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This paper presents a microneedle thermocouple probe designed for temperature measurements in biological
samples, addressing a critical need in the field of biology. Fabricated on a Silicon-On-Insulator (SOI) wafer, the
probe features a doped silicon (Si)/chrome (Cr)/gold (Au) junction, providing a high Seebeck coefficient, rapid
response times, and excellent temperature resolution. The microfabrication process produces a microneedle with
a triangular sensing junction. Finite Element Analysis (FEA) was employed to evaluate the thermal time constant
and structural integrity in tissue, supporting the probe's suitability for biological applications. Experimental vali-

dation included temperature measurements in ex-vivo tissue and live Xenopus laevis oocytes. Notably, intracellu-
lar thermogenesis was detected by increasing extracellular potassium concentration to depolarize the oocyte
membrane, resulting in a measurable temperature rise. These findings highlight the probe's potential as a robust
tool for monitoring temperature variations in biological systems.

1. Introduction

The role of temperature in biology has been a subject of debate since
the early works of classical authors including Aristotle and Empedocles,
who proposed that temperature differences during embryogenesis in-
fluenced organ and sex development ((Peck, 1942;Shaw, 2014). This
ancient discussion foreshadows several modern studies on the influence
of temperature on biological processes and disease states (Baffou et al.,
2014; Baroiller et al., 2009; Baroiller and Guiguen, 2001; Chen et al.,
2015; Chretien et al., 2018; Clarke, 2003; Ferguson and Joanen, 1982;
Guo et al., 2012; Ki et al., 2015; Lane, 2018; Morreale et al., 1982;
Nakano et al., 2017; Okabe et al. 2012, 2018; Quint et al., 2016; Rhen
and Schroeder, 2010; Shen and Wang, 2014; Sonna et al., 2002; Takei
et al., 2013). Temperature fluctuations are integral to processes such as
metabolism, cell division, and other cellular activities (Hildebrandt et
al., 2002; Jaque et al., 2014). Cancer cells generate heat (Kuruganti and

Qi, 2002) and temperature is raised in response to infections, triggering
innate and adaptive immune responses (Evans et al., 2015). Brown adi-
pose tissue is known to produce heat in response to cold conditions
(Lowell and Spiegelman, 2000; Ricquier, 2006). Additionally, neuro-
science research has highlighted that even slight brain temperature
variations of 1 2 °C can significantly impact memory and behavioral
patterns (Rajagopal et al., 2019).

Techniques involving molecular reporters have been employed to
gauge temperature gradients within cells, revealing differences of ap-
proximately 1 °C 2.9 °C between cell nuclei and cytoplasm (Nakano et
al., 2017; Okabe et al. 2012, 2018; Takei et al., 2013). Remarkably,
temperature differentials of up to 10 °C originating from mitochondria
have been reported using temperature-sensitive fluorescence probes
(Baffou et al., 2014; Chretien et al., 2018; Lane, 2018). However, de-
spite their utility, temperature-sensitive fluorescence probes have sig-
nificant limitations: they are ineffective in opaque samples, are influ-
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enced by environmental factors such as pH and ionic strength, and pro-
vide low temporal resolution (Zhou et al., 2020).

In practical applications like magnetic nanoparticle (MNP)-
mediated hyperthermia, MNPs are activated by an alternating magnetic
field to generate localized heat within tumors, making it an effective
technique for targeted cancer therapy, including in the brain and other
organs (Lian et al., 2021; Rajan and Sahu, 2020). Accurate temperature
monitoring is essential to prevent damage to neighboring tissues. Tem-
perature probes are crucial for precise tissue temperature measure-
ments, which aid in modeling heat transfer in tissues and developing
accurate hyperthermia treatment protocols.

