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Abstract: Temperature is a widely known phenomenon, which plays an extremely important role in biological
systems. Its behavior on the macro-scale has been quite well investigated and understood, thanks to the avail-
ability of reliable and precise thermometers such as thermocouples and infrared cameras. However, temperature
measurements on the subcellular scale present an ongoing challenge due to the absence of universal nanoscale
temperature sensors. Recent work on fluorescent nanodiamonds has revealed their unique ability to measure
temperature with high spatial and temporal resolution, of particular importance in the intracellular environment.
This review summarizes recent progress in the field and highlights the future directions for intracellular tempera-
ture sensing using fluorescent nanodiamonds.
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1. Introduction
No matter how ordinary and straightforward the notion of

temperature might seem to us nowadays, it first appeared only
around 300 years ago, when Galileo constructed his first ther-
moscope – a device capable of measuring relative temperature
changes.[1] Although the first thermoscopes were highly inaccu-
rate, little progress was made in the years following his invention.
Only in the 18th century was a common temperature scale intro-
duced, based on the work of Fahrenheit, Celsius, and Linnaeus.[2]
It took one more century for thermometers to find widespread use
in medicine, stimulated by the invention of the clinical thermom-
eter by CarlWunderlich, which remained a standard tool for more
than 130 years before being replaced by a thermocouple-based
electronic thermometer.

While instruments to measure temperature at the macro-scale
have developed considerably in the last few decades, measur-
ing temperature with high resolution at the scale of micro- and
nanometers remains challenging.[3,4] The quest to create such a
nanoscale thermometer is not only interesting from a fundamen-
tal point of view, but also for applications in microelectronics
and life sciences.[5,6]And while in the microelectronics industry
the characteristic scale is dictated by the size of the transistors
(approaching 10 nm), in biology it is the micrometer-sized cell
and its submicron compartments (nucleus, mitochondria, lyso-
somes and endosomes, etc.) which define the scale of interest.

Modern methods of cellular thermometry started with the
creation of semiconductor quantum dots (QDs), that were able
to produce both bright and stable fluorescence (Fig. 1).[7] The
latter turned out to be temperature-dependent, enabling their
use as temperature sensors,[8,9] and the size of QDs, ranging
from single to tenths of nanometers, allowed them to penetrate
tissues and cells[10] easily. However, low biocompatibility of
quantum dots due to their chemical composition (many of them
were cadmium-based) decreases their chances of being used
in vivo and to further advance in clinical applications. Another
type of nanoparticle-based sensors – upconversion nanopar-
ticles (UCNPs), containing rare-earth ions, while being more
bio-compatible thanks to their core-shell structure, suffer from
lower temperature resolution,[11–13] which is not sufficient for
exploring many intracellular processes.

The aforementioned biocompatibility issue can also be solved
by using biomolecules, such as organic dyes,[14] fluorescent poly-
mers[15] and fluorescent proteins.[16] These molecules can be eas-
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most commonly found in natural diamonds due to abundance of
nitrogen in the atmosphere, makes the host diamond crystal ap-
pear yellowish. It is also the most-well studied diamond color
center,[27] which has been used to sense various physical param-
eters (magnetic[30] and electric[31] fields, pH,[32] strain,[33] pres-
sure[34] and temperature[35,36]) by utilizing its unique energy-level
structure (Fig. 2). In recent years more and more experimentally-
produced diamond defects were recognized as prominent tem-
perature sensors: silicon-, germanium-, tin- and nickel-vacancy
centers.[37–40] However, their production is still challenging and
has to be upscaled before they can become a widely-used sens-
ing tool (which is already the case for commercially-available[41]
nanodiamonds with NV-centers).

The obvious mechanism of temperature sensing in all the
aforementioned color centers is based on the red shift of the zero-
phonon line (ZPL) in their emission spectra at an elevated tem-
perature.[43]Themeasurement setup for performing such tempera-
ture measurements therefore requires only an excitation laser and
a spectrometer, and the achieved sensitivity approaches 0.3 K in
1 s of integration time at ambient temperature[37–39] in both bulk
diamond and nanodiamonds (100–200 nm in diameter). Although
the simplicity of the technique makes it highly attractive, there
are certain restrictions limiting its use, as the ZPL shift can be
also influenced by different environmental parameters other than
temperature.[39,44,45] This limitation is especially severe in the case
of the NV-centers, which are sensitive to the electric and magnetic
field noise and may require individual pre-calibration for each
emitter.

