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ABSTRACT: Free radicals are crucial indicators for stress and appear in all kinds of pathogenic
conditions, including cancer, cardiovascular diseases, and infection. However, they are difficult to
detect due to their reactivity and low abundance. We use relaxometry for the detection of radicals
with subcellular resolution. This method is based on a fluorescent defect in a diamond, which
changes its optical properties on the basis of the magnetic surroundings. This technique allows
nanoscale MRI with unprecedented sensitivity and spatial resolution. Recently, this technique was
used inside living cells from a cell line. Cell lines differ in terms of endocytic capability and radical
production from primary cells derived from patients. Here we provide the first measurements of
phagocytic radical production by the NADPH oxidase (NOX2) in primary dendritic cells from
healthy donors. The radical production of these cells differs greatly between donors. We
investigated the cell response to stimulation or inhibition.

KEYWORDS: magnetometry, relaxometry measurements (T1), NV centers, nanodiamonds

Excessive production of free radicals leads to oxidative
stress. Such oxidative stress is related to inflammatory

diseases (arthritis, vasculitis), ischemic diseases (heart diseases,
intestinal ischemia), neurological disorders (Alzheimer’s
disease, Parkinson’s disease), and many others.1 On the
other hand, free radicals also fulfill important functions in cell
signaling and are vital for the immune system.2 There they play
vital roles in immune cell maturation and function. In dendritic
cells (DC; cells of the immune system that are specialized in
antigen presentation to naive T cells3) they can for example
affect the secretion of cytokines and the antigen-presenting
capacity and thereby alter their ability to combat pathogens.4

Within DCs there are several processes that lead to radical
formation. In the presence of pathogens the NADPH oxidase
NOX2 is activated, which leads to the generation of superoxide
radicals in the lumen of endosomes, phagosomes, and the
extracellular space. Superoxide radicals can convert rapidly to a
toxic peroxide. This compound can interact with nitric oxide to
generate peroxynitrate anions. Hydrogen peroxide can in turn
be converted to hydroxyl radicals.5 These radicals are highly
reactive and have a short lifetime. They can damage genomic
DNA, proteins, and lipids or interfere in electron transport.
What we know so far about free radical generation in DCs
mostly comes from ensemble experiments from large cell
populations. The results have been obtained either indirectly
or directly. Indirect methods include the detection of damage
to DNA or lipids by free radicals. Direct methods are based on
fluorescent or spin label probes that react with the radicals to
form a visible compound.6,7 However, these methods are
usually not specific for radicals but detect reactive oxygen

species (ROS) in general, real-time measurements are
problematic, and the probes themselves often are at least
somewhat toxic and react with the radicals and thus interfere in
the process.8,9 Additionally, the process is irreversible and thus
these probes measure the accumulated ROS production rather
than the current status.
Herein, we use diamonds containing nitrogen-vacancy (NV)

centers for quantum sensing to detect radicals. The technique
is based on defects (NV centers), which “feel” their magnetic
environment and convert magnetic resonance signals into
optical signals. Thus, nanoscale resolution magnetic resonance
measurements are possible. This technique has already
achieved impressive results in physics, including measurements
of magnetic particles,10 domain walls,11 and even the spin of a
single electron12 or nuclear spins.13−15

Unlike many earlier works, which were conducted with bulk
diamonds, we use nanodiamonds. These are excellently
biocompatible and can be ingested into cells.16−19 In the
biomedical field the application of nanoscale resolution
magnetic resonance is rather new.20 Ermakova et al., for
instance, measured ferritin proteins on a nanodiamond
surface.21 This was further used by Wang et al. to measure
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ferritin in cells.22 There have also been some reports on
successful diamond magnetometry measurements in cells.
Steinert et al. measured gadolinium-labeled slices of embedded
cells.23 Le Sage et al. were able to detect magnetic particles, the
so-called magnetosomes, in living bacteria.24 Also, tracking
particle orientation and temperature sensing have been
achieved with diamond magnetometry.25,26

