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(MRI), on the other hand, requires 
≈1012–1018 nuclei (or a factor of 1000 fewer 
electron spins) to generate an observable 
signal.[6,7] To date, diamond magnetometry 
has been used to detect magnetic struc-
tures,[8–11] microwave signals,[12] and single 
proteins[13] and to record signals from 
magnetotactic bacteria,[14] cells labeled 
with magnetic particles,[15] or fixed and 
stained cell slices.[16] Relaxometry (or T1), 
analogous to T1 in conventional MRI, is a 
quantum sensing method that allows the 
efficient detection of surrounding mag-
netic noise.[17] First with gadolinium con-
trast,[18–20] it has been used in solution to 
detect free radicals[21] and monitor chem-
ical reactions,[22,23] and in biological envi-
ronments to sense the metabolic activity 
of mitochondria in macrophages[24] or 
detect nitric oxide production by endothe-
lial cells.[25] Conventional methods for 
detecting radicals rely on chemical reac-

tions with spin labels or dye molecules and on detection via 
electron spin resonance. The first generally requires large 
sample volumes,[26] and the second is poorly selective for free 
radicals, irreversibly consumes them, and is prone to bleaching, 
which complicates real-time monitoring.[27]

Here, we detected nitric oxide signaling at the nanoscale 
with an optical resolution. In the human body, nitric oxide is 
particularly relevant for vascular and brain cell communication 
and therefore essential for understanding heart and brain dis-
eases.[28,29] We were able to quantify and localize nitric oxide, 
formed either chemically or by live mammalian cells. Addition-
ally, we determined the formation dynamics, which are inacces-
sible by state-of-the-art methods.

2. Results and Discussion

As evidenced previously, the relaxometry measurement 
sequence allows the detection of free radicals via the mag-
netic noise they generate.[18] In this work, we used this tech-
nique to localize the generation of biologically relevant nitric 
oxide and superoxide. Toward this goal, we conducted relax-
ometry measurements using nanodiamonds containing 
ensembles of nitrogen-vacancy (NV) centers. Such nanodia-
monds can be internalized by different types of cells[30–33] and 
exhibit excellent biocompatibility.[34,35] In our experiments, the 

Diamond magnetometry makes use of fluorescent defects in diamonds to 
convert magnetic resonance signals into fluorescence. Because optical pho-
tons can be detected much more sensitively, this technique currently holds 
several sensitivity world records for room temperature magnetic measure-
ments. It is orders of magnitude more sensitive than conventional magnetic 
resonance imaging (MRI) for detecting magnetic resonances. Here, the use of 
diamond magnetometry to detect free radical production in single living cells 
with nanometer resolution is experimentally demonstrated. This measuring 
system is first optimized and calibrated with chemicals at known concentra-
tions. These measurements serve as benchmarks for future experiments. 
While conventional MRI typically has millimeter resolution, measurements are 
performed on individual cells to detect nitric oxide signaling at the nanoscale, 
within 10–20 nm from the internalized particles localized with a diffraction 
limited optical resolution. This level of detail is inaccessible to the state-of-the-
art techniques. Nitric oxide is detected and the dynamics of its production and 
inhibition in the intra- and extracellular environment are followed.

ReseaRch aRticle

1. Introduction

Diamond magnetometry[1,2] uses a quantum effect to convert 
magnetic resonance signals into optical signals. Since optical 
transitions can be measured with very high sensitivity, even the 
faint signal of a single electron[3] or even single nuclear spins 
can be detected.[4,5] Conventional magnetic resonance imaging 

© 2022 The Authors. Small published by Wiley-VCH GmbH. This is  
an open access article under the terms of the  Creative Commons  
Attribution-NonCommercial License, which permits use, distribution 
and reproduction in any medium, provided the original work is properly 
cited and is not used for commercial purposes.
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nanodiamonds were positioned near or inside a living murine 
J774 macrophages.

In the procedure used for our relaxometry experiments 
(shown in Figure 1A), a green laser pulse polarizes the defects 
into their |ms = 0> spin state (bright). The system then decays 
freely for different dark times. An optical excitation is then 

applied again to probe whether the NV centers have yet returned 
to the dark equilibrium state (see the Experimental Section). In 
the presence of spin noise (from radicals in this case) in the 
vicinity of the NV centers, this process occurs faster. As illus-
trated in Figure  1A, at a given dark time, the fluorescence 
intensity of the NV centers exposed to low levels of magnetic 

Small 2022, 18, 2105750

Figure 1. Summary of the experimental procedure, from data collection to data analysis and representation. A) A nanodiamond containing NV centers 
is localized in or nearby a living cell through confocal microscopy. A laser pulse train is then used to pump the NV centers into a bright state (ms = 0 
of the ground state). 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 a darker equilibrium of states. The relaxation occurs more slowly at lower levels of magnetic noise in the environment (black outlines in 
the emission diagram). At higher levels of magnetic noise, the relaxation occurs faster, and the recorded fluorescence intensity (red in the emission 
diagram) after a given dark time is lower. Optionally, a microwave pulse (orange) can be added right before the optical pulse to specifically target the 
NV centers’ spin resonance. Subtracting the T1 with microwave from the all-optical T1 allows to exclude competitive effects unrelated to the NV center 
spin. B) The measurements can be performed on FNDs either internalized by macrophages or located in their vicinity. Simultaneously, the cells can 
be subjected to various interventions (gray boxes) that promote (blue) or inhibit (orange) free radical production resulting in a decrease or increase 
of the T1 time. C) In each experiment, the T1 pulse sequence is continuously repeated (over 3 h here or 30 min hereafter). The entire dataset is divided 
into subsets through a rolling window using k repetitions. D) Each subset is then used to plot a relaxation curve and to extract the T1 value from it. 
The black and gray curves are the subtraction of the MW curves from the all optical ones, in blue and cyan. E) One can thus follow the evolution of 
T1 values from the same particle over the course of the experiment, with a rolling window of 14 min (all optical curve, blue) and 60 min (MW pulse 
T1, black). Here, we show an experiment where we added L-NAME at time t = 0. The error bars represent the 95% confidence interval given by the fit 
(orders of magnitude smaller with respect to the changes caused by the intervention presented hereafter.)
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noise (black outlines) is higher than the signal coming from 
the NV centers exposed to high levels of magnetic noise (red 
fill). Consequently, T1 gives a measure of the radical concentra-
tion in the surroundings of the particle.[18,21,22] To reach an ade-
quate signal-to-noise ratio, this procedure is repeated several 
thousand times. By analyzing the data with a rolling window 
approach (Figure  1B), one can observe the dynamics of the 
magnetic noise throughout the experiment (Figure 1D,E).

