
 

 

 University of Groningen

Fluorescent nanodiamonds as free radical sensors in live mammalian cells
Sigaeva, Alina

DOI:
10.33612/diss.206459845

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2022

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Sigaeva, A. (2022). Fluorescent nanodiamonds as free radical sensors in live mammalian cells. [Thesis
fully internal (DIV), University of Groningen]. University of Groningen.
https://doi.org/10.33612/diss.206459845

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 23-05-2023

https://doi.org/10.33612/diss.206459845
https://research.rug.nl/en/publications/d3c147de-b9bb-4c21-8bf7-11324c1ffbe7
https://doi.org/10.33612/diss.206459845


Chapter 3

Diamond-Based NanoMRI for
Quantum Sensing of Free
Radical Production in Cells

This chapter has been accepted with revisions in Small

Alina Sigaeva, Felipe Perona Martinez, Anggrek Citra Nusantara, Nikos
Mougios, Mayeul Chipaux, and Romana Schirhagl



50 Chapter 3: Diamond-Based NanoMRI for Quantum Sensing . . .

Abstract
Diamond magnetometry makes use of fluorescent defects in diamonds to convert mag-
netic resonance signals into fluorescence. Because optical photons can be detected
much more sensitively, this technique currently holds several sensitivity world records
for room temperature magnetic measurements. It is orders of magnitude more sen-
sitive than conventional MRI for detecting magnetic resonances. Here, we experi-
mentally demonstrate that diamond magnetometry can be used to detect free radical
production in single living cells with nanometer resolution. We start with optimizing
and calibrating our measuring system with chemicals in known concentrations. These
measurements serve as benchmark for future measurements. We then perform single-
cell MRI measurement with subcellular resolution (while conventional MRI typically
has millimeter resolution). As a first model system we use the newly available technol-
ogy to detect nitric oxide signaling at the nanoscale. With our new technique we are
able to detect nitric oxide and follow its production and inhibition in the intra- and
extracellular environment, which is not possible at such detail with state-of-the-art
probes or other methods. Additionally, we can determine dynamics which are also
inaccessible for the state-of-the-art techniques. The data allows us to quantify the
production and localize it within up to 10-20 nanometers from the particles.
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3.1 Introduction
Diamond magnetometry1, 2 uses a quantum effect to convert magnetic
resonance signals into optical signals. Since optical transitions can be
measured so sensitively, even the faint signal of a single electron3 or even
single nuclear spins can be detected.4, 5 Conventional MRI on the other
hand requires approximately 1012 − 1018 nuclei (or a factor of 1000 less
electron spins) to generate an observable signal.6, 7 So far diamond mag-
netometry has been used to detect magnetic structures,8–11 microwave
signals,12 single proteins,13 record signals from magnetotactic bacteria,14
cells labelled with magnetic particles,15 or fixed and stained cell slices.16
T1 or relaxometry (a form of diamond magnetometry), analogous to T1
in conventional MRI, allows to efficiently detect surrounding magnetic
noise. This has been used to detect gadolinium contrast agents or free
radicals in solution17–20 as well as the metabolic activity of mitochondria
in macrophages.21 Conventional methods for detecting radicals rely on
chemical reactions with spin labels or dye molecules and detection via
electron spin resonance or fluorescence. While the first requires large
sample volumes, the second remains poorly selective to free radicals, ir-
reversibly consumes them, and is prone to bleaching, complicating the
real-time monitoring.
Here we detect nitric oxide signaling at the nanoscale. In the human
body, nitric oxide is particularly relevant for vascular and brain cell com-
munication and therefore essential for understanding heart and brain
diseases. We were able to quantify and localise nitric oxide, both formed
chemically and by live mammalian cells. Additionally, we determine the
formation dynamics which are also inaccessible for the state-of-the-art
methods.

3.2 Results and discussion
As evidenced previously, the relaxometry measurement sequence allows
detecting free radicals via the magnetic noise they generate.17 In this
work, we used this technique to localize the generation of (nitric oxide
and superoxide) radicals that are biologically relevant. Toward this goal,
we have conducted relaxometry measurements using nanodiamonds con-
taining ensembles of NV centers that have been placed close to or inside
a living cell. Such nanodiamonds can be internalized by different types
of cells22–25 and exhibit excellent biocompatibility.26, 27

To conduct relaxometry experiments (shown in Figure 1A) we used a
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green laser pulse to polarize the defects into their |mS = 0> spin state
(bright). After the optical pulse, the system decays freely during different
dark times. Then optical excitation is applied again to probe if the NV
centers have already returned to the dark equilibrium state. In presence
of spin noise (from radicals in this case) in the vicinity of the NV centers,
this process occurs faster. As illustrated in Figure 1A, at a given dark
time, the fluorescence intensity of the NV centers exposed to low levels
of magnetic noise (black outlines) is higher than the signal coming from
the NV centers exposed to high levels of magnetic noise (red fill). As
a consequence, measuring T1 gives a measure for the concentration of
radicals in the surrounding of the particle. To reach an adequate signal-
to-noise ratio, it is necessary to repeat this procedure several thousand
times and analyze the data with a rolling window approach (Figure 1B).
One can then observe the dynamics of the magnetic noise throughout the
entire experiment (Figure 1D-E). In order to quantify radical generation

