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We constructed a highly sensitive fluorescence wide-field imager
system with a microwave source, implanted fluorescent diamond
microparticles (“microdiamonds”) subcutaneously into the dorsal
skin of a mouse after sacrifice, and demonstrated the feasibility of
using optically detected magnetic resonance (ODMR) to measure
internal body temperature in a mammal.

Body temperature is one of the most important physical
parameters to evaluate the physiological state of individual
animals, and is generally considered to be the simplest and
most reliable indicator for detecting the onset of disease. Daily
body temperature rhythm is regulated by the nervous system
and is essential for maintaining homeostasis.!2 Several factors
can affect body temperature; for example, elevation of body
temperature via heat production in brown adipocytes is
related to social defeat stress in rodent species such as rats.?
Thus, body temperature measurement of individual animals is
a fundamental technology for studying pathophysiology,
activity, and psychology among other sciences.

Infrared thermography is frequently used to measure body
temperature;*®> however, it measures only body surface
temperature, which differs from internal body temperature
owing to the effect of ambient temperature. As a result,
infrared thermography may yield inaccurate or inconsistent

results, particularly when comparing data among experiments.

Small thermocouples have also been used to probe internal
body temperature;®-® however, they may physically affect the
animal’s body system because the thermocouple probe inside
the body must be hardwired to the measuring device.
Although  non-contact internal body temperature
measurements have been performed using an animal
telemetry system,®1 the smallest available animal telemetry
probes are currently millimeters in size, and may perturb the
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body system in a small animal such as a mouse. In short, there
is a strong demand for a non-contact method for the
measurement of internal body temperature in the field of life
science.

In recent years, optically detected magnetic resonance
(ODMR) using nitrogen-vacancy centers (NVCs) - fluorescent
lattice defects in diamond crystal - has attracted attention as
a nanotechnology for temperature measurement,'-!3 and has
the potential for non-contact thermometry of mammals. An
NVC has a pair of triplet electrons, which is stable at room
temperature, and its spin state is known to correlate strictly
with its fluorescence intensity.* In addition, thermal
expansion of the diamond crystal lattice and the spin-spin
interaction of the triplet electron spins are also closely
correlated. Furthermore, diamond has the highest thermal
conductivity under ambient conditions. Therefore, the
temperature around an NVC promptly changes the spin-spin
interaction, and is precisely determined by measuring the
axial zero-field frequency D (ie., the split of energy levels
between mg; = 0 and m; = *1 in the absence of external
magnetic field) of an NVC based on ODMR.'®

A fluorescent diamond microparticle (microdiamond) can
function as a micrometre-size temperature probe based on
ODMR.1¢ In this study, we implanted fluorescent diamond
microparticles (microdiamonds) under the skin of a mouse as an
ideal small-scale temperature probe in order to demonstrate
the capability of wide-field ODMR as a non-contact method to
measure internal body temperature. First, we combined an LED
green light source (UFLS-501; U-TECHNOLOGY Co.,Ltd., Tokyo,
Japan) and an electron multiplying CCD (EMCCD) camera (Andor
iXon DU897; Andor Technology, Belfast, UK) equipped with a
zoom lens (MVL7000; Thorlabs inc., Newton, NJ, US) into a
macroscopic fluorescence wide-field imager. Next, a microwave
source (N5172B; Keysight Technologies, Santa Rosa, CA, US),
which was synchronized with camera detection by a field
programmable gate array (FPGA), was incorporated into the
wide-field imager (Figure 1). A meander-line coil (size, 40x100
mm; number of rows, 40; row pitch, 2.5 mm), made of copper
wire, was used for non-contact microwave irradiation. Green
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light and microwaves were irradiated onto the measurement
sample, and fluorescence images passing through a longpass

FPGA digital I/0O

(Synchronization)

EMCCD camera

Longpass filter

~20 cm

filter of >650 nm (LP650; Thorlabs inc., Newton, NJ, US) were
detected by the EMCCD camera.
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Figure 1. lllustration of non-contact internal body temperature measurement using the wide-field ODMR imager system. Abbreviations:
EMCCD, electron-multiplying CCD; FPGA. field programmable gate array.

