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Abstract

Sections

Quantum sensors are finding their way from laboratories to the

real world, as witnessed by the increasing number of start-upsin

this field. The atomiclength scale of quantum sensors and their
coherence properties enable unprecedented spatial resolution and
sensitivity. Biomedical applications could benefit from these quantum
technologies, but it is often difficult to evaluate the potential impact
of the techniques. This Review sheds light on these questions, present-
ing the status of quantum sensing applications and discussing their
path towards commercialization. The focus is on two promising
quantum sensing platforms: optically pumped atomic magnetometers,
and nitrogen-vacancy centres in diamond. The broad spectrum of
biomedical applicationsis highlighted by four case studies ranging
from brainimaging to single-cell spectroscopy.
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Key points

¢ Quantum sensors can detect magnetic fields and other physical
quantities, with unprecedented spatial resolution and sensitivity,
making them highly interesting for biomedical applications.

e Optically pumped magnetometers offer new functionalities in
clinical magnetoencephalography, with their wearable sensor helmet
allowing the subject to perform tasks and move during the recording
of brain activity.

¢ Nitrogen-vacancy (NV)-centre-based magnetometry of single
neurons and magnetic biomarkers, with subcellular resolution, opens
new avenues in studying neuronal circuits and in rapid clinical testing.

e Nuclear magnetic resonance based on NV centres in diamond
enables microscale and nanoscale detection of single molecules
and single cells, which could be applied in structure determination
of transmembrane proteins and in metabolomics studies.

¢ Nanodiamonds containing NV centres can locally probe
temperature-dependent biological processes in cells and small
organisms, such as cell development and endogenous heat
generation.

Introduction

Advances in biomedical sciences are often spurred by the develop-
ment of tools with enhanced sensitivity and resolution, which allow
detection and imaging of signals that are progressively weaker, more
localized and/or biologically specific. Improvements in nuclear mag-
netic resonance (NMR) or magnetoencephalography (MEG) have
resulted in tremendous progress in diagnostics and treatment, yet
further progress in sensitivity and resolution seems to be challenging
with conventional methods. However, a promising direction for anew
generation of biomedical sensors with greatly enhanced performance
comes from advances in quantum science and technology.

Control and measurement of individual quantum systems, which
seemedimpossible only afew decades ago, isnow areality inmany labo-
ratories worldwide. Thisachievement has generated much excitement
inboth academia and industry. Quantum computation and quantum
communication have garnered great attention', but quantum sens-
ing, another pillar of quantum technology, is also advancing rapidly.
One advantage of quantum sensors is the improvement in sensitivity
that stems from quantum effects. Some quantum sensors are as small
as asingle atom and can consequently yield unmatched spatial reso-
lution. These new capabilities could lead to a true ‘quantum leap’ in
biomedical applications. First attempts have already been made, in the
formof quantum-sensor-based brainimaging’ and NMR at the scale of
individual proteins and cells*®. This is an exciting time for quantum
sensing as it transitions from academic laboratories to commercial
applications.

The focus of this Review is on two promising quantum platforms
as exemplars of quantum sensors in biomedical applications: opti-
cally pumped magnetometers (OPMs) and magnetometry based on
nitrogen-vacancy (NV) centresin diamond. An overview of the poten-
tial applications on the molecular, cellular and organism levels is
given in Fig. 1. We present four case studies, chosen among the many

directions that are being actively explored. The first is MEG based on
OPMs, withan emphasis onits advantages over conventional MEG based
on superconducting quantum interference devices (SQUIDs). The
second case study discusses how diamond sensor chips withanensem-
ble of NV centres can be used for magnetic sensing and microscopy
of biological cells and tissue. The third is dedicated to NV-diamond
sensing applied to nanoscale and microscale NMR imaging and spec-
troscopy. The final case study will discuss nanoscale thermometry
with NV centres in nanodiamonds. For discussion of the principles of
quantum sensing, we refer readers to other reviews’°.

What are quantum sensors?
Quantum sensors are individual systems or ensembles of systems that
use quantum coherence, interference and entanglement to determine
physical quantities of interest’. In what follows, we do not limit the
discussion to entanglement-enhanced sensing, although there have
been numerous early demonstrations of such capabilitiesin the field.
Quantum sensors have been realized in multiple systems with very
different operating principles. This diversity makes them each suitable
for different applications and allows themto be used in complementary
ways. Inthe following, we give a brief overview of the most prominent
examples of quantum sensors.

Superconducting circuits

Oneofthe earliest quantum sensors is the SQUID. Based on supercon-
ductingJosephsonjunctions, SQUIDs can measure magnetic fields with
sensitivities reaching 10 aT Hz™¥?in controlled laboratory settings™.
Many SQUID sensors are commercially available and are, for example,
applied in MEG, where they detect magnetic signals from the brain.
However, SQUIDs require cryogenic operation, which necessitates
bulky set-ups and limits the achievable spatial resolution for real-world

applications.