Figure 1. Summary of the experimental procedure, from data collection to data
analysis and representation. (A) To measure the T1, NV centers in nanodiamonds
are pumped into a bright state (mS = 0 of the ground state) by each pulse of a laser
pulse train. The emission of the nanodiamond particle is then recorded within a fixed
time window (rw) at the beginning of the next pulse after varying dark times (dt).
The collected fluorescence intensity reveals whether the NV centers are still in this
prepared state or if they have already relaxed to the darker equilibrium state. The
relaxation occurs slower at lower levels of magnetic noise in the environment (black
outlines in the emission diagram). At higher levels of magnetic noise, the relaxation
happens faster, and the recorded fluorescence intensity (red in the emission diagram)
after a given dark time is lower. (B) In one experiment, the T1 pulsing sequence
is repeated N times (here 20 000). The entire dataset is divided into the subsets,
using the rolling window approach, which aggregates k repetitions (here 7000). Each
subset is then used to plot a T1 curve and to extract the T1 value from it. Thus, one
can follow the evolution of T1 values from the same particle over the course of the
experiment. (C) The measurements can be performed on FNDs either located in the
vicinity of cultured macrophages or internalized by the cells. Simultaneously, the cells
can be subjected to various interventions (gray boxes), which promote the production
of free radicals by the cells and shorten T1 relaxation time (blue) or decrease the
concentration of free radicals in the sample and result in longer T1 times (orange).
(D) Evolution of T1 curves over the course of one experiment, in which the cells were
treated with L-NAME, the inhibitor of NO production. For presentation purposes,
each rendered curve is an average of 1000 consecutive positions of the rolling window,
with the error bars showing the 95% confidence intervals for the extracted T1 values.
No additional averaging was used during the analysis of the actual datasets. (E) The
extracted T1 values from individual (non-averaged) rolling windows are then plotted
against time to analyze the T1 dynamics during the experiment.
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in living cells, we first performed the calibration measurements of nitric
oxide in a controlled environment. A reliable change in T1 signal was
achieved at the estimated concentration of 0.45 µM NO , which can be
translated into to 0.225 nmol NO present in entire sample volume, as
compared to 0.2-0.31 µM NO detected with the conventional fluores-
cence assay (DAF-2). Experimental procedures, as well as the results of
the measurements, can be found in the supplementary materials. The
resulting calibration curves were used to estimate the concentrations of
NO in the experiments with cells.

3.2.1 T1s from the nanodiamonds internalized by the macrophage
cells

The goal of these measurements was to track the inhibition of NO forma-
tion by L-NAME (Figure 2A). Prior to the intracellular measurements,
cells were incubated with FNDs. After 2 hours, one can observe internal-
ized particles (Figure 2F). At this time point we started recording radical
formation via T1 measurements. In control measurements, we observed
that adding dH2O to the cells does not lead to any changes, while the ad-
dition of L-NAME resulted in longer T1s (Figure 2G). This is consistent
with DAF-2 DA data, which shows decreased intracellular production of
NO (Figure 2B-E). In both cases, the differences between the control
and the L-NAME treated samples become significant approximately 20
minutes after the addition of the inhibitor. This, in turn, is consistent
with previously reported direct real-time measurements of the dynamics
of NO production, directly measured from large ensembles rather than
single cells.28

Figure 2. L-NAME experiments. (A) L-NAME added to the cell culture medium
enters the cells, where it acts as an inhibitor of NOS. This results in decreased produc-
tion of NO , which can be quantified with the DAF-2 DA fluorescent assay. The plate
reader data (B) demonstrate lower intracellular concentrations of NO in L-NAME-
treated samples, as compared to the non-treated macrophages or macrophages ex-
posed to the vehicle (water). For the confocal microscopy-based analysis, individual
cells were manually segmented from the bright field images (C; the red outlines show
the cell boundaries used for the measurements), and their fluorescence intensity (D)
after 30-minute incubation with either L-NAME- or vehicle-supplemented medium
was measured in 3 separate fields of view. The average fluorescent intensity recorded
from L-NAME-treated samples was lower than in the control, yet both samples showed
large variation between individual cells (E). The dynamics of T1 values recorded from
internalized FNDs (F) are consistent with the DAF-2 DA data. Within 20 minutes
after adding L-NAME to the sample, T1s gradually increases (G), as opposed to the
T1s from the negative control (water).
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We then assessed the effect of adding L-arginine, the substrate of intra-
cellular NO synthases, to the cells. As the enzyme substrate, L-arginine
should promote the production of NO by macrophages (Figure 3A). At
the same time, at high concentrations, both L-NAME and L-arginine can
act as free radical scavengers, decreasing the free radical concentrations
in biological systems.
Standard cell culture medium used in these experiments (Dulbecco’s
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Modified Eagle Medium, high glucose) already contains L-arginine at
the initial concentration of 0.398 mM. If this amount of the amino acid is
sufficient to saturate the cellular enzymes, one should not expect to see
substantial increase in NO production upon the addition of L-arginine.
While the results from the plate reader assay suggest slightly higher NO
production at the beginning of the experiment (Figure 3B), this effect is
very short-term and disappears within the first 10 minutes. The analysis
of DAF-2 DA fluorescence in individual cells after 30-minute incubation
with L-arginine (Figure 3, C-E) does not reveal any differences with the
control. Consistently with these results, the dynamics of the NV-center
relaxation in the internalized FNDs are very similar for the control cells
and the cells exposed to L-arginine (Figure 3G). It is worth noting that
the results of our relaxometry measurements do not point towards the
scavenging properties of L-arginine. As this mechanism of free radical
consumption does not seem to play a significant role at these concen-
trations of L-arginine, we assume that structurally similar L-NAME also
should not act as a scavenger in our experiments at the same concentra-
tion. In this case, the longer T1 relaxation times observed in presence
of L-NAME should be explained by the chemical’s inhibitor activity to-
wards NO-producing enzymes, rather than its ability to directly interact
with free radicals in the sample.
To confirm the biological effects of L-arginine, we performed an additional
set of experiments (Figure S8). In this case, both the fluorescent assays
and the T1 measurements were performed in phosphate buffered saline
(PBS) with 10% fetal bovine serum (FBS) – the solution largely depleted
of L-arginine. Under these conditions, adding L-arginine resulted in sharp
and pronounced increase in DAF-2 DA fluorescence. In line with these
findings, we observed shorter T1s in the internalized FNDs during the
incubation of cells with L-arginine.
To demonstrate the potential of nanodiamond magnetometry for detect-
ing spatial differences in free radical production within the sample, we
used another compound that, like L-NAME, decreases the free radical
concentration. SOD acts as a catalyst for the superoxide radical trans-
mutation into two non-radical species: molecular oxygen and hydrogen
peroxide. However, unlike L-NAME, it does not cross the cell membranes
and is not expected to have a major direct and immediate effect on the
intracellular concentration of NO or any other radical (Figure 4A). At
the same time, it should be noted that H2O2 is a stable ROS, which can
cross the membranes and intracellularly react with other molecules to
produce free radicals.29 H2O2 itself is problematic for most conventional
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Figure 3. L-arginine experiments. (A) L-arginine is structurally similar to L-NAME,
but does not inhibit the formation of NO . L-arginine from the cell culture medium
enters the cells, where it acts as the substrate of NOS. This results in increased
production of NO , which can be quantified with the DAF-2 DA fluorescent assay.
However, as the cell culture medium already contains L-arginine, this effect is not
very pronounced. The plate reader data (B) demonstrate slightly higher intracellu-
lar concentrations of NO in L-arginine-treated samples at very early time points,
as compared to the macrophages exposed to the vehicle (water). Fluorescent confo-
cal microscopy (C, D) shows the differences between cells within the same sample.
Average fluorescence intensity of individual cells recorded from the samples, treated
with additional L-arginine for 30 minutes, was not significantly higher than in the
control (E). Consistently, the T1 values recorded from internalized FNDs (F) barely
change during the incubation with L-arginine (G). Between 20 and 30 minutes, T1s
in L-arginine-treated samples become longer than in the negative control (water),
suggesting slightly lower concentrations of free radicals.
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assays since most dye molecule would react with H2O2 as well. Since this
molecule is usually way more abundant this cross-reactivity masks the
radical measurement. Since our method is sensitive to the electron spins
from the radicals, we do not have this issue. Moreover, NO and super-
oxide radicals react with each other to form non-radical peroxynitrite,
hence eliminating superoxide might lead to accumulation of relatively
stable NO .
The DAF-2 DA assay shows slightly faster buildup of fluorescent signal
in the SOD-containing samples (Figure 4B), suggesting a bit higher con-
centration of NO in the cells. The effect of SOD on the T1 relaxation
curves is consistent with these findings (Figure 4G). As expected, the
presence of SOD does not result in longer T1s, suggesting that the to-
tal concentration of free radicals inside the cells does not decrease. On
the contrary, the T1s shorten slightly after SOD is added to the cells,
and remain shorter than in the control samples throughout the entire ex-
periment. Together, these results point to a higher intracellular radical
load in presence of extracellular SOD, and this increase is at least partly
caused by nitric oxide.