As conventionally observed here (Figure S16, Supporting 
Information) or in previous work,[21] the obtained relaxation 
curves are essentially composed of two exponential decays. In 
principal, both can be linked to spin relaxation and/or com-
petitive effects. For instance, when the concentration of elec-
tron donors is high, laser pumping can induce charge transfer, 
altering the charge state[23,36] of the NV centers and thus the 
photoluminescence (PL) we collect, which can relax to the 
equilibrium during the dark time.[37] To address such spin 
unrelated effects, as initially proposed by Jarmola et  al.,[38] we 
performed successive relaxometry experiments whose only dif-
ference is to include or omit an additional microwave pulse at 
resonance with the NV centers’ spin transition target it selec-
tively (Figure 1A,D). The difference between the two therefore 
excludes the microwave-insensitive process (see Section  4 for 
experimental details and Section S1 in the Supporting Infor-
mation for additional supporting data). We call the relaxation 
curves obtained by such subtraction “microwave pulse T1.”

In our case, however, the direction of the NV centers with 
respect to the microwave magnetic field varies both between 
NV centers and with the rotation of the nanodiamond in the 
cell. The microwave pulse efficiency is different for each NV 
center or successive measurements. This results in frequency 
interference in the Rabi oscillation causing a decrease of the 
contrast (Figure  S1B, Supporting Information). As a conse-
quence, the temporal resolution we may obtain with microwave 
pulse T1 is deteriorated compared to all-optical measurements 
(Figure 1E). Moreover, microwave irradiation can cause heating 
of the sample, which is undesirable in case of live cells and can 
lead to the cell death or other artifacts. Although microwave-
based protocols are used in the field to perform magnetometry 
measurements under ambient conditions,[39,40] these points 
should be taken into consideration for biological samples, espe-
cially in case of the long-time monitoring.

Lacking temporal resolution, we could not distinguish the 
shorter—few µs ranged—exponential decay when using micro-
waves.[21] Its origin therefore remains to be confirmed. The 
longer—few 100 µs ranged—relaxation dynamics, which has 
been shown to be sensitive to surrounding free radicals in gen-
eral[21,22] and to nitric oxide radicals in particular (Figure S6D, 
Supporting Information), remain in both all optical and micro-
wave pulse T1 curves, either when internalized in macrophages 
(Figure  1D) or in solution (Figure S1E, Supporting Informa-
tion). Both their dynamics are either increased (Figure  1E) 
when triggered by L-NAME which reduces the concentration 
of NO* (see Section 2.2) or decreased (Figure S1F, Supporting 
Information) when adding spin noise. In the following, we 
omit the microwave pulse control (for convenience and to avoid 
microwave-induced heating) and reported all-optical relaxom-
etry measurements. As described in the Experimental Section, 
we call the fitted longer relaxation times T1.

2.1. T1s from Nanodiamonds in Solution

To quantify radical generation in living cells, we first performed 
measurements of nitric oxide in a controlled environment. A 
reliable change in the T1 signal was achieved at the estimated 
concentration of 0.45  × 10−6 m NO*, which can be translated 
to 0.225 nmol NO* present in the entire sample volume. This 
is to be compared to 0.2 × 10−6 to 0.31 × 10−6 m NO* detected 
with conventional fluorescence assay (DAF-2). Related to a T1 
acquisition time of 10 min, this corresponds to a sensitivity of 
about 5  × 10−9 m per sqrt(Hz). The experimental procedures 
and the measurement results can be found in the Supporting 
Information. The resulting calibration curves were used to esti-
mate the concentrations of NO* in the experiments with cells 
(Figures S4–S6, Supporting Information).

To interpret our findings, we model our nanodiamonds in 
light of previous research as (110)-oriented flat particles[41] with 
a thickness of 2d, covered by a protein layer[42] of approximately 
e = 2.5 nm.

Without NO* radicals, we assume that the relaxation pro-
cess of the NV centers, close to the diamond surface is domi-
nated by the magnetic noise radiated by surface paramagnetic 
centers (SPC)[18,43–45] with a surface density σ. The effect of 
additional free radicals in surrounding solution is commonly 
attributed to their adsorption onto the diamond surface.[18,23] In 
our case, we take the presence of a protein corona into account 
which NO* may either react with[46] or be adsorbed to.[47] The 
effect of NO* is then modeled by a volume free radical contri-
bution from the protein layer.[22] We note the NV centers reso-
nance pulsation ω0 = 2π · 2.87 GHz, the variance of the trans-
verse magnetic field ( )2

⊥B j  generated by the jth impurities, and 
its associated correlation time cτ j ,[44] the total relaxation rate 
(inverse of T1) is

3
1

1
1

1
bulk 1

SPC,NO
e

2 c

0 c

2∑ γ τ
ω τ

( ) ( )( )( ) = +
+

− −

=
⊥T T B

j

j
j

j
 (1)

In Equation  (1), the first term, which lies in the kHz range 
( )1

bulkT [48] and is linked to the bulk-induced relaxation, is neg-
ligible. Modeling the SPC by a uniform concentration of σSPC 
with a unique correlation time τSPC,[18,32,41] we obtain (see deri-
vation in Section S1, Supporting Information)

2
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 is related to the multiplicity of the 
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S , γe  = 2π · 28 GHz T−1 is the 

electron gyromagnetic ratio, and rmin = 0.15 nm is the shortest 
possible distance between the paramagnetic impurities[18] and 
a is an integration parameter. As evidenced in the calculation, 
a only slightly depends on the orientation of the NV center 

15

8
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9

4

π π




. Considering the other much stronger dependencies 

highlighted below, we approximate a = 6.
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We take σ = 0.1 nm−2, measured independently in Rosskopf 
et  al.[44] This corresponds to a calculated dipolar interaction 
limited correlation time 0.28 nsc

SPCτ =  in very good agreement 
with the values measured in the same article.[44] We solved 
Equation (1) with Equations (2) and (3) for a median T1 value of 
400 µs (measured in Figure S6 in the Supporting Information 
and in previous work[21]). Such a value can be obtained with a 
thickness of 9 nm, slightly bigger than what was measured on 
fluorescent nanodiamonds (FNDs) with 25 nm hydrodynamic 
diameter.[41] The dispersion of T1from 150 to 600 ns can be 
explained by thickness varying from 7 to 10 nm.