Atomic ensembles

Alkaliatomensemblesinvapour cells canbe spin-polarized, and their
magnetic field coupling can be probed through optical means (Fig. 2a).
Besides the absorption-based approach described in Fig.2a, magnetic
field detection canalso be achieved by measuring d.c.and a.c. polariza-
tionrotation of the probe light®. These OPMs can achieve minute-long
coherence times'? and magnetic field sensitivities of 100 aT Hz *2in
thelaboratory”. Spin-exchange relaxation-free OPMs are operated at
elevated temperatures of 100 °C and near-zero magnetic field. The high
temperaturerequires insulation fromtarget samples, and the require-
ment for near-zero magnetic field necessitates additional coils to cancel
out environmental magnetic fields. OPM cells have been miniatur-
ized down to the millimetre scale, but with degradation in sensitiv-
ity, ultimately limiting the spatial resolution for a given sensitivity™.
Entanglement-enhanced sensing has also been demonstrated with
OPMs™*¢, The combination of these properties has enabled OPM
application in NMR"Y, MEG*, magnetocardiography (MCG)' and
magnetic induction tomography* .

Solid-state spins

Electronicspin defectsin semiconductors canalso be used for quantum
sensing. Diamond stands out as a special host material for optically
addressable defects, owingtoits large bandgap. Most notably, the NV
colour centre in diamond has been widely studied as a quantum sen-
sor”"??, Optical initialization and readout of the spin state has been
demonstrated down to the single-NV level® (Fig. 2b). Owing to low
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spin-orbit coupling, the NV’s ground-state spin can reach coherence
times of -1 ms under ambient conditions?*. NV centres have been shown
to function over large ranges of temperature (4 K to 625 K)*, magnetic
field (up to 8.3 T)* and pressure (up to 13.6 GPa)?. These properties
make the NV and other colour centres in diamond* attractive not only
for quantum sensing but also for quantum information processing®
and quantum communication®. For magnetometry, the photon shot-
noise-limited sensitivity can be enhanced by a factor of 1/-/N by using
anensemble of NNV centres, with an experimentally achieved sensitiv-
ity of <1 pT Hz 2 (ref.?°). Inaddition, NV centres can be used as a sensor
for temperature®, electric fields** and pressure”.

NV centres exhibit a sensing bandwidth ranging from d.c. to
gigahertz frequencies®. In wide-field imaging applications using NV
ensembles, the spatial resolutionis typically set by the diffraction limit
of the optical microscope. However, by combining NVs with scanning
techniques, such as atomic force microscopy, the spatial resolution
can be improved to the few-nanometre level, mainly limited by the
NV-to-surface distance®. It is also possible to create nanodiamonds
containing NV centres, which can be functionalized and serve as local
probes®. Other defectsin diamond (such as silicon vacancy centres®®)
and defects in different host materials (such as silicon carbide® or
yttrium orthosilicate®®) are being actively investigated as quantum
sensors. As yet, they do not show sensitivities comparable to the
NV centres, owing to their limited coherence properties.

In this Review, we highlight biomedical applications of OPMs and
diamond NV centres as an illustration of the broad operating regimes
that quantum sensors can cover. The OPMs and NV centres have com-
plementary strengths and weaknesses. The high sensitivity of OPMs
makes themsuitable for macroscopic detection of weak magnetic fields,
such as those generated by the brain or the heart. Conversely, a major
advantage of NV centresisthe short sensor-to-sample distance, allowing
high spatial resolution and high sensitivity to weak, microscopic signals.
In addition, the NV centre is a multifunctional sensor (detecting a.c.
and d.c. magnetic fields, temperature and so on) and operates under
awide range of conditions. This multifunctionality makes it attractive
for spectroscopy and diagnostics on the cellular level.

OPM-based MEG

Monitoring and imaging biomagnetism from the human body is useful
for diagnostic and treatment purposes®. For example, the brain pro-
duces magnetic fields through the flow of electric currents in neurons.
These fields are detected by MEG and can be used to study brain injury®
and brain disorders such as epilepsy* and dementia*’.

Conventional MEG, as first demonstrated in the early 1970s,
is based on SQUID sensors*"*? and exhibits a noise level of fT Hz 2.
Despite considerable commercial and clinical adoption, the demanding
operation conditions of MEG still pose severe limitations. For example,
SQUID operation requires cryogenic temperatures, which makes the
sensor array bulky (weighing over 400 kg for the helmet that holds
the sensor array) and increases the sensor-to-subject distance. This
distance not only limits signal-to-noise ratio and spatial resolution
but also makes itinfeasible for the subject to move during the record-
ing. Moreover, the fixed MEG helmet’s size complicates brainimaging
because the subject’s head profile can vary significantly, especially in
the case of children.

The emergence of quantum sensing techniques has opened new
avenues to tackle these limitations. Most promising are commercially
available OPMs that can achieve sensitivities of ~10 fT Hz ™2 (ref. ),
comparable to clinical SQUID devices. OPMs do not require low tem-
peratures, thus simplifying the sensor architecture and allowing short
sensor-to-sample distances. Another benefit of OPMs is their ability
to detect vector magnetic fields** *¢, whereas SQUIDs only measure
the magnetic field component radial to the scalp surface. Such tri-
axial detection results in an overall higher signal strength and helps
differentiate signal and background fields. Furthermore, progress in
miniaturization of OPMs has enabled prototype OPM-MEGs to be built*
(Fig. 3a), paving the way towards real-world applications.