3.2.2 T1s in the vicinity of macrophages
L-NAME was also capable of inducing longer T1 relaxation times in the
nanodiamonds that were not internalized but were in close vicinity of the
cells (Figure 5A-D). Notably, this effect could be observed even earlier
than the intracellular changes in T1. It was also distance-dependent:
we were able to observe stronger T1 changes closer to the cells, within
5 microns from the cell surface, and we could not see a clear increase
in T1s further away from the cells. If we assume that the threshold
NO concentration is equal to 0.45 µM, these data are in agreement with
Fick’s law and previously performed simulations and measurements of
NO diffusion.30 If the concentration of NO at the cell surface is 0.60
µM, it will drop to 0.45 µM at approximately 5.8 µm from the cell surface
(Figure S9).
Superoxide dismutase, however, hardly led to increasing T1s outside of
the cells (Figure 5E-H). We also did not see any clear differences be-
tween the nanodiamonds located close to the cells or further away from
them. As superoxide radicals have much lower concentration and shorter
half-life times (0.32 pmol/s/106 cells and 1 µs), as compared to NO
(4.9 pmol/s/106 cells and milliseconds-seconds), we expect their overall
influence on the T1 values to be way smaller.31–33
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Figure 4. SOD experiments. (A) Unlike L-NAME and L-arginine, SOD added to
the samples does not enter the cells and acts on the outside, removing superoxide
radicals from the cell culture medium. As expected, the DAF-2 DA fluorescent assay
does not show major changes in the intracellular NO concentrations (B-E). Still, the
slope of the SOD curve in (B) is steeper than the control one, indicating higher NO
concentrations throughout the experiment. This is consistent with the T1 relaxometry
measurements on the internalized nanodiamonds (F-G). In SOD-containing samples,
the T1 values become shorter by 30 minutes after adding SOD, as compared to the
T1s from the control cells. This points to a higher free radical load present in the
SOD-treated cells.
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assays since most dye molecule would react with H2O2 as well. Since this
molecule is usually way more abundant this cross-reactivity masks the
radical measurement. Since our method is sensitive to the electron spins
from the radicals, we do not have this issue. Moreover, NO and super-
oxide radicals react with each other to form non-radical peroxynitrite,
hence eliminating superoxide might lead to accumulation of relatively
stable NO .
The DAF-2 DA assay shows slightly faster buildup of fluorescent signal
in the SOD-containing samples (Figure 4B), suggesting a bit higher con-
centration of NO in the cells. The effect of SOD on the T1 relaxation
curves is consistent with these findings (Figure 4G). As expected, the
presence of SOD does not result in longer T1s, suggesting that the to-
tal concentration of free radicals inside the cells does not decrease. On
the contrary, the T1s shorten slightly after SOD is added to the cells,
and remain shorter than in the control samples throughout the entire ex-
periment. Together, these results point to a higher intracellular radical
load in presence of extracellular SOD, and this increase is at least partly
caused by nitric oxide.

