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CONSPECTUS: Relaxometry is a technique which makes use of a specific crystal lattice
defect in diamond, the so-called NV center. This defect consists of a nitrogen atom, which
replaces a carbon atom in the diamond lattice, and an adjacent vacancy. NV centers allow
converting magnetic noise into optical signals, which dramatically increases the sensitivity of
the readout, allowing for nanoscale resolution. Analogously to T1 measurements in
conventional magnetic resonance imaging (MRI), relaxometry allows the detection of
different concentrations of paramagnetic species. However, since relaxometry allows very
local measurements, the detected signals are from nanoscale voxels around the NV centers.
As a result, it is possible to achieve subcellular resolutions and organelle specific
measurements.
A relaxometry experiment starts with polarizing the spins of NV centers in the diamond
lattice, using a strong laser pulse. Afterward the laser is switched off and the NV centers are
allowed to stochastically decay into the equilibrium mix of different magnetic states. The
polarized configuration exhibits stronger fluorescence than the equilibrium state, allowing one to optically monitor this transition and
determine its rate. This process happens faster at higher levels of magnetic noise. Alternatively, it is possible to conduct T1 relaxation
measurements from the dark to the bright equilibrium by applying a microwave pulse which brings NV centers into the −1 state
instead of the 0 state. One can record a spectrum of T1 at varying strengths of the applied magnetic field. This technique is called
cross-relaxometry. Apart from detecting magnetic signals, responsive coatings can be applied which render T1 sensitive to other
parameters as pH, temperature, or electric field. Depending on the application there are three different ways to conduct relaxometry
experiments: relaxometry in moving or stationary nanodiamonds, scanning magnetometry, and relaxometry in a stationary bulk
diamond with a stationary sample on top.
In this Account, we present examples for various relaxometry modes as well as their advantages and limitations. Due to the simplicity
and low cost of the approach, relaxometry has been implemented in many different instruments and for a wide range of applications.
Herein we review the progress that has been achieved in physics, chemistry, and biology. Many articles in this field have a proof-of-
principle character, and the full potential of the technology still waits to be unfolded. With this Account, we would like to stimulate
discourse on the future of relaxometry.
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• Nie, L.; Nusantara, A. C.; Damle, V. G.; Sharmin, R.;
Evans, E. P. P.; Hemelaar, S. R.; Van der Laan, K.; Perona
Martinez, F. P.; Vedelaar, T.; Chipaux, M.; Schirhagl, R.;
Li, R. Quantum monitoring of cellular metabolic activities
in single mitochondria. Science Advances 2021, 7,
eabf0573.1 Here we demonstrate quantum sensing with
relaxometry in single isolated mitochondria, as well as
mitochondria in their cellular context.

• Nie, L.; Nusantara, A. C.; Damle, V. G.; Baranov, M. V.;
Chipaux, M.; Reyes-San-Martin, C.; Hamoh, T.; Epperla,
C. P.; Guricova, M.; Cigler, P.; Van den Bogaart, G.;
Schirhagl, R. Quantum sensing of free radicals in primary
human dendritic cells. Nano Lett. 2022, 22, 1818−1825.2

This is the f irst demonstration of relaxometry in primary cells.

More specif ically, we investigated stress responses in dendritic
cells.
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• Wu, K.; Vedelaar, T. A.; Damle, V. G.; Morita, A.;
Mougnaud, J.; San Martin, C. R.; Zhang, Y.; Van der Pol,
D. P. I.; Ende-Metselaar, H.; Rodenhuis-Zybert, I.;
Schirhagl, R. Applying NV center-based quantum sensing
to study intracellular free radical response upon viral
infections. Redox biology 2022, 52, 102279.4 Here we use
relaxometry to investigate the free radical generation a virus
particle is experiencing during a host cell response to a viral
infection.

■ INTRODUCTION
Diamonds are widely used and known for their inertness,
hardness, and high refractive index. In the last decades, color
centers in diamonds have been increasingly popular due to their
unique magneto-optical properties.1−8 Among a wide range of
possible color centers described in diamond, the NV center
(shown in Figure 1A) is the most prominent defect.9 NV centers
exhibit fluorescence in red and far red regions upon excitation
with a green laser. Since the defect is protected within the crystal
lattice, it is prevented from bleaching and thus infinitely
photostable, which is highly desired for applications in labeling.
NV centers also have spin states that can be manipulated
optically or with microwaves and can be differentiated by their
fluorescence.10

This Account is about a specific way to use these properties for
sensing, a technique called relaxometry. Relaxometry experi-
ment starts with polarizing the spins of NV-centers in the
diamond lattice into a bright ms = 0 ground state, using a strong
laser pulse. Afterward the laser is switched off and the NV-
centers are allowed to stochastically decay into the equilibrium
mix of different magnetic states (ms = 0 and ms = +/−1). The

polarized configuration exhibits stronger fluorescence than the
equilibrium state, allowing one to optically monitor this
transition and determine its rate. This process happens faster
at higher levels of spin noise, and the relaxation rate is
concentration-dependent. The pulsing sequence that is used for
relaxometry measurements as well as a typical result are shown
in Figure 1C,D. The spin relaxation dynamics follows a
decreasing exponential whose time constant is called the spin
relaxation time, or T1. However, due to the short-range of the
spin interactions, T1 here is only sensitive to magnetic noise
within nanoscale voxels around the defect. Alternatively to this
most basic scheme, it is also possible to add a microwave pulse,
which brings the NV centers into the ms = −1 or +1 state.11 As a
result, one can observe relaxation from the dark to the brighter
state. This scheme has the striking advantage that one can rule
out artifacts that occur if the charge state of the NV center
switches (a change from NV− to NV0 might be interpreted as
shortening of T1 since NV0 is less bright) or bleaching of
background fluorescence. Performing T1 in the presence of
microwaves, however, increases the complexity of the equip-
ment and causes heating to the sample, which is often undesired.