To detect the weak magnetic signal originating from the brain,
itis crucial to suppress much stronger magnetic-field backgrounds.
Suchsuppressionisachieved through magnetic shielding and fast field
compensation with electromagnetic coils* . This approach, com-
bined with the light weight (about 1kg) of an OPM-MEG helmet, has
enabled head movement up to 10 cm during human MEG recording®.
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Fig. 2| Operating principles of optically pumped magnetometers (OPMs) and
nitrogen-vacancy (NV) magnetometers. a, Inan OPM, rubidium atoms (as an
example out of the various alkali atoms being used) in a glass cell are optically
spin-polarized. In zero magnetic field, the transmission of a probe laser is at its
maximum (left). The presence of amagnetic field leads to Larmor precession
ofthe spins, which reduces transmission of the probe laser (right). b, The NV
centrein the diamond lattice has its spin state initialized and interrogated via

Microwave frequency (GHz)

green excitation light, microwave (MW) resonant fields and red fluorescence,
inthe presence of magnetic fields (B). ¢, Optically detected magnetic resonance
(ODMR) spectrum of the NV centre at zero field (left) and at B=1.2 mT (right),
where yis the electron gyromagnetic ratio and |0y, |+1) stand for the electron spin
states m,=0, +1, respectively. Part a adapted with permission fromref. *, Springer
Nature Ltd.

It also allowed the subject to bounce a ball off a bat or to rotate their
head while a MEG signal was recorded* (Fig. 3b). MEG detection has
also been demonstrated at ambient conditions without magnetic
shielding by combining two OPM magnetometers into a first-order
gradiometer™.

Another key advantage of OPMs not needing cryogenicsis that the
MEG helmet can be made to fit any head size (Fig. 3c). This possibility is
especially helpful for neuroimaging of infants and enables long-term
studies as the infants grow>. Subjects who are intimidated by the bulky
SQUID-based MEG helmet, and others who cannot stay still during the
imaging procedure, could also get access to MEG scans.

OPM-based MEGs are increasingly finding clinical application.
OPMs have been applied to detect and localize focal interictal spikes
in children with epilepsy® (Fig. 3d). For many neuroscientific studies
itis also important to detect signal from deeper within the brain. One
exampleis the humanhippocampus, whichis crucial for navigation and
hasbeen studied with OPM-based MEGs***. Another proof-of-concept
demonstration has been the detection of functional connectivity witha
50-channel OPM*¢, paving the way for studies of brain networks. More-
over, OPMs have successfully been used to measure humanretinal activ-
ity”’; the use of OPMs is contactless, in contrast to the fibre electrodes
currently used. Another exciting demonstration of OPM-MEG has been
the detection of human visual gamma-band activity in the brain®®. These
high-frequency oscillations are assumed to play animportant role in

cognitive functions. The high spatial resolution of OPMs aids the locali-
zation of the active source areas, which is challenging with currently
used techniques®®. OPMs will also enable new possibilities in functional
neuroimaging. For example, neuroscientists can now monitor brain
activity while the subject moves and performs tasks of interest*. One
can even envisage combining OPM-MEG with virtual-reality devices®.

OPM-MEG is a relatively new technique, and further improve-
ments are required before it can achieve widespread use in hospitals.
Currently, the noise floor measured with OPMs is higher than SQUIDs
by a factor of three, negating the sensitivity increase coming from
smaller sensor-to-sample distance. So far, <100 OPM sensors have
been combined into an array for MEG measurements® (https:/www.
cercamagnetics.com/cerca-opm-meg), in contrast to typical SQUID-
MEG arrays of ~-300 sensors. Scaling up the OPM sensor array, to pro-
vide comparable or superior resolution to SQUID-based MEG, will
require the suppression of crosstalk between individual OPMs. The
OPM community is working on these challenges and moving towards
commercialization.

Another notable application of OPMs is MCG'®*' (Fig. 3e). In this case,
the measurement of magnetic fields from the heart allows diagnosis of
diverse heart conditions associated with electrically active cardiac cells.
Themainadvantages of OPM-MCG, relative to SQUID-based detectors, are
its portability, low cost,and electrode-free application®. Some commercial
OPM-MCG devices are already available (https:/genetesis.com).
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NV-based magnetic sensing and imaging of cells
and tissues

Individual cells and tissues can produce magnetic fields, as exempli-
fied by the fields produced by neuronal action potentials or by chains
of magnetic nanoparticles (magnetosomes) in bacteria. Magnetic tags
can also be introduced into living systems, in the form of magnetic
nanoparticles (MNPs) or spin labels, for example. In all these cases, a
biocompatible magnetometer with high sensitivity and high spatial reso-
lutionis required to measure the fields. One common method for such
investigations uses amillimetre-scale diamond chip withathin surface

layer (micrometre scale) of ensemble NV centres®”. Another commonly
used modality is nanodiamonds containing NV centres, which can be
injected or ingested into cells or tissues and functionalized, to target
proteins of interest, for example.