3.2.2 T1s in the vicinity of macrophages
L-NAME was also capable of inducing longer T1 relaxation times in the
nanodiamonds that were not internalized but were in close vicinity of the
cells (Figure 5A-D). Notably, this effect could be observed even earlier
than the intracellular changes in T1. It was also distance-dependent:
we were able to observe stronger T1 changes closer to the cells, within
5 microns from the cell surface, and we could not see a clear increase
in T1s further away from the cells. If we assume that the threshold
NO concentration is equal to 0.45 µM, these data are in agreement with
Fick’s law and previously performed simulations and measurements of
NO diffusion.30 If the concentration of NO at the cell surface is 0.60
µM, it will drop to 0.45 µM at approximately 5.8 µm from the cell surface
(Figure S9).
Superoxide dismutase, however, hardly led to increasing T1s outside of
the cells (Figure 5E-H). We also did not see any clear differences be-
tween the nanodiamonds located close to the cells or further away from
them. As superoxide radicals have much lower concentration and shorter
half-life times (0.32 pmol/s/106 cells and 1 µs), as compared to NO
(4.9 pmol/s/106 cells and milliseconds-seconds), we expect their overall
influence on the T1 values to be way smaller.31–33
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Figure 4. SOD experiments. (A) Unlike L-NAME and L-arginine, SOD added to
the samples does not enter the cells and acts on the outside, removing superoxide
radicals from the cell culture medium. As expected, the DAF-2 DA fluorescent assay
does not show major changes in the intracellular NO concentrations (B-E). Still, the
slope of the SOD curve in (B) is steeper than the control one, indicating higher NO
concentrations throughout the experiment. This is consistent with the T1 relaxometry
measurements on the internalized nanodiamonds (F-G). In SOD-containing samples,
the T1 values become shorter by 30 minutes after adding SOD, as compared to the
T1s from the control cells. This points to a higher free radical load present in the
SOD-treated cells.
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Figure 5. Extracellular relaxometry measurements demonstrate the spatial differ-
ences in the free radical production. (A) As L-NAME affects the production of NO ,
which then diffuses into the medium, it is expected to affect the T1 relaxation of nan-
odiamonds both inside and outside of the cells. (B, C) The extracellular localization
of FNDs was confirmed with confocal microscopy. The images were used to measure
the distance from the nanodiamond to the closest cell. (D) Longer T1 relaxation
times in L-NAME-treated samples can be seen both inside and outside of the cells.
This effect appears earlier and is more pronounced in the particles located close to the
cell membrane, but not internalized by the macrophage. Virtually no effect is present
in particles that are further than 5 µm away from the cell surface. (E) On the other
hand, SOD is expected to mainly affect the T1 relaxation of FNDs outside of the cells
(in the medium). (F, G) As with L-NAME, the localization of FNDs was assessed
with confocal microscopy. (H) In contrast to the internalized FNDs, non-internalized
particles show slightly longer T1s after 30 minutes of the exposure to SOD. This effect
is, however, not pronounced, and there is no clear correlation between the distance
from the cell membrane and the T1 dynamics.

The spatiotemporal differences in the effects of L-NAME, superoxide
dismutase and L-arginine are summarized in Figure 5I. These results
demonstrate that nanodiamond-based nanoMRI can capture the spatial
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Figure 5. (I) The snapshots of changes in free radical load, based on T1s recorded
from FNDs at different positions with respect to the cell membrane (red circles –
internalized FNDs, blue circles – non-internalized FNDs next to the cell membrane).
The cells were exposed to L-NAME, SOD or L-arginine. The concentrations are calcu-
lated from the calibration shown in Figure S3. The distance from the cell membrane
was measured from the confocal images for non-internalized FNDs and was assigned
the value of -1 for internalized FNDs (red circles). Each dot represents an individual
FND, associated with an individual cell. In case of L-NAME, the increase in T1 occurs
in the close vicinity of the cell membrane (blue circles) before propagating outwards
and to the cytoplasm. SOD does not have a pronounced effect on the T1 values from
internalized and non-internalized FNDs. In case of non-internalized FNDs, the radical
load seems to become more uniform at different distances from the cell membrane.
L-arginine, unlike chemically similar L-NAME, does not lead to stable decrease in
free radical load.

differences in free radical production stemming from the different mech-
anism of action of the two inhibitors. L-NAME causes an increase in T1
values inside the cells and close to the cell surface on the outside. The
effects of superoxide dismutase are substantially smaller and do not have
such a clear spatial pattern. L-arginine, whose chemical structure is al-
most identical to L-NAME, does not decrease the free radical load to the
same extent. This finding supports the notion that, in case of L-NAME,
the shortening of T1 values is caused by physiological response of the
cells to the chemical NOS inhibitor, as opposed to simple scavenging of
free radicals.

3.3 Conclusion
Our results demonstrate that NV-based nanoMRI can indeed be per-
formed on a single-cell level and can quantify physiological (rather than
stress-induced) free radical production inside each single living cell with
subcellular resolution, distinguishing the effect of L-NAME, L-arginine
and SOD. Furthermore, our results capture the spatial differences in free
radical levels with respect to cellular membrane, consistently with the
known mechanisms underlying the changes in free radical production.
Since sensing with NV-centers is strongly distance-dependent (the sensi-
tivity decreases with distance with r6), we obtain very localised informa-
tion that is confined to about 10-20 nm around the particles.34 There is
a growing body of evidence for the important physiological functions of
free radicals as secondary messengers, modulators of intracellular signal-
ing cascades, and agents for intercellular communication.35 It becomes
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effects of superoxide dismutase are substantially smaller and do not have
such a clear spatial pattern. L-arginine, whose chemical structure is al-
most identical to L-NAME, does not decrease the free radical load to the
same extent. This finding supports the notion that, in case of L-NAME,
the shortening of T1 values is caused by physiological response of the
cells to the chemical NOS inhibitor, as opposed to simple scavenging of
free radicals.

