouples and cells.

Meaé‘u,
e e
2073 TC
Cell ™ Cell ™
2 Z 3y
i i
(a) (b)
Fig. 6  Schematic diagram of two temperature measurement
methods. (a) Single-thermocouple mode; (b) Dual-thermocouple
mode

At the beginning of the temperature measurement, two
TCs were carefully placed close to the cell under a normal
culture and kept at 10 pm distance from the cell. As
shown in Fig.7, the left probe is the measurement probe,
and the right is the control probe. After the reading be-
came stable, the left TC was moved to touch the cell and
the right TC was kept in-situ.

(b)
Fig.7 Optical microscopic image of a living U251 cell. (a)
Prior to the temperature measurement; (b) During the temperature meas-

urement

By monitoring the environmental temperature, we
found that the open experimental environment would lead
to temperature fluctuations. As shown in Fig. 8(a), the
circle indicated that the temperature fluctuation was sig-
nificant. The three marked temperature values changed by
about 0.2 C. We performed cellular temperature meas-
urements in this environment, but the two methods
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showed different results. In the single thermocouple
mode, the cellular temperature curve produced multiple
peaks. The peaks marked by arrows correspond to tem-
perature fluctuations in an environmental temperature im-
age (see Fig. 8(b)). The result indicated that the meas-
urement of cellular temperature using a single thermocou-
ple was susceptible to interference from the environmental
temperatures. Fluctuations of 0.2 ‘C were easily confused
with changes in cellular temperature. In the dual-thermo-
couple mode, there was only one peak in the cellular tem-
perature curve and the fluctuation caused by environmen-
tal interference was weakened (see Fig.8(c)). Although
both results showed a similar trend, the results obtained
by the dual thermocouple difference method were smoot-
her and more stable. It showed that the dual-thermocou-
ple difference method was not sensitive to environmental
interference. This method could effectively eliminate in-
terference and improve the accuracy of cellular tempera-
ture measurement.
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Fig.8 The results of temperature measurement. (a) Tempera-
ture measurement of the experimental environment; (b) Cellular temper-

ok

ature measurement by a single thermocouple; (c) Cellular temperature
measurement by a dual thermocouple

3 Conclusions

1) With the dual-thermocouple difference method, it
was ensured that the obtained results could reflect temper-
ature changes in single cell and not be disturbed by the

environment.

2) Compared with single thermocouple, the dual-ther-
mocouple mode not only can remove the setting of refer-
ence points, but also improve the anti-interference ability
of the device.

3) The temperature measurement accuracy of this meth-
od was about 0. 1°C, which could detect the tiny tempera-
ture fluctuations of a single cell.

4) The dual-thermocouple difference method was par-
ticularly suitable for evaluating the thermogenic ability of
a single cell. The accurate and reliable measurement
method will assist the study of intracellular thermodynam-
ics and thereby help to explore the profound mechanisms
of cells.
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