Magnetic nanoparticle imaging

Labelling, detecting and targeting individual cells is useful for diagnos-
ticapplications, such as distinguishing cancer cells from healthy cells.
Fluorescent markers are commonly used as labels, but often suffer
from blinking, photobleaching and background autofluorescence.
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Fig.3 | Optically pumped magnetometer (OPM)-based
magnetoencephalography (MEG). a, Prototype wearable OPM-MEG.

The subject can move their head during the measurement, as exemplified by the
subject bouncing a tennis ball offabat. b, Betaband oscillations recorded asa
frequency spectrogram (left) and amplitude (right) during ball game and rest.
¢, Flexible wearable OPM-MEG helmet with 63 sensor mounts. d, SQUID-MEG
(top) and OPM-MEG (bottom) recording of 11-year-old patient with refractory
focal epilepsy. Left: superimposed data of multiple sensors showing filtered

background brain activity and interictal epileptiform discharges (IEDs).

Right: averaged IED data and magnetic field topography at the spike peak.

e, OPM-magnetocardiography (MCG) measured at ambient conditions with
a%¥Rb magnetic gradiometer. Parts a,b adapted with permission fromref. 4,
Springer Nature Ltd. Part cadapted with permission from ref. " under a Creative
Commons licence CC BY 4.0. Part d adapted with permission from ref. >3, RSNA.
Part e adapted with permission from ref. ', APS.
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MNPs form the basis of magneticimmunoassay techniques, anemerg-
ing complementary diagnostic modality with potential advantages
over fluorescent markers: long-term stability, negligible background
signal and quantitative detection.

Diamond NV centres have been used for quantitative detection
and wide-field imaging of MNPs in diverse biological samples, with
micrometre-scale resolution and a millimetre field of view. Inan early
demonstration, NV-based magnetic microscopy was used to resolve
and quantitatively characterize chains of MNPs (magnetosomes)
that occur naturally in magnetotactic bacteria®’. NV-based magnetic
microscopy was also used to detect cancer biomarkers®® (Fig. 4a,b).In
this study, SKBR3 cancer cells were labelled with HER2-specific MNPs
(where HER2 is human epidermal growth factor receptor 2), allowing
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Fig. 4 |Nitrogen-vacancy (NV)-centre-based magnetic sensing of biological
samples. a, Wide-field NV-diamond microscope for magnetic imaging of cells.
sCMOS, scientific complementary metal-oxide-semiconductor. b, Wide-field
imaging of biomarkers. Left: bright-field image overlayed with fluorescence
image of SKBR3 cancer cells labelled with magnetic nanoparticles (MNPs) and
stained with fluorescence dyes. Right: same field of view showing NV magnetic
imaging of MNP-labelled cells. Scale bar, 100 pm. ¢, Magnetic field image of
natural haemozoin crystals acquired with a NV-diamond microscope. Field of

differentiation between healthy and cancer cells. The technique is
now commercially available for diagnostic assessment of biomarkers
in human blood and other samples (https://qdti.com/). In another
demonstration, NV-diamond magnetic microscopy was used to inves-
tigate malarial haemozoin nanocrystals, which serve as biomarkers for
malaria®* (Fig. 4c). These nanocrystals are formed in human blood cells
infected by Plasmodium falciparum. In this study, the paramagnetic
nature of the haemozoin nanocrystals was confirmed, and amagnetic
susceptibility of 3.4 x 10™* was measured, opening a possibility of drug
screening against cells infected by Plasmodium.

In another demonstration, NV-based magnetic microscopy was
applied to detect concentrations of magnetically labelled protein,
interleukin-6%, from patients hospitalized with COVID-19. Interleukin-6
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view is 39 x 39 um?2. d, Top: image of NV-diamond set-up for single-neuron
action potential (AP) magnetic measurement of a living specimen of Myxicola
infundibulum (worm). Bottom: time trace of the magnetic field signal coming
from asingle-neuron action potential of M. infundibulum detected with the
NV-diamond set-up. Part a adapted with permission from ref. 2, Springer
Nature Ltd. Part b adapted with permission from ref. >, Springer Nature Ltd.
Part cadapted with permission from ref. ** under a Creative Commons licence
CCBY 4.0. Partd adapted with permission from ref. °°, PNAS.
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is an endogenous cytokine associated with various diseases, such
as severe COVID-19. The key idea was to detect the concentration of
magneticbeadsinthe sample, and the results correlated well with the
well-established Luminex assay technique. This success demonstrates
the potential of NV-based microscopy for applicationsincluding rapid
clinical testing.

