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Measuring physical quantities in the nanometric region inside single cells is of great importance for
understanding cellular activity. Thus, the development of biocompatible, sensitive, and reliable nanobiosensors is
essential for progress in biological research. Diamond nanoparticles containing nitrogen-vacancy centers (NVCs),
referred to as fluorescent nanodiamonds (FNDs), have recently emerged as the sensors that show great promise
for ultrasensitive nanosensing of physical quantities. FNDs emit stable fluorescence without photobleaching.
Additionally, their distinctive magneto-optical properties enable an optical readout of the quantum states of the
electron spin in NVC under ambient conditions. These properties enable the quantitative sensing of physical
parameters (temperature, magnetic field, electric field, pH, etc.) in the vicinity of an FND; hence, FNDs are often
described as “quantum sensors”. In this review, recent advancements in biosensing applications of FNDs are
summarized. First, the principles of orientation and temperature sensing using FND quantum sensors are
explained. Next, we introduce surface coating techniques indispensable for controlling the physicochemical
properties of FNDs. The achievements of practical biological sensing using surface-coated FNDs, including
orientation, temperature, and thermal conductivity, are then highlighted. Finally, the advantages, challenges, and
perspectives of the quantum sensing of FND are discussed. This review article is an extended version of the
Japanese article, In Situ Measurement of Intracellular Thermal Conductivity Using Diamond Nanoparticle,
published in SEIBUTSU BUTSURI Vol. 62, p.122-124 (2022).
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Recently, the involvement of various physical factors such as temperature in biological phenomena has been reported.
Fluorescent nanodiamonds are excellent sensors for measuring physical factors, both in vitro and in vivo. This review
provides basic information on the functionality of fluorescent nanodiamonds and interesting cell-specific findings by
measuring the fluidity of cell membranes and the temperature of single living cells using fluorescent nanodiamonds. We
hope that this review will draw more attention to the influence of physical phenomena on life processes and more
seamlessly link biology and physics, thereby furthering development within both fields.
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Introduction

Quantum sensing is a new area of quantum technology treating well-controlled quantum systems which has recently
become a distinct and rapidly growing research area within quantum science and technology [1]. Nitrogen-vacancy centers
(NVCs) in diamond crystals have emerged as solid-state quantum sensors due to their outstanding ability to sense various
physical quantities such as magnetic field, electric field, and temperature [1-3]. When NVCs are embedded inside
nanosized diamond particles, the nanoparticles serve as a quantum sensor that allows the measurement of these parameters
at the nano scale. Nanodiamond (ND) containing NVCs, called fluorescent nanodiamonds (FNDs), were developed by
Chang et al. in 2005 [4]. Most of their early applications were the fluorescent labeling of biomolecules and cells by taking
advantage of their exceptional photostability and low cytotoxicity [5,6]. However, interest in FNDs has shifted in recent
years towards biosensing applications [7-9]. The quantum state of the electron spin inside an NVC can be determined
from the light emitted from the NVC (optically detected magnetic resonance (ODMR)), and ODMR is sensitive to the
environment surrounding the NVC [10]. Therefore, if FND can be applied to cellular measurements, it would be possible
to quantitatively measure various physical quantities, chemical reactions, and structural changes in the intracellular
nanoregion, which are difficult to measure using conventional techniques. Because of these properties, FNDs are often
described as “quantum sensors”.