A key tool for measuring temperatures is the thermocouple, which
consists of two different electrically conductive materials, typically
metals, joined at two junctions : the hot junction and the cold junction
(Childs, 2001). The temperature difference between these two junctions
generates an electromotive force proportional to this temperature dif-
ference, a phenomenon known as the Seebeck effect. Typically, thermo-
couples are made from pairs of materials with positive and negative
signs of the Seebeck coefficient in order to increase the measured volt-
age. The distinct advantage of a thermocouple lies in its sensitivity to
temperature changes solely at the thermocouple junction, rendering it
unaffected by temperature fluctuations in other parts of the device
(Childs, 2001). Thermocouples are also characterized by ease of cali-
bration, insensitivity to fluid viscosity and chemical processes, non-
toxicity to cells and tissues, and rapid response times. Several microma-
chined thermocouples have been reported (Fish et al., 1995;
Gianchandani et al., 1993; Gianchandani and Najafi, 1997; Jiong et al.,
2017; Li et al., 2001; Majumdar et al., 1995; Shekhawat et al., 2018);
however, these are not designed for use in live tissue measurements and
often lack the necessary electrical insulation for operation in such envi-
ronments. Recent advancements have seen the development of stan-
dard metal junction thermocouples for biological applications
(Rajagopal et al. 2018, 2019; Wang et al., 2011).

In contrast to standard metal junction thermocouples, which exhibit
relatively modest Seebeck coefficients (<100 pV/K combined See-
becks), doped Si stands out for its capacity to reach significantly higher
values (Assumpcao et al, 2018; Gianchandani et al., 1993;
Gianchandani and Najafi, 1997; Laszcz et al., 2021; Van Herwaarden
and Sarro, 1986; Wang et al. 2018, 2020). Notably, intrinsic Si, in its
undoped state, can achieve Seebeck coefficients around 1000 pV/K.
The process of doping Si, wherein impurities are introduced to alter its
properties, has a marked impact on its Seebeck coefficient. Light doping
can result in coefficients within the range of several hundred pV/K, en-
hancing electrical conductivity, which is crucial for effective thermo-
electric performance. However, as the doping level increases, there is a
notable reduction in the Seebeck coefficient. The balance between See-
beck coefficient and electrical conductivity ensures the functionality of
the thermocouple.

This paper presents the fabrication of a thermocouple probe utiliz-
ing doped Si-Cr/Au junctions on an SOI wafer. This probe offers several
key advantages, particularly beneficial for biological applications. Its
miniaturized design, enabled by micromachining methods and the use
of doped silicon (Si) and chrome-gold (Cr/Au) junctions, allows for pre-
cise temperature measurements within the constrained and sensitive
environments of tissues and large cells. The needle-like design enhances
its application by enabling effective penetration into tissues, with struc-
tural integrity allowing for measurements at depths of 1 mm and be-
yond. The increased Seebeck coefficient, reaching up to 447 pV/K, re-
sulting from the combined effects of the doped silicon and the Cr/Au
composite stack in the probe, leads to improved temperature sensitiv-
ity. Moreover, the rapid response time facilitates real-time monitoring
of dynamic biological processes. Compared to existing solutions, which
may lack necessary electrical insulation, the probe is electrically insu-
lated. We demonstrated efficacy of this probe by accurately measuring
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temperature changes in ex-vivo tissue samples and live Xenopus laevis
oocytes.

2. Material and methods

This probe features a cantilever with a triangular-shaped tip sus-
pended from the chip handle. The cantilever measures 40 pm in width,
10 pm in thickness, and comes in lengths of 500 pm, 1000 pm, or
1500 pm. The chip handle has dimensions of 1500 pm in width, 685 pm
in thickness, and 3700 pm in length. Fig. 1 (a) displays a scanning elec-
tron microscopy (SEM) image of the fabricated micromachined probe
with a 1500 pm long cantilever. The first junction is located near the
cantilever's tip, featuring a triangular shape with an area of 54 pm?, as
shown in Fig. 1 (b). The second reference junction is situated at the chip
handle. Both junctions are composed of Cr/Au (40 nm/160 nm) and
doped silicon. Detailed fabrication steps are illustrated and described in
Supplementary Fig. S1, Supplementary material and methods.