3.3 Conclusion
Our results demonstrate that NV-based nanoMRI can indeed be per-
formed on a single-cell level and can quantify physiological (rather than
stress-induced) free radical production inside each single living cell with
subcellular resolution, distinguishing the effect of L-NAME, L-arginine
and SOD. Furthermore, our results capture the spatial differences in free
radical levels with respect to cellular membrane, consistently with the
known mechanisms underlying the changes in free radical production.
Since sensing with NV-centers is strongly distance-dependent (the sensi-
tivity decreases with distance with r6), we obtain very localised informa-
tion that is confined to about 10-20 nm around the particles.34 There is
a growing body of evidence for the important physiological functions of
free radicals as secondary messengers, modulators of intracellular signal-
ing cascades, and agents for intercellular communication.35 It becomes
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increasingly clear that, to fully understand those functions, we need to
know not only which radicals are produced by the cells in which quanti-
ties, but also where within the biological sample the radicals are formed
and can exert their effects. The spatial resolution offered by nanodia-
mond magnetometry is not possible with any state-of-the-art methods.
Magnetic resonance-based methods are much less sensitive and thus pro-
vide less spatial resolution. Optical methods on the other hand lose
spatial resolution since dyes can diffuse freely and thus the fluorescence
signal is not measured where the radical was formed.
Conventional assays often show cross reactivity to other, non-radical re-
active molecules. Since these are typically more abundant, the radical
signal is often masked. Our method is specifically sensitive to the mag-
netic noise generated by the spins of unpaired electron (i.e. free radical).
The presence of nuclear spins also generates magnetic noise, but due to
their much (three orders of magnitude) weaker magnetic moment, they
remain negligible. Also, the concentration of nuclear spins is constant
throughout the measurement. Another appealing feature of our approach
is that the radicals are not consumed during the measurement, which al-
lows one to detect the molecules of interest without interfering with their
(suspected) physiological function.
Our method is complementary to the state-of-the-art methods which re-
veal the history of the sample while we measure the current state. As
our method does not require elaborate sample preparation, other than
introducing the nanodiamonds into the cells, it can be combined with
other approaches employed in the field (including most fluorescent as-
says, immunostaining, electron microscopy, genetically encoded probes,
lipid peroxidation assays) within the same sample. Individual FNDs can
be easily detected by both fluorescent and electron microscopes,36 calling
for the use of high-resolution correlative microscopy to uncover the cel-
lular context for the recorded signals. Ultimately, NV-based nanoMRI
has the potential to become a powerful tool in the field of free radical
biology, offering new insights into the role of these elusive molecules in
health and disease.

3.4 Methods
3.4.1 Fluorescent nanodiamonds
We used commercially available fluorescent nanodiamonds (Adamas Nan-
otechnologies) produced by HPHT synthesis. These particles are irradi-
ated by the manufacturer to contain about 2.5 ppm of NV centers and
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have a hydrodynamic diameter of 70 nm. As a last step of their pro-
duction, they are treated with oxidizing acid by the manufacturer. As a
result, their surface is oxygen terminated (particles characterization has
been done thoroughly in the literature.37, 38

Particles with 70 nm hydrodynamic diameter and a flake like structure
were chosen for several reasons.39 If the particle is too large, the defects
in the core of the particle will contribute to the signal but won’t be able
to interact with the sample. This will add background to the measured
signal. On the other hand, ensembles of NV centers lead to an increased
brightness which eases the measurement in the presence of autofluores-
cence from cells. Arguably, the largest advantage of nanodiamonds with
ensembles is that the signal always contains a mixture of around hun-
dreds of NV centers. As a result, differences between NV centers cancel
each other out. Thus, the coherence times and relaxation times are over-
all lower in these nanodiamonds than in bulk but vary a lot less between
particles. Besides, reducing the movement inside the cell by using bigger
FNDs diminishes the risk of losing the particle.

3.4.2 Homemade experimental setup
Similarly as in,20 the relaxation measurements were performed on our
homemade magnetometer. A green laser (Torus 532 nm, Laser Quan-
tum) attenuated to 70 µW is focused on the sample by a microscope
objective (Olympus UPLSAPO 100XO, Oil immersion, NA 1.40). The
photoluminescence is collected by the same objective, filtered by a 550
nm longpass dichroic mirror and a 550 nm longpass dielectric filter and
sent to a photon counting avalanche photodiode (Excelitas Technologies
SPCM-AQRH) through a confocal pinhole. The live cells are imaged
by scanning the beam over the sample. Using these settings, both cells
and nanodiamonds are visible. The background is 2.5 × 104 counts per
second on average while a diamond particle is typically 1 × 106 counts
per second.

3.4.3 Relaxation measurement
Once one FND is identified, the relaxation measurement is performed as
follows. A train of 5 µs pulses is generated by an Acousto-Optic Modula-
tor (Gooch & Housego AOMO 3350-199) in a double-pass configuration
is routed to the FNDs to both initialize and readout the NV center’s spin.
A delay (or dark-time τ) between the pulses is logarithmically swept from
0.2 µs to 10 ms while the photoluminescence is collected. Such a dark-
time sweep is repeated up to a total of 60 000 times (10 000 in Figure
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1) for the longest experiments. The photoluminescence of 10 000 (7 000
in Figure 1) sweeps is summed to obtain the photoluminescent pulses
as depicted in red in Figure 1A. The photoluminescence signal PL(τ) of
during the first 1 µs of each pulse after different dark times τ is then
integrated. The relaxation curve is then fitted by the double exponential
fit function for extracting T1:20

PL(τ) = PL(∞) ·
(
1 + Ca exp

(
− τ

Ta

)
+ Cb exp

(
− τ

Tb

))
,

with T1 = max(Ta, Tb)).
The procedure is then repeated by shifting the summation window by 2
000 sweeps (1 000 in Figure 1) to obtain the time T1 vs time curves as
in Figure 2G, 3G, 4G and 5D, H. These curves with a sampling period of
2 000 sweeps are finally smoothed and down sampled through a rolling
median window to a final sampling period of 10 000, i.e., without further
loss in temporal resolution.

3.4.4 Tracking of the diamond nanoparticles
In a cellular environment, the motions of the diamond nanoparticles dur-
ing one acquisition time cannot be neglected. During the relaxation mea-
surements, the FND is tracked and recentered every 5 seconds as follows.
A lateral scan over a square of 2 micrometers is performed for recentering
the particles. The focus is adjusted by sweeping over a range of 2 µm.
This operation lasts 40 ms.