Many research groups have achieved unique nanosensing applications using FND quantum sensors [7-9]. Fujisaku et al.
demonstrated that nanodiamonds serve as nanometric pH sensors [11]. In their study, they reported that FND with carboxy
groups served as a sensor from pH 3 to 7 and cysteine-modified FND from pH 7 and 11 through relaxation time (T:)
measurement. Ermakova et al. reported the detection of metallo-protein (ferritin) molecules by observing a significant
reduction in both coherence and spin-lattice relaxation times [12]. The result confirmed that the presence of very few
ferritin molecules (~10) has a strong and quantifiable impact on the spin properties of NVC, thus demonstrating the
potential for the sensing of a few biological molecules using single FNDs. Barton et al. developed a hybrid system
consisting of FND and nitroxide spin label [13]. The system successfully monitored the redox reaction of the L-ascorbate
anion to dehydroascorbic acid with a resolution down to ~10 spins per FND. Schirhagl et al. monitored cellular metabolic
activity in single mitochondria and sensing of free radicals in primary human dendritic cells by monitoring the T1 of NVCs
in FND [14,15]. Miller et al. developed an ultrasensitive detection system for a COVID-19 lateral flow immunoassay [16].
The group modulated the fluorescence intensity of FNDs using a microwave field to improve detection sensitivity by
separating the FND florescence signal and background autofluorescence. This method achieved a 10°-fold increase in
sensitivity compared with the conventional lateral flow assay based on gold nanoparticles.

In parallel with these studies, our group has been developing an ODMR microscope to measure the orientation and
temperature in the nanometric region using FNDs and applying these techniques to living cells [17-23]. Therefore, in this
paper, we review the properties of FNDs with NVCs, surface chemical modification required to make FNDs water-soluble
and functional, and their state-of-the-art quantum sensing applications for biomolecules and living cells, including
orientation, temperature, and thermal conductivity.

Nitrogen-Vacancy Center and Optically Detected Magnetic Resonance

NVC is a crystal defect in a diamond composed of a nitrogen atom and a vacancy center adjacent to each other (Figure
1A) [24,25]. NVCs have two charge states: neutral (NVY, electron spin: S = 1/2) and negatively charged (NV, S = 1)
[24]. An energy diagram of NV is depicted in Figure 1B [26]. Both NVCs emit fluorescence in the near-infrared region
when excited by green light (Figure 1C); hence, nanodiamonds containing NVCs are often called FNDs [4,27].
Photobleaching of fluorescent molecules (e.g. dyes and proteins) is a major concern in fluorescence imaging, which is
speculated to be caused by the degradation of the fluorophores by the irradiation of excitation light. Because NVC
fluorophores are deeply embedded inside robust diamond crystal structure and thus highly structurally stable, FND
fluorescence shows no photobleaching [4]. Besides, it has been reported that FNDs with a particle size of 100 nm, which
are widely used in biomedical applications, do not exhibit photoblinking [28]. However, it should be noted that the
blinking FNDs have been reported as the particle size decreases because NV centers become more susceptible to surface
effects [29,30]. The stable fluorescence renders FNDs ideal probe for long-term and single-molecule imaging applications
[5,6].

Zero-phonon lines of NV® and NV are observed at 575 and 637 nm, respectively. Among these NVCs, special attention
is paid to NV~ centers because of their unique magneto-optical properties (Figure 1B) [5,6]. The ground state of NV is a
spin triplet, and the spin sublevels ms = 0 and ms = £1 are split by zero-field splitting D (ca. 2870 MHz), with the spin
sublevels ms = +1 degenerating in the absence of an external magnetic field. Microwave (MW) irradiation at this
frequency induces electron spin magnetic resonance between the ms = 0 and ms = +1 spin levels, resulting in reduced
fluorescence emission due to spin-dependent intersystem crossing. The optical readout of these spin quantum states is
known as the ODMR (Figure 1D) [1,2,24,31]. The spin Hamiltonian, which describes the total energy of the quantum
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system of the ground state of the NVC, can be written as (1).
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Here, B is the magnetic field strength, pg is the Bohr magneton, S is the effective electron spin (S = 1 for a triplet state),
g is the electronic g-tensor, D is the fine-structure zero-field splitting, and E is the strain-induced splitting coefficient.
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Figure 1 (A) Structure of an NVC in diamond crystal. C: carbon atom, N: nitrogen atom, V: vacancy. (B) Energy level
diagram of NV™. D is zero-field splitting and 2yB is the Zeeman splitting, where y is the NV gyromagnetic ratio. (C)
Fluorescence and (D) ODMR spectra of FNDs excited at 532 nm. ZPL: Zero-phonon line.