Single-neuron action potential measurement

MEG is a powerful tool to investigate brain activity on macroscopic
scales by interpreting effective current dipole sourcesin vivo. It would
be desirable to understand how these effective current dipoles are
related to underlying neuronal circuits. Such studies require mini-
mally invasive magnetic measurements, ranging from single cells
at the microscale to full neuronal circuits at the millimetre scale.
NV-based microscopy has been used for a proof-of-concept measure-
ment towards that direction. In this study, shallowly implanted diamond
NV centres were used to measure the action potentials of single neurons
from marineworms and squid®® (Fig. 4d). The study achieved amagnetic
field sensitivity of 10 pT Hz 2. Importantly, the submillisecond time
resolution of the technique allowed the direct measurement of the
action potential waveforms, including the direction of action potential
propagation along the neuron and detection in whole, live animals.
These studies at both the single-neuron and neuronal-circuit levels
wouldimprove and validate assumptions used in MEG for current dipole
source reconstruction and could potentially improve the resolution
of MEG as aresult.

Detection of spin labels with T1relaxometry

The measurement of the longitudinal relaxation time (T1) of NVs is
sensitive to magnetic noise at the NV spin-transition frequency, from
megahertz to the gigahertz regime. This method can be applied to
enable highly sensitive detection of magnetic ions such as Gd**, the
most common contrast agent used in magnetic resonance®. NV cen-
tres are allowing studies with these contrast agents down to the scale
of individual cells, such as the detection and imaging of the plasma
membrane of a HeLa cell labelled with Gd** ions, with a spatial resolu-
tion of 400 nm (ref. °®). The resolution of NV T1 relaxometry can be
furtherimproved witha NV scanning probe set-up, as demonstrated by
aspatial resolution of 10 nm for intracellular ferritin in Hep G2 cells®’.

Biomagnetic sensing with nanodiamonds

Bringing very smallbiological samples (such as organelles within cells)
close tothe NV centres located in amacroscopic diamond chip canbe
challenging. Nanodiamonds containing NV centres are being investi-
gated asanalternative approach for such applications. Nanodiamonds
can be inserted into the interior of cells, tissue and other biological
samples. Functionalization of the nanodiamond surface canalso enable
targeting to proteins or other biological targets of interest. As the NV
axisisrandomly oriented for nanodiamonds, it is difficult to perform
sensitive NV magnetometry using coherent techniques such as optically
detected magnetic resonance (ODMR). However, NV T1relaxometry
canstill be used, thus allowing the detection of metalloproteins™, Gd**
spin-labelled lipid bilayers™ and the rotational Brownian motion of
spin-labelled molecules™.

Afurtherapplication of T1 relaxometry with NV centres in nanodia-
mondsisthe nanoscale detection of free radicalsin biological samples.
Formation of free radicals is linked to cardiovascular diseases and
neurological disorder”. Free radicals can also play a vital role for the
immune system’*. Their sensitive detection with subcellular spatial

resolution can therefore have far-reaching consequences in under-
standing biological processes. T1relaxometry with NV centres in nano-
diamonds makes such detection possible and has recently been used
to study free radicals in single mitochondria” and in human dentritic
cells’. In these experiments, the challenge is to carefully analyse the
effect of free radicals onthe T1of the NV and rule out other influences.
Another promising nanodiamond applicationisin vivo thermometry,
whichis discussed below.

Challenges and outlook

Akey challenge for NV-based magnetic sensing and imaging of cellsand
tissues is toimprove the sensitivity, which can lead to faster measure-
ments and enable real-time mapping of neuronal activity and real-time
functionalimaging of biological samples, for example. Here we discuss
some key opportunities for improved sensitivity’: improved readout
techniques, which includes increasing the readout fidelity and mini-
mizing the NV spin-state initialization and readout times; improved
sample quality, which includes increasing the number of sensor spins
per unit diamond sensing volume and extending the dephasing time;
and improved measurement protocols, such as double quantum
magnetometry”’.

Techniques to improve readout fidelity include spin-to-charge
conversion’®, repetitive readout using nuclear spins coupled to the
NV as quantum memories’’, and enhanced photon collection through
various forms of diamond fabrication, tailored lenses or light guides®.
Although these techniques have been highly successful for single
NV measurements, more work is required for their adaptation to
large-scale diamond chips with NV ensembles.

On the material side, high-density NV ensembles have typically
been grown with high-pressure, high-temperature methods. More
recently, high-quality chemical vapour deposition (CVD) samples have
been prepared, including growth of thin nitrogen layers on relatively
nitrogen-free substrates. To maximize NV creation in such layers,
vacancy creation via electronirradiation is typically performed, result-
ingin NV ensembles with densities up to 4 ppm (ref.®'). Unfortunately,
the CVD growth process for high NV densities typically introduces addi-
tional paramagnetic defects and strain, affecting the coherence time of
the sensor. Methods to mitigate these effects are being developed®>*.
For NV centres within a few tens of nanometres of the diamond surface,
surface-related charge instabilities and noise further degrade NV prop-
erties. Approaches toaddress this problemare actively being explored,
including careful surface cleaning and termination®*, and delta doping
of NVs, inwhich NVsare created inathin surface layer and an additional
diamond layer is then overgrown®. Another challenge in biomedical
applications is reproducibility of results. To meet this challenge, it
willbeimportant to develop recipes to clean the diamond surface and
maintain the coherence properties of the shallow NV centresinmultiple
rounds of experiments.