3.4.5 Release of NO by spermine NONOate
N-Diazeniumdiolates (NONOates) are a class of molecules that can gen-
erate two mole equivalents of NO per mole of donor upon the hydrol-
ysis of the donor compound under physiological conditions. The rate
of NONOate decomposition strongly depends on the molecular struc-
ture of the given compound, as well as the temperature and pH of the
NONOate solution. In the current study, we used spermine NONOate
(Abcam, ab144522). This compound has a dissociation half-life of 230
minutes at room temperature and pH 7.4.
Spermine NONOate decomposition was first followed with the fluorescent
DAF-2 assay, as described below. For the relaxometry measurements,
FNDs were pre-mixed with FBS (fetal bovine serum, a component of cell
culture medium, Gibco, 10270-106) to prevent the formation of aggre-
gates in the buffer solution.40 The resulting mixture was further diluted
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with PBS (phosphate buffered saline, pH 7.4) to reach an FND concen-
tration of 10 µg/mL. The solution was transferred to a glass bottom
Petri dish and mounted on the setup. After locating a single FND with
the confocal microscope and obtaining a trial T1 curve to confirm the
presence of NV centers, we added a small volume of spermine NONOate
solution to the sample (final concentration – 10 µM). Then we immedi-
ately started following the changes in relaxation by recording the signal
from the T1 pulsing sequence (repeated 10 000 times). As FNDs are
stationary on the surface and move less in this case, compared to the
experiments in cells, a smaller rolling window was used for summing up
photoluminescence. For these experiments, the rolling window size was 5
000 sweeps, and the shift between two consecutive window positions was
1 000 sweeps.

3.4.6 Cell culture
For the experiments with cells, we used J774 murine macrophages at
the confluency 60-90%. The cells were routinely cultured in DMEM-HG
(Gibco, 31966-021), supplemented with 10% FBS, and were transferred
to quartered glass bottom Petri dishes (Greiner Bio-One, 627871) at least
24 hours prior to the experiment. For the fluorescent assays, the cells
were transferred to transparent plastic 96-well plates (Greiner Bio-One,
655180) at least 24 hours prior to the experiment.

3.4.7 Modulators of free radical production by the cells
In the current study, we aimed to inhibit the activity of iNOS, using
L-NAME – a selective antagonist of nitric oxide synthases. L-NAME
hydrochloride was purchased as a powder (Cayman Chemical, 80210)
and diluted in distilled H2O to create the 50 mg/mL stock solution. L-
arginine powder (Sigma-Aldrich, A8094) was diluted in distilled H2O to
obtain the same molar concentration. Lyophilized superoxide dismutase
(SOD, Sigma-Aldrich, S5395) was reconstituted in 0.1M potassium buffer
to reach the concentration of 5400 units/mL.
The stock solutions of the aforementioned compounds were added di-
rectly to the cell culture medium or buffer to reach the following final
concentrations: L-NAME – 2.3 mM, L-arginine – 2.3 mM, SOD – 58
units/mL. dH2O was used as a negative control.

3.4.8 Fluorescent assays of NO production
The formation of NO during spermine NONOate decomposition, as well
as the production of NO by the cells, were assessed using the DAF-
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2/DAF-2 DA fluorescent assay. DAF-2 (4,5-diaminofluorescein) is a cell-
impermeable NO probe, whereas its acetated form, DAF-2 DA (4,5-
diaminofluorescein diacetate, Abcam, ab145283), must be internalized
by the cells and cleaved by the intracellular esterases, before it reacts
with NO . DAF-2 yields a fluorescent product upon the reaction with
NO .
For the DAF-2 assay, the stock solution of spermine NONOate was di-
luted in PBS to obtain a series of solutions between 10 nM – 100 µM.
The solutions were mixed with DAF-2 in a 96-well plate. Immediately
after adding the pre-mix, we recorded the changes in fluorescence in-
tensity with the FLUOstar Omega Microplate Reader (BMG Labtech,
De Meern, the Netherlands). The fluorescence at 520 nm was measured
every 5 minutes for 1 hour.
For the DAF-2 DA assay, the cells were first incubated with FNDs (0.5
µg/mL in DMEM-HG) for 2 hours. Afterwards, the cell culture medium
was replaced with the pre-mixed solutions of DAF-2 DA (10 µM) and
the compound of interest in supplemented PBS (PBS + 10% FBS). The
cells were incubated for 45 minutes at +37°C to allow for the DAF-2
DA internalization and deacetylation. After the incubation, the changes
in fluorescence intensity were either recorded over the course of 30 min-
utes, as described previously, or analyzed from the images taken at a
Zeiss LSM780 laser scanning confocal microscope. For the microscopic
analyses, bright-field and fluorescence images were recorded from three
individual fields of view. The outlines of the cells were determined man-
ually from the bright-field images. The average fluorescence intensity of
each individual cell was then measured, using the FIJI software.

3.4.9 Relaxation of NV centers in internalized FNDs
To investigate the T1 relaxation in the vicinity of macrophages, FNDs
were pre-mixed with FBS to prevent the particle aggregation and further
diluted in serum-free DMEM-HG. The final concentration of FNDs was
0.5 µg/mL to have as few particles per cell as possible. The cell culture
medium in one of the quarters of the glass bottom Petri dish was replaced
with 500 µL of the resulting solution. The cells were incubated with the
FND-containing medium for 2 hours prior to the experiment. After the
incubation, the sample was taken to the setup, where we would locate
an internalized FND. The intracellular localization of every particle was
confirmed by confocal microscopy. For each experiment, we recorded a
20 × 20 µm (200 × 200 pixels) image of one confocal plane, with the
particle of interest located in the center. After obtaining the initial T1
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curve to confirm the presence of NV centers, we replaced a small volume
of the medium (5.39 µL for the NO -affecting compounds, 5.34 µL for
SOD) with the stock solution of the compound of interest. We then
immediately started recording the signal from the T1 pulsing sequence,
repeated 60 000 times (approximately 60 minutes).

