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9.1 Free radical detection in biological sys-
tems

Over the last decades, the role of free radicals in biological processes, both
normal and pathological, has become more and more recognized.1 These
elusive species are formed throughout the cells, both as a byproduct of
cellular metabolism and in a highly regulated manner, acting as signal-
ing molecules and messengers. Their relatively high reactivity, however,
means that the lifetime of the individual radical is generally very short,
usually on the order of milliseconds, and that their equilibrium concen-
trations in the cells are very low. These factors complicate the detection
of radical species.

To solve these problems, one of the three approaches, which are discussed
in more detail in chapter 1, is usually employed. Free radicals can be
detected indirectly, by their effect on the cells (e.g., the level of lipid per-
oxidation) or by the products of their reaction with other intracellular
compounds (e.g., the level of hydrogen peroxide). Alternatively, direct
sensors, relying on the chemical interaction of the radical and the detec-
tor molecule, can be used. A lot of these reactions result in luminescent
products, whose signal can then be read out optically. Finally, free radi-
cals can be stabilized by so-called spin traps, which – again – chemically
react with the radicals, forming an adduct, in which the radical’s electron
remains unpaired. The accumulating spins can then be read out by using
electron spin resonance techniques.

All of these approaches have their advantages and have been extremely
useful for the field of free radical biology. However, they possess a set of
drawbacks, such as relatively low selectivity, low sensitivity and techni-
cally challenging methodology. For all of them, it is problematic that the
sensor has to interact with the radical species of interest, quenching it and
potentially interfering with its natural function. On the other hand, dia-
mond magnetometry, which is based on the detection of magnetic fields
generated by the unpaired electrons of free radicals, does not require
this chemical interaction. It is also extremely sensitive and, by defini-
tion, selective to free radicals, as opposed to all reactive oxygen/nitrogen
species. This property can be beneficial, if one is interested specifically in
the radical species. At the same time, as non-radical reactive species will
not be detected, one can miss the developing oxidative stress response.
Nanodiamond-based approaches, like the one used in this thesis, allow
for the detection of radicals in situ, inside the cells. However, as with
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any novel technique, there are certain things to consider, when applying
it to a complex system, such as a live cell.

9.2 Intracellular nanodiamond magnetome-
try: general considerations

The T1 relaxometry method explored in this thesis is an all-optical tech-
nique, which uses fluorescent nanodiamonds as sensors. As we discuss in
chapter 2, this poses certain requirements for the probe and limitations,
which one needs to consider.
The methods based on optical readout are heavily affected by the optical
properties of the samples. As nanodiamond magnetometry is based on
the fluorescence of nitrogen-vacancy centers, the sample should be trans-
parent enough to allow for the excitation of the probe and the detection of
the probe’s emission. Nitrogen-vacancy centers have the excitation max-
imum around 550 nm, which makes most of the commercially available
green laser suitable for the excitation. The intracellular environment is
also relatively transparent in this range (unlike, for example, in the ultra-
violet part of the spectrum, where proteins and nucleic acids show high
levels of absorption). The emission of the color centers spans a broad
range, from approximately 650 nm to 750 nm. This is also a very good
optical window, as biological samples tend to be transparent in this range
and the near-infrared light is less scattered by the sample. This property
is used, for example, in intravital two-photon excitation microscopy to in-
crease the penetration depth.2 At the same time, one has to consider that
light is inevitably scattered by the sample, which reduces the precision
and the spatial resolution of optical measurements. Moreover, the setup
used for this thesis is based on a confocal microscopy, with an immersive
objective used to collect the fluorescence of nanodiamonds. In this case,
the depth of the signal detection depends on the working distance of the
objective, which is usually on the order of 100 µm for high-magnification
lenses. While this is enough for flat cell cultures, one should expect addi-
tional challenges, when trying to perform measurements in thick samples,
such as multi-layered complex cultures, organoids, or tissues.
Ideal nanoscale sensors should be able to relay the information on the
quantity of interest with high spatial and temporal resolution. In prin-
ciple, nanodiamond magnetometry offers a very high spatial resolution,
since the impact of the external magnetic fields on the nitrogen-vacancy
center fluorescence decreases with distance to the source at a rate of r6.
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In practice, this means that nanodiamonds report on their immediate
environment, 10-20 nanometers from the particle’s surface. This reso-
lution is unprecedented – however, a standard confocal microscope does
not allow one to make full use of it. In our setup, the resolution is limited
by the diffraction limit, which is at least an order of magnitude higher
that the resolution limit of the sensor itself. Moreover, nanoparticles, as
well as all cellular structures in a live cell, are constantly moving, adding
another level of uncertainty. Future optimization and higher degree of
control over the nanodiamond’s intracellular localization can help solving
this problem. The temporal resolution of our technique can, in principle,
be high as well – on the order of milliseconds-seconds. However, to ob-
tain a T1 relaxation curve with a good signal-to-noise ratio, the pulsing
sequence described in chapter 3 has to be repeated thousands of times.
In practice, one can expect to obtain a single curve within a minute,
especially if the pulsing sequence is optimized to take less time, like in
chapters 5 and 8. Further optimization of the sensing protocols can,
however, make it possible to detect the changes in intracellular concen-
trations of free radicals on a very short time scale – something that still
remains a challenge for other state-of-the-art techniques.