Angular Sensing
NV centers function as sensors that can measure external magnetic fields [32,33]. In the presence of an external magnetic

field, the degeneracy of the ms = +1 spins is broken, and the energy is split. The width of this splitting depends on the
angle between the magnetic field vector and the NV axis. In other words, if the intensity and direction of the external
magnetic field are known, the angle of the NV center towards the magnetic field can be determined using tomographic
vector magnetometry. The advantage of angle measurement using FND is that the rotational motion of a single molecule
in a living biological system can be measured, which is technically difficult using other techniques. An early study
demonstrated the tracking of a single FND containing a single NVC in live HeLa cells [34]. Recently, Igarashi et al.
achieved the tracking of three-dimensional rotational motion (roll-pitch-yaw, 8-9-c) of an FND with ensemble NV centers
[21]. The group developed an orthogonally aligned three-axis magnet system (Figure 2A and 2B), allowing the generation
of a magnetic field of arbitrary magnitude and direction, thus enabling the measurement of the orientation for single
(Figure 2C and 2D) and ensemble NVCs (Figure 2E and 2F). Using this equipment, they verified that the orientations of
nanodiamonds can be determined with an angular uncertainty of £3° at 1.7 s time resolution.

Temperature Sensing: ODMR

In the ODMR spectrum (Figure 3A), microwave-frequency-dependent changes in NV~ fluorescence intensity provided
valuable information, including the sample temperature. By monitoring the temperature-dependent shift of the zero-field
splitting D, it is possible to measure the temperature around the FNDs. Acosta et al. first demonstrated that NV~ could
serve as a temperature sensor[35]. They measured the temperature-dependent shift in D from 280 to 330 K for an NV
center ensemble at 0.01-15 ppm and reported a thermal shift of AD/AT =—75 kHz/K (Figure 3B).

For measurements of biologically relevant temperatures, it is problematic for biological factors beyond temperature to
influence the temperature-sensing ability of FNDs. However, Sekiguchi et al. demonstrated that the thermosensing ability
of FNDs is barely influenced by environmental factors including pH, ion concentration, viscosity, molecular interactions,
and the presence of organic solvents [17]. Thus, FNDs can serve as robust temperature sensors inside single cells.
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Figure 2 Proof-of-principle experiment for orientation determination by ODMR. (A) The orthogonally aligned three-
axis magnet system used to generate the arbitrary external magnetic field. (B) The four magnetic field directions used in
this proof-of-principle experiments (blue arrows). (C) Typical ODMR spectra of a nanodiamond containing a single NV
center acquired with each external magnetic field. The angles of the N—V axis relative to the applied magnetic field
derived from the Zeeman split widths are indicated. Gray dots, raw data; downward black lines, best-fit curves obtained
by fitting each spectrum independently; upward red lines, best-fit curves obtained by considering the geometrical
limitation among the four angles. (D) Direction of the N—V axis in a 50 nm nanodiamond (inset; scale bar, 1 pm)
calculated by considering the geometrical limitation. (E) Typical ODMR spectra of a 1 mm diamond cube with a (111)
surface acquired with each external magnetic field. Gray dots, raw data; downward black lines, fit to a theoretical model;
upward colored lines, signals attributed to the NV centers depicted with corresponding colors in (F). (F) The four
directions of N—V axes in the diamond cube (colored arrows). The Tait—Bryan angles shown are relative to the default
orientation explained in the main text. Modified with permission from Ref 21.
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Figure 3 (A) Temperature-dependent shifts of an ODMR spectrum. (B) Frequency shifts of the ODMR peak center
around 280-330 K. Modified with permission from Ref 35.
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Temperature Sensing: All-optical