3. Results and discussion
3.1. Probe characterization

To measure the Seebeck coefficient, a pre-calibrated 50 pm titanium
wire was used. The wire was heated using a Keithley 2400 sourcemeter
(Tektronix, USA), and at each power setting, its temperature was
recorded with a 75 pm-diameter insulated thermocouple (Omega Engi-
neering Inc, USA). Once the wire was calibrated, a 34401A multimeter
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Fig. 1. Images and voltage-temperature calibration of the probe. (a) Scanning
Electron Microscopy (SEM) image of the probe, which is 1500 pm in length.
(b) Close-up SEM image highlighting the triangular thermocouple junction lo-
cated at the tip of the cantilever probe. (c¢) Graph showing the relationship be-
tween the probe voltage (V) and temperature (T) obtained using a pre-
calibrated thin wire. Each voltage measurement represents an average of 10
readings (N = 10), with the standard deviation being smaller than the size of
the points on the graph and the average coefficient of variation (CV) 2.1%. The
calculated Seebeck coefficient is 447 pV/°C (Inset) Image of the probe making
contact with the calibration wire in air.
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(Keysight, USA) was employed to monitor voltage changes in the probe.
The probe was placed in direct contact with the wire, as shown in
Supplementary Fig. S2. The wire's temperature was gradually increased
and the corresponding voltage of the probe was recorded. Multiple
measurements were taken for each specific power level applied to the
wire.

Testing various probes using this method resulted in Seebeck coeffi-
cients ranging from 141.4 pV/°C to 447.3 pV/°C (Fig. 1(c) and Fig. S3),
aligning with previous reports (Wang et al. 2018, 2020). The observed
variations are likely due to differences in silicon doping, manufacturing
inconsistencies, and surface effects. In comparison, commercial thermo-
couples, such as K-type and E-type, have lower coefficients of around
40 pV/°C and 68 pV/°C, respectively. Once the Seebeck coefficient was
calculated, we used this value to determine the temperature resolution
of our probe. This was achieved by dividing the multimeter's resolution
limit (0.1 pV) by the Seebeck coefficient (Wang et al., 2011), yielding a
temperature resolution in the range of 0.0007 °C 0.00024 °C. For an
analysis of the temperature fluctuations, please refer to the Supplemen-
tary Section: "Analysis of Temperature Fluctuations."

3.2. FEA simulations

The thermal time constant of the probe within tissue was deter-
mined through time-dependent numerical simulations using COMSOL
Multiphysics 5.5 FEA (details described in Finite Element Modeling
Supplementary Section). We employed simulations due to the limita-
tions in the data acquisition rates of our instrumentation, a common ap-
proach in similar studies (Rajagopal et al., 2018; Wang et al., 2011)
(Fig. S8). The model involved a solid tissue, where the temperature of
the tissue was lower and matched that of the surrounding environment
at 293 K. The dimensions of the tissue sample were specified as 2 mm
by 2 mm. A convective heat flux boundary condition was applied at the
interface between the tissue and the environment, assuming a heat
transfer coefficient of 10 W/(m?K) to that of air. The probe was ini-
tially set to a temperature of 313 K. Material properties for silicon (Si),
gold (Au), silicon dioxide (SiO,), and tissue are detailed in Table S1.
The analysis was conducted in two dimensions. Examples of the can-
tilever's temperature profile at time values t = 0, 107>, and 10™* s are
depicted in Fig. S4 (a, b, ¢) showing a uniform distribution of tempera-
ture across the cross section of the cantilever. Fig. 2(a) shows a magnifi-
cation of the Au/Si junction area at t = 107> s. The thermal time con-
stant was estimated to be approximately 57 ps, calculated from the tem-
perature-time graph at the Au-Si junction interface (Fig. 2(b)), by iden-
tifying the point at which the temperature difference decreased to 1/e
of its initial value.
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To study the structural integrity of the probe we employed COMSOL
Multiphysics 5.5, using its solid mechanics capabilities to conduct an
analysis on a three-dimensional representation of the probe, as depicted
in Fig. 2(c). The equations for linear elasticity were employed to evalu-
ate the mechanical stresses under applied forces. The probe is a can-
tilever with the free end at the tip and fixed end at the base. We sub-
jected the model to a load along the x-axis to ascertain its linear buck-
ling threshold (Al Mamun et al., 2022; Paik et al., 2004). This analysis
enabled us to calculate the critical buckling load, which is the lowest
pressure that induces buckling in the probe. Our findings (Fig. S5) re-
vealed that for a probe length of 1.5 mm, the critical buckling load was
3.46 MPa. For a probe measuring 1 mm in length, this value increased
to 7.71 MPa, and for a length of 0.5 mm, the critical buckling load fur-
ther increased to 30.47 MPa. These findings are particularly significant
when compared against the typical resistance of human skin, which is
approximately 3.18 MPa (Al Mamun et al., 2022; Fan et al., 2005;
Wilke et al., 2005). This comparison suggests that all our probes possess
the mechanical capability to penetrate the skin, a conclusion that is also
supported by our experimental data below. This analysis focuses solely
on the aspect of insertion pressure. However, for a comprehensive as-
sessment of the probe's stability, it is essential to take into account addi-
tional factors such as bending forces and various other potential stress
scenarios during insertion into the skin, which could result in mechani-
cal failure (Aggarwal and Johnston, 2004; Al Mamun et al., 2022;
Ganesan et al., 2014).