Nano- and microscale NMR with NV centres
NMR is a spectroscopic tool widely used in chemistry, biology and
medicine for the structural determination of organic and biological
molecules®. The technique usually relies on the detection of thermally
polarized nuclear spins; to do so, large magnetic fields of the order of
several tesla need to be applied® *. A major limitation of traditional
NMRisits low sensitivity, typically requiring millimetre-scale samples.
Extending NMR spectroscopy to microscale and nanoscale
samples would enable exciting applications. It would, for example,
allow chemical analysis of mass-limited samples that are expensive or
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difficult to synthesize. Furthermore, NMR spectroscopy of asingle-cell
volume could enable detailed studies of cell structure and function,
with applications in metabolomics and disease diagnosis®*°. Bring-
ing NMR down to the nanometre scale would also make single-protein
detection possible, opening up the possibility of determining the
structure of functional membrane proteins under near-physiological
conditions and studying their dynamics®’. Membrane proteins are the
targets of more than half of FDA-approved drugs’?, and the real-time
study of protein-molecule binding would aid drug discovery.

NV-based NMR

Theadvent of NV-based magnetometry has enabled NMR spectroscopy
of nanoscale and microscale samples under ambient conditions®®
(Fig. 5a). Here, the sample is placed near the NV centres in diamond,
with distances in the range of nanometres to micrometres depending
onthespecificapplication®** (Fig. 5a). At the nanoscale, NV-based NMR
benefits fromthe large statistical polarization of the sample spins, while
onthe microscale, thermal polarization dominates”, often necessitat-
ing further enhancements via high magnetic fields’ and hyperpolari-
zation methods’””®. One feature of NV centres is their large magnetic
field sensing bandwidth, ranging from d.c. to gigahertz’. Detection of
multiple nuclear spin species’'°° and even electron spins'” is there-
fore possible with the same experimental set-up, without the need of
changing the radiofrequency equipment as is the case for traditional
NMR and electron paramagnetic resonance spectroscopy.

Figures of merit

For NV-based NMR, the key figures of merit are the spatial resolution,
spectral resolution and sensitivity of the spectrometer. The spatial
resolution, or sensing volume, is of the order of the (depth)® of the NV
centres, typically ranging from (4 nm)3 to (10 um)3, and canbe chosen
based on the specific application. For NV-ensemble measurements, the
spatial resolutionis further limited by the laser spot size. The sensitiv-
ity, conversely, follows similar considerations to those discussed in
the previous section on NV-based magnetic sensing. At the nanoscale,
single-protonspindetectioninl-sintegration hasbeen demonstrated®;
whereas at the microscale, the detection of ~10™ thermally polarized
proton spins (-10 picolitre) has been demonstrated with 1-s integra-
tion®. The sensitivity can be further improved via hyperpolarization,
as discussed below.

To resolve molecule-specific resonances, such as chemical shifts
and/-couplings, a high spectral resolution of around one part per mil-
lion (of the order of hertz in absolute frequency units) is required'**.
This resolution has been realized using different techniques®®. The
achievable spectral resolution is limited by both the NV centre and
thesample. The limitation from the NV centre depends onthe applied
sensing sequence: dynamical decoupling (Fig. 5b) canachieve aspectral
resolution of -1 kHz, limited by the NV T2 time®. Correlation spectro-
scopy can furtherimprove the resolutionto ~100 Hz, limited by the NV
T1time®. Even further enhanced spectral resolution can be reached
with memory-spin-enhanced sensing>'°?, limited by the T1 of the NV
nitrogen nuclear spin, which canbe >260 s (ref.'*®). Another approach
isto coherently average a sensing step thatis then synchronized toan
external clock®'°*1% (Fig. 5¢c).

Onthe sample side, physical diffusion (liquids) or spin diffusion
(solids) is often the limiting factor. Fast translational diffusion in lig-
uids limits the spectral resolution to ~1 kHz for viscous liquids and
makes liquids with low viscosity undetectable'®’. This problem can
be addressed by confining samples into a nanoscale volume'*'”’, For

solid-state samples, dipole-dipole broadeningis the limiting factor™,
and heteronuclear and homonuclear decoupling can help toimprove
the resolution’. Additionally, NV-based multidimensional NMR can
help in reconstructing the chemical structure of a biomolecule. In a
proof-of-principle experiment, 27 *C spins were localized ina diamond
lattice relative to a single NV centre'*®. NV-based NMR has also been
applied to samples external to the diamond, as demonstrated by the
detection of asingle protein with aspectral resolution of 1 kHz (ref. **).