More specifically, we make use of a specific mode of
diamond magnetometry called T1 relaxometry. This sequence,
which is sensitive to spin noise (in our case from unpaired
electrons in free radicals), has also been used successfully for
several applications, including the detection of different
chemicals.20,27−30 Morita et al. recently performed the first
free radical measurements within living yeast cells.31 While
such demonstrations in cell cultures are essential, measure-
ments in primary cells are a necessary step toward clinical
applications for two reasons. First, this will enable measure-
ments of free radical production in cells isolated from patients
suffering from ROS-related diseases.32−35 Second, the variation
in radical production differs a great deal among different types
of immune cells (e.g., DC, macrophage, neutrophil) and this is
important for their immune functions.36,37 This heterogeneity
among cell types cannot be assessed in uniform cell lines.
In this paper, we investigate free radical generation following

activation and inhibition of NOX2 during phagocytosis in
primary human monocyte derived dendritic cells.

In order to perform relaxometry in cells (in this case
specifically in phagosomes), diamond particles should be first
internalized by cells. We first investigated the uptake ability of
dendritic cells on bare FNDs. Human primary dendritic cells
are able to uptake diamond particles, as shown in Figure 1a.
Additionally, we used a liposome coating to facilitate the
uptake and stabilize the particle size. Liposome coating was
performed as described previously by Morita et al.38 To coat
diamonds with a cationic liposome containing zwitterionic
phosphatidylcholines, 1 mg/mL of FNDs from the stock were
added to 1 mL of a liposomal formulation (9 μmol of
cholesterol, 63 μmol of L-α-phosphatidylcholine (egg yolk),
and 18 μmol of stearylamine dissolved in 1 mL of distilled
water) to make a 2 μg/mL FND-liposome solution, followed
by 30 s of vortexing. Liposome-coated diamond particles were
characterized by dynamic light scattering (DLS) and cryo
transmission electron microscopy (TEM). DLS data showed
no differences in diamond sizes before and after liposome
coating, TEM revealed a liposome layer thickness of 4.8 ± 1.2
nm on the surface of diamond particles. By using a liposome
coating, we were able to track the movement of diamonds in
cells. Confocal Z-stack images showed that, after 1 h of
incubation, there are many diamond particles inside cells
(Figure 1a). We found that coating FNDs with liposomes had
several consequences. We found a slight aggregation of the
FND, as shown in Figure 1b, which is actually beneficial for the
spin measurements due to a slowdown in the movement speed

Figure 1. Diamond uptake by primary human DCs: (a) DCs incubated with 2 μg/mL bare FNDs or (b) 2 μg/mL liposome coated FNDs. (c)
Quantitative analysis of FND uptake per cell. The experiment was repeated three times on cells from each donor, and three to four donors were
tested; 50 cells were counted. Color code: green, Phalloidin-FITC, staining actin filaments (also known as F-actin); blue: DAPI (staining DNA);
red: FNDs. Error bars stand for mean ± SD.
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of diamond particles inside cells. The effect of a liposome
coating on diamond uptake is shown in Figure 1b. More
liposome-coated FNDs are found inside cells in comparison to
bare particles. These FNDs are mostly located close to the cell
membrane after 1 h of incubation, as confirmed by Z-stack
confocal images and phalloidin-FITC staining of the cell
membrane. Figure 1c shows a comparison between the particle
numbers.
To measure radical production inside a cell, diamond

particles should be in the region of interest. Thus, we evaluated
whether the FNDs colocalize with endosomes/phagosomes.
Bare FNDs or liposome-coated FNDs were internalized into
human primary DCs (see Figure 1). Next, we investigated the
intracellular location of diamond particles. To this end,
pHrodo Green conjugated E. coli particles were used to label
endophagosomes. These pHrodo Green conjugated E. coli
particles were designed to observe the phagocytosis processes.
The particles emit green fluorescence when they are in an
acidic environment, as for example in phagosomes (pH 4.5).
Particles lack fluorescence outside the cell. Figure 2a shows