To test the performance of the system, we conducted proof-
of-concept ODMR and temperature measurements of
fluorescent microdiamonds on a coverslip. Vacancies were
created in microdiamonds with a diameter distribution of 40—
60 um (Micron+MDA 40-60; Element Six, Didcot, Oxfordshire,
OX11 OQR, UK) by irradiation with 2-MeV electrons at a
fluence of 2 x 1018 e7/cmZ2. The microdiamonds were thermally
annealed for 2 hours at 900°C under a vacuum to conjugate
the vacancies and to incorporate intrinsically present nitrogen
atoms into the vacancies to produce fluorescent
microdiamonds (Figure 2a). We confirmed the production of
NVCs by obtaining photoluminescence spectra (Figure 2b). As
a result, the fluorescent microdiamonds contained mainly
negatively-charged NVCs (zero-phonon line: 638 nm), which
are ODMR-active, and few inactive charge-neutral NVCs (zero-
phonon line: 575 nm).
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Figure 2.
Fluorescence image of processed microdiamonds. (b) Typical
photoluminescence spectrum of microdiamonds. Blue and red solid
lines show data obtained from as-received and processed
microdiamonds, respectively. (c) Temperature dependence of D of
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NVCs in fluorescent microdiamonds. D was measured three times
at each temperature, and all the values are shown.

To evaluate the temperature dependence of D of NVCs in the
microdiamond, we obtained ODMR spectra in the frequency
range of 2860-2880 MHz in steps of 0.133 MHz (66 ms/step)
using a homemade wide-field ODMR microscope,”'® while
changing the ambient temperature from 31.2 to 41°C using a
controlled temperature stage with temperature measured by
a thermocouple. The Dvalue was then obtained by fitting the
spectra /() to a Lorentzian function-based curve under the
assumption that the rhombic anisotropy parameter £ has a
distribution from dto nd MHz as follows:

A1k

1+(kd—f+w)z 1+(—kd—yD+w)2

(k)

1
I(w)zl—zzzl,?y (1)
where, w is the applied microwave frequency and a;u), azx
and y correspond to, respectively, the signal amplitudes and
the half-width at the half-maximum of the Lorentzian
function. Here, d= 1 MHz and n= 12 were used. As a result,
the temperature dependence of D (4D) was determined to be
-81.04+1.6 kHz/°C (Figure 2c), similar to previously reported
values.!115

To verify that our wide-field imager system worked, we
placed the microdiamond sample, which is a coverslip coated
with microdiamonds, at a distance of 20 cm from the camera
lens, and obtained the fluorescence images (Figure 3a) while
applying microwave irradiation at alternating frequencies of
2830 and 2870 MHz, corresponding to the off- and on-
resonance frequencies of NVCs, respectively. Figure 3b

This journal is © The Royal Society of Chemistry 20xx
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shows that decreasing fluorescence intensities were
observed at the on-resonance frequency due to ODMR. Next,
we measured the fluorescence while sweeping the
microwave frequency from 2860 to 2880 MHz in order to
obtain the ODMR frequency spectrum under ambient
conditions (Figure 3c). By fitting the spectrum obtained with
a 10-sec measurement time to the Lorentzian function-based
curve (1), D was determined to be 2870.79 MHz with an
accuracy, defined as the standard error of the fitting, of +26
kHz. The temperature can be extrapolated by referring to the
temperature dependence shown in Figure 2c as a calibration
curve owing to the linearity of the temperature dependence,
at least within the range of 7-57°C'5. We evaluated the
temperature to be 16.00°C with an accuracy of +0.32°C; this
was in reasonable agreement with the room temperature,
which was approximately between 12 and 20°C. Therefore,
an apparent increase in temperature was not induced by
photoexcitation and microwave irradiation. Even with a 2-
sec measurement, on the basis of the fitting error, we
achieved a temperature determination accuracy of +1.0°C
(Figure 3d).
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Figure 3. Application of the imager system and temperature
measurements using fluorescent microdiamonds on a
coverslip. (a) Fluorescence image of the fluorescent
microdiamonds (red) coated on a coverslip observed by our
system. (b) Fluorescence intensity changes in the
microdiamonds in (a) caused by alternating the microwave
frequency between 2860 and 2880 MHz. Each fluorescence
intensity was obtained with 33 ms of exposure time. (c)
Typical ODMR frequency spectrum of the microdiamonds in
(a) obtained with a 10-sec measurement. Gray points show
raw data; red solid line is the fitted curve. (d) Relationship
between measurement time and temperature accuracy.