Hyperpolarization

Spin polarization beyond thermal equilibrium, typically achieved by
transferring polarization from more readily polarizable electronic
spins to the target nuclear spins, can enhance the NMR signal and thus
improve detection sensitivity. Dynamic nuclear polarization, based on
the Overhauser mechanism®, and parahydrogen-based signal ampli-
fication by reversible exchange (SABRE)*® were used to hyperpolarize
proton spins to 0.5%, leading to a signal enhancement of NV-based
NMR of about 2 x 10° and the detection of target molecules at con-
centrations as low as 1 millimolar®®, The NV spins can also serve as a
source of hyperpolarization, because they can be well polarized via
optical pumping (Fig. 2b). Through this technique, surrounding *C
nuclear spins were polarized to ~720 times the thermal valueat 7 T
(refs.’®™), Unfortunately, no external spin hyperpolarization has yet
been demonstrated. This is due to low diamond surface-to-volume
ratios™, decreased spin coherence times of near-surface Nvs">**and
short nuclear spin T1 times close to the diamond surface®"'*. Lab-
oratories worldwide are working to address these challenges, by bet-
ter control of the diamond surface and by achieving high densities of
shallow NVs with improved coherence properties, for example® 1113,

Nanoscale and microscale magnetic resonance imaging

The full potential of NV-based NMR unfolds when imaging biologi-
cal samples, as it can reveal changes in chemical composition at the
nanoscale to microscale (Fig. 5d). At the microscale, magnetic reso-
nance imaging (MRI) can be realized by a wide-field set-up with an
ensemble of NV centres'®, and scanning probe systems can be used
for MRI with higher spatial resolution of the order of 10 nm (ref. ')
(Fig. 5e).

Owingto the high sensitivity on the nanoscale of NV centres, NVs
are also considered a promising tool for studying surface chemis-
try. Functionalization of the diamond surface is of great importance
for these applications, because it immobilizes molecules close to NV
centres and enables surface NMR detection with NV centres™ ™%,

Future developments
Itiswell established that NV-based sensors can perform NMR spectros-
copy of nanoscale and microscale samples and, under certain condi-
tions, detect chemical shifts and J-couplings. Despite this progress,
several major challenges remain for NV-based NMR. Incorporation
into microfluidics is necessary for high-throughput NMR screening of
certain samples, such as those that are mass-limited; higher sensitivi-
tiesarerequired for structure determination of individual molecules;
deterministic single (bio)molecule placement near asingle NV centre
would bedesirable, possibly via scanning probe techniques™ or surface
treatment"*"8; and finally, increased spectral resolution by reducing
sample diffusion'**'” and designing new pulse sequences®® will be
highly beneficial.

With these further developments, NV-based NMR will expand
capabilities beyond conventional techniques and open many avenues
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image: line scan of the NMR spectrum detected by a single NV centre as the
sphereis moved over the NV centre. Parts a,b adapted with permission from
ref.'°°, Springer Nature Ltd. Parts ¢,d adapted with permission from ref. ¢,
Springer Nature Ltd. Part e adapted with permission from ref. ', Springer

inchemistry as well as molecular and cell biology. Nanoscale NV-based
NMR, aided by multidimensional spectroscopy and spin-labelling tech-
niques, will enable the structural determination of complex molecules,
such as transmembrane proteins in near-physiological conditions.
Furthermore, wide-field NV-based MRI with its subcellular spatial

resolution could be applied for single-cell metabolomics studies.
Another applicationisto correlate NV-based NMR with optical micros-
copy of fluorophore labels, which can be useful for single-molecule
studies. Ultimately, the goal would be to make these techniques acces-
sible to non-physicists. Towards this goal, miniaturization of the tool
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isimportant. With recent developments'®'?° and further integration,

chip-scale NV spectrometers may become areality soon.

NV thermometry

NV-based quantum thermometry

Whereas the preceding sections focused on applications to magnetic
field sensing, quantum sensors can also be sensitive to arange of other
environmental influences'*”?%*"3212"15 providing rich sensing modali-
tiesrelevantto thelife sciences. In this section, we discuss one biological
application of quantumsensors beyond magnetic field sensing: in vivo
nanoscale thermometry with NVs in nanodiamonds. This modality
enables local probing of a wide range of temperature-related biologi-
cal phenomena in cells and small organisms, including the effects of
external heat gradients and internal heat generation, providing tools
for the control of cell cycles and organism development.

Like magnetic field sensing, NV-based quantum thermometry
relies ontemperature-dependent changes in microwave transition fre-
quencies (Fig. 6a) that originate from thermal expansion of diamond.
The vibronic interactions between the NV spin and the host lattice
resultinatemperature-dependent zero-field splitting'*, with aslope
of approximately -74 kHz K™ close to room temperature®?'"', To
optimize sensitivity while minimizing susceptibility to other effects,
a four-point measurement scheme is typically used (Fig. 6b). The
temperature can also be measured via purely optical means through
changes in the emission spectrum and intensity?®'?, thus providing
multimodal verification of results.

Nanodiamond quantum sensors are well suited for high-spatial-
resolution temperature sensingin cellsand small organisms. Compared
with conventional temperature probes, nanodiamond quantum sen-
sors are nanoscale, stable and biocompatible'*'?°, They also provide
a complementary tool to luminescent nanoscale thermometry per-
formed with fluorescent nanoparticles or proteins™’, which suffer from
calibrationissues, bleaching or susceptibility to frequency-dependent
optical transmission™. Quantum sensing instead uses coherence
between microwave transitions, reducing the sensitivity to optical
transmission and other environmental factors.