Finally, a good nanoscale sensor should have high sensitivity and selectiv-
ity. As we have discussed earlier in this chapter, as well as in chapter 1,
nanodiamond magnetometry is extremely sensitive and, in principle, very
selective. However, it is known that T1 relaxation of nitrogen-vacancy
centers can be affected by other physical parameters of the environment,
such as pH3 or temperature.4, 5 If such changes are expected to happen
in the system over the course of the experiment, one needs to be careful
in interpreting the apparent changes in T1. Combining nanodiamonds
with a chemical or nanoparticle-based probes for those quantities can
help to distinguish between the effects of different environmental vari-
ables on the T1 measurements during the experiment. Another property
of the proposed magnetometry technique is that we detect the bulk con-
tent of radicals, not distinguishing between different radical species. In
principle, other sensing modalities and/or pulsing sequences can provide
us with the information on the chemical structure of the radicals. Apply-
ing these modified approaches to biological samples is a very challenging
task, but it has an enormous potential to help us unravel the dynamics
of free radical formation and interaction in live cells.
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9.3 Nanodiamond internalization, targeting
and retention

As we have discussed in previous chapters, the full potential of intracel-
lular nanodiamond magnetometry can only be realized, if we successfully
manage to bring the particles inside the cells and target them to a specific
location of interest. A number of techniques has been used to improve
the uptake of nanodiamonds by the cells, and we have touched upon some
of them in chapters 4 and 6. The observed differences in the uptake ef-
ficiency between two human cell lines, HeLa and HT-29, emphasize that
each biological sample can pose its unique challenges. To better address
these challenges, one needs to understand the underlying mechanisms
of the uptake. We examined those for the HT-29 cells in chapter 7,
showing the complexity of this process and the wide range of molecular
mechanisms involved in the seemingly simple act of nanodiamond endo-
cytosis. As the differences in the uptake mechanism might lead to the
differences in the intracellular fate of the nanodiamonds, it is important
to be aware of those. In chapter 4 we demonstrate that the surface mod-
ifications of nanodiamonds have dramatic effects on the uptake efficiency
– and that the complete set of modifications is more than just a sum of its
parts. As is often the case, trying to solve one problem (nanodiamond
aggregation, which generally impedes the uptake) can lead to another
problem (zwitterionic functionalization is so efficient in preventing non-
specific electrostatic interactions that nanodiamonds cannot bind to the
cell surface and be internalized by the cells). However, with the com-
plete set of modifications, including the covalently attached antibodies,
both problems were suddenly solved – the aggregation of nanodiamonds
was reduced, while their internalization rates increased. This emphasizes
the importance of testing the behavior of proposed nanoparticle-based
systems in real cells, with all their complexity.

If we want to have the intracellular context for the results of our measure-
ments, we can try either targeting the nanodiamonds to specific subcel-
lular locations or to let them travel through the cell freely and compare
the differences between different environments. Chapter 4 shows that
targeting approaches can be quite complicated, as one needs to preserve
the functionality of targeting moieties on the nanodiamond surface, as
the particles are taken up by the cells. Moreover, the cells can be quite
large, and the nanodiamonds would require a lot of time to reach their
targets – especially if no active transport of the particles is involved.
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Finally, the targeting efficiency is often estimated after the experiment,
from the colocalization of the particles and the structures of interest,
but this approach offers only a snapshot of the nanodiamond’s location.
It does not allow one to get the information on the particle’s environ-
ment in real time, as the measurements are being performed. To address
these limitations, we have explored a different approach, deducting the
properties of the nanodiamond’s environment from the way the particles
moved. Chapter 5 shows that it is, in principle, possible to combine the
single-particle tracking and the trajectory analysis with the T1 measure-
ments to get a map of T1 values, as the nanodiamond moves through the
cell. While this approach can be very useful, it also requires rather com-
plicated analysis of the trajectories, as nanodiamonds move in complex
patterns through a highly non-uniform intracellular environment.
In chapter 8, we demonstrate that nanodiamonds can be retained within
live cells for more than two weeks and be used to perform T1 measure-
ments throughout the process of the cell differentiation. While the excep-
tional biocompatibility of nanodiamonds has been reported by a number
of studies, to our knowledge, this is the first attempt to make use of it
in the context of magnetometry measurements. Nanodiamonds did not
seem to have a pronounced impact on the differentiation of the cells.
These findings open exciting new prospects for the fields of developmen-
tal biology and cancer biology, as one can track the free radical load on
a single-cell level, as the cell’s epigenetic status changes.