The fluorescence spectra of NV's in FNDs were characterized by a zero-phonon line (ZPL) at 637 nm (Figure 1C),
whose wavelength shifts can be used to measure the temperature [36]. It is also possible to monitor the change in ZPL
height by referencing its phonon sideband using a ratiometric technique developed by Plakhotnik et al. [37]. Such all-
optical methods are preferable for bioapplications because they do not require a metal wire to induce the MW frequency,
which must be placed close to the FNDs for the ODMR method. The temperature-dependent change in the ZPL position
is relatively small (0.015 nm/K™!); however, the accuracy of the temperature measurements can reach sub-kelvin levels
owing to the lack of FND fluorescence photobleaching. For example, Hui et al. reported that the temperature sensitivities
using ZPL shifts and height changes of FNDs embedded in poly(2-hydroxyethyl methacrylate) (PHEMA) were 0.46-1.1
and 0.15-0.62 K Hz 2, respectively, over the temperature range of 35-120 °C (Figure 4) [38].
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Figure 4 (A) Comparisons of the fluorescence spectra in the ZPL region of NV~ centers in PHEMA-embedded FNDs at
36.8-113.2 °C. The spectra were normalized to the intensity at 638.161 nm. (B) Changes in ZPL position and height
ratios over 35—120 °C for three representative FND ensembles embedded in the PHEMA films. Curves represent the best
fits of the experimental data using second-order polynomials. Modified with permission from Ref 38.

Surface Coating of FNDs

The surfaces of FNDs are hydrophobic and easily precipitate in solutions containing salts [39]. Surface coating is an
effective solution to this problem, improving dispersibility and adding other biological functions [40,41]. Commonly used
coatings are shown in Figure 5. Non-covalent coatings include bovine/human serum albumin (BSA/HSA),
polyethyleneimine (PEI), and lipids, while covalent coatings include photocrosslinked lipids (PCL), polydopamine (PDA),
silica, and hyperbranched polyglycerol (HPG). All coatings except PDA were considered to have little effect on the
fluorescence and ODMR properties of the FNDs.

Protein coating is a simple method to control the dispersity and nonspecific adsorption of FNDs, whose effectiveness
is not as high as that of lipid and HPG coatings. Additionally, the presence of various functional groups derived from
proteins on the coated FND surface, which results in a nonuniform surface chemical structure, should be noted. The
preparation of FND and protein is quite simple, for example, mixing FNDs and proteins (BSA or HSA) in aqueous solution
to afford hybrids [42]. By using biotinylated BSA for synthesis, selective binding of FNDs to avidin molecules can be
achieved [16]. Tzeng et al. used FND-BSA composites for stimulated emission depletion (STED) microscopy and
demonstrated the imaging of individual particles in HeLa cells at a resolution of 39 nm [43]. Epperla et al. employed FND,
BSA, and green fluorescent protein hybrids (FND-BSA-GFP) to continuously monitor intercellular transportation through
membrane-tunneling nanotubes over 10 min [44]. Highly stable FND-protein hybrids with specific cell labeling and
targeting were demonstrated by Chang et al. [45]. They designed FND and glycosylated BSA molecules formed by
chemical modification of BSA with carbohydrates and showed a high targeting ability to HepG2 and human liver cancer
cells. Su et al. reported a unique composite comprising FND and luciferase for fluorescence/luminescence multimodal
imaging [46].

PEI coating is another method of noncovalent coating with negatively charged FND and positively charged PEI via
electrostatic interactions [47,48]. Similar to protein coatings, the coating method is simple [48]. The resulting FND-PEI
has a positive zeta potential and can be used as a carrier for negatively charged molecules such as DNA. Petrakova et al.
imaged intracellular DNA transfection in real time by monitoring the fluorescence intensity changes of FND, which are
significantly influenced by the surface charge state [49].

A simple lipid-coating method was developed by Hsieh et al. taking advantage of the Ouzo effect [S50]. This method
does not require complex organic synthesis techniques. The lipid-coated FNDs showed high dispersity and strongly
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reduced nonspecific protein adsorption on the FND surface; thus, lipid-coated FND with anti-CD44 antibody realizes
highly selective targeting of CD44 on HeLa cell membranes. Further improvement of the structural stability is possible
by coating diacetylene-containing lipids and subsequent UV irradiation, affording photocrosslinked lipid-coated FNDs
[51]. The structure of lipids on bare FND is considered to be a monolayer or a mixture of mono/bilayer. Vavra et al.
successfully developed a single phospholipid bilayer on FNDs with thin silica shells. The group showed sensitive detection
of the local magnetic field fluctuation generated by Gds*-labeled phospholipids through the Ty of NVC [52]. The group
reported that the supported phospho-lipid bilayer interface increased the detection sensitivity by approximately one order
of magnitude. Improved cell uptake of FND-lipid hybrids into yeast cells and their fate during cell division have been
reported by Morita et al. [53].