Relaxometry was first demonstrated in 2013 when it was
demonstrated that the relaxation time is reduced in the presence
of paramagnetic ions.12 Since then, relaxometry has been used
for many different applications in sensing, which will be
reviewed in this Account.

■ CROSS-RELAXOMETRY
Cross-relaxometry, a technique that has first been shown by
Wood et al., allows one to reveal spectral information with
relaxometry.13

Figure 1. Foundation of NV center based relaxometry. (A) Nitrogen vacancy centers are defects of the diamond crystal structure: a nitrogen atom is
present instead of one of the carbon atoms, and one of the neighboring positions in the lattice is vacant. (B) A diagram of the NV center’s energy levels.
(C) The NV centers are pumped into a brighter ground state with a green laser pulse. The laser is switched off for a predefined period of time (dark
time), and the NV centers are allowed to relax back to the darker equilibrium state. The observed fluorescence becomes less bright as the dark times
increase. The transition from the bright polarized state to the darker equilibrium state happens faster at higher levels of magnetic noise (e.g., due to
paramagnetic species). (D) The NV center’s fluorescence intensity plotted against the corresponding dark times can be used to calculate the T1
relaxation constant. If the relaxation is slower, one observes longer T1 values (blue; diamond without Gd3+). Faster relaxation can happen due to the
changes in the NV center’s environment, such as the presence of paramagnetic species. In this case, the T1 curves are shifted to the left, producing
shorter T1 values (orange; after adding paramagnetic Gd3+ ions).
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If a magnetic field is applied to NV centers the ms = +1 and ms
= −1 are not equal in energy any more. The difference between
these states increases with increasing magnetic field. By varying
the magnetic field, one can also adjust the difference between the
ms = 0 and the ms = −1 or +1 states. If this energy matches the
transition energy of spins in the surrounding environment, the
T1 is even further reduced. Thus, sweeping the magnetic field
while recording T1 reveals spectroscopic information. The
energy diagram that explains the cross-relaxometry principle is
shown in Figure 2.

■ DIFFERENT WAYS OF CONDUCTING
RELAXOMETRY EXPERIMENTS

Depending on the application there are different ways to
conduct relaxometry experiments (Figure 3). Three ways can be
differentiated: relaxometry in moving or stationary nano-
diamonds, scanning magnetometry, and relaxometry in a
stationary bulk diamond with a stationary sample on top.
Table 1 summarizes the different options as well as their
advantages and limitations.

■ RELAXOMETRY APPLICATIONS

Relaxometry in Cells
Recently relaxometry found a number of applications in
biological and biomedical research (Figure 4). For an excellent,
broader (not specific for relaxometry) overview of the main
challenges and prospects of using diamonds with NV-centers for
biologically relevant measurements, we refer the reader to two
recently published reviews.7,8

Live cells are extremely complex systems, in which thousands
of physiological processes take place simultaneously on various
time scales, from microseconds to days.40 These processes both
depend on and affect a wide range of physical and chemical
parameters, such as pH, temperature, local concentrations of
metabolites, and so on. The task of capturing and unraveling
these networks becomes even more challenging, if one considers
the interaction of a cell with its environment, including the
neighboring cells. Moreover, the measurements have to be
performed in a wet, warm (room temperature and higher),
oxygen-rich environment with relatively high concentrations of
salts, varying pH values, and the chance for the cell or the
subcellular component of interest to actively move during the
measurement. However, high-resolution quantitative detection
of the molecular events at the single-cell and subcellular level is
vital to understand cell behavior under normal or pathological
conditions.

In biological samples, the magnetic signal that can be detected
by relaxometry comes from different sources. Naturally
occurring magnetites are found in a wide range of organisms,
from magnetotactic bacteria41 and molluscs42 to humans.43

They are thought to be involved in the sensing of magnetic
fields,44 as well as the development of some diseases,45 such as
Alzheimer’s. Certain paramagnetic species, such as iron, copper,
and manganese, as well as free radicals, are naturally ubiquitous
in biological samples, whereas gadolinium is widely used for
labeling. NV-center-based relaxometry has been used to detect
the signals coming from each of these sources. Free radicals,
gadolinium, and iron have already been detected in cells.

As mentioned earlier, relaxometry measurements can be
performed with different forms of diamonds (Table 1). Another
commonly used technique is to label the sample with
gadolinium, an essential component of MRI contrast agents. It
strongly affects the relaxation rate of NV centers, allowing one to
visualize labeled cellular components.46,47

Very recently, NV-based relaxometry has found an application
for in situ detection of free radicals. Free radicals contain at least
one unpaired electron, which makes them paramagnetic. They
play important roles in a vast range of physiological processes,
including infections and immune response,48 cancer develop-
ment and treatment,49 cellular signaling and communication,50

interaction of germ cells,51 and aging.52 First proof-of-concept
studies focused on detecting and measuring free radical
concentrations in a more controlled chemical setting.32,33

Embedding nanodiamonds in the components of the cellular
niche or extracellular matrix offers a way to perform relaxometry
in a more complex three-dimensional system.35 Moreover,
excellent biocompatibility of nanodiamonds53 makes it possible
to bring those tiny sensors inside a living cell. Cells carrying
nanodiamonds can then be exposed to varying conditions, such
as changing flow rates of the medium38 or certain drugs that
affect cell function.1,54 Recently, also the free radical generation
upon bacterial exposure to antibiotics has been measured.55 In
this work, Norouzi et al. showed that the radical load on single
bacteria increases with an increase in the dose of antibiotics.
High spatial resolution allows detection of free radical
production in a very localized way, at the level of a single
bacterial cell or even specific organelles, such as mitochondria1

or acrosomes of sperm cells.3 High temporal resolution of the
technique, on the other hand, provides insight into dynamic
biological processes, such as free radical generation during viral
infection.4 It is worth mentioning that it is possible to perform
relaxometry measurements in stationary and to some extend
even in mobile cells (as for instance moving sperm cells or

