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1.1 Free radicals in biological systems
Free radicals are atoms and molecules with an unpaired electron. In a
biological context, the most important radical species are oxygen and
nitrogen radicals, which are part of a larger set of molecules, namely re-
active oxygen species (ROS) and reactive nitrogen species (RNS). The
radical ROS commonly present in live organisms include superoxide rad-
ical (O –

2 ) and hydroxyl radical (OH ). The most important radical
RNS is nitric oxide (NO ).

1.1.1 Where do we find free radicals?
In a cell, free radicals are generally produced in several different com-
partments.
Firstly, radical species can be formed in the cytosol by soluble com-
pounds, such as thiols and hydroquinones, or by certain cytosolic en-
zymes. One of these enzymes is xanthine oxidase (XO). In damaged
tissues, XO is transformed into an oxidized form, which transfers elec-
trons to molecular oxygen instead of NADP+, forming O –

2 .
A very important source of free radicals are electron transport chains
(ETC). They can be found in several distinct organelles:

• mitochondria, where they are necessary for respiration;

• endoplasmic reticulum, where they are normally involved in the
metabolism of harmful substances – xenobiotics, synthesis of un-
saturated fatty acids, and oxidative folding of proteins;

• lysosomes, whose ETC is dedicated to maintaining the acidic pH
necessary for the functioning of enzymes that perform the hydrol-
ysis of macromolecules.

The main radical species formed in mitochondria is O –
2 , while lysosomal

ETC mostly produces OH . O –
2 in mitochondria is disposed of by the

superoxide dismutase. The resulting H2O2 can also lead to the formation
of OH through the Fenton reaction.
Another location is peroxisomes, which produce H2O2, but also contain
nitric oxide synthase (NOS) and XO, both of which can form radical
species.
Finally, the cell membrane contains enzymes with the main function of
producing radical species – the proteins of the NOX family (NADPH
oxidases). NOX proteins are expressed in a variety of cell types, from
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phagocytes, where they form O –
2 necessary to attack pathogens (respira-

tory burst), to smooth muscle cells, endothelial cells, thyroid gland cells
and so on. Various isoforms of NOX produce various reactive oxygen
species, with O –

2 and non-radical H2O2 being the prevalent ones.

1.1.2 Roles of free radicals
Free radicals occurring in live systems are generally considered to be
deleterious due to their ability to interact with various cell components
and cause their oxidation.1 Free radicals can affect lipids of the cellular
membranes, proteins, and nucleic acids, with DNA damage being the
most drastic and having the highest potential for irreversible changes,
leading to cell death. On the level of the entire organism, free radicals
have been implicated in the onset and progression of cardiovascular dis-
ease, diabetes, rheumatoid arthritis, retinal degeneration, cancer, and
neurodegenerative disorders.
At the same time, free radicals can be found in any healthy tissue and
organ of the body, playing important roles that are not yet fully under-
stood. One of the important functions of biologically produced free rad-
icals is pathogen defense. Superoxide and hydroxyl radicals are formed
by phagocytic cells to kill bacteria. Another relatively well-studied role
of free radicals is the signaling function of NO , which is indispensable
to control the vascular tone and to consolidate long-term memory in our
brain.2 O –

2 and NO are produced over the course of sperm cell capacita-
tion,3 preparing it for fusion with the oocyte, as well as in the stretched
myocardial cells, regulating their contraction.4

1.1.3 Methods of detection
Due to the importance of free radicals, the scientific community has de-
veloped a variety of methods for their detection in biological samples.
These methods can be broadly categorized into three groups:

1. Direct detection: the signal comes directly from the radical.

2. Indirect detection: the signal is generated due to the chemical in-
teraction of the radical with the reporter.

3. Circumstantial detection: free radical load is estimated through the
activity of free radical sources or through the downstream effects
of free radicals.
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Indirect methods of free radical detection

The most commonly used approaches for free radical detection in bi-
ological systems fall under the second category. In these methods, free
radicals are reacting with a reporter: usually, a molecule that is then con-
verted into a colored or fluorescent substance. The most widely used ones
are 2’,7’–dichlorofluorescin diacetate (DCFDA) for ROS and 4-Amino-5-
Methylamino-2’,7’-Difluorofluorescein Diacetate (DAF-FM) for NO . In
both cases, the cells are incubated with the original non-fluorescent com-
pound, which accumulates inside the cells and reacts with the molecules
of interest, resulting in a highly fluorescent product. These techniques
are widely used, do not require highly specialized equipment or train-
ing, can be applied to small samples and can be combined with other
cell imaging techniques. However, these dyes suffer from low specificity
(especially DCFDA), can be toxic to cells at high concentrations, can
be removed from the cells by the multi-drug resistance (MDR) proteins,
resulting in inconsistent or false negative results. They can interact with
the components of cell culture medium, and do not provide sufficient
spatial information on the reactive species production at the subcellular
level due to the diffusion of the dye.