Zeng et al. made an early demonstration of PDA coating on FND [54]. The synthesis was simple: FND and dopamine
molecules were mixed in Tris-HCI (0.01 M, pH = 8.5) solution and vigorously stirred overnight to afford FND-PDA. The
catechol/quinone groups on the PDA layer serves as a versatile platform for further chemical reactions. The group further
demonstrated the direct growth of Ag nanoparticles from [Ag (NH3),] OH and their hybridization with gold nanorods.
FND-PDA has poor solubility in water; however, Jung et al. reported that FND-PDA and polyethylene glycol conjugation
enhanced colloidal stability in physiological solutions [55]. The group demonstrated long-term high-resolution single-
molecule tracking of DNA-tethered FND-PDA. It is important to note that PDA absorbs light of all wavelengths and thus
weakens the fluorescence intensity of the FNDs in a thickness-dependent manner [22,55].

Silica coating affords nanoparticles with high colloidal stability over a wide pH range, and the surface silanol groups
allow further chemical functionalization. Bumb et al. attempted to coat FND with silica [56]. FND and tetraethyl
orthosilicate (TEOS) were first trapped in multilamellar vesicles ranging from 500 to 10000 nm in size. The vesicles were
subsequently broken by ultrasonication into small unilamellar vesicles, and TEOS was then converted to silica on the
FND surface by triethylamine. The FND-silica can conjugate to biomolecules, and based on the coating, they
demonstrated 3D single tracking of FNDs tethered to DNA with high spatiotemporal resolution. Cigler et al. developed a
different approach to silica encapsulation [57]. TEOS was directly polymerized on the surface of polyvinylpyrrolidone-
coated FNDs and further modified with a polymer to introduce a click chemistry interface. The group achieved selective
targeting of LNCaP (adenocarcinoma) and U87MG (glioblastoma) cells. Chu et al. prepared round-shaped FNDs with a
thick silica layer and showed that the shape of the nanoparticles influences their fate after cell internalization [58]. They
were not observed to directly penetrate the plasma membranes, but could penetrate the endosomal membranes easily. On
the other hand, a sharp-shaped FNDs, regardless of their surface chemistry, size, or composition, could pierce the
membranes of endosomes that carry them into the cells and escape to the cytoplasm.
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Ring-opening polymerization of glycidol to synthesize hyperbranched polyglycerol (HPG) on the surface of
nanoparticles is a facile and scorable technique for obtaining nanoparticles with excellent dispersity and functionality [59].
An early study of HPG-modified ND was reported by Zhao et al.; NDs and glycidols reacted together under a nitrogen
atmosphere at 140 °C for 24 h, yielding ND-HPG [60]. The method is simple and does not require any metal catalysts or
initiators distinct from atom transfer radical polymerization (ATRP) for polymer grafting. The produced ND-HPG showed
strong resistance to aggregation in salt-containing, high-, or low-pH solutions [60,61]. OH groups on HPG can be
relatively easily functionalized by chemical/biological molecules, and several advanced applications have been reported
so far, including selective molecular targeting [39], single particle tracking [62], cancer imaging[63] and drug delivery
[64]. The mechanism of the ring-opening reaction is the consecutive nucleophilic reaction between a COOH or OH group
and a carbon atom in the epoxy group. Based on this finding, Sotoma et al. reported that HPG can be easily functionalized
with COOH [65], trimethylammonium (TMA) [66], or alkyne groups [62] in a one-pot reaction with bare FND. The
alkyne group-modified FND-HPG allowed the copper-catalyzed click reaction in an aqueous solution. This group
successfully tracked membrane protein dynamics in living cells for over ten hours [62].