9.4 Implications for the research in the field
of free radical biology

In this thesis, we have explored the applications of nanodiamond magne-
tometry in a number of different settings. Each of the chapters focusing
on T1 measurements has its own flavor and shows a different facet of the
proposed technique.
In chapter 3, we used immune cells and their molecular machinery as the
biological model. Free radicals play an enormous role in the immune re-
sponse,6 both normal and pathological (e.g., in autoimmune disorders7).
At the same time, the immune system is highly complex, and we are
still far from fully understanding its regulatory mechanisms. Direct de-
tection of free radicals can provide additional insights into some of the
immunological processes. It is worth noting that in this chapter we have
performed both intracellular and extracellular measurements of the free
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radical load, correlating the results with the distance to the source of the
radicals – the enzymes of the cells. Biological processes, including the im-
mune response, happen within a certain three-dimensional environment,
full of other cells, extracellular matrix and signaling molecules. The in-
teractions of the neighboring cells and the propagation of intercellular
signals in space and time is an exciting, yet poorly understood topic.
Using nanodiamonds to detect free radicals, as they diffuse away from
the cells, can shed some light on the signaling role of these molecules,
which is very difficult to study due to the high reactivity of radicals.
In chapter 5, we combined single-particle tracking and trajectory anal-
ysis with T1 measurements to create a map of a live HeLa cell, as the
nanodiamond was travelling through the cytoplasm. As we have dis-
cussed in chapter 1, there is a number of free radical sources in each
cell, and it might be useful to know where the radicals come from in each
particular case. Moreover, this approach can be a complementary tool to
assess the efficiency of nanodiamond targeting. Successful targeting will
likely affect the movement of nanodiamonds, which would be reflected in
their trajectories.
Finally, chapter 8 uses nanodiamond-based magnetometry on the cell
population level. We explore the changes in free radical load, as HT-
29 cells are in a more or less differentiated state. Such research can be
useful to assess the heterogeneity of cells, which often happens in solid
tumors. Less differentiated cancer cells are usually a predictor of poorer
prognosis, and it is important to spot those populational shifts as early
as possible to adjust the treatment.8 Moreover, one can always go from
the population level to a single-cell level and assess the physiology of the
less differentiated cells (such as their response to a proposed treatment)
on the individual case basis. Combined with other single-cell methods,
such as single-cell sequencing, this approach can be useful for precision
medicine and personalized drug development.
To summarize, nanodiamond-based magnetometry has a potential both
in the fundamental research and in the (pre-)clinical setting. One, how-
ever, needs to consider the potential pitfalls, as well as adjust and op-
timize the protocols to achieve the best resolution and highly targeted
measurements. If used with care, nanodiamond-based magnetometry can
be a very efficient tool, complementing other techniques and providing
invaluable information on free radical production and distribution in bi-
ological samples.

9



9

326 Chapter 9: General discussion

Finally, the targeting efficiency is often estimated after the experiment,
from the colocalization of the particles and the structures of interest,
but this approach offers only a snapshot of the nanodiamond’s location.
It does not allow one to get the information on the particle’s environ-
ment in real time, as the measurements are being performed. To address
these limitations, we have explored a different approach, deducting the
properties of the nanodiamond’s environment from the way the particles
moved. Chapter 5 shows that it is, in principle, possible to combine the
single-particle tracking and the trajectory analysis with the T1 measure-
ments to get a map of T1 values, as the nanodiamond moves through the
cell. While this approach can be very useful, it also requires rather com-
plicated analysis of the trajectories, as nanodiamonds move in complex
patterns through a highly non-uniform intracellular environment.
In chapter 8, we demonstrate that nanodiamonds can be retained within
live cells for more than two weeks and be used to perform T1 measure-
ments throughout the process of the cell differentiation. While the excep-
tional biocompatibility of nanodiamonds has been reported by a number
of studies, to our knowledge, this is the first attempt to make use of it
in the context of magnetometry measurements. Nanodiamonds did not
seem to have a pronounced impact on the differentiation of the cells.
These findings open exciting new prospects for the fields of developmen-
tal biology and cancer biology, as one can track the free radical load on
a single-cell level, as the cell’s epigenetic status changes.