Next, we tested the feasibility of our approach for internal
body temperature measurements by using a sacrificed
mouse. First, 50 pL of fluorescent microdiamond slurry
suspended in normal saline solution was injected
subcutaneously into the dorsal skin!® of a mouse after
sacrifice (Figure 4a). The mouse was handled according to
the principles and procedures outlined in our institutional
protocols after authorization by the Institutional Animal
Care and Use Committee (authorization number: 19-1005).
After shaving the fur and exposed the skin around the
injected area, we obtained fluorescence images of the

This journal is © The Royal Society of Chemistry 20xx
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microdiamonds (Figure 4b) to measure the ODMR frequency
spectrum between 2860 and 2880 MHz in steps of 0.133 MHz
(66 ms/step) on a controlled temperature stage (TPi-
110RH26, TOKAI HIT, Shizuoka, Japan; Figure 4c). When the
stage temperature was 38°C, a D value of 2869.304+0.044
MHz was obtained with a 1-min measurement time,
indicating that the temperature in the mouse was raised to
34.3°C. In this case, our system determined internal
temperature in a dorsal area of the sacrificed mouse with a
temperature accuracy of +0.5°C. To observe how the
measurements fluctuated over time, we measured ODMR
spectra successively with a 10-sec measurement time
(Figure 4d). The meantstandard deviation of these
measurements was 34.5+1.4°C, which is in reasonable
agreement with the temperature determined by a 1-min
measurement. This result strongly suggests that our system
is feasible for non-contact measurements of internal body
temperature in small animals.

It is expected that our non-contact temperature
measurement system, based on fluorescent microdiamonds
and ODMR, will avoid perturbations on the body system of
small animals during internal body temperature
measurements. Using our system with a 1-min measurement
time, temperature determination in the animal body was
achieved to an accuracy of £0.5°C. Such an accuracy seems
adequate for various /n vivo experiments. In addition, it is
generally known that a particle as large as a cell cannot be
passively introduced into a blood vessel. For this reason, the
implanted microdiamonds with a diameter of 40-60 pm will
be lodged under the skin, where it is assumed they will not
have harmful effect on the animal because diamond-based
materials are chemically stable, and thus have low toxicity?°-
22, However, we consider that further safety verification will
be required in order to use the method for a variety of
physiological experiments.

Fluorescent nanoparticles comprising Eu-
tris(dinaphthoylmethane)-bis-trioctylphosphine oxide also
can be used as ratiometric temperature probes for non-
contact measurement of internal body temperature.??
However, NVCs in microdiamonds have the advantage of
photostability, showing no photobleaching. Thus, the
accuracy of thermometry can be improved to a significant
degree by adjusting the measurement time. On the other
hand, the long measurement time may limit the applicability
of the system; in particular, it may prevent temperature
measurements in free-moving live mice. Although
temperature on a coverslip was determined to an accuracy of
+0.32°C with a 10-sec measurement, the accuracy was
reduced to approximately +1.5°C at this measurement time
in a mouse. One of the reasons for this is the low efficiency of
the optical spin polarization of NVCs because green light has
low depth penetration. However, there is scope to increase
the spin polarization because the ODMR contrast in mouse
was 30-40 times lower than that on the coverslip; and even
on the coverslip, the contrast was much lower than the
normal contrast achieved, which is more than 10%.2* For
instance, short-pulse photoexcitation with higher power
enhances the spin polarization, which should increase the
signal intensity and shorten the measurement time, even
though the duty cycle must be reduced. Another possible
cause is the low efficiency of the spin excitation of NVCs due
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to use of the meander-line coil. Such a wide-pitch meander- low Q factor and excites only few NVCs. To solve this problem,
line coil can pass the excitation and emission light and also it will be necessary to improve and apply wide-field s-band
allows wide-field spin excitation; however, it yields a very resonators such as spiral-based resonators.?®
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Figure 4. Temperature measurement using fluorescent microdiamonds in a sacrificed mouse. (a) Bright-field image of the mouse. The
lighter area is exposed skin. (b) Merged image of bright-field (grayscale) and fluorescence (red) images. The red bright area (circled in red)
shows the implanted fluorescence microdiamonds. (c) Typical ODMR frequency spectrum of the microdiamonds in (b) obtained with a 1-
min measurement time. Gray points are raw data; red solid line is the fitted curve. (d) Time course of the temperature determined by
using 10-sec measurements. Measurements were performed every 40 sec.
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Conclusions

In conclusion, to test the proof-of-concept of non-contact

internal body temperature measurement in an individual

animal by ODMR, we constructed a highly sensitive Conflicts of interest
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LED light source and an EMCCD camera synchronized with a

microwave source, and demonstrated the feasibility of this

system for measuring internal body temperature in a mouse. References
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