For the concentration of free radicals in the protein corona 
ρ, we obtain similarly (see derivation in the Supporting 
Information)

2
4

1 1NO 2 0 e
2

s 3 3

µ γ
π

ρ( ) ( )
= ⋅


 ⋅ −

+






⊥B C b

d d e



 (4)

where b = a/3 ≈ 2. In the protein corona, the additional free rad-
ical may either move or rotate. This is taken care of by adding 
the corresponding motional (τdiff)−1 and rotational (τrot)−1 decor-
relation path[19] to the one caused by dipole–dipole interaction 
(τdip)−1

4

2
;

3

4
;

3

4
dip

1 0 e
2

S
min
3/2 diff

1
2

rot
1

3τ µ γ
π

πρ
τ τ

πη( ) ( ) ( )= ⋅ = 



 =

− − −C
r

D
d

k T

r
b  

 
(5)

where r is the diffusing free radical’s hydrodynamic radius and 

6
b

πη
=D

k T

r
 is its diffusion constant within a medium of viscosity η.

The observed T1 decreases down to a median value of 200 µs  
can be explained by a concentration of ρ  = 0.2 nm−3, corre-
sponding to a surface density ρe = 0.5 nm−2. In our case, even 
considering a radical with a hydrodynamic radius r as small 
as 0.12 nm (equal to the nitrogenoxygen bond length), the 
motional and rotational diffusion decorrelation rates are neg-
ligible with respect to the dipolar one, for any viscosity above  
η = 0.5 Pa s as it is expected in the protein layer.[42] This results 
in a calculated correlation time of 0.64 nsc

NOτ = .
The obtained paramagnetic surface density can be com-

pared to the one obtained by the adsorption of TEMPO radicals 
on Al2O3 nanoparticles. There an efficiency above 70% (final 
TEMPO concentration of 14 × 10−6 m) was observed.[49] Consid-
ering the total area of the particles in solution as given in the 
article, this corresponds to a paramagnetic surface concentration 
of 0.24 particles nm−2, which is similar to what we found here.

As modeled here, the T1 strongly depends on the distance 
from the NV center to the surface. The observed dispersion of 
T1 values, which as to now determines the accuracy of the NO* 
concentration measurement, can therefore be attributed to 
the nanodiamond’s shape and size distribution.[18,22,41] Under-
standing those dependencies and controlling them (e.g., with 
more homogenous nanodiamonds) would constitute a very 
important improvement. Apart from that also the radical con-
centrations themselves can vary considerably. On our rather flat 
nanodiamond,[41] effects of diamond orientations and edges are 
likely negligible compared to this thickness-induced dispersion.

From this model, we also infer that the depth dependency 
(in 1/d4) can be partially mitigated by considering the relative 
changes of T1 with respect to its initial value 1

0T . Indeed, at 
first approximation, /1 1

0T T  should stay inversely proportional 
to the paramagnetic surface density, independently from the 
considered NV centers. For the overall relaxation dynamic of 
each nanodiamond, the sum of all the contained NV centers is 
commonly modeled by a stretched exponential. Summing only 
the proportional component, the overall relative T1 dynamics 
should still behave independently from the considered nanodia-
mond. In the following, the normalized /1 1

0T T  is presented and 
considered for the statistical analysis. The unnormalized data 
are shown in Figures S7–S10 in the Supporting Information.

To interpret our results correctly, it was also important to rule 
out other potential factors that might influence T1. One such 
factor is pH. Although cells establish homeostasis, the intracel-
lular pH can differ from ≈7.4 in the cytoplasm to 2 in different 
organelles.[50,51] In this range, we did not find any significant 
changes in T1. We did, however, see an influence of pH at lower 
pH values, which needs to be considered for other applications 
where these more extreme conditions might occur.[24] Similarly, 
we also observed no significant changes in T1 in the relevant 
temperature ranges in our previous work,[24] in great agreement 
with Jarmola et al.[38] which show that such effect is already sat-
urated at room temperature. For comparison, we have also con-
ducted measurements on bare nanodiamond particles shown 
in Figure S3 in the Supporting Information.

2.2. T1s from Nanodiamonds Internalized by Macrophages

The goal of these measurements was to track the inhibition of 
NO* formation by L-NAME (Figure 2A). Prior to the intracel-
lular measurements, cells were incubated with FNDs. After 2 h,  
we observed internalized particles (Figure  2F). At this time 
point, we started recording radical formation via T1 measure-
ments. In the control measurements, we observed that adding 
dH2O to the cells did not lead to any changes, while the addi-
tion of L-NAME resulted in longer T1s (Figure  2G). This was 
consistent with DAF-2 DA data, which showed decreased intra-
cellular production of NO* (Figure 2B–E). In both cases, the dif-
ferences between the control and the L-NAME-treated samples 
became significant ≈20 min after the addition of the inhibitor. 
These results, in turn, are consistent with previously reported 
direct real-time measurements of the dynamics of NO* produc-
tion obtained directly from large ensembles rather than single 
cells.[52] In our experiments, we investigate the evolution of 
nanodiamond in a single living cell. Thus, there is a variation 
between cells in when exactly they react to the inhibitor. While 
all the investigating cells react to L-NAME by reducing their pro-
duction of NO* (temporal increase of T1 in Figure S7, Supporting 
Information), both amplitude of such changes, measured with 
T1, and the delay before this occurs vary significantly. After a 
certain time (e.g., 40 min), some cells are at their maximum of 
reaction, some are already back to their equilibrium while others 
have not even started, resulting in a dispersion of T1.