Figure 2. Cross-relaxometry principle. (a) Cross-relaxometry offers spectral information. If T1 experiments are done in the presence of a varying
magnetic field B, there is a condition where the energy difference between the NV center energy levels equals the difference in the energy levels of the
spins in the sample. When the magnetic field is swept, there is a peak at this energy which is characteristic for the sample spin. (b) Example spectrum
taken with the cross-relaxometry method. The scan over the Larmor frequency of 1H is shown in red. Data from ref 13.
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migrating cancer cells). Furthermore, this technique requires
relatively less biological material than other standard methods
used for detection of paramagnetic species. This makes
relaxometry particularly suitable for clinical settings,2 where
collecting additional material for the measurements (biological
fluids, tissue biopsies, or primary cells2) from the patient can be a
challenging task. Nevertheless, when performing relaxometry

measurements in living cells one should include controls that
will prove that magnetic signal comes from a particular source.
So far it has been done by inhibition or/and stimulation of well-
known processes in which free radicals were generated by
particular organelles.1,3 In order to further increase reliability of
the method in biological samples, one should consider targeting
and monitoring of the location of a FND as its sensing capability
decreases with the distance from the source. Therefore,
researchers have been using various functionalization strategies
for nanodiamonds, especially with antibodies, in order to ensure
delivery and then detection of magnetic signals from specific
locations in cells.1 Moreover, researchers have shown that
modification of surface chemistry of FNDs allows control over
protein corona formation and therefore could worsen their
sensing performance.
Relaxometry for Applications in Material Science

Also in material science, relaxometry can offer some new
insights. Probably the most prominent application in material
science is in diamond engineering itself. In this context,
relaxometry is used as a relatively simple tool to assess the
quantum properties of new diamond materials. Generally, the
longer the T1 of the material the more promising the diamond
material is for quantum sensing applications. This approach has
for instance been used by Tetienne et al. to evaluate12 the effects
of the nanodiamond size on the inherent T1 relaxation time.
Smaller diamonds show shorter T1 values, as the contribution of
the surface paramagnetic centers becomes more prominent than
in the bulk diamond.

Another application is to measure chemicals in solution. This
way, it is possible to follow chemical reactions or measure the
concentrations of certain paramagnetic species in solution.56

These can be for instance spin labels, MRI contrast agents, or
other paramagnetic species like free radicals.33

Yet another application has been demonstrated by Li et al.39

The authors have used relaxometry to follow polymer
degradation. To achieve this goal, they have incorporated
nanodiamond particles for sensing into a biodegradable
polymer. The polymer was then degraded in a medium that
was spiked with gadolinium ions. When the polymer is intact, the
Gd3+ is relatively far from the diamond. Once the polymer
degrades, the Gd3+ reaches the particles and the relaxation time
decreases.

Other applications that have been published include the
characterization of conductive or magnetic materials. Electrons
moving in a conductor give rise to magnetic fields, which affect
the T1 relaxation rate of NV centers, allowing one to assess the
local changes in conductivity of the target material at nanoscale
resolution.21,22 As an example, Ariyaratne et al.21 monitored
changes in conductivity of a metal structure with a scanning
magnetometer. High spatial resolution is also attractive for
materials that have a nanoscale magnetic structure or that are
nanoscale objects. This approach has been used to detect and
characterize magnetic nanoparticles,16,18,24,34 which exhibit
superparamagnetic behavior at room temperature. Their
superparamagnetic state can be detected by T1 relaxometry.

Another area that has benefited from diamond-based
relaxometry is imaging of magnetic domains in antiferromag-
netic materials, which are difficult to detect with conventional
magnetometry. Following the theoretical proposal of Flebus et
al.,57 several experimental studies on this topic have been
recently published,14,25,26 using a scanning probe,14 a micro-
scopic diamond prism placed on the surface of the material,26 or

Figure 3. Different ways to conduct relaxometry experiments. The
sample is shown in yellow, the (nano)diamond hosting NV centers in
red. Three main approaches can be defined. In the first case (A, B), the
sample is scanned with a NV-containing probe, similarly to atomic force
microscopy. The scanning tip can either be made of diamond hosting
NV centers (A) or have a nanodiamond attached to it (B). The second
approach (C, D) relies on obtaining information from a stationary
diamond placed close to the sample. Most commonly, bulk diamond
plates are used for that (C). Nanodiamonds immobilized on a
supporting surface or embedded in polymer matrices offer a cheaper
alternative. They can be measured through a cover glass, in a
microfluidic chip, or diluted in solution in high concentrations. Also,
they offer shorter measurement times than bulk diamond plates due to
shorter T1 time. However, with nanodiamonds there is less control over
the orientation of the NV centers and the defect properties are usually
worse (D). In the third approach (E), individual nanodiamonds
diffusing in the sample (chemical solution or a live cell) are tracked
during the experiment, allowing one to map the spatial differences or to
choose a specific position for the measurements. Nevertheless, direct
measurement of single nanodiamonds in solution without immobiliza-
tion is challenging. In cells, FNDs are transported/diffuse relatively
slowly or can be anchored to specific locations (e.g., mitochondrial
membrane, cell membrane).1,3
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a diamond microchip allowing for wide-field relaxometry
measurements.26

Relaxometry in Physics

While in physics more complex pulsing sequences are more
popular, there are a few applications where relaxometry has been
utilized. High sensitivity of NV-based relaxometry makes it a
powerful tool for measuring complex and dynamic physical
processes at nanoscale resolution. Relaxometry has found
exciting applications in condensed matter physics. A theoretical
framework for using impurities in the diamond structure, such as
NV or SiV centers, has been developed by Flebus et al.,57,58 and
Van der Sar et al.27 have used NV centers in bulk diamonds to
probe the spin noise in a ferromagnetic microdisc fabricated on
the diamond surface. In another study, Du et al. measured spin
chemical potentials, the tendency of spins to diffuse, in the
magnetic insulator yttrium−iron−garnet film.28 Similarly,
Simon et al. employed the diamond cantilever scanning system
to characterize the magnon behavior in the same material with
high local precision.15