Some of these challenges can be addressed by using other types of re-
porters, such as engineered fluorescent proteins, which can then be ex-
pressed in the cell of interest, or nanoparticles that change their proper-
ties upon the interaction with free radicals. With fluorescent proteins,
one can detect the molecules of interest in a particular organelle. How-
ever, most of these probes are not designed to be selective for free radicals
and show substantial cross-reactivity with other reactive species, such as
H2O2. Moreover, this approach requires that the genetic material is in-
troduced into the cells, which can be a challenge, as some cell types and
cell lines have very low transfection efficiency. Lastly, just like with any
transfection-based technique, one must consider the possible side effects
of overexpressing a foreign protein on the cell metabolism and viability.

Nanoparticles responding to the concentration of free radicals have been
developed in the recent years,5, 6 but remain a not very widely used
method. With nanoparticles, the most common challenges are delivering
them inside the cells, targeting a specific cellular compartment, and en-
suring their biocompatibility. At the same time, nanoparticles offer a lot
of opportunities to address these problems through tailored design and
surface modifications.
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Circumstantial methods of free radical detection
The techniques from the third group are often used as complementary to
the indirect detection of free radicals. They rely on detecting the conse-
quences of the increased radical load, such as the damage to the cellular
structures (lipid peroxidation by O –

2 , S-nitrosylation of proteins by NO
-derived compounds) or the cell’s response to the free radicals (increased
levels of superoxide dismutase, increased activity of soluble guanilyl cy-
clase in response to NO , the balance of oxidized and reduced glutathione
in the cell). These methods are very reliable and highly specific. Only the
biologically relevant effects are taken into account, and increased radical
production that does not affect the cell, is not reflected in the results of
the measurements. However, one needs to know in advance which radical
species are produced in the system and which effects they are expected to
have. These techniques also provide qualitative rather than quantitative
information on the level of free radical production.

Direct methods of free radical detection
The methods of the first group have the highest potential, as they al-
low for direct and unambiguous measurement of the level of free radical
species. The golden standard for free radical detection is electron spin
resonance (ESR), which relies on the fact that all free radicals, by defi-
nition, have at least one unpaired electron. The main challenge for using
this technique is the naturally low steady-state concentration of free rad-
icals in biological samples. One of the most commonly used approaches
to overcome this issue is using spin traps – compounds or nanoparticles
that, similarly to fluorescent probes, chemically interact with free radi-
cals, forming a stable adduct, which preserves the unpaired electron. This
approach is therefore similar to the methods using fluorogenic dyes, but
is selective to radical molecules. The signal is accumulated in the sample,
allowing for direct ESR-based detection. However, ESR spectroscopy re-
quires additional training, which is not always feasible. Moreover, the
sensitivity of the method is still low.
To overcome these problems, immuno-spin trapping technique was pro-
posed.7 In this approach, the radicals interact with the spin traps,
and the adducts are later detected in the sample with antibodies raised
against the adduct. This technique is substantially more sensitive than
classical ESR, largely preserves the spatial information about the free
radicals formed within the cell, and can be combined with other mi-
croscopy techniques, providing the intracellular context. As spin traps
are used in the first step, immuno-spin trapping is more selective than
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the assays based on chemiluminescent and fluorescent reporters. How-
ever, immunostaining cannot be performed in live samples. Moreover,
the distribution of the signal reflects the cumulative history of free radi-
cal production within the sample, providing a “long-exposure snapshot”
of the cell, rather than allowing for direct monitoring of the dynamics of
free radical production. These challenges have led to researchers looking
for other approaches to combine the selectivity of spin-resonance mea-
surements with the sensitivity of optical-based (fluorescent) assays. One
of the emerging techniques is nanodiamond-based magnetometry, which
is explored in further detail in the next subsection and in this thesis.

1.2 Nanodiamonds
Nanodiamonds (NDs) are diamond particles with the size in the nanome-
ter range (5-200 nm). They can be obtained by various techniques: det-
onation, high pressure-high temperature (HPHT) synthesis, milling of
larger diamonds, growing them from scratch. These approaches result in
nanoparticles with different physical properties and different biocompati-
bility. For the applications described in this thesis, HPHT nanodiamonds
are commonly used for their relatively low price, convenient size range,
which allows for the formation of stable defects in the crystal structure,
and exceptional biocompatibility. NDs have been used for drug delivery,
theranostics, and – in case of fluorescent nanodiamonds (FNDs) – for
labeling and imaging applications.