We then assessed the effect of adding L-arginine, the sub-
strate of intracellular NO synthases, to the cells. As the enzyme 
substrate, L-arginine should promote the production of NO* by 

Small 2022, 18, 2105750
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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 decreases the 
production of NO*, which can be quantified with the DAF-2 DA fluorescent assay. The plate reader data B) demonstrate lower intracellular concentra-
tions of NO* in L-NAME-treated samples compared to the untreated macrophages or macrophages exposed to the vehicle (water). The statistical 
differences are shown for L-NAME compared to either no intervention (black) or water (orange). There were no significant differences between water 
and no intervention at any timepoint. C) For the confocal microscopy-based analysis, individual cells were manually segmented from the bright field 
images. The red line shows the cell boundaries used for the measurements. The fluorescence intensity of the cells D) after 30 min of incubation with 
either L-NAME- or vehicle-supplemented medium was measured in three separate fields of view. E) The average fluorescence intensity recorded from 
L-NAME-treated samples was lower than that in the control, yet both samples showed large variation between individual cells. F) The dynamics of T1 
values recorded from internalized FNDs were consistent with the DAF-2 DA data. The dashed red line indicates the cell border, while the green circle 
highlights the diamond particle. The color bar shows the fluorescence intensity quantized at 16 bits. The brightness settings were adjusted to make 
both the FND fluorescence and the cell autofluorescence visible. The full PL range version of this image is shown in Figure S13 in the Supporting 
Information. G) Within 20 min after adding L-NAME to the sample and recording the first measurement (30 min after the intervention), the T1s became 
significantly larger than the negative control values (water). The curves show the median of six experiments for L-NAME and seven experiments for 
water. The error bars indicate the interquartile range. The p-value corresponds to the effect of the intervention, as reported by two-way ANOVA (full 
results are reported in Table S1, Supporting Information).
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macrophages (Figure 3A). At the same time, at high concentra-
tions, both L-NAME and L-arginine can act as free radical scav-
engers, decreasing the free radical concentrations in biological 
systems.[53,54]

The standard cell culture medium used in these experi-
ments (Dulbecco’s modified Eagle’s medium (DMEM), high 
glucose) already contains L-arginine at an initial concentration 
of 0.398  × 10−3 m. If this amount of the amino acid is suffi-
cient to saturate the cellular enzymes, one should not expect 
to see a substantial increase in NO* production upon the addi-
tion of L-arginine. While the results from the plate reader assay 
suggested slightly higher NO* production at the beginning of 
the experiment (Figure 3B), this effect was very short-term and 
disappeared within the first 10 min. The analysis of DAF-2 DA 
fluorescence in individual cells after 30 min of incubation with 
L-arginine (Figure 3C) did not reveal any differences from the 
control. Consistent with these results, the dynamics of the NV 
center relaxation in the internalized FNDs were very similar for 
the control cells and the cells exposed to L-arginine (Figure 3D). 
It is worth noting that the results of our relaxometry meas-
urements do not point toward the scavenging properties of 

L-arginine. As this mechanism of free radical consumption 
does not seem to play a significant role at these concentrations 
of L-arginine, we assume that the structurally similar L-NAME 
should also not act as a scavenger in our experiments at the 
same concentration. In this case, the longer T1 relaxation times 
observed in the presence of L-NAME should be explained by 
the chemical’s inhibitor activity toward NO-producing enzymes 
rather than by 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 S11, Supporting Infor-
mation). In this case, both the fluorescent assays and the T1 
measurements were performed in phosphate-buffered saline 
(PBS) with 10% fetal bovine serum (FBS), a solution largely 
depleted of L-arginine. Under these conditions, adding L-argi-
nine resulted in a 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 magnetom-
etry for detecting spatial differences in free radical production 

Small 2022, 18, 2105750

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. B) The plate reader 
data showed slightly higher intracellular concentrations of NO* in L-arginine-treated samples at very early time points compared to the macrophages 
exposed to the vehicle (water). The statistical differences are shown for L-arginine compared to water at the same timepoint. C) The average fluores-
cence intensity of individual cells recorded from the samples treated with additional L-arginine for 30 min was not significantly higher than that in the 
control. D) Consistently, the T1 values recorded from internalized FNDs barely changed during incubation with L-arginine. Between 20 and 30 min, the 
T1s in L-arginine-treated samples became longer than that in the negative control (water), suggesting slightly lower concentrations of free radicals. The 
curves show the median of seven experiments. The error bars indicate the interquartile range. The p-value corresponds to the effect of the intervention, 
as reported by two-way ANOVA (full results are reported in Table S2, Supporting Information).

 16136829, 2022, 44, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202105750 by U
niversiteitsbibliotheek, W

iley O
nline L

ibrary on [05/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.small-journal.com

2105750 (7 of 13) © 2022 The Authors. Small published by Wiley-VCH GmbH

within the sample, we used another compound that, like 
L-NAME, decreases the free radical concentration. Superoxide 
dismutase (SOD) acts as a catalyst for the transmutation of 
the superoxide radical into two nonradical species: molecular 
oxygen and hydrogen peroxide. However, unlike L-NAME, it 
does not cross the cell membrane and is not expected to have 
a major direct and immediate effect on the intracellular con-
centration of NO* or any other radical (Figure 4A). It should 
be noted that H2O2 is a stable reactive oxygen species that can 
cross the cell membrane and react with other molecules inside 
cells to produce free radicals.[55] H2O2 itself is problematic for 
most conventional assays since most dye molecules react with 
H2O2. Since H2O2 is usually much more abundant than the 
radicals of interest, this cross-reactivity masks the radical meas-
urement. Since our method is sensitive to the electron spins of 
the radicals, we do not have this problem. Moreover, NO* and 
superoxide radicals react with each other to form nonradical 
peroxynitrite; hence, eliminating superoxide might lead to the 
accumulation of relatively stable NO*.

The DAF-2 DA assay showed a slightly faster buildup of the 
fluorescent signal in the SOD-containing samples (Figure 4B), 
suggesting a slightly higher concentration of NO* in the cells. 