Detecting Other Quantities than Magnetic Noise

When performing relaxometry experiments, one should be
aware that changes in T1 can be caused by various physical and
chemical properties of the environment.11 While this can make
the interpretation of the results more complicated, it also offers
the possibility of multifunctional sensing. One of the earlier
relaxometry studies employed a nanodiamond attached to the
AFM tip to perform nanoscale magnetic and thermal (in the
range of 290−330 K) imaging.16

Jarmola et al.11 have studied the temperature and magnetic
dependences of the T1 in NV− ensembles of bulk diamonds.
They have shown that two-phonon Raman- and Orbach-type
processes are the main relaxation mechanisms. This study also
revealed temperature independent longitudinal relaxation at low
temperatures. Under such conditions the T1 relaxation is
magnetic field dependent and strongly affected by the cross-
relaxation between differently aligned NV-centers as well as
between NV-centers and substitutional nitrogen impurities
known as the P1 centers. Similarly, de Guillebon et al. have
investigated the relaxation mechanism of single NV centers in
nanodiamonds at both room and cryogenic temperatures.59

Table 1. Summary of Different Ways to Conduct Relaxometry Experiments

method diamond material pros and cons refs

scanning
magnetometry

microfabricated diamond probe
(Figure 3A)

+ highest spatial resolution antiferromagnetic textures14

+ high degree of control over the number and position of NV centers spin waves15

− requirement for elaborate diamond engineering
nanodiamonds attached to

scanning probe (Figure 3B)
+ no elaborate diamond engineering thermal and magnetic imaging16

− poor control over NV position
relaxometry on a

stationary diamond
bulk diamond (Figure 3C) + best possible coherence time and thus sensing performance temperature & magnetic field11

picowells17

chiton teeth18

+ diamond surface can be structured to increase the surface area or
create picoliter wells for small sample volumes

microfluidic device; thin cell
section19

− limited sample options ferritin adsorbed on the diamond
surface20

electrical conductivity21

thermally induced magnetic
noise22

magnetic NPs23

more magnetic NPs24

antiferromagnetic materials25,26

spin waves27

spin chemical potential28

nanodiamonds (Figure 3D) + cheapest and simplest to get ferritin adsorbed to ND surface29

FNDs mixed with blood sample
and dried on the glass30

+ allows intracellular measurements NDs in microfluidic device31

NDs with responsive coating32

ions in solution33

− poor coherence times and defect properties magnetic NPs34

NDs embedded in extracellular
scaffold35

pH36

pH, redox potential in a
microfluidic channel37

viral RNA−theoretical31

diffusing nanodiamonds (Figure
3E)

+ freedom to choose the position within the sample/mapping the
sample

radical generation38

radical generation in sperm cells3

free radicals in mitochondria1

− changing location, need for tracking free radicals during viral infection4

free radicals in primary dendritic
cells2

polymer degradation39
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Their results have shown that the temperature-dependent
relaxation process is attributed to a thermally activated magnetic
noise produced by paramagnetic impurities lying on the
nanodiamond surface.

It is known that T1 of carboxylated diamonds is slightly
affected by the changes in pH in the range of 3−7, with lower pH
resulting in longer T1.36 Viscosity had a relatively negligible
effect on T1 measurements.1 Additional coating of the diamond
surface with functional groups, such as poly(L-cysteine), can
shift the pH sensitivity to the range between 7 and 11.36

Diamonds with an untreated surface, which has a graphite layer

and a number of various functional groups, do not show pH
dependence of T1.

An attractive way to extend the usefulness of relaxometry
measurements is to synthesize responsive coatings (Figure 5).
The principle behind these coatings is that they contain
detectable species (for instance, gadolinium or spin labels)
that are attached to the surface via a responsive molecule, which
is, for instance, cleaved under certain conditions. This results in
the label diffusing away from the particle, which in turn causes an
increase in T1. It is also possible to use responsive molecules,
which shrink or extend upon a stimulus. This way the label is
closer (low T1) or further away (high T1) from the diamond

Figure 4. Applications of relaxometry for biomedical samples. Naturally occurring magnetic crystals, as well as metal ions incorporated in
metalloproteins, are a source of magnetic signal that can be detected with NV-based sensing, often with bulk diamond plates. Paramagnetic species,
such as gadolinium, can be used to label molecules and structures of interest for relaxometry measurements. Nanodiamonds hosting NV centers can be
introduced in the cellular niche or even inside the cell for highly localized detection of magnetic signals, such as those produced by free radicals.

Figure 5. Coatings that respond to the changes in the environment can broaden the range of applications for relaxometry measurements. Coatings that
change their charge in a specific pH range (e.g., poly(L-cysteine) with pKa = 8−10) will make the NV centers in the diamond sensitive to that range of
pH changes. Gadolinium-labeled coatings that detach or expand upon stimulus bring the paramagnetic label closer to or further away from the
diamond surface, directly affecting T1 values.

Accounts of Chemical Research pubs.acs.org/accounts Article

https://doi.org/10.1021/acs.accounts.2c00520
Acc. Chem. Res. 2022, 55, 3572−3580

3577



surface. This approach has been used to make nanodiamond-
based sensors for pH (in the range of 2−7.4) or redox potential,
depending on the responsive linker that was used for coating.37

This technique was recently extended for highly sensitive
detection of biomarkers, such as viral RNA. In this case, the
diamond surface is coated with complementary DNA, which is,
in turn, labeled with gadolinium. If target RNA is present in the
environment, the DNA molecules will bind it and detach from
the diamond surface, carrying away the gadolinium label and
causing a shift in T1.31 The drawback of cleavable coatings is
that the responsive molecule is irreversibly removed from the
surface, so the sensor cannot be reused or used to detect the
opposite change of the environment at a later time point.
Platforms based on the linkers that change their conformation
without detaching from the diamond surface could solve this
problem.