NV centres can be created in nanodiamonds , often
inthe form of NV ensembles to furtherincrease sensitivity. The size of
such nanodiamondsis typically around 50-100 nm, although smaller

10,31,70-72,127-129

Excited state

Contrast

m, =+1/-1

ones are available with inferior optical and spin properties*?. With
suitable surface treatment, these nanodiamonds can be delivered into
individual cells. For some cell types, such as HeLa cells, natural uptake
issufficient, whereas for others, suchas egg cells, injection techniques
may be preferred?®'?’, Although suitably treated nanodiamonds have
mostly been found to have no or low cytotoxicity, some studies sug-
gest they can remain in organs for long periods™?, motivating further
long-term studies of their effects'**"**. The NV temperature sensitivity
is ~5 mK Hz inisotopically purified, ultrapure bulk diamond'?. The
sensitivity in the nanodiamond form is poorer, however, because of
strain effects and surface contamination. In a typical biological set-
ting, the temperature sensitivity of NV nanodiamonds is -1 K Hz ™2

(refs.*"*"7) comparable to other techniques™°.

Applications of nanoscale thermometry

Sensitive nanoscale thermometry opens many possibilities in life sci-
ence applications, especially incombination with localized exogenous
heatinginducedby infraredlaserillumination (Fig. 6¢c). Laser heating has
beenused toexplore the direct biochemical effects of elevated temper-
ature (such asaccelerated cell growth or protein denaturation)->181%,
the expression of heat-shock protein promoters'*°'*?, and thermal
effectson celland organism development. Inan early proof-of-principle
experiment that combines infrared heating and nanodiamond sensors,
the threshold heating temperature that induces HeLa cell death was
investigated®. More recently, local temperature manipulation and
monitoring was used to control and invert the cell development cycle
during embryogenesis in Caenorhabditis elegans'’. Nanodiamonds
have also been explored as a tool for in vivo temperature calibration
for thermotherapeutic treatments*'*°. Other possible applications
of NV-based thermometry include nanoscale measurements of heat
conductivity', and endogenous heat generation*4-14¢,

Challenges

Although current techniques have yielded impressive demonstrations
andshedlight ontherole of temperature on biological processes, con-
siderable challenges remain. First, to measure absolute temperature
changesaccurately, itis necessary to perform precisein vivo calibration
of quantum sensors in the presence of internal strain, stray magnetic
fields, spatial movement in cells, and microwave and optical heating.

IR laser
heating

Ground state v

285

m,=0

Fig. 6| Thermometry with nitrogen-vacancy (NV) centres in nanodiamonds.
a, NV energy-level diagram with spin quantum number m,=0,*1and
temperature-dependent zero-field splitting, D(T), whichis typically used

for thermometry. b, Four-point measurement scheme for noise-robust

Frequency (GHz)

determination of temperature using NVs. ¢, Heat gradients between two cells
ABand P1at the early embryo stage, generated by localized heating using an
infrared (IR) laser. Parts b,c adapted with permission from ref.'”’, PNAS.
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Second, although techniques for incorporating nanodiamonds into
living cells are fairly mature, more work is required on surface func-
tionalization and nanodiamond synthesis to target specific organelles
atthe subcellular level'”. Third, despite the fact that the temperature
sensitivity of nanodiamond sensors is competitive with other technolo-
gies, furtherimprovements are desired. These improvementsinclude
using hybrid nanodiamond-MNP schemes'*®, materialimprovements,
spinecho techniques for T2-limited NV coherence measurements®*'*
(instead of the current T2*-limited measurements) and advanced
readout methods’.

Outlook

The field of quantum sensors has developed tremendously in the past
decade, moving from early proof-of-principle experiments into real-
world applicationsinbiomedical sciences. Indeed, these developments
have already spurred the creation of several start-up companies making
use of the technologies discussed in the case studies above. Examples
(not exhaustive) include: QuSpin, CercaMagnetics and FieldLine Inc.,
focusing on commercializing OPM-MEG technology; ODMR Technolo-
gies, focusing on NV-based magnetic resonance spectroscopy for chemi-
caltrace analysis; Quantum Diamond Technologies Inc. (QDTI), focusing
onwide-field NV magneticimaging of disease biomarkers; and NVision
Imaging Technologies, focusing on NV-based hyperpolarization of
nuclear spins for molecular analysis and medical imaging.

Although there are promising opportunities, many challenges
remain, probably calling for collaborations between multiple academic
domainsandindustry. Onthe one hand, as discussed in the case stud-
ies for NV-based optical magnetic imaging and NMR spectroscopy,
the sensitivities of current quantum sensors will probably need to be
further improved through a combination of new sensing protocols
and material developments. Onthe other hand, furtherintegration and
miniaturization of such technologies, to enable scalability and ease
of operation under realistic conditions, will be crucial for broad
acceptance and commercial success. With these improvements, we
expect quantum sensors to become key tools for characterization and
diagnostics of biomedical systems.

Published online: 3 February 2023
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