3.3. Measurement in tissues and live cells

To evaluate the performance of our probe in a biological tissue set-
ting, we conducted temperature measurements on chicken breast tis-
sue. A temperature controller (TEC-CH1, Nanosurf, Switzerland) was
used as the heating element to apply controlled heat to the tissue. We
monitored the changes in voltage from our probe using the voltmeter,
as detailed in the experimental setup (Fig. S6). After inserting the ther-
mal probe into the tissue (Fig. 3(a and b)), we gradually increased the
heater's temperature to observe the tissue's internal temperature
changes. For comparison, we used thermocouples: one placed at the
bottom of the dish beneath the tissue and another embedded within the
tissue itself (as shown in Fig. 3(b) and Fig. S6). This setup allowed us to
simultaneously record temperature changes using both our probe and
the reference thermocouples. Throughout the experiment, the probe re-
mained attached to a holder and inserted into the tissue, enabling con-
tinuous temperature tracking. Additionally, the repeated insertion of
the probe confirmed its durability and structural integrity. The analysis
of the graph in Fig. 3(c) reveals that the temperature increases recorded

Timeslf.-5 . Zrinface: Termperatue (K
"hlll_‘ i Ml o
it 1 ¥
310 i
L T .
[ : prom 7%
il B RE TR (T8 18 [T o -
il \ U - [
uE 4 e T 30nC giss 40 © 5 i
i b
e 5%
TV r
v s
IR T T T T T T T T T T L
B e X ] T HEiess Mot
ol b} Tierss % ep
1% b 5 A ]

Fig. 2. FEA thermal and mechanical simulations. (a) Zoom-in view of the temperature distribution at 107> s. (b) Graph of temperature versus time at the Au-Si junc-
tion interface. (c) An FEA model utilizing the solid mechanics module was used to simulate the stress distribution. The graphical output employs color contours to de-
pict the Von Mises stress magnitude throughout the structure. Regions experiencing elevated stress levels are highlighted in red, signifying higher intensity, whereas

zones of diminished stress are conveyed through cooler (blue) tones.
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Fig. 3. Temperature measurements in biological samples. (a) Probe advancing towards the tissue. (b) Probe inserted into the tissue. (c) Temporal temperature rise
of the probe and thermocouples (T1 and T2) positioned at distinct tissue sites (standard deviation shown as shaded area). Average CV for the probe is 0.097%, for
T1 is 0.114%, and for T2 is 0.101%. (d) Probe positioned inside the Xenopus laevis oocyte in media. (e) Temperature response measured inside the oocyte by the
probe (blue line) over a 10-min period. The red line represents the temperature recorded by a reference thermocouple placed in the surrounding media, indicating
that the temperature change is localized to the oocyte. (f) Box plot summarizing the temperature change (AT) within the oocyte in response to KCl addition
(N = 7). The central line in the box shows the median temperature increase, while the box's edges represent the interquartile range. The whiskers indicate the

data's variability, and the "x" marks the mean temperature change. (CV 0.13%).