■ CONCLUSION
Relaxometry offers a highly sensitive readout for magnetic noise.
As a result of this unprecedented sensitivity, the technique
allows nanoscale spatial resolution as well as temporal resolution
in the minute range. Additionally, relaxometry only requires low
sample volumes and is thus compatible with single cell or even
single organelle measurements. A further advantage of
relaxometry measurements is that they allow reversible read
out in real time.

Due to the simplicity and low cost of the approach (only
optical access is needed and the technique works at room
temperature) relaxometry is very versatile and has been
implemented in many different instruments and for a wide
range of applications.

However, there are still challenges that have to be resolved in
order to make use of the full potential of relaxometry. Influence
by other parameters, most notably pH, on T1 is problematic.
Additionally, it is imperative that there is optical access, and the
(nano)diamonds have to be within a few nanometers from the
sample. Finally, there is a great variability between NV centers.
In some cases this is not a problem because a good NV center
can be reused indefinitely (until the probe is broken or the NV is
lost). However, especially in biological applications this is often
not an option. In this case, large ensembles can be used to reduce
variability. However, the field would still gain from diamonds
with more uniform defects as well as size and shape.

■ AUTHOR INFORMATION

Corresponding Author

Romana Schirhagl − Groningen University, University Medical
Center Groningen, 9713AW Groningen, the Netherlands;

orcid.org/0000-0002-8749-1054;
Email: romana.schirhagl@gmail.com

Authors

Aldona Mzyk − Groningen University, University Medical
Center Groningen, 9713AW Groningen, the Netherlands;
Institute of Metallurgy and Materials Science, Polish Academy
of Sciences, 30-059 Kraków, Poland

Alina Sigaeva − Groningen University, University Medical
Center Groningen, 9713AW Groningen, the Netherlands

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.accounts.2c00520

Author Contributions
§A.M. and A.S. contributed equally. The manuscript was written
through contributions of all authors. All authors have given
approval to the final version of the manuscript. CRediT: Aldona
Mzyk writing-original draft (supporting), writing-review &
editing (equal); Alina Sigaeva writing-original draft (lead);
Romana Schirhagl funding acquisition (lead), supervision
(lead), writing-original draft (supporting), writing-review &
editing (equal).
Notes
The authors declare no competing financial interest.

Biographies

Aldona Mzyk obtained a M.Sc. degree in Biotechnology from the
University of Silesia in Poland, then a Ph.D. in Materials Science from
the Institute of Metallurgy and Materials Science, Polish Academy of
Sciences. Currently she is an assistant professor in the Institute of
Metallurgy and Materials Science, Polish Academy of Sciences, in
Poland and a postdoctoral researcher in Prof. Romana Schirhagl’s group
at the University Medical Center Groningen in the Netherlands. Her
research is focused on applying nanodiamond magnetometry to explore
the fascinating world of cell biology.

Alina Sigaeva obtained her M.Sc. degree in Cell Biology and Histology
from the Lomonosov Moscow State University in Russia, moving on to
earn her Ph.D. at the Department of Biomedical Engineering,
University Medical Center Groningen, in the Netherlands. She is
currently a postdoctoral researcher in Prof. Romana Schirhagl’s group
at the University Medical Center Groningen, exploring the potential of
free radical detection with the help of nanodiamond magnetometry on a
single-cell level.

Romana Schirhagl earned a Ph.D. in chemistry in 2009 from Vienna
University. After her postdoctoral research at Stanford University and
ETH Zurich, she started her own group at Groningen University. The
research focus of her team is to further develop and apply quantum
sensing to biological or medical applications.

■ ACKNOWLEDGMENTS
Figures 3,, 4, and 5 were drawn with Biorender. R.S.
acknowledges financial support from the European Commission
via an ERC starting grant, ERC-2016-StG-714289.

■ ABBREVIATIONS
NV center, nitrogen vacancy center; MRI, magnetic resonance
imaging; FND, fluorescent nanodiamond; RNA, ribonucleic
acid; SiV, silicon vacancy; AFM, atomic force microscopy;
CCR2, CC chemokine receptor 2; CCL2, CC chemokine ligand
2; CCR5, CC chemokine receptor 5; TLC, thin layer
chromatography

■ REFERENCES
(1) Nie, L.; Nusantara, A. C.; Damle, V. G.; Sharmin, R.; Evans, E. P.

P.; Hemelaar, S. R.; Van der Laan, K.; Perona Martinez, F. P.; Vedelaar,
T.; Chipaux, M.; Schirhagl, R.; Li, R. Quantum monitoring of cellular
metabolic activities in single mitochondria. Science advances 2021, 7,
No. eabf0573.
(2) Nie, L.; Nusantara, A. C.; Damle, V. G.; Baranov, M. V.; Chipaux,

M.; Reyes-San-Martin, C.; Hamoh, T.; Epperla, C. P.; Guricova, M.;
Cigler, P.; Van den Bogaart, G.; Schirhagl, R. Quantum sensing of free
radicals in primary human dendritic cells. Nano Lett. 2022, 22, 1818−
1825.
(3) Reyes-San-Martin, C.; Hamoh, T.; Zhang, Y.; Berendse, L.; Klijn,

C.; Li, R.; Kawalko, J.; Mzyk, A.; Schirhagl, R.; et al. Nanoscale MRI for

Accounts of Chemical Research pubs.acs.org/accounts Article

https://doi.org/10.1021/acs.accounts.2c00520
Acc. Chem. Res. 2022, 55, 3572−3580

3578



Selective Labeling and Localized Free Radical Measurements in the
Acrosomes of Single Sperm Cells. ACS Nano 2022, 16 (7), 10701−
10710.
(4) Wu, K.; Vedelaar, T. A.; Damle, V. G.; Morita, A.; Mougnaud, J.;