that FNDs colocalize with pHrodo Green E. coli particles very

well inside cells. Using Z-stack confocal images, diamonds were
located within the cells and in endophagosomes after 1 h of
incubation. These images were further deconvoluted, and
statistical analysis was performed by the Huygens software.
Manders coefficients (MCs) are well-established colocalization
measures that calculate the percentage of the total signal from
one channel which overlaps with the signal from the other
channel.39,40 We found that M1 is 1.00 ± 0.01, indicating that
FNDs are completely overlapping with pHrodo Green
conjugates (M2 was 0.54 ± 0.26, since there are fewer
diamonds than endosomes). Thus, we can conclude that FNDs
were located inside endophagosomes.
Cell viability was tested by an MTT assay (Figure 3). Cells

were incubated with different concentrations of bare FNDs (1,
10, and 20 μg/mL), liposome-coated FNDs (FND final
concentration was 2 μg/mL; this amount of liposome-coated
FND solution is identical with what we used for T1

measurements), or 5% DMSO for 24 h. DMSO was used as
a positive control, as it induces cell death. We found no
differences between the control and the cells exposed to bare
FNDs. The cell viability test indicated that both FNDs and
liposome-coated FNDs show a very good cytocompatibility in
human primary DCs.
NOX2 is the major enzyme that generates superoxide in

immune cells. Zymosan A is often used to activate NOX2 at
phagosomes and induce radical production in neutrophils and
phagocytes.41,42 To investigate free radical generation inside
dendritic cells, in this work, zymosan A was used to activate the
NOX2 complex in the phagosome.42 NV centers are only
sensitive to spins within a few nanometers. Thus, when FNDs
are used to measure radical generation, they should be located
within a few nanometers from the region of interest within a
cell.
In our T1 experiment, cells were first incubated with

liposome-coated FNDs for 1 h. After that, we collected initial
T1 values, followed by stimulation with zymosan A. The
resulting T1 values are shown in Figure 4. There is no
difference in T1 values between the initial measurements and
those after addition of zymosan A, which implies that our
FNDs (or more accurately bacterial contaminations from
nonsterile production; see Figure S8 for a proof of endotoxin
contaminants) might already induce free radical generation by
activating phagosomes. As a result, phagosomes already
contain free radicals. To further investigate this, we produced
endotoxin-free particles by harsh oxidation of all organic
material on the surface. The results are shown in Figure S7. In
this case we indeed observe the increase in free radical
production after addition of zymosan A that results from the
activation of cells.
DPI, a NOX inhibitor,42 was used to inhibit NOX2 in this

work. In presence of DPI, T1 increased by 166 ± 82% in
comparison to the initial T1 values in Figure 4a. This indicates
that fewer radicals are generated. As another control, we added
the antioxidant enzymes SOD and CAT. When NOX2 is
active, the phagosomes start to produce O2

•− when there is
oxygen; SOD and CAT can convert this radical to H2O2. Thus,

Figure 2. Subcellular location of FNDs revealed by confocal
microscopy. (a) FNDs colocalize with pHrodo Green conjugate E.
coli particles inside human primary DCs. DCs were incubated with
pHrodo Green conjugate E. coli particles to stain endosomes and
lysosomes, and FNDs were added separately. Color code: green,
pHrodo Green conjugate E. coli particles; red, FNDs. The scale bar is
20 μm.

Figure 3. Cell viability test by an MTT assay. 100% represents a
control with no exposure to FNDs. The experiment was repeated for
cells from three donors, and error bars represent the standard
deviations. The data were analyzed by using one-way ANOVA in
comparison to the control group. ***p ≤ 0.001 is defined as
significant.
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we expect an increase in T1 after addition of SOD and
CAT.43,44

In Figure 4b, after SOD and CAT were added to the sample,
radical production dropped by 157 ± 37% in comparison to
the initial T1 values. From T1 values we estimated free radical
concentrations on the basis of a calibration conducted with
known concentrations of radicals under controlled condi-
tions.45 We found concentrations in the nanomolar range. It
was reported that human monocyte derived DCs can produce
0.6 mM/s of ROS in phagosomes during phagocytosis.41 It is
known that only a small fraction of ROS are radicals, which
agrees well with what we found.44