Fortunately, a special energy-level structure (spin-1 system)
of NV-centers makes another measurement modality possible
through the so-called optically-detected magnetic resonance
(ODMR) technique.[46]A simplified energy-level diagram in Fig.
2c shows a ground and an excited state (both triplets with radiative
transitions between them) and a singlet meta-stable state through
which the system can experience a non-radiative transition. At
room temperature the sub-levels of both ground and excited states
(having different spin projectionsm

s
= –1,0,1) are non-degenerate,

which makes the transitions between them possible (typically in
the microwave range). Although the optical transitions from the
ground to the excited state conserves the spin projection, the rate

ily introduced into the cell, target various cell compartments and
even be expressed by the cell machinery. Proof-of-principle ex-
periments have shown the feasibility of such an approach, map-
ping sub-cellular temperature distribution and its dependence
on the cell’s metabolism.[14–17] The inherent drawback of these
techniques is in their susceptibility to the influence of the local
chemical environment,[16,18,19] which may alter the measured tem-
perature. Being organic compounds, such fluorophores also suffer
from unstable fluorescence and photobleaching, limiting their use
in longer-term experiments.[20]

Fortunately, the ongoing search for new methods and tech-
niques for nanoscale temperature sensing is constantly revealing
new prospective candidates with superior sensing capabilities.[6,21]
Among them are fluorescent nanodiamonds (FNDs) – carbon-
based bio-compatible nanoparticles,[22] which produce bright and
stable fluorescence due to the presence of various atomic impuri-
ties in their structure.[23] In the next sections, we describe the main
properties of FNDs, detail recent experiments utilizing them as
temperature sensors and outline future perspectives in advancing
their use for live-cell and in vivo experiments.

2. Fluorescent Nanodiamonds
Diamond has been recognized as a precious material for ma-

ny centuries due to its remarkable physicochemical properties.
However, only recently have scientists and engineers managed to
create artificial diamonds using high-pressure high-temperature
(HPHT) or chemical vapor deposition (CVD) methods,[24] suc-
cessfully controlling their size and chemical composition.[25] This
process is today not only revolutionizing the gemstone indus-
try,[26] but also opens a plethora of applications for diamonds in
research.[27]One example of such applications is quantum sensing
using optically-active defects in diamond.[28]

Diamond has a cubic crystalline structure (C
3v

symmetry)
with an extremely high density (1.77 × 1023 cm–1) and high Debye
temperature (2240 K), which makes the diamond lattice an ideal
host for hundreds of stable crystallographic defects.[23,29] Many of
these defects produce bright, continuous and non-blinking fluo-
rescence in the visible and near-infrared range and are called ‘col-
or centers’, as they give color to the normally colorless diamond
gemstones. For example, the nitrogen-vacancy center, which is

Fig. 1. Modern intracellular temperature sensors. a) Various types of commonly used non-invasive nanoscale temperature sensing techniques. b) A
table listing the properties of the nanoscale temperature probes.
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2 mK (NV-centers in bulk diamond) for 1 s integration time, par-
ticularly in the biological environment and inside living cells.[35,49]
From the instrumentation point of view, an additional microwave
source and an antenna to deliver microwaves in the vicinity of the
NV-center are required, but no spectrometer is needed in compari-
son to the previously described setup. Additional attention is also
to be paid to two aspects: eliminating other influencing factors
(e.g. varying magnetic field), which can be achieved by using spe-
cific microwave and laser pulse sequences,[35,50] and avoiding the
unwanted heating of the measured sample by microwaves, which
in turn can be obtained by controlling dissipated power.

3. Future Directions
As one can see, the use of color centers in diamond for na-

noscale temperature sensing is evolving rapidly and is currently at
the stage where it is ready to be applied to the study of biological
questions in living systems. All the aforementioned experiments,
while being performed in fixed or even living cells, used an ex-

of transitions to the metastable state is much higher for the excited
state with m

s
= ±1 than for m

s
= 0, so the system will mostly relax

to the ground state without emitting a photon. Normally, both sub-
levels are equally-populated, but if one applies a constant micro-
wave signal at the transition frequency between them, this makes
the m

s
= ±1 states more populated (producing so-called spin po-

larization). More transitions therefore occur non-radiatively and
fewer photons are detected as the fluorescence signal. Scanning
the frequency of the microwaves around the transition, produces
the ODMR graph shown in Fig. 3c.