The effect of SOD on the T1 relaxation curves was consistent 
with these findings (Figure  4D). As expected, the presence of 
SOD did not result in longer T1s, suggesting that the total con-
centration of free radicals inside the cells did not decrease. In 
contrast, the T1s shortened slightly after SOD was added to the 
cells and remained shorter than that in the control samples 
throughout the entire experiment. Together, these results point 
to a higher intracellular radical load in the presence of extracel-
lular SOD, and this increase is at least partly caused by nitric 
oxide.

2.3. 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 
proximity to 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 µm from the cell surface, 
and we could not see a clear increase in T1s farther away from the 
cells. If we assume that the threshold NO* concentration is equal 

Small 2022, 18, 2105750

Figure 4. SOD experiments. A) Unlike L-NAME and L-arginine, SOD added to the samples does not enter the cells and acts only on the outside, 
removing superoxide radicals from the cell culture medium. B,C) As expected, the DAF-2 DA fluorescent assay did not show major changes in the 
intracellular NO* concentrations. The statistical differences in panel (B) are shown for SOD compared to water at the same timepoint. Nevertheless, 
the slope of the SOD curve in (B) is steeper than that of the control curve, indicating higher NO* concentrations throughout the experiment. D) This 
is consistent with the T1 relaxometry measurements on the internalized nanodiamonds. In SOD-containing samples, the T1 values became shorter by 
28 min (p = 0.0285) after the addition of SOD compared to the T1s from the control cells. This indicates a higher free radical load in the SOD-treated 
cells. The curves show the median of six or seven experiments (SOD and water, respectively). The error bars indicate the interquartile range. The 
p-value corresponds to the effect of the intervention, as reported by two-way ANOVA (full results are reported in Table S3, Supporting Information).
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to 0.45 × 10−6 m, these data are in agreement with Fick’s law and 
with previously performed simulations and measurements of 
NO* diffusion.[56] If the concentration of NO* at the cell surface 
is 0.60 × 10−6 m, it will drop to 0.45 × 10−6 m at ≈5.8 µm from the 
cell surface (Figure S12, Supporting Information).

SOD, however, hardly led to an increase in T1s outside of the 
cells (Figure 5E–H). We also did not see any clear differences 
between the nanodiamonds located close to the cells and those 
farther away from them. As superoxide radicals have a much 
lower concentration and shorter half-life times (0.32  pmol s−1 

Small 2022, 18, 2105750

Figure 5. Extracellular relaxometry measurements demonstrate the spatial differences in free radical production. A) As L-NAME affects the production 
of NO*, which then diffuses into the medium, it was expected to affect the T1 relaxation of nanodiamonds 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 the cells. This effect appeared earlier 
(t = 24 min, p = 0.0468 for “extracellular, <5 µm”, as opposed to t = 42 min, p = 0.0448 for “intracellular”) and was more pronounced in particles located 
close to the cell membrane but not internalized by macrophages. Virtually no effect was present in particles that are further than 5 µm away from the cell 
surface. E) On the other hand, SOD was 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 internalized FNDs, noninternalized particles showed slightly longer 
T1s after 26 min of exposure to SOD (p = 0.0371 for “extracellular, <5 µm” compared to “intracellular”). This effect however, was not pronounced, and 
there is no clear correlation between the distance from the cell membrane and T1 dynamics. I) 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—noninternalized FNDs 
next to the cell membrane). The cells were exposed to L-NAME, SOD, or L-arginine. The concentrations were calculated from the calibration shown in 
Figure S6 in the Supporting Information. The distance from the cell membrane was measured from the confocal images for noninternalized FNDs and 
was assigned a value of −1 for internalized FNDs (red circles). Each dot represents an individual FND associated with an individual cell. In the case 
of L-NAME, the increase in T1 occurred in the vicinity of the cell membrane (blue circles) before propagating outward and into the cytoplasm. SOD 
did not have a pronounced effect on the T1 values from internalized and noninternalized FNDs. In the case of noninternalized FNDs, the radical load 
seemed to become more uniform at different distances from the cell membrane. L-arginine, unlike the chemically similar L-NAME, did not lead to a 
stable decrease in free radical load. Complete animated curves for each experimental condition can be found in the Supporting Information.
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per 106 cells and 1 µs) than NO* (4.9 pmol s−1 per 106 cells and 
milliseconds–seconds), we expect their overall influence on the 
T1 values to be much smaller.[57–59]

The spatiotemporal differences in the effects of L-NAME, 
SOD, and L-arginine are summarized in Figure  5I. These 
results demonstrate that nanodiamond-based relaxometry can 
capture the spatial differences in free radical production stem-
ming from the different mechanisms of action of the two 
inhibitors. L-NAME caused an increase in T1 values inside the 
cells and close to the cell surface on the outside. The effects of 
SOD were substantially smaller and did not have such a clear 
spatial pattern. L-arginine, whose chemical structure is almost 
identical to that of L-NAME, did not decrease the free radical 
load to the same extent. This finding supports the notion that, 
in the case of L-NAME, the shortening of T1 values is caused 
by the physiological response of the cells to the chemical NOS 
inhibitor, as opposed to the simple scavenging of free radicals.

3. Conclusion

Our results demonstrate that NV-based relaxometry can indeed 
be performed on a single-cell level and can quantify physi-
ological (rather than stress-induced) free radical production 
inside. While a microwave relaxation T1 can exclude spin unre-
lated processes and point out the effect of L-NAME in one cell, 
other all optical acquisitions, omitting the microwave controls, 
allowed to reproduce the measurement and statistically dis-
tinguish the effect of L-NAME, L-arginine, and SOD. Further-
more, probing one cell at the time, with subcellular resolution, 
our results captured the spatial differences in free radical levels 
with respect to the cellular membrane, which were consistent 
with the known mechanisms underlying the changes in free 
radical production.

There is a growing body of evidence for the important physi-
ological functions of free radicals as secondary messengers, 
modulators of intracellular signaling cascades, and agents for 
intercellular communication.[60] It is becoming increasingly 
clear that to fully understand those functions, we need to know 
not only which radicals are produced by cells in which quan-
tities but also where within the biological sample the radicals 
are formed and can exert their effects. The spatial resolution 
offered by nanodiamond magnetometry is not possible with 
any existing state-of-the-art methods. Magnetic resonance-
based methods are much less sensitive and thus provide less 
spatial resolution. Optical methods, on the other hand, lose 
spatial resolution since dyes can diffuse freely; thus, the fluo-
rescence signal is not measured where the radical was formed.