To check if our diamonds are activating NOX2, T1
measurements were performed without using zymosan A.
Here we added SOD, CAT, and DPI to inhibit NOX2 directly
after the initial measurement (see darker graphs of Figure 4).
In Figure 5, cells show the same response as was found after
the stimulation of zymosan A. Of note, Figure 4 shows T1
measurements collected from cells of four different donors, and
data of T1 measurement from these four donors showed the
same response to zymosan A, DPI, and SOD/CAT. In Figure
S1a−c, we tested the effect of zymosan A and SOD/CAT

alone (without cells) on diamond (See Figure S2). There are
no differences between the initial T1 and T1 after the
chemicals were added. Another control we performed was to
measure radical formation outside the cells. In this case we did
not see any significant changes (see Figure S6).
While cells of three of the donors were essentially the same

in their response to stimuli or inhibitors, one was clearly
different. As Figure 4 shows, cells from this donor do not
respond to DPI. In the presence of SOD/CAT (Figure 4), we
did not see a significant difference as in the other donors.
Similarly, large variability between donors was found for ROS
production in bulk experiments.36 We used DCFDA, a
fluorescent dye, to measure the total amount of cellular
reactive oxygen species (ROS) production. The result of the
DCFDA assay shows a similar response to different chemicals.
After incubation with FNDs, the total amount of ROS
increased in comparison to the initial measurement. When
cells are incubated with bare FNDs, there is a slight difference
(p < 0.001) from the initial groups, which indicates that FNDs
(or more accurately contaminants within them) can trigger an
immune response and thus produce ROS. There is also no
difference between the FND group and the group after adding

Figure 4. Free radical generation in single human DCs from each donor determined by T1. Prior to T1 measurements FNDs were ingested by cells.
The gray lines connect data points from an experiment. Every gray sequence was measured in a single particle within a single cell and repeated six
to nine independent times for each donor. The different lines were recorded from a different cell and a different particle from the same donor. The
averages from multiple particles for each donor are shown in color. (a) Initial T1 values were collected from cells, and then zymosan (zym) was
added and T1 was recorded. Finally, DPI was added. In (b) the same sequence is performed as in (a), with the difference being that SOD/CAT
was added instead of DPI. For donors 1−3, T1 measurements were performed with or without zymosan A stimulation. For donor 4, T1
measurements were performed without zymosan A. Each T1 measurement takes 10 min. Error bars represent mean ± standard deviation, and data
between each group were analyzed by a paired t test: ns,no significant difference. ***p < 0.0001 represents a significant difference.
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zymosan A. The cells respond similarly to DPI and SOD/CAT
as in our T1 measurements. After cells are treated with DPI
and SOD/CAT, ROS generation is significantly decreased. In
comparison to our T1 measurements the DCFDA assay is a
traditional method which detects ROS from an ensemble of
cells. Additionally, this assay is not designed for long-term
measurement, as the dye bleaches and reveals the history of a
sample rather than the current state. Finally, the DCFDA assay
is not specific for radicals but rather detects the sum of all ROS
(including radicals and nonradicals). To address whether
adding FNDs resulted in the activation of DCs, we tested for
cytokine production (see Figure S3 in the Supporting
Information). On the basis of the ELISA results, FND does
not show to any proinflammatory phenotype in DCs (based on
IL6 and TNF-α) and it does not activate the inflammasomal
pathway (based on IL1beta (IL1β)). More than any other
cytokine family, the interleukin-1 family members are closely
linked to damaging inflammation; however, the same members
also function to increase nonspecific resistance to infection and
development of the immune response to foreign antigens.46,47