1.2.1 Fluorescent properties and imaging applications
FNDs owe their properties to defects in their crystal structure (color cen-
ters), when one or more carbon atoms in the lattice are substituted for
another atom or left vacant. There are hundreds of various color centers
described in diamonds,8 with the nitrogen-vacancy (NV) defect being the
most common and studied type. These color centers consist of a nitrogen
atom with a vacant lattice site next to it (Figure 1A). They have a broad
spectrum of emission, spanning from 550 to 800 nm. NV-centers exhibit
bright fluorescence, not prone to bleaching or blinking, which has made
FNDs with these color centers attractive for long-term fluorescent imag-
ing, as well as super-resolution microscopy. NV-centers usually exist in
one of two charge states, neutral NV0 and negatively charged NV–. While
NV0 is mostly used for traditional imaging, NV– has unique properties,
which allows it to be used in quantum-optical applications. One of the
exciting research avenues is nanodiamond magnetometry – detection and
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measurement of the external electromagnetic fields, based on the optical
readout from the NV-centers.

1.2.2 Nanodiamond magnetometry
The configuration of the NV-center’s energy levels and sublevels makes
the fluorescence intensity dependent on the physical properties of the
defect’s immediate environment.
In the NV-center, there are three electronic states available to its six
electrons: a triplet ground state, a triplet excited state, and a singlet
metastable state (Figure 1B). Each of the triplet states, in turn, has
three spin sublevels: the degenerate mS = 1 sublevels and the mS = 0
sublevel. By default, the electrons are randomly distributed between the
mS = 1 and the mS = 0 sublevels of the ground state. Upon excitation,
the electrons will move to the respective sublevels of the excited state,
where their fate will be different. The electrons from the mS = 0 sublevel
of the excited state are likely to undergo radiative transition, leading
to photon emission. The electrons from the mS = 1 sublevels have a
relatively high chance to decay via a non-radiative singlet state, in which
case no photon is emitted. However, if the electron goes through the
singlet state, it will inevitably end up in the mS = 0 sublevel of the
ground state, which means that in the next cycle it will likely decay
through radiative transition, making the overall fluorescence intensity
of the system higher. After prolonged illumination by the laser, the
NV-center reaches its bright state, when almost all electrons end up in
the mS = 0 sublevel of the ground state. If the laser is then switched
off, the system will start to relax, and the natural random distribution
of electrons between mS = 0 and mS = 1 sublevels will eventually be
restored, making the overall fluorescence of the NV-center less bright.
The balance between mS = 0 and mS = 1 sublevels can be influenced by
the environment of the NV-center. The resonant microwave frequency
will force the electrons into mS = 1 sublevel, resulting in a dip in the NV-
center fluorescence – this forms the basis for so-called optically detectable
magnetic resonance (ODMR) measurements. External magnetic fields
would cause the splitting of mS = 1 sublevels into mS = +1 and mS =
−1, each with their own resonance frequency. In this case, two dips will
appear in the ODMR spectrum, with the frequency separation between
them being proportional to the magnetic field strength. This technique
is extremely sensitive and can, in principle, resolve single spins in the
close vicinity of the NV-center.
Another approach, which is also explored in more detail in this thesis,
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Figure 1. Foundations of NV-center-based magnetometry. (A) Nitrogen-vacancy
centers are defects of the diamond crystal structure: one of the carbon atoms is
replaced with a nitrogen atom, and one of the neighbouring positions is vacant. (B)
The diagram of the NV-center’s energy levels. (C) If the NV-centers in a nanodiamond
particle are pumped into a brighter ground state and then allowed to relax, their
fluorescence intensity becomes lower with increasing dark times. The corresponding
curves can be used to obtain T1 relaxation constant. Longer T1s (blue; FNDs in
buffer) correspond to slower relaxation. External factors, such as paramagnetic species
in the close environment of the particle, cause faster relaxation and result in shorter
T1s (orange; FNDs in buffer, containing paramagnetic Gd3+ ions).
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is all-optical relaxometry measurements. In this case, the NV-centers
are first pumped into the bright mS = 0 state, then left to relax into
the (darker) natural stochastic combination of mS = 0 and mS = 1
states for a pre-defined dark time. The quantum state of the system is
determined by its fluorescence intensity. The relaxation happens faster
in presence of external magnetic noise, such as the one induced by the
unpaired electrons of free radicals. When the fluorescence intensities
are plotted against the corresponding dark times, a characteristic curve
emerges (Figure 1C). The curve can be fitted with a biexponential equa-
tion, where one of the constants, T1, will describe the relaxation rate.
If relaxation happens faster, the curve is shifted to the left (Figure 1C,
orange curve), and the respective T1 becomes shorter. This approach
allows one to perform the sensing, using only the optical means, and it
can be implemented in a confocal microscope-like setup, if one can make
the excitation laser to pulse. Optical readout makes the technique sub-
stantially more sensitive than any traditional magnetic resonance-based
approaches, which is important for free radical detection due to the nat-
urally low levels of radicals present in live cells.