San Martin, C. R.; Zhang, Y.; Van der Pol, D. P. I.; Ende-Metselaar, H.;
Rodenhuis-Zybert, I.; Schirhagl, R. Applying NV center-based quantum
sensing to study intracellular free radical response upon viral infections.
Redox biology 2022, 52, 102279.
(5) Boretti, A.; Rosa, L.; Blackledge, J.; Castelletto, S. Nitrogen-

vacancy centers in diamond for nanoscale magnetic resonance imaging
applications. Beilstein J. Nanotechnol. 2019, 10, 2128−2151.
(6) Allert, R. D.; Briegel, K. D.; Bucher, D. B. Advances in nano-and

microscale NMR spectroscopy using diamond quantum sensors.
Chemical Communications. 2022, 58, 8165−8181.
(7) Wu, Y.; Weil, T. Recent developments of nanodiamond quantum

sensors for biological applications. Advanced Science 2022, 9, 2200059.
(8) Zhang, T.; Pramanik, G.; Zhang, K.; Gulka, M.; Wang, L.; Jing, J.;

Xu, F.; Li, Z.; Wei, Q.; Cigler, P.; Chu, Z. Toward quantitative bio-
sensing with nitrogen-vacancy center in diamond. ACS sensors 2021, 6,
2077−2107.
(9) Liu, K.; Zhang, S.; Ralchenko, V.; Qiao, P.; Zhao, J.; Shu, G.; Yang,

L.; Han, J.; Dai, B.; Zhu, J. Tailoring of typical color centers in diamond
for photonics. Adv. Mater. 2021, 33, 2000891.
(10) Schirhagl, R.; Chang, K.; Loretz, M.; Degen, C. L. Nitrogen-

vacancy centers in diamond: nanoscale sensors for physics and biology.
Annu. Rev. Phys. Chem. 2014, 65, 83−105.
(11) Jarmola, A.; Acosta, V. M.; Jensen, K.; Chemerisov, S.; Budker, D.

Temperature-and magnetic-field-dependent longitudinal spin relaxa-
tion in nitrogen-vacancy ensembles in diamond. Physical review letters
2012, 108, 197601.
(12) Tetienne, J. P.; Hingant, T.; Rondin, L.; Cavailles̀, A.; Mayer, L.;

Dantelle, G.; Gacoin, T.; Wrachtrup, J.; Roch, J. F.; Jacques, V. Spin
relaxometry of single nitrogen-vacancy defects in diamond nanocrystals
for magnetic noise sensing. Phys. Rev. B 2013, 87, 235436.
(13) Wood, J. D.; Tetienne, J. P.; Broadway, D. A.; Hall, L. T.;

Simpson, D. A.; Stacey, A.; Hollenberg, L. C. Microwave-free nuclear
magnetic resonance at molecular scales. Nat. Commun. 2017, 8, 15950.
(14) Finco, A.; Haykal, A.; Tanos, R.; Fabre, F.; Chouaieb, S.; Akhtar,

W.; Robert-Philip, I.; Legrand, W.; Ajejas, F.; Bouzehouane, K.; Reyren,
N.; Devolder, T.; Adam, J. P.; Kim, J. V.; Cros, V.; Jacques, V. Imaging
non-collinear antiferromagnetic textures via single spin relaxometry.
Nat. Commun. 2021, 12, 767.
(15) Simon, B. G.; Kurdi, S.; La, H.; Bertelli, I.; Carmiggelt, J. J.; Ruf,

M.; De Jong, N.; Van den Berg, H.; Katan, A. J.; Van Der Sar, T.
Directional excitation of a high-density magnon gas using coherently
driven spin waves. Nano Lett. 2021, 21, 8213−8219.
(16) Tetienne, J. P.; Lombard, A.; Simpson, D. A.; Ritchie, C.; Lu, J.;

Mulvaney, P.; Hollenberg, L. C. Scanning nanospin ensemble
microscope for nanoscale magnetic and thermal imaging. Nano Lett.
2016, 16, 326−333.
(17) Kehayias, P.; Jarmola, A.; Mosavian, N.; Fescenko, I.; Benito, F.

M.; Laraoui, A.; Smits, J.; Bougas, L.; Budker, D.; Neumann, A.; Brueck,
S. R. J.; Acosta, V. M. Solution nuclear magnetic resonance
spectroscopy on a nanostructured diamond chip. Nat. Commun.
2017, 8, 188.
(18) McCoey, J. M.; Matsuoka, M.; de Gille, R. W.; Hall, L. T.; Shaw,

J. A.; Tetienne, J. P.; Kisailus, D.; Hollenberg, L. C. L.; Simpson, D. A.
Quantum magnetic imaging of iron biomineralization in teeth of the
chiton Acanthopleura hirtosa. Small Methods 2020, 4, 1900754.
(19) Ziem, F. C.; Götz, N. S.; Zappe, A.; Steinert, S.; Wrachtrup, J.

Highly sensitive detection of physiological spins in a microfluidic
device. Nano Lett. 2013, 13, 4093−4098.
(20) Schäfer-Nolte, E.; Schlipf, L.; Ternes, M.; Reinhard, F.; Kern, K.;

Wrachtrup, J. Tracking temperature-dependent relaxation times of
ferritin nanomagnets with a wideband quantum spectrometer. Physical
review letters 2014, 113, 217204.
(21) Ariyaratne, A.; Bluvstein, D.; Myers, B. A.; Jayich, A. C. B.

Nanoscale electrical conductivity imaging using a nitrogen-vacancy
center in diamond. Nat. Commun. 2018, 9, 2406.

(22) Kolkowitz, S.; Safira, A.; High, A. A.; Devlin, R. C.; Choi, S.;
Unterreithmeier, Q. P.; Patterson, D.; Zibrov, A. S.; Manucharyan, E.;
Park, H.; Lukin, M. D. Probing Johnson noise and ballistic transport in
normal metals with a single-spin qubit. Science 2015, 347, 1129−1132.
(23) McCoey, J. M.; de Gille, R. W.; Nasr, B.; Tetienne, J. P.; Hall, L.