It is likely to see rapid release of large quantities of active IL-1β
directly across a disintegrating plasma membrane.48 Whether
cell membranes were still intact after incubation with FNDs for
24 or 48 h was checked by a LIVE/DEAD Viability/
Cytotoxicity Kit (see Figure S4). We did not observe any
signs that the membrane integrity was compromised in the
experiments.
Finally, we also eliminated the concern of a potential

temperature increase during the measurement. To exclude this,
we measured the temperature in cells before and after a T1
measurement with a thermal camera (see Figure S5). We did

not observe any temperature changes within the accuracy of
the instrument.
We have demonstrated the first free radical measurements

with relaxometry in primary human DCs. In contrast to
previous work on cell lines, primary cells more closely resemble
the in vivo situation. Additionally, it is only possible in primary
cells to determine heterogeneity between donors as well as
different cells from the same donor, which we observed here.
While traditional fluorescent probes for ROS measurements
reveal the overall concentration of ROS (dominated by more
abundant nonradicals), our method is specific to radicals,
because they contain an unpaired electron. Given that free
radicals are the most reactive molecules, these have the greatest
potential to damage biomolecules and thus might be a good
diagnostic indicator. Our technique is able to measure the
current radical load, while ROS probes reveal the history of the
sample. With our system, we can follow an increase or decrease
in radical concentrations in a phagosome in single cells with
subcellular resolution in real time. This is, for instance, relevant
for identifying sources of radical production. This can be a
specific cell within a population or even a specific organelle
within a cell. Since we provide single-particle measurements, it
is also possible to identify heterogeneities between different
cells from one sample. While these findings are interesting
from a fundamental standpoint, they might also aid drug
development if their working mechanism or mechanisms of
disease can be understood better. The fact that it is possible to
follow individual cells over the course of an experiment is a
powerful tool to differentiate between the biological variability
of the original cells (and particles) and the effect of the
intervention. In sum, we have provided unique data by our

Figure 5. Cellular ROS measurement by a DCFDA assay. (a) Cellular ROS measurements after exposure to stimuli or inhibitors. (b) Cellular ROS
measurements after cells are stimulated by FNDs or zymosan A for 2 h. Legend: control, cells without DCFDA staining; initial, cells without any
treatment but stained with DCFDA; DPI, diphenyleneiodonium chloride (final concentration 50 μM/mL); SOD, superoxide dismutase (final
concentration 1000 U/mL); CAT, catalase (final concentration 600 U/mL). The experiment was repeated three to four times on cells from three
donors. Error bars represent mean ± standard deviation. The data were analyzed by a paired t test between each group, and *p < 0.05, **p < 0.01,
and ***p < 0.001 represent significant differences.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.1c03021
Nano Lett. 2022, 22, 1818−1825

1822

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c03021/suppl_file/nl1c03021_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c03021/suppl_file/nl1c03021_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.1c03021/suppl_file/nl1c03021_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c03021?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c03021?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c03021?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c03021?fig=fig5&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c03021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


technique, which has distinct advantages over the state of the

art conventional techniques.

■ ASSOCIATED CONTENT

*sı Supporting Information

The Supporting Information is available free of charge at

https://pubs.acs.org/doi/10.1021/acs.nanolett.1c03021.

Additional details of experimental materials and
methods, control experiment of T1 measurements on
bare FND particles, and cytokine production assay
results (PDF)

■ AUTHOR INFORMATION

Corresponding Author
Romana Schirhagl − University of Groningen, University
Medical Center Groningen, Department of Biomedical
Engineering, 9713 AV Groningen, The Netherlands;
orcid.org/0000-0002-8749-1054;

Email: romana.schirhagl@gmail.com

Authors
Linyan Nie − University of Groningen, University Medical
Center Groningen, Department of Biomedical Engineering,
9713 AV Groningen, The Netherlands

Anggrek C. Nusantara − University of Groningen, University
Medical Center Groningen, Department of Biomedical
Engineering, 9713 AV Groningen, The Netherlands

Viraj G. Damle − University of Groningen, University Medical
Center Groningen, Department of Biomedical Engineering,
9713 AV Groningen, The Netherlands

Maxim V. Baranov − University of Groningen, Department of
Molecular Immunology, Groningen Biomolecular Sciences
and Biotechnology Institute, 9713 AV Groningen, The
Netherlands

Mayeul Chipaux − Institute of Physics, École Polytechnique
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