9.4 Implications for the research in the field
of free radical biology

In this thesis, we have explored the applications of nanodiamond magne-
tometry in a number of different settings. Each of the chapters focusing
on T1 measurements has its own flavor and shows a different facet of the
proposed technique.
In chapter 3, we used immune cells and their molecular machinery as the
biological model. Free radicals play an enormous role in the immune re-
sponse,6 both normal and pathological (e.g., in autoimmune disorders7).
At the same time, the immune system is highly complex, and we are
still far from fully understanding its regulatory mechanisms. Direct de-
tection of free radicals can provide additional insights into some of the
immunological processes. It is worth noting that in this chapter we have
performed both intracellular and extracellular measurements of the free

9

9.4: Implications for the research in the field of free radical . . . 327

radical load, correlating the results with the distance to the source of the
radicals – the enzymes of the cells. Biological processes, including the im-
mune response, happen within a certain three-dimensional environment,
full of other cells, extracellular matrix and signaling molecules. The in-
teractions of the neighboring cells and the propagation of intercellular
signals in space and time is an exciting, yet poorly understood topic.
Using nanodiamonds to detect free radicals, as they diffuse away from
the cells, can shed some light on the signaling role of these molecules,
which is very difficult to study due to the high reactivity of radicals.
In chapter 5, we combined single-particle tracking and trajectory anal-
ysis with T1 measurements to create a map of a live HeLa cell, as the
nanodiamond was travelling through the cytoplasm. As we have dis-
cussed in chapter 1, there is a number of free radical sources in each
cell, and it might be useful to know where the radicals come from in each
particular case. Moreover, this approach can be a complementary tool to
assess the efficiency of nanodiamond targeting. Successful targeting will
likely affect the movement of nanodiamonds, which would be reflected in
their trajectories.
Finally, chapter 8 uses nanodiamond-based magnetometry on the cell
population level. We explore the changes in free radical load, as HT-
29 cells are in a more or less differentiated state. Such research can be
useful to assess the heterogeneity of cells, which often happens in solid
tumors. Less differentiated cancer cells are usually a predictor of poorer
prognosis, and it is important to spot those populational shifts as early
as possible to adjust the treatment.8 Moreover, one can always go from
the population level to a single-cell level and assess the physiology of the
less differentiated cells (such as their response to a proposed treatment)
on the individual case basis. Combined with other single-cell methods,
such as single-cell sequencing, this approach can be useful for precision
medicine and personalized drug development.
To summarize, nanodiamond-based magnetometry has a potential both
in the fundamental research and in the (pre-)clinical setting. One, how-
ever, needs to consider the potential pitfalls, as well as adjust and op-
timize the protocols to achieve the best resolution and highly targeted
measurements. If used with care, nanodiamond-based magnetometry can
be a very efficient tool, complementing other techniques and providing
invaluable information on free radical production and distribution in bi-
ological samples.

9



9

328 Chapter 9: General discussion

References
[1] M. Valko, D. Leibfritz, J. Moncol, M. T. Cronin, M. Mazur, and J. Telser. Free

radicals and antioxidants in normal physiological functions and human disease,
2007.

[2] R. Matsuura, S. Miyagawa, S. Fukushima, T. Goto, A. Harada, Y. Shimozaki, K.
Yamaki, S. Sanami, J. Kikuta, M. Ishii, and Y. Sawa. Intravital imaging with
two-photon microscopy reveals cellular dynamics in the ischeamia-reperfused rat
heart. Scientific Reports, 8(1):1–9, oct 2018.

[3] T. Rendler, J. Neburkova, O. Zemek, J. Kotek, A. Zappe, Z. Chu, P. Cigler, and
J. Wrachtrup. Optical imaging of localized chemical events using programmable
diamond quantum nanosensors. Nature Communications, 8, mar 2017.

[4] M. Fujiwara, S. Sun, A. Dohms, Y. Nishimura, K. Suto, Y. Takezawa, K. Os-
himi, L. Zhao, N. Sadzak, Y. Umehara, Y. Teki, N. Komatsu, O. Benson, Y.
Shikano, and E. Kage-Nakadai. Real-time nanodiamond thermometry probing in
vivo thermogenic responses. Science Advances, 6(37), sep 2020.

[5] Y. Wu, M. N. A. Alam, P. Balasubramanian, A. Ermakova, S. Fischer, H. Barth,
M. Wagner, M. Raabe, F. Jelezko, and T. Weil. Nanodiamond Theranostic for
Light-Controlled Intracellular Heating and Nanoscale Temperature Sensing. Nano
Letters, 21(9):3780–3788, may 2021.

[6] H. Sies and D. P. Jones. Reactive oxygen species (ROS) as pleiotropic physiological
signalling agents, jul 2020.
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