Angular

The functions of biomolecules depend significantly on their structures and structural changes. Structural changes can be
completely described in terms of transition (x-y-z) and rotation (6—¢—oc). Although 3-D transitional motion can be tracked
with 1 nm accuracy by fluorescence imaging techniques [67], tracking the rotational motion of biomolecules in living
cells with sufficient accuracy has not yet been achieved.

McGuinness et al. demonstrated that the absolute orientation of FNDs can be tracked independently using the vector
dependence of the NV center on the magnetic field, achieving a precision of less than 1 [34]. They demonstrated four-
dimensional tracking (position and orientation) of an FND in a HeLa cell over 3 h, proving the significant potential of
FNDs for intracellular rotational tracking applications. Adopting a three-axis magnet system, Igarashi et al. tracked the
three-dimensional rotational motion of FND in biological systems, including the rotational motion of FIATP-ase,
membrane ruffling, and gyrating movement of the intestine of C. elegans [21]. In this study, the group labeled FNDs with
epidermal growth factor (EGF) receptors present on the plasma membrane of A431 cells by modifying FNDs with EGF
molecules. Then, they calculated the rotational diffusion coefficients of the cell membrane on untreated, EGF-treated
(facilitate the assembly of actin filaments), and latrunculin A-treated (disrupted cytoskeletal actin filaments) A-431 cells
(Figure 6). The results indicated a correlation between membrane dynamics and intracellular actin filament density. Later,
Feng et al. succeeded in 6-D motion (3-D transition and 3-D rotation) tracking of a single FND (200 nm in size) containing
ensemble NVCs on a living HeLa cell membrane [68].

Temperature

Various fluorescence-based temperature sensors have been developed to investigate the biological significance of
temperature, including dyes, polymers, proteins, and quantum dots [69-71]. These sensors contributed to finding an
unexpected distribution of intracellular temperature that is highly inhomogeneous with a variation of more than 1°C.
Nevertheless, concerns over the robustness of the sensors against environmental factors (pH, ion concentration, viscosity,
and molecular interactions) have been claimed by Baffou et al. Because FND temperature sensors are barely influenced
by these environmental factors, carrying out intracellular temperature sensing using FND is indispensable for
understanding the link between temperature and cellular functions.

Precise measurements of the local temperature in living systems using FNDs were reported by Kucsko et al.[72] To
minimize measurement times, instead of measuring the entire ODMR spectrum, they monitored temperature changes at
four points within the ODMR spectrum, which allowed for 4-s temperature measurements with a precision of 0.1 K in
HeLa cells. Temperature sensing has also been performed for primary cortical neurons by Simpson et al. [73], and for
adipose tissue-derived stem cells by Yukawa et al. [74]. The latter study showed that intracellular temperature influences
growth factor production and the degree of differentiation into adipocytes and osteocytes. Recently, Fujiwara et al.
performed temperature measurements in C. elegans [75]. Because FNDs move quickly inside C. elegans, the group
developed a fast particle-tracking algorithm. In addition, to exclude artifacts caused by fluorescence intensity fluctuations
arising from the body structure of the worm, they also established an error-correction filter. The resulting system allows
for real-time temperature measurements using mobile FNDs inside living adult C. elegans with a precision of
approximately £0.22°C. This system was successfully employed to determine the internal temperatures of worms under
pharmacological treatments using a mitochondrial uncoupler (carbonyl cyanidep-trifluoromethoxyphenylhydrazone
(FCCP)) meant to induce non-shivering thermogenesis (Figure 7).
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Figure 6 Membrane fluctuations of A431 cells correlate with density of the cytoskeleton. (A) Antigen-antibody
association between a nanodiamond and an EGF receptor (schematic). (B,C) Bright-field (B) and selective imaging
protocol (SIP). (C) images of nanodiamond-attached A431 cells. (D—F) Typical rotational motion of nanodiamonds on
the membrane of untreated (D), EGF-treated (E), and latrunculin A-treated (F) A431 cells. Upper panels show the
observed directions of the N—V axes. The directions of the N—V axes at each time point are indicated by the corresponding
colored dots on the unit spheres. Lower panels show the time courses of the Tait—Bryan angles. (G—I) Histograms of the
frequency of angular speeds of the rotational displacement of N—V axes in nanodiamonds on untreated (G), EGF-treated
(H), and latrunculin A-treated (I) A431 cells at each measurement step. Each histogram shows the total data of three
independent experiments conducted using different cells under the same conditions. Modified with permission from Ref
21.
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Figure 7 (A and C) Merged photos of FNDs during FCCP stimulation (60 uM) and vehicle control experiments. Images
in red and gray represent FND fluorescence and bright field, respectively. The numbers in the upper left-hand corner of
each image correspond to specific times at which each picture captured during measurements shown in (B) and (D). Scale
bars, 20 pm. (B and D) /i (top) and ATnv (bottom) during FCCP stimulation and vehicle control experiments. The blue
shaded regions represent periods when no temperature measurements were performed and in which the photographs in
(A) and (C) were obtained. ATnv was calculated using the equation dD/dT = —65.4 kHz C! for both types of experiments.
(E) Statistical plots of the maximum A7nv for FCCP stimulation (red), vehicle control (blue), and static control (black,
no solution added). n = 10 for all data. Mean values + SE were 4.0 + 0.9, 0.9 + 0.5, and —0.1 £ 0.3 °C for the FCCP,
vehicle control, and static control experiments, respectively. All measurements were performed at a constant temperature
of 23 °C with fluctuations of less than 0.25 °C. Probed NDs were located within 20 um of the antenna, with a mean
distance of 8.9 um. (F) The latency and durations of responses to increased temperature responses of A7y for the FCCP
stimulus, whose means + SEs of 18.1 = 2.3 and 49.4 + 8.22 min, respectively. Modified with permission from Ref 75.