3.4.10 Statistical analysis
Statistical analysis of the data was performed in GraphPad Prism 9
(GraphPad Software) and in Python 3.8. Statistical significance of the
observed differences was estimated either with Kruskal-Wallis test or with
Student’s t-test. P-value of < 0.05 was chosen as the threshold for sta-
tistical significance.
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Associated content
Supporting information
Spermine NONOate decomposition, as measured by DAF-2 flu-
orescent dye
To estimate the decomposition of spermine NONOate with the DAF-2
fluorescent assay, we have performed two series of experiments. For each
series, we diluted the stock spermine NONOate solution (100 mM in
0.01M NaOH) in PBS, added DAF-2 (final concentration – 10 µM), im-
mediately transferred the solutions to the 96-well plate and recorded the
buildup of fluorescence at 520 nm with a FLUOstar Omega Microplate
Reader. The fluorescence intensity was recorded in half of the wells every
5 minutes over the course of 1 hour. After 1 hour, the fluorescence inten-
sity in the other half of the wells was measured to assess the cumulative
NO release by the end of the experiment and to correct for the DAF-2
bleaching during consecutive measurements.
The plate was kept at room temperature throughout the experiment.
The initial spermine NONOate concentrations were as follows:

• Series 1 (high concentration): 1 µM, 10 µM, 100 µM;

• Series 2 (low concentration): 10 nM, 100 nM, 1 µM. Spermine
NONOate stock solution was pre-diluted in 0.01M NaOH.

In each case, the mixture of PBS, DAF-2 and a respective volume of
0.01M NaOH (spermine NONOate vehicle) was used as a negative con-
trol.
The fluorescence intensity values were compared using two-way ANOVA,
followed by a Tukey’s post hoc test. A P-value of <0.05 was chosen as
the threshold for statistical significance.
The results of the measurements are summarized in Figure S1 in the
form of kinetic plots of NO release in the solutions of varying sper-
mine NONOate concentrations (A-D). Panel E shows the results of the
endpoint measurements from the wells that were not affected by the
bleaching of the dye.
The difference between the vehicle (NaOH, blue) and spermine NONOate
(yellow) solutions is significant in all groups. However, in 1 µM, the
actual size of the difference between the average values is only 6.9%.
There is no significant difference between PBS + DAF-2 (white) and 1
µM of spermine NONOate.
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It is worth noting that DAF-2 fluorescence is generally lower in presence
of NaOH, as compared to the control (PBS + DAF-2, white). This effect
appears to be concentration-dependent. Lower DAF-2 fluorescence in
presence of NaOH might lead to an underestimation of NO production,
especially at low concentrations.

In case of the low initial concentrations of spermine NONOate, the dif-
ference between the negative control (PBS + NaOH) and the NONOate
solution can be seen in 1 µM solution of spermine NONOate after 35
minutes of incubation (Figure S2B). According to the predicted decom-
position rate of spermine NONOate (t1/2 = 230 minutes, 2 moles NO
released per each mole of decomposed spermine NONOate), this corre-
sponds to 0.20 µM of NO released in the solution. At lower concentra-
tions of spermine NONOate, the DAF-2 fluorescence intensity did not
exceed the control even after 1 hour of incubation.

The results from higher initial concentration of spermine NONOate and
lower gain (Figure S1D) point at the minimal detectable NO concen-
tration of 0.31 µM. The detection limit of DAF-2, reported by the man-
ufacturer, is 2-5 nM NO at neutral pH. In our experiments, the assay
sensitivity at a given concentration of the dye appears to fall in the low
micromolar – high nanomolar range.

Spermine NONOate decomposition, as recorded by diamond
magnetometry

Using the relaxometry measurements, we were able to observe decompo-
sition of SNONO by shortening T1s upon the addition of the NONOate
solution to PBS (Figure S3D). Reliable change in the signal (a 30% de-
crease from the first recorded T1 value after adding the NONOate so-
lution) was achieved at the estimated concentration of 0.45 µM NO ,
which can be translated into to 0.225 nmol NO present in entire sample
volume. It is worth noting that the change in DAF-2 fluorescence in the
complementary assay (Figure S3C) was not strong enough to be reliably
detected. At higher SNONO concentrations the T1 values remained sta-
ble throughout the experiment, possibly reflecting the saturation of FND
sensors.