Conventional assays often show cross-reactivity to other, non-
radical reactive molecules. Since these are typically more abun-
dant, the radical signal is often masked. Our method is specifi-
cally sensitive to the magnetic noise generated by the spins of 
unpaired electrons (i.e., free radicals). The presence of nuclear 
spins also generates magnetic noise, but due to their much 
(three orders of magnitude) weaker magnetic moment, they 
remain negligible. Additionally, the concentration of nuclear 
spins was constant throughout the measurement. Another 
appealing feature of our approach is that the radicals are not 
consumed during the measurement, which allows detection of 

the molecules of interest without interfering with their (sus-
pected) physiological function.

The localization of the particles is limited to ≈250 nm by the 
optical resolution of our microscope. We collect ≈106 photons 
s−1 which corresponds to a few hundred NV centers in accord-
ance with the nanodiamonds supplier. From this, we conclude 
that we did not observe aggregates exceeding the optical spot. 
By using relatively low concentrations, we excluded jumping 
from one nanodiamond (or a small aggregate) to another 
during the experiment. In addition, the interaction between 
NV centers and free radicals decreases with the distance to the 
power of 6 (see model in Supporting Information, before inte-
gration). Consequently, we obtain very localized information 
that is confined to ≈10–20  nm around the particles.[61] While 
the precision of the T1 fits remain negligible with respect to the 
observed changes, the motion of the FND in the cell and the 
possible rapid adsorption of them on the diamond can explain 
the rapid apparently erratic individual temporal T1 evolution 
(Figures S7–S10, Supporting Information). Such detail in free 
radical generation or inhibition cannot be obtained from known 
methods. We believe that some relevant information about bio-
logical variation either in time or in space can be inferred from 
those measurements.

Our method is complementary to aforesaid the state-of-the-
art alternatives. For instance, they can reveal the history of 
the sample while we measure a current state. As our method 
does not require elaborate sample preparation, other than 
introducing the nanodiamonds into the cells, it can be com-
bined with other approaches employed in the field (including 
most fluorescent assays, immunostaining, electron micros-
copy, genetically encoded probes, and lipid peroxidation 
assays) within the same sample. Individual FNDs can be easily 
detected by both fluorescence and electron microscopy,[62] and 
high-resolution correlative microscopy is needed to uncover the 
cellular context for the recorded signals. Ultimately, NV-based 
relaxometry 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.

4. Experimental Section
Fluorescent Nanodiamonds: Commercially available fluorescent 

nanodiamonds (Adamas Nanotechnologies) produced by high pressure 
high temperature (HPHT) synthesis were used. These particles were 
irradiated by the manufacturer to contain ≈2.5 ppm NV centers and hada 
hydrodynamic diameter of 70  nm. In the last step of their production, 
they were treated with oxidizing acid by the manufacturer. As a result, 
their surface was oxygen terminated (particle characterization was 
performed thoroughly and reported in the literature).[63,64]

Particles with a 70  nm hydrodynamic diameter and a flake-like 
structure were chosen for several reasons.[41] If the particle was too 
large, the defects in the core of the particle would contribute to the 
signal but would not be able to interact with the sample. This would add 
background to the measured signal. On the other hand, ensembles of 
NV centers led to increased brightness, which facilitated measurement 
in the presence of autofluorescence from cells. Arguably, the largest 
advantage of nanodiamonds with ensembles was that the signal always 
contained a mixture of approximately hundreds of NV centers. As a 
result, differences between NV centers canceled each other out. Thus, 
the coherence times and relaxation times were overall lower in these 
nanodiamonds than in bulk nanodiamonds but varied considerably less 
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between particles. In addition, reducing the movement inside the cell by 
using larger FNDs diminished the risk of losing the particle.

Homemade Experimental Setup: Similar to Ref. [21], the all-optical 
relaxation measurements were performed on dedicated magnetometer, 
which essentially consisted of a homemade confocal microscope in 
an inverted configuration with a green laser (Torus 532  nm, Laser 
Quantum) attenuated to 70 µW, which focused on the sample by a 
microscope objective (Olympus UPLSAPO 100XO, oil immersion, NA 
1.40) corresponding to an intensity of 8 mW µm−2 on the sample. The 
PL was 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 were imaged by 
scanning the beam over the sample through a galvo mirror (GVS212 
Thorlabs). These experiments were interfaced via a homemade LabVIEW 
program. Using these settings, both cells and nanodiamonds were 
visible. The background was 2.5  ×  104 counts per second on average, 
while a diamond particle was typically ≈1  ×  106 counts per second. 
Adjusting the color bar’s ranges allowed to see both the maximum 
signal of the nanodiamond (Figure S13, Supporting Information) and 
the membrane of the cell (other confocal images presented here) 
alternatively. This allowed to know when the diamond was in or out of 
the cell and to quantify its distance with respect to the membrane.

Requiring microwave pulses, the microwave-pulse experiments were 
performed on another setup in upright configuration. A microscope 
objective (Nikon NIR Apo 60X, NA = 1, 2  mm WD for in cells 
experiments, Olympus LMPLFLN 50X, NA = 0.5, 10.6 mm WD) focused 
a 532  nm green laser (500 µW in solution (7.3  mW µm−2), 31 µW 
(2 mW µm−2) for measurements in cells). The signal was then filtered by 
a 550 nm filter, routed through a confocal pinhole and to a single photon 
counting module (Excelitas Technologies SPCM-NIR). This setup was 
interfaced via a home-modified Qudi Python platform. Both the setup 
and interface are extensively described in previous publication.[64]

Relaxation Measurement: For the all-optical measurements in a 
chemical environment, particles were adhered to the glass bottom of a 
glass bottom culture dish. Then, the respective solutions were added, 
and a confocal image was taken. A particle was identified via its red 
fluorescence.

For T1 measurements of cellular free radical production, the location of 
the FND inside a cell was confirmed by imaging the cell at different planes. 
After finding the cell boundaries, the beam was recentered onto the NDs at 
the XYZ intensity maximum, i.e., presumably, at the particle’s center.