Thermal Conductivity

While many studies have focused on intracellular temperatures, few have reported on how heat travels within the cell,
that is, thermal conductivity. Heat released from the inside of the cell is transmitted through the cell and ultimately
maintains body temperature. Thus, it is important to understand the thermal conductivity of cells to clarify how heat
affects surrounding biomolecules and chemical reactions. The thermal conductivity of cells has before now been
considered equivalent to that of water [76,77]. However, it is questionable to simply assume that the intracellular
environment is watery, because there are many biomolecules and boundary structures within cells. Hence, a method for
measuring intracellular thermal conductivity had to be developed.

Because PDA shows a photothermal effect, PDA-coated FND functions as a two-in-one heater/thermometer, which is
applicable to thermal conductivity measurements (Figure 8A and B) [22]. The system for thermal conductivity
measurement is simple: in media with high thermal conductivities, the nanodiamonds did not become very hot because
heat escaped quickly, but in an environment of low thermal conductivity, the nanodiamonds became hotter. Therefore, by
monitoring the laser-induced heat, the thermal conductivity of the surrounding environment could be calculated (Figure
8C). Indeed, temperature increases in air, water, and oil are markedly correlated with the literature values of thermal
conductivity (Figure 8D). The intracellular thermal conductivities of HeLa and MCF-7 cells were subsequently examined,
with the mean conductivities of two separate cell lines being 0.11 + 0.04 Wm ™' K™! (95% confidence) with similar
measurement accuracies, which were significantly smaller than that of water (Figure 8D). The group remarked that it was
necessary to accurately locate where the temperature was measured to identify the source of the intracellular thermal
conductivity. In parallel with this study, Song et al., measured cellular thermal conductivity by monitoring the
temperature-dependent changes of the intracellular refractive index induced by optically heated gold nanoparticles. The
group reported the intracellular thermal conductivity to be 0.31 Wm ™' K ™! with a large heterogeneity [78]. This value is
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significantly distinct from the one from Sotoma et al. Suzuki and Plakhotnik speculated the different values of thermal
conductivities from the two groups are due to the fundamentally different methodologies; while Sotoma et al. measured a
steady-state value of temperature, Song et al. pursued measurements of a transient-time [79]. Very recently, Lu et al.
established a blue-light-excitable genetically encoded temperature indicator (B-gTEMP) that can measure temperature at
a time resolution of 155 ps [80]. B-gTEMP was introduced into a cell and the heat propagation in the cell from
photoirradiated carbon nanotubes that were placed outside the cell was measured. The thermal diffusivity was then
calculated to be 2.7 x 107 m?s™!, which is 5.3-fold lower than that of pure water. This value corresponds to 0.11 Wm™'
K™ in terms of thermal conduct1v1ty under a certain reasonable assumption.
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Figure 8 (A) Schematic illustration of dual functional PDA-coated FNDs (FND-PDA) prepared from FNDs. PDA-FNDs
function as a luminescent nanothermometer, while PDA releases heat in a light-dependent manner. (B) TEM images of
FND-PDA. Images are 751 x 534 nm. (C) Conceptual illustration showing how FND-PDA works as a sensor for thermal
conductivity. (D) Plots and error bars indicating AT + standard deviation for each particle in different environments
measured when increasing laser power from 7.3 to 25 mW. Modified with permission from Ref 22.