T.; Simpson, D. A.; Hollenberg, L. C. Rapid, high-resolution magnetic
microscopy of single magnetic microbeads. Small 2019, 15, 1805159.
(24) Schmid-Lorch, D.; Häberle, T.; Reinhard, F.; Zappe, A.; Slota,

M.; Bogani, L.; Finkler, A.; Wrachtrup, J. Relaxometry and dephasing
imaging of superparamagnetic magnetite nanoparticles using a single
qubit. Nano Lett. 2015, 15, 4942−4947.
(25) Wang, H.; Zhang, S.; McLaughlin, N. J.; Flebus, B.; Huang, M.;

Xiao, Y.; Liu, C.; Wu, M.; Fullerton, E. E.; Tserkovnyak, Y.; Du, C. R.
Noninvasive measurements of spin transport properties of an
antiferromagnetic insulator. Science advances 2022, 8, No. eabg8562.
(26) Yan, G. Q.; Li, S.; Lu, H.; Huang, M.; Xiao, Y.; Wernert, L.;

Brock, J. A.; Fullerton, E. E.; Chen, H.; Wang, H.; Du, C. R. Quantum
Sensing and Imaging of Spin-Orbit-Torque-Driven Spin Dynamics in
the Non-Collinear Antiferromagnet Mn3Sn. Adv. Mater. 2022, 34,
2200327.
(27) Van der Sar, T.; Casola, F.; Walsworth, R.; Yacoby, A.

Nanometre-scale probing of spin waves using single electron spins.
Nat. Commun. 2015, 6, 7886.
(28) Du, C.; Van der Sar, T.; Zhou, T. X.; Upadhyaya, P.; Casola, F.;

Zhang, H.; Onbasli, M. C.; Ross, C. A.; Walsworth, R. L.; Tserkovnyak,
Y.; Yacoby, A. Control and local measurement of the spin chemical
potential in a magnetic insulator. Science 2017, 357, 195−198.
(29) Ermakova, A.; Pramanik, G.; Cai, J. M.; Algara-Siller, G.; Kaiser,

U.; Weil, T.; Tzeng, Y. K.; Chang, H. C.; McGuinness, L. P.; Plenio, M.
B.; Naydenov, B.; Jelezko, F. Detection of a few metallo-protein
molecules using color centers in nanodiamonds. Nano Lett. 2013, 13,
3305−3309.
(30) Gorrini, F.; Giri, R.; Avalos, C. E.; Tambalo, S.; Mannucci, S.;

Basso, L.; Bazzanella, N.; Dorigoni, C.; Cazzanelli, M.; Marzola, P.;
Miotello, A.; Bifone, A. Fast and sensitive detection of paramagnetic
species using coupled charge and spin dynamics in strongly fluorescent
nanodiamonds. ACS Appl. Mater. Interfaces 2019, 11, 24412−24422.
(31) Li, C.; Soleyman, R.; Kohandel, M.; Cappellaro, P. SARS-CoV-2

quantum sensor based on nitrogen-vacancy centers in diamond. Nano
Lett. 2022, 22, 43−49.
(32) Barton, J.; Gulka, M.; Tarabek, J.; Mindarava, Y.; Wang, Z.;

Schimer, J.; Raabova, H.; Bednar, J.; Plenio, M. B.; Jelezko, F.;
Nesladek, M.; Cigler, P. Nanoscale dynamic readout of a chemical
redox process using radicals coupled with nitrogen-vacancy centers in
nanodiamonds. ACS Nano 2020, 14, 12938−12950.
(33) Perona Martínez, F.; Nusantara, A. C.; Chipaux, M.; Padamati, S.

K.; Schirhagl, R. Nanodiamond relaxometry-based detection of free-
radical species when produced in chemical reactions in biologically
relevant conditions. ACS sensors 2020, 5, 3862−3869.
(34) Sadzak, N.; Héritier, M.; Benson, O. Coupling a single nitrogen-

vacancy center in nanodiamond to superparamagnetic nanoparticles.
Sci. Rep. 2018, 8, 8430.
(35) Price, J. C.; Levett, S. J.; Radu, V.; Simpson, D. A.; Barcons, A. M.;

Adams, C. F.; Mather, M. L. Quantum Sensing in a Physiological-Like
Cell Niche Using Fluorescent Nanodiamonds Embedded in Electro-
spun Polymer Nanofibers. Small 2019, 15, 1900455.
(36) Fujisaku, T.; Tanabe, R.; Onoda, S.; Kubota, R.; Segawa, T. F.;

So, F. T. K.; Ohshima, T.; Hamachi, I.; Shirakawa, M.; Igarashi, R. pH
nanosensor using electronic spins in diamond. ACS Nano 2019, 13,
11726−11732.
(37) Rendler, T.; Neburkova, J.; Zemek, O.; Kotek, J.; Zappe, A.; Chu,

Z.; Cigler, P.; Wrachtrup, J. Optical imaging of localized chemical
events using programmable diamond quantum nanosensors. Nat.
Commun. 2017, 8, 14701.
(38) Sharmin, R.; Hamoh, T.; Sigaeva, A.; Mzyk, A.; Damle, V. G.;

Morita, A.; Vedelaar, T.; Schirhagl, R. Fluorescent Nanodiamonds for
Detecting Free-Radical Generation in Real Time during Shear Stress in
Human Umbilical Vein Endothelial Cells. ACS sensors 2021, 6, 4349−
4359.

Accounts of Chemical Research pubs.acs.org/accounts Article

https://doi.org/10.1021/acs.accounts.2c00520
Acc. Chem. Res. 2022, 55, 3572−3580

3579



(39) Li, R.; Vedelaar, T.; Mzyk, A.; Morita, A.; Padamati, S. K.;
Schirhagl, R. Following Polymer Degradation with Nanodiamond
Magnetometry. ACS sensors 2022, 7, 123−130.
(40) Shamir, M.; Bar-On, Y.; Phillips, R.; Milo, R. SnapShot:

timescales in cell biology. Cell 2016, 164, 1302−1302.
(41) Goswami, P.; He, K.; Li, J.; Pan, Y.; Roberts, A. P.; Lin, W.