Once one FND was identified, the all-optical relaxation 
measurement was performed as follows. A train of 50 pulses lasting  
5 µs each was generated by an acousto-optic modulator (AOM, Gooch 
& Housego AOMO 3350-199 (160  ns rise/fall time)) in a double-pass 
configuration and routed to the FNDs to both initialize and readout 
the NV center’s spin. The initial transistor-transistor logic (TTL) pulses 
were created by a pulse generator (PulseBlasterESR-PRO 500, SpinCore 
Technologies) and directly sent to the AOM Driver (1350AFP-D-1.0, 
Gooch & Housego). The 49 dark-time τ (delay between the pulses) was 
logarithmically swept from 0.2 µs to 10 ms while the PL was collected. 
Such a dark-time sweep was repeated up to a total of 60 000 times  
(10 000 in Figure 1) for the longest experiments. The PL of 10 000 (7000 
in Figure  1) sweeps was summed to obtain the photoluminescent 
pulses, as shown in red in Figure  1A. The PL signal PL(τ) during the 
first 1 µs of each pulse after different dark times τ was then integrated. 
The relaxation curve was then fitted by two exponential functions for 
extracting T1

[21]
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The procedure was then repeated by shifting the summation window 
by 2000 sweeps (1000 in Figure S16, Supporting Information) to obtain 
the time T1 versus time curves as in Figures 2G, 3D, 4D, and 5D,H. These 
curves with a sampling period of 2000 sweeps were 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.

The width of the rolling window was chosen a priori such that the 
fit converged. It was observed however that once this was fulfilled, 
further increasing of the rolling window did not lead to significant gain 
in T1 sensitivity. The confidence interval of T1 (Figure  1D,E and Figure 
S16, Supporting Information) remained negligible with respect to the 
changes caused by the respective interventions.

For the microwave experiments, the microwave signals were 
generated with an SMB100B unit (Rohde & Schwarz), amplified with 
a ZHL-15W-422-S+ amplifier (Mini-Circuits) to ≈30  dBm and sent to a 
homemade printed circuit board antenna placed below the sample. 
TTL pulses generated by a Pulse Streamer 8/2 (Swabian Instruments) 
were converted to microwave pulses directly by the generator (Rohde 
& Schwarz option SMAB-K22) and to an 80 MHz radiofrequency signal 
via a ZYSWA-2-50DR+ switch (Mini-Circuits) to feed an acousto-optical 
modulator (intraaction AOM-802) in a double pass configuration to 
generate laser pulses. With no magnetic field applied, the microwave 
frequency was set to 2.863  GHz at the lower slightly nondegenerated 
transition of the NV centers’ spin resonance. The light pulses lasted 
100 µs. For in cells measurements, the PL was averaged from 1.5 up to 
7 µs after the beginning of the pulse. They were normalized by averaging 
over a 54 µs starting at time 45 µs. Analogous values were used for in 
solution experiments.

Rabi oscillations (Figure S1A–C, Supporting Information) were first 
performed and an optimized microwave pulse of 140  ns was found 
(slightly depended on condition). At zero magnetic field, the total 
optically detected magnetic resonance linewidth including the two 
transitions from (ms = 0 to ms = +−1) was larger than 20 MHz. These 
microwave pulses were therefore too long to target all the spins at once, 
and the Rabi oscillations were rapidly damped, reducing the contrast of 
the Rabi oscillations from 3% down to 1% depending on the condition 
(dry, in solution or in cells). The Rabi frequency remained identical for 
both in cell and in solution experiments.

Before the next optical readout laser pulse, a dark time (time between 
two laser pulses) was typically varied exponentially from 1 µs to 10 ms. 
Microwave pulse relaxometry experiments (Figure S1D, Supporting 
Information) were then performed omitting (PLn) or including a 
microwave pulse immediately after (PLb) the polarization pulse or 
right before the next one (PLe) including in either case a 1.5 µs wait 
time corresponding to AOM measured rise and fall time. The pulsed 
T1 curve and control were obtained by subtracting PLe from PLn or PLb, 
respectively. The obtained contrast in pulse T1 curve was corresponded to 
the Rabi oscillation one (Figure S1E, Supporting Information). A control 
placing the pulse at the beginning of the dark time (see Figure S1D,E 
Supporting Information) evidenced that the position of the microwave 
pulse did not changes the T1 significantly. The PLb acquisitions were  
then omitted. The microwave pulse relaxation curves (Figure  1D and 
Figure S1F, Supporting Information) were obtained from PLn − PLe.

Tracking of Diamond Nanoparticles: In a cellular environment, the 
motions of diamond nanoparticles during one acquisition time could 
not be neglected. During the relaxation measurements, the FND was 
tracked and recentered every 5 s as followed. A lateral scan over a square 
of 2 µm was performed to recenter the particles. The focus was adjusted 
by sweeping over a range of 2 µm. This operation lasted 40 ms.

Release of NO* by Spermine NONOate: N-Diazenium diolates 
(NONOates) are a class of molecules that can generate two mole 
equivalents of NO* per mole of donor upon hydrolysis of the donor 
compound under physiological conditions. The rate of NONOate 
decomposition depended strongly on the molecular structure of the 
given compound, as well as the temperature and pH of the NONOate 
solution. In the current study, spermine NONOate (Abcam, ab144522) 
was used, which had a dissociation half-life of 230 min 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 premixed with FBS (a component of 
cell culture medium, Gibco, 10270-106) to prevent the formation of 
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aggregates in the buffer solution.[42] The resulting mixture was further 
diluted with PBS (pH 7.4) to reach an FND concentration of 10 µg mL−1. 
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, 
a small volume of spermine NONOate solution to the sample (final 
concentration—10 × 10−6 m) was added. Then, the changes in relaxation 
were immediately started to follow by recording the signal from the T1 
pulsing sequence (repeated 10 000 times).

As FNDs were stationary on the surface and moved less in this case 
than in the experiments in cells, a smaller rolling window was used to 
sum up PL. For these experiments, the rolling window size was 5000 
sweeps, and the shift between two consecutive window positions was 
1000 sweeps.

For the microwave pulse measurements performed in solution, the 
sample was prepared similarly replacing a gadolinium solution of 0.8 × 
10−3 m in place of NONOate.