As a change in temperature shifts the microwave frequen-
cy of the transition between the m

s
= ±1 and m

s
= 0 sub-levels,

ODMR can be used to measure relative temperature changes.[47]
Performing a straightforward calibration procedure converts these
changes to the absolute temperature values. Using this method
several research groups performed temperature measurements in
a wide temperature range[13,35,48] with a sensitivity approaching
100 mK (NV-centers in nanodiamonds, 100 nm in diameter) and

Fig. 2. Color centers in diamond,
which can be used as a tempera-
ture sensor. a) Nitrogen-vacancy
center, which can exist in various
charge states (NV+, NV0, NV–,
where the NV- state is mostly used
for sensing purposes) and its
characteristic spectrum with two
distinct peaks (zero-phonon lines)
and a phonon sideband. (Adapted
from ref. [42]) b) Spectra of other
temperature-sensitive color cen-
ters. (Adapted from refs. [39,40])
c) Simplified energy-level structure
of the NV– center.

Fig. 3. Measurement schemes
for temperature sensing using
color centers in diamond. a–c)
ODMR shift-based approach, d,
e) ZPL shift-based approach. a,
d) Simplified experimental setups,
needed to perform, ODMR and
ZPL-based temperature mea-
surements, respectively. b) The
shift of the energy sublevels in
the ground state of the NV- cen-
ter corresponding to the tem-
perature change. c) Shift of the
ODMR with temperature (adapted
from ref. [13] with permission
of AIP Publishing, https://doi.
org/10.1063/1.5029904). e) Shift
of the PL spectrum with tempera-
ture (adapted from ref. [37] with
permission of OSA Publishing,
https://doi.org/10.1364/
OL.42.004812).
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ternal laser to generate a local heat gradient (typically, through
heating gold nanoparticles), that was later measured by a nearby
color center. This is why the ultimate question is whether fluo-
rescent nanodiamonds can measure local temperature differences
and fluctuations in living cells, which occur naturally throughout
their life cycle (for example, during ATP synthesis[14]).

To answer this question, not only is a high temperature sensi-
tivity required, but also an ability to freely position nanodiamonds
with sub-micron precision and to independently verify the mea-
sured temperature values. The verification can be performed by
combining FNDs with other temperature sensors (e.g. UCNPs,
metal nanoparticles, quantum dots[13,51]). Infrared imaging or min-
iaturized thermocouples can also be used for calibration and veri-
fication at the whole-cell level. Positioning nanodiamonds inside
cells for high-resolution temperature mapping can be achieved in
two ways: controlling the position of selected FNDs using exter-
nal forces (e.g. thermophoretic force) or allowing nanodiamonds
to attach themselves to only specific compartments of the cell,
by modifying their surface with certain antigens. A measurement
grid for temperature mapping could also be created by distribut-
ing a significant amount of FNDs inside the volume of the cell.
However, the influence of the concentration of such nanoparticles
in living cells on their normal functioning requires further explo-
ration.[52]

Using smaller nanodiamonds together with super-resolution
microscopy techniques can further increase the spatial resolution
of temperature mapping[53–56] and the increased number of color
centers per diamond nanocrystal allows the temporal resolution to
be improved (faster acquisition time for the same sensitivity).[35]
Undoubtedly, in parallel with the development of nanothermom-
eters, based on the currently-known color centers, new promising
color centers will continue to appear and be explored for sensing
applications.[40] This applies not only to optically-active defects
in diamonds, but also in other materials, like silicon carbide,[57] or
even 2D materials (e.g. h-BN flakes[58,59]).

Finally, we could foresee the creation of multifunctional nano-
diamond-based sensors, capable of measuring various physico-
chemical properties inside living cells with an unprecedented res-
olution. This can be achieved by either combining different color
centers within the same diamond nanocrystal or coupling together
several nanoparticles with different sensing functionalities.[21,60]
Just one more step is then needed to turn such nanoscale sensors
into fully-functional theranostic agents which, depending on the
local environment, can controllably release drug molecules[61] and
measure the dynamical reaction of the intracellular environment
to them.
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