1.2.3 Biocompatibility
As nanodiamond magnetometry was attracting more and more attention
for the biological applications, the issue of its impact on live cells had
to be explored. Fortunately, NDs proved to be exceptionally biocom-
patible. As these particles mostly consist of carbon, they do not leach
any harmful ions, and the diamond structure is notably inert. Indeed,
most of the toxicity of carbon-based nanostructures, such as nanotubes,
comes from their size and shape. While very small detonation NDs can
exhibit certain cellular toxicity, they are rarely used for the imaging ap-
plications, as they are generally too small to host stable color centers.
Larger nanodiamonds, such as HPHT ones, are not cytotoxic, when in-
ternalized by eukaryotic cells.9, 10 This has been demonstrated in a wide
range of models, including a study on Caenorhabditis elegans, in which
the worms were fed with nanodiamond suspension.11 NDs had no effect
neither on the ROS production in the worms’ cells nor on the lifespan or
behavior of the adult worms. When injected in the gonads, the particles
entered oocytes and could then be seen in the developing embryos. No
developmental abnormalities were reported by the authors of the study.
Other higher organisms used for in vivo assessment of FND toxicity in-
clude bivalve mollusk, fruit fly, zebrafish, frog, monkey, rodents, and even
humans.12
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Figure 1. Foundations of NV-center-based magnetometry. (A) Nitrogen-vacancy
centers are defects of the diamond crystal structure: one of the carbon atoms is
replaced with a nitrogen atom, and one of the neighbouring positions is vacant. (B)
The diagram of the NV-center’s energy levels. (C) If the NV-centers in a nanodiamond
particle are pumped into a brighter ground state and then allowed to relax, their
fluorescence intensity becomes lower with increasing dark times. The corresponding
curves can be used to obtain T1 relaxation constant. Longer T1s (blue; FNDs in
buffer) correspond to slower relaxation. External factors, such as paramagnetic species
in the close environment of the particle, cause faster relaxation and result in shorter
T1s (orange; FNDs in buffer, containing paramagnetic Gd3+ ions).
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At the same time, nanodiamonds should be used with caution in some
models. While low concentrations of FNDs barely affect the viability and
the metabolic activity of the cells,9 higher concentrations (10 µg/mL)
can cause increased ROS production and alter the expression of oxida-
tive stress-related genes, such as superoxide dismutase, catalase and glu-
tathione reductase. High concentrations are generally not necessary for
magnetometry, as it can be performed on a single particle internalized
by the cell, but should be taken into consideration, if FNDs are used for
labeling. FNDs at high concentrations (10-500 µg/mL) were also shown
to interfere with colony formation in certain bacterial strains, likely due
to increased aggregation of the cells.13 While no contact toxicity was
found in these studies, such interactions might be undesirable for certain
applications.

1.3 Interaction of nanodiamonds with cells
Nanodiamond magnetometry is a highly sensitive tool, but the signal
depends on the very close environment of the nanoparticles. This means
that for most research applications FNDs need to be internalized by the
cells. There are several ways to achieve this goal.

1.3.1 Nanodiamond internalization
Certain cells can easily take up nanoparticles. One example is phago-
cytic cells, such as macrophages, whose natural function is to internalize
any kind of foreign material via phagocytosis – forming extensions of the
cytoplasm and engulfing relatively large volumes of the medium. In non-
phagocytic cells, the uptake is generally also active, and there is a range
of endocytic pathways that can be used to internalize nanoparticles. The
most common one for NDs is clathrin-mediated endocytosis;14, 15 how-
ever, other pathways usually are not completely ruled out. The uptake
rate and the exact pathway(s) used often depend on the size and shape
of the nanoparticle,16 as well as its surface properties.17 Some of the
less common pathways described for NDs are macropinocytosis18, 19 and
caveolae-mediated endocytosis. It should be emphasized that the uptake
pathways vary between different cell lines and types. While caveolae-
dependent internalization has been shown to not play any role in the
NDs uptake in vast majority of studied cells,14, 15 it was the predominant
pathway in brain endothelial cells.20 By functionalizing the surface of
NDs, it is also possible to change the uptake pathway and efficiency.21