Cell Culture: For the experiments with cells, J774 murine macrophages 
at 60–90% confluence were used. 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 h 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 h prior to the experiment.

For the microwave pulse measurements, the cells were incubated 
with the FND solution for 18 h. The cells were then collected and 
prepared for shipping, as described in the protocol by Wheatley and 
Wheatley.[65] Briefly, the suspension of cells containing internalized 
FNDs was mixed with preheated low melting temperature agarose 
to reach the final concentration of 1% agarose in the cell culture 
medium, 0.5 × 107 cells mL−1. As the agarose aliquots cooled to room 
temperature, they formed pellets containing viable cells. The viability 
of the cells after 72 h in agarose pellets at room temperature was 
confirmed, using microscopic analysis. All-optical T1 curves were 
recorded from these samples. The pellets were then shipped to the 
laboratory at EPFL, where they were resuspended in warm cell culture 
medium. The final concentration of agarose fell below 0.1%, which 
was negligible for the experimental purposes. The cells were then 
transferred to quartered glass bottom Petri dishes and allowed to 
attach before the measurement.

Modulators of Free Radical Production by Cells: In the current study, 
it was 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 a 50 mg mL−1 stock solution. L-arginine powder 
(Sigma-Aldrich, A8094) was diluted in distilled H2O to obtain the same 
molar concentration. Lyophilized SOD (Sigma-Aldrich, S5395) was 
reconstituted in 0.1  m potassium buffer to reach a concentration of 
5400 units mL−1.

The stock solutions of the aforementioned compounds were added 
directly to the cell culture medium or buffer to reach the following 
final concentrations: L-NAME—2.3  × 10−3 m, L-arginine—2.3  × 10−3 m, 
SOD—58 units mL−1. dH2O was used as a negative control.

Fluorescent Assays of NO* Production: The formation of NO* during 
spermine NONOate decomposition and the production of NO* by the 
cells were assessed using the DAF-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 cells and cleaved by intracellular 
esterases before it reacts with NO*. DAF-2 yielded a fluorescent product 
upon reaction with NO*.

For the DAF-2 assay, the stock solution of spermine NONOate was 
diluted in PBS to obtain a series of solutions between 10 × 10−9 m and 
100  × 10−6 m. The solutions were mixed with DAF-2 in a 96-well plate. 
Immediately after adding the premix, the changes in fluorescence 
intensity were recorded with the FLUOstar Omega Microplate Reader 
(BMG Labtech, De Meern, the Netherlands). The fluorescence at 
520 nm was measured every 5 min for 1 h.

For the DAF-2 DA assay, the cells were first incubated with FNDs 
(0.5 µg mL−1 in DMEM-HG) for 2 h. Afterward, the cell culture medium 
was replaced with premixed solutions of DAF-2 DA (10 × 10−6 m) and the 
compound of interest in supplemented PBS (PBS + 10% FBS). The cells 
were incubated for 45 min at +37 °C to allow DAF-2 DA internalization 
and deacetylation. After incubation, the changes in fluorescence 
intensity were either recorded over the course of 30 min, as described 
previously, or analyzed from images taken with a Zeiss LSM780 laser 
scanning confocal microscope. For the microscopic analysis, bright-
field and fluorescence images were recorded from three individual fields 
of view. The outlines of the cells were determined manually from the 
bright-field images. The average fluorescence intensity of each individual 
cell was then measured using FIJI software.

Relaxation of NV Centers in Internalized FNDs: To investigate T1 
relaxation in the vicinity of macrophages, FNDs were premixed with 
FBS to prevent particle aggregation and further diluted in serum-free 
DMEM-HG. The final concentration of FNDs was 0.5 µg mL−1 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 FND-containing 
medium for 2 h prior to the experiment. After incubation, the sample 
was taken to the setup, where an internalized FND was located. The 
intracellular localization of every particle was confirmed by confocal 
microscopy. For each experiment, a 20 × 20 µm (200 × 200 pixels) image 
of one confocal plane, with the particle of interest located in the center 
was recorded. After obtaining the initial T1 curve to confirm the presence 
of NV centers, a small volume of the medium (5.39  µL for the NO*-
affecting compounds, 5.34  µL for SOD) was replaced with the stock 
solution of the compound of interest. The signal from the T1 pulsing 
sequence was then immediately started recording, repeated 60 000 
times (≈60 min).

Relaxation of NV Centers in the Vicinity of Macrophages: The procedure 
for the extracellular measurements was generally similar to that for 
the intracellular measurements. In this case, the final concentration of 
FNDs was 2  µg mL−1. After the addition of FND-containing medium 
to the cells, the sample was immediately placed on the experimental 
setup. For each measurement, a noninternalized FND was located at 
the bottom of the dish based on the particle fluorescence. For each 
experiment, a 50 × 50 µm (200 × 200 pixels) image of one confocal plane 
with the particle of interest located in the center was also recorded. 
These images were later used to measure the distance between the 
FND and the closest cell.

Statistical Analysis: Statistical analysis of the data was performed in 
GraphPad Prism 9 (GraphPad Software) and Python 3.8. A p value of 
<0.05 was chosen as the threshold for statistical significance. *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001. Statistical significance of the 
observed differences in the recorded T1 values was estimated using a 
two-way analysis of variance (ANOVA) on the normalized data. No 
sphericity of the data was assumed. The normality of the data was tested 
for both the raw T1 values (Shapiro–Wilk test) and the normalized data 
(D’Agostino & Pearson test); in both cases, the null hypothesis of the 
normal distribution could not be rejected. In each case, the intervention 
(e.g., adding water or adding L-NAME) served as one predictor, and the 
incubation time—as the second one. All the data were matched by the 
subject (individual FND inside a cell). Post hoc Fisher’s least significant 
difference test was used to compare the individual timepoints with the 
first timepoint in the series. The two-way ANOVA tables can be found 
in the Supporting Information. The difference in the results of the 
fluorescent plate reader assays was estimated with a two-way ANOVA 
followed by Šídák’s multiple comparisons test. The difference in the 
results of the fluorescent confocal-based assays was tested using the 
Kruskal–Wallis test.
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