Conclusion and Outlook

Measuring physical parameters in the nanometric region is becoming increasingly important for understanding
biological systems. It has been reported that several materials, such as dyes, polymers, proteins, and nanoparticles, can be
used for biological sensing applications [69,70,81]. Among them, FNDs have a unique structure in which the NVCs that
act as actual sensors are embedded deep inside the diamond crystal structure; thus, their thermal sensing is free from
environmental fluctuations, which allows for highly accurate temperature sensing [17]. In addition, an FND is one of the
few sensors that can measure the temperature with a single particle. Single-particle measurement also minimizes the
influence of the concentration of the probe itself on sensing. The study of temperature and thermal conductivity in living
organisms is expected to approach the core of thermal biology, such as the principles and significance of body temperature
maintenance in thermostatic animals.

Furthermore, FNDs can be used for super-resolution, Raman, cathodoluminescence, correlative light and electron
microscopy, and magnetic resonance imaging, which allow multimodal imaging/sensing applications. The potential of
FND for biosensing is wide and thus will deliver a new concept of understanding life activity in terms of physical quantity.
However, although FNDs have the potential to measure the temperature, magnetic field, electric field, magnetic molecules,
radicals, and pH inside single cells, there are limited examples of successful quantitative measurements of these
parameters in living cells. To address the biological enigma that can only be answered by the use of this quantum sensor,
several important issues must be overcome.

The size of FNDs currently in general use is 50-100 nm which is significantly larger than that of biomolecules. It is
technically possible to produce a single-digit nanometer-sized diamond; however, it becomes difficult to measure
fluorescence and ODMR signals from such tiny diamonds. To capture the movement of a single protein molecule or to
measure physical quantities in the vicinity of an organelle, it is necessary to establish a synthesis technique to produce
smaller FNDs that emit large fluorescence and ODMR signals. In addition, the inhomogeneity of the ODMR signal of
FNDs is problematic. The size, shape, crystal strain, impurity content, and number of NV centers in the crystals are highly
inhomogeneous from particle to particle. Therefore, calibration lines must be recorded for each FND of interest, and the
errors are significant. New fabrication methods and novel surface functionalization techniques may help overcome these
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challenges. Another issue is the technology used to transport FNDs to specific sites in the cell, such as the nucleus and
mitochondria. Although labeling of biomolecules exposed outside the cell membrane, such as membrane proteins, has
already been achieved, the hurdle is higher when it comes to biomolecules inside the cell, and highly selective labeling
has yet to be achieved. Development of a technique to transport FND inside cells and organelle-targeting strategies is
anticipated.

To achieve intracellular quantum sensing using FNDs, it is necessary to integrate a wide range of knowledge and
technologies, including materials science for making FNDs, organic chemistry for surface control, quantum science for
spin manipulation, and the development of ODMR microscopy, along with biological expertise. We hope that the quantum
sensing of cells by FND will lead to new insights into biological systems through the multifaceted participation of various
researchers in the future.
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