These results indicate that NV-based nanoMRI is at least as sensitive as
the conventional fluorescent assay for the detection of NO .
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lower gain (Figure S1D) point at the minimal detectable NO concen-
tration of 0.31 µM. The detection limit of DAF-2, reported by the man-
ufacturer, is 2-5 nM NO at neutral pH. In our experiments, the assay
sensitivity at a given concentration of the dye appears to fall in the low
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Spermine NONOate decomposition, as recorded by diamond
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Using the relaxometry measurements, we were able to observe decompo-
sition of SNONO by shortening T1s upon the addition of the NONOate
solution to PBS (Figure S3D). Reliable change in the signal (a 30% de-
crease from the first recorded T1 value after adding the NONOate so-
lution) was achieved at the estimated concentration of 0.45 µM NO ,
which can be translated into to 0.225 nmol NO present in entire sample
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detected. At higher SNONO concentrations the T1 values remained sta-
ble throughout the experiment, possibly reflecting the saturation of FND
sensors.
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the conventional fluorescent assay for the detection of NO .
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Figure S1. (A) Buildup of DAF-2 fluorescence intensity in spermine NONOate
solutions of different (high) concentrations. Each point represents the average of 6
replicates. The shaded area shows standard deviation. (B-D) show the closeup of the
experimental and the control curves for each concentration (B – 100 µM, C – 10 µM,
D – 1 µM). (E) DAF-2 fluorescence intensity after 1 hour of incubation. Each column
represents the average of 6 replicates. The error bars show the standard deviation.
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Figure S2. (A) Buildup of DAF-2 fluorescence intensity in spermine NONOate
solutions of different (low) concentrations. Each point represents the average of 6
replicates. The shaded area shows standard deviation. These values were recorded at
a higher gain, as compared to the ones in Supplementary Figure 1. (B-D) show the
closeup of the experimental and the control curves for each concentration (B – 1 µM,
C – 100 nM, D – 10 nM). (E) DAF-2 fluorescence intensity after 1 hour of incubation.
Each column represents the average of 6 replicates. The error bars show the standard
deviation.
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Figure S2. (A) Buildup of DAF-2 fluorescence intensity in spermine NONOate
solutions of different (low) concentrations. Each point represents the average of 6
replicates. The shaded area shows standard deviation. These values were recorded at
a higher gain, as compared to the ones in Supplementary Figure 1. (B-D) show the
closeup of the experimental and the control curves for each concentration (B – 1 µM,
C – 100 nM, D – 10 nM). (E) DAF-2 fluorescence intensity after 1 hour of incubation.
Each column represents the average of 6 replicates. The error bars show the standard
deviation.
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Figure S3. Summary of spermine NONOate experiments. (A) Spermine NONOate
in non-alkaline environment spontaneously dissociates, releasing 2 moles NO per 1
mole SNONO. (B) At room temperature, the decomposition occurs with a half-life
time of 230 minutes, resulting in almost linear increase in NO concentration in the
solution at the beginning of the experiment. (C) Released NO can be detected by
conventional fluorescent assays, such as DAF-2. At the same time, the increase in
fluorescence at the beginning of experiment (5-10 minutes after adding SNONO) with
the final concentration of 10 µM could not be detected by the plate reader. DAF-2
fluorescence of the 100 µM SNONO solution was, on the contrary, significantly higher
than the control. Each bar shows the average of 5 individual wells, error bars represent
standard deviation. (D) T1 values recorded from FNDs in 10 µM SNONO solution
(green) were linearly decreasing during the first 10 minutes of the experiment. Each
dot represents the median of 6 individual experiments, performed with different FND
particles. The error bars show the interquartile range. T1 values recorded from FNDs
in 100 µM SNONO solution (purple) were not significantly changing over the same
time frame.
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Figure S4. Evolution of non-normalized (A) and normalized (B) T1 values from
individual experiments on internalized FNDs after the exposure of cells to L-NAME.
Each line represents a separate dataset, recorded from a distinct FND and a distinct
cell. The bold red line shows the median value from all experiments.

Figure S5. Evolution of non-normalized (A) and normalized (B) T1 values from
individual experiments on internalized FNDs after the exposure of cells to dH2O
(vehicle). Each line represents a separate dataset, recorded from a distinct FND and
a distinct cell. The bold red line shows the median value from all experiments.
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Figure S4. Evolution of non-normalized (A) and normalized (B) T1 values from
individual experiments on internalized FNDs after the exposure of cells to L-NAME.
Each line represents a separate dataset, recorded from a distinct FND and a distinct
cell. The bold red line shows the median value from all experiments.

Figure S5. Evolution of non-normalized (A) and normalized (B) T1 values from
individual experiments on internalized FNDs after the exposure of cells to dH2O
(vehicle). Each line represents a separate dataset, recorded from a distinct FND and
a distinct cell. The bold red line shows the median value from all experiments.
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Figure S6. Evolution of non-normalized (A) and normalized (B) T1 values from
individual experiments on internalized FNDs after the exposure of cells to SOD. Each
line represents a separate dataset, recorded from a distinct FND and a distinct cell.
The bold red line shows the median value from all experiments.

Figure S7. Evolution of non-normalized (A) and normalized (B) T1 values from
individual experiments on internalized FNDs after the exposure of cells to L-arginine.
Each line represents a separate dataset, recorded from a distinct FND and a distinct
cell. The bold red line shows the median value from all experiments.
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Figure S8. Summary of L-arginine experiments, performed in supplemented PBS.
(A) L-arginine added to the cell culture medium enters the cells, where it acts as the
substrate of NOS. This results in increased production of NO , which can be quan-
tified with the DAF-2 DA fluorescent assay. The plate reader data (B) demonstrate
higher intracellular concentrations of NO in L-arginine-treated samples, as compared
to the macrophages exposed to the vehicle (water). Fluorescent confocal microscopy
(C) shows the differences between cells within the same sample (D). Average fluores-
cence intensity of individual cells recorded from L-arginine-treated samples was higher
than in the control (E). The T1 values recorded from internalized FNDs (F) are 2
times shorter in the cells exposed to L-arginine for 10 minutes, as compared to the
cells treated with vehicle (G). By 20 minutes of incubation, the difference between
L-arginine- and dH2O-treated cells becomes insignificant.
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Figure S8. Summary of L-arginine experiments, performed in supplemented PBS.
(A) L-arginine added to the cell culture medium enters the cells, where it acts as the
substrate of NOS. This results in increased production of NO , which can be quan-
tified with the DAF-2 DA fluorescent assay. The plate reader data (B) demonstrate
higher intracellular concentrations of NO in L-arginine-treated samples, as compared
to the macrophages exposed to the vehicle (water). Fluorescent confocal microscopy
(C) shows the differences between cells within the same sample (D). Average fluores-
cence intensity of individual cells recorded from L-arginine-treated samples was higher
than in the control (E). The T1 values recorded from internalized FNDs (F) are 2
times shorter in the cells exposed to L-arginine for 10 minutes, as compared to the
cells treated with vehicle (G). By 20 minutes of incubation, the difference between
L-arginine- and dH2O-treated cells becomes insignificant.
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Figure S9. According to Fick’s law, the concentration of NO is a function of
distance from the source (NO -producing cell). We have adopted diffusion coefficient
D = 3300 µm2/s, t1/2 = 90 ms, as reported by other studies,31 and C(0) = 0.60 µM,
as calculated from our T1 data.
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