Magnetotactic bacteria and magnetofossils: ecology, evolution and
environmental implications. npj Biofilms and Microbiomes 2022, 8, 43.
(42) Lowenstam, H. A. Magnetite in denticle capping in recent

chitons (Polyplacophora). Geological Society of America Bulletin 1962,
73, 435−438.
(43) Gieré, R. Magnetite in the human body: Biogenic vs.

anthropogenic. Proc. Natl. Acad. Sci. U. S. A. 2016, 113, 11986−11987.
(44) Wiltschko, R.; Wiltschko, W. The discovery of the use of

magnetic navigational information. Journal of Comparative Physiology A
2022, 208, 9.
(45) Tahirbegi, I. B.; Pardo, W. A.; Alvira, M.; Mir, M.; Samitier, J.

Amyloid aβ42, a promoter of magnetite nanoparticle formation in
alzheimer’s disease. Nanotechnology 2016, 27, 465102.
(46) Steinert, S.; Ziem, F.; Hall, L. T.; Zappe, A.; Schweikert, M.;

Götz, N.; Aird, A.; Balasubramanian, G.; Hollenberg, L.; Wrachtrup, J.
Magnetic spin imaging under ambient conditions with sub-cellular
resolution. Nat. Commun. 2013, 4, 1607.
(47) Le Sage, D.; Arai, K.; Glenn, D. R.; DeVience, S. J.; Pham, L. M.;

Rahn-Lee, L.; Lukin, M. D.; Yacoby, A.; Komeili, A.; Walsworth, R. L.
Optical magnetic imaging of living cells. Nature 2013, 496, 486−489.
(48) Beutler, B. Innate immunity: an overview. Molecular immunology
2004, 40, 845−859.
(49) Tuy, K.; Rickenbacker, L.; Hjelmeland, A. B. Reactive oxygen

species produced by altered tumor metabolism impacts cancer stem cell
maintenance. Redox Biology 2021, 44, 101953.
(50) Hardingham, N.; Dachtler, J.; Fox, K. The role of nitric oxide in

pre-synaptic plasticity and homeostasis. Frontiers in Cellular Neuro-
science 2013, 7, 190.
(51) Gualtieri, R.; Kalthur, G.; Barbato, V.; Longobardi, S.; Di Rella,

F.; Adiga, S. K.; Talevi, R. Sperm Oxidative Stress during In Vitro
Manipulation and Its Effects on Sperm Function and Embryo
Development. Antioxidants 2021, 10, 1025.
(52) Miwa, S.; Kashyap, S.; Chini, E.; von Zglinicki, T. Mitochondrial

dysfunction in cell senescence and aging. J. Clin. Invest. 2022, 132,
No. e158447.
(53) Van der Laan, K.; Hasani, M.; Zheng, T.; Schirhagl, R.

Nanodiamonds for in vivo applications. Small 2018, 14, 1703838.
(54) Tian, Y.; Nusantara, A. C.; Hamoh, T.; Mzyk, A.; Tian, X.;

Perona Martinez, F.; Li, R.; Permentier, H. P.; Schirhagl, R.
Functionalized fluorescent nanodiamonds for simultaneous drug
delivery and quantum sensing in HeLa cells. ACS Appl. Mater. Interfaces
2022, 14 (34), 39265−39273.
(55) Norouzi, N.; Nusantara, A. C.; Ong, Y.; Hamoh, T.; Nie, L.;

Morita, A.; Zhang, Y.; Mzyk, A.; Schirhagl, R. Relaxometry for detecting
free radical generation during Bacteria’s response to antibiotics. Carbon
2022, 199, 444−452.
(56) Padamati, S. K.; Vedelaar, T. A.; Perona Martínez, F.; Nusantara,

A. C.; Schirhagl, R. Insight into a Fenton-like Reaction Using
Nanodiamond Based Relaxometry. Nanomaterials 2022, 12, 2422.
(57) Flebus, B.; Ochoa, H.; Upadhyaya, P.; Tserkovnyak, Y. Proposal

for dynamic imaging of antiferromagnetic domain wall via quantum-
impurity relaxometry. Phys. Rev. B 2018, 98, 180409.
(58) Flebus, B.; Tserkovnyak, Y. Quantum-impurity relaxometry of

magnetization dynamics. Phys. Rev. Lett. 2018, 121, 187204.
(59) De Guillebon, T.; Vindolet, B.; Roch, J. F.; Jacques, V.; Rondin,

L. Temperature dependence of the longitudinal spin relaxation time T 1
of single nitrogen-vacancy centers in nanodiamonds. Phys. Rev. B 2020,
102 (16), 165427.

Accounts of Chemical Research pubs.acs.org/accounts Article

https://doi.org/10.1021/acs.accounts.2c00520
Acc. Chem. Res. 2022, 55, 3572−3580

3580

 Recommended by ACS

Biradical Polarizing Agents at High Fields
Vladimir K. Michaelis, Robert G. Griffin, et al.
OCTOBER 04, 2022
THE JOURNAL OF PHYSICAL CHEMISTRY B READ 

Through-Space Multinuclear Magnetic Resonance Signal
Enhancement Induced by Parahydrogen and Radiofrequency
Amplification by Stimulated Emission of...
Oleg G. Salnikov, Igor V. Koptyug, et al.
OCTOBER 20, 2022
ANALYTICAL CHEMISTRY READ 

Frémy’s Salt as a Low-Persistence Hyperpolarization Agent:
Efficient Dynamic Nuclear Polarization Plus Rapid Radical
Scavenging
Mattia Negroni, Dennis Kurzbach, et al.
NOVEMBER 02, 2022
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ 

Efficient Pulsed Dynamic Nuclear Polarization with the X-
Inverse-X Sequence
Venkata SubbaRao Redrouthu and Guinevere Mathies
JANUARY 25, 2022
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ 

Get More Suggestions >