by our probe closely matched those detected by the commercial ther-
mocouples, validating our probe's accuracy in measuring temperature
within tissues. This result not only confirms the probe's effectiveness
but also highlights its ability to penetrate tissue, a capability that distin-
guishes it from conventional thermocouples.

After testing our probe for measuring temperature changes in tissue,
we moved on to assess its capability to detect small temperature
changes produced by individual cells. For this purpose, we used live
Xenopus laevis oocytes, which were sourced from Ecocyte Bioscience
US LLC. The oocytes were kept at 4 °C in Modified Barth's Solution
(MBS) supplemented with Penicillin/Streptomycin, with the solution
being refreshed every 2 3 days. On the day of the experiment, a subset
of oocytes was transferred to a dish. The follicle cell layer was removed
using collagenase, and the fibrous vitelline envelope was carefully elim-
inated by incubating the oocytes in 0.05 mg/ml protease (Type VIII;
Sigma) for 4 5 min (Wang, 2004). The oocytes were then allowed to
equilibrate to room temperature for 2 h in 5 ml of media. Before record-
ing oocyte temperature, nylon mesh discs (CMND-790-047, Component
Supply Company, Inc., United States, 790-pm mesh opening, 54% open
area, 47 mm diameter) were glued approximately 2.5 mm above the
bottom surface of the dish to hold the oocytes in place. The oocytes
were transferred to the dish containing the mesh. The probe was
mounted on a manipulator, while a reference thermocouple was posi-
tioned on a separate manipulator to monitor the media temperature
(Fig. S7). The probe was carefully inserted into the oocytes (Fig. 3 (d)).
After a few minutes, we added 1 ml of potassium chloride (KCl) to
achieve a final concentration of 20 pM, which induced a temperature
increase. Upon KCl addition, we observed an average temperature in-
crease of 0.49 °C with a standard deviation of 0.39 °C (N = 7) (Fig. 3(e

and f)). The heating duration averaged 0.9 min with a standard devia-
tion of 0.2 min (N = 7). To assess whether this response was physiolog-
ical, a series of control experiments were performed: KCl was added to
the setup without oocytes, the temperature outside the oocytes was
monitored both with and without KCl, and culture media was intro-
duced into the dish containing oocytes with the thermocouple/probe in
place. No temperature changes were observed in any of the control ex-
periments. By increasing the extracellular potassium [K+] to depolar-
ize the oocyte membrane, various endogenous voltage-gated channels
are likely activated, requiring the cells to expend additional energy to
maintain homeostasis (Terhag et al., 2010). We propose that the in-
creased metabolic demand is responsible for the observed rise in intra-
cellular temperature.

4. Conclusions

This study introduced a novel micromachined probe on an SOI
wafer for precise temperature measurements in biological tissues and
cells. The probe, featuring a doped Si/Cr/Au junction, demonstrated a
high Seebeck coefficient, rapid response times, and robust structural in-
tegrity, proving its suitability for biological applications. A key finding
was the successful detection of intracellular thermogenesis in live Xeno-
pus laevis oocytes, induced by high extracellular [K+ ] depolarization.
This capability marks a significant advancement in measuring cellular
temperature changes and highlights the potential of this probe for vari-
ous biological research applications. While this work primarily focused
on insertion pressure, future research will address other mechanical
stresses to better understand the probe's stability in practical use. Limi-
tations related to the reduced buckling load for longer probes will also
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be explored by investigating material reinforcement, geometric opti-
mization, and biocompatible coatings, aiming to enhance mechanical
stability for reliable temperature measurements in deeper tissues.
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