The uptake is usually impeded, if the cell is small (bacterial cells) or has
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a pronounced cell wall (bacterial and yeast cells). Certain mammalian
cell lines and types also do not internalize nanoparticles easily. Some
examples include highly specialized cells, such as neurons, where very
high concentrations (20-250 µg/mL) and incubation times (24-96 hours)
are used to reach sufficient uptake rates,20, 22, 23 or certain cells of ep-
ithelial origin (HT-29, colon adenocarcinoma cell line24). In these cases,
the uptake can be forced by using more invasive procedures. Electropo-
ration, microinjection, and the protocols initially developed for chemical
transformation of the cells have been employed in various studies. While
these approaches generally increase the uptake rates, they can be harm-
ful for the cells. Moreover, the intracellular fate of nanodiamonds can be
different, depending on the exact internalization procedure.

1.3.2 Intracellular fate of nanodiamonds
Internalized NDs are generally encapsulated in intracellular vesicles –
endosomes or phagosomes. These vesicles eventually fuse with lysosomes,
as the cell attempts to digest the internalized material. NDs are generally
not affected by this process and are transported within the vesicles to the
perinuclear region.14 It was shown that the majority of NDs eventually
exits the vesicles through so-called endosomal escape and is located in
the cytoplasm,15 generally not entering the nucleus or other organelles.
The timing and efficiency of endosomal escape depends not only on the
cell type,25 but also on shape of NDs, with sharper nanoparticles being
more likely to pierce the membrane and leave the vesicle.26, 27 Smaller
NDs have also been shown to escape endosomes faster. NDs that are
still trapped in the vesicles can be removed from the cells by exocytosis
– usually within the first hours of incubation.28, 29 Transcytosis – uptake
on one side of the cell and excretion from the other side – has also been
shown for the in vitro blood-brain barrier model.20

1.3.3 Intracellular targeting
In many cases, the intracellular fate of FNDs described previously needs
to be changed. This is generally referred to as intracellular targeting.
There are several strategies that have been employed by different research
groups to steer NDs towards specific intracellular compartments.
First important problem is whether or not NDs should stay in the vesic-
ular compartment of the cell. As mentioned before, “prickly” NDs have
a higher chance to escape endosomes and explore the cytoplasm freely
before they can enter other organelles. Another approach to increase en-
dosomal escape is to functionalize the ND surface with “proton sponges”
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– cationic polymers that are thought to increase the influx of chloride
ions into the endosomes, causing osmotic imbalance, swelling and even-
tual rupture of the vesicles with the release of the cargo into the cyto-
plasm.30 Lastly, the vesicular compartment can be bypassed entirely by
using non-endocytic uptake protocols (electroporation, microinjections,
chemical transformation).
In certain cases, one might want to avoid endosomal escape and increase
the retainment of NDs in the vesicular compartment. Endosomes are
intimately connected to other vesicular structures within the cell, like
endoplasmic reticulum or Golgi. If those are the organelles of interest, it
might be easier to have NDs shuttled to their targets without leaving the
transport vesicle. While this avenue has hardly been investigated, we can
assume that modifying the shape of NDs to make them more rounded, as
well as using larger ND particles, can increase the endosomal retainment.
A number of approaches have been used to achieve the actual targeting
of NDs.17 Some techniques rely on the physical properties of different in-
tracellular compartments: for example, positively charged particles will
likely interact with negatively charged DNA.31 Most of the approaches,
however, involve functionalization of ND surface with targeting molecules
– intracellular localization sequences32, 33 or antibodies.34, 35 One of the
important challenges there is to preserve the functionality of the target-
ing moiety, as it is attached to the diamond surface, then exposed first
to the complex mixture of proteins and salts in the cell culture medium,
then to changing pH of the endolysosomes, and to numerous intracellular
enzymes that can degrade the targeting molecules and render them in-
effective. Nevertheless, knowing and controlling the intracellular fate of
nanodiamond-based sensors opens exciting prospects in highly sensitive
and precise detection of free radical species generated in living cells.

1.4 Thesis objective and outline
This thesis explores the applications of nanodiamond-based magnetome-
try for free radical detection in live mammalian cells and tackles some of
the challenges of this approach. First, chapter 2 offers an overview of
different state-of-the-art techniques used for the optical detection of in-
tracellular quantities, including free radicals. A novel, proof-of-principle
study on applying nanodiamond magnetometry to record the changes in
free radical concentrations in live mammalian cells is presented in chap-
ter 3. However, the true potential of the proposed technique can only
be realized, if we know where exactly the signal is coming from within

1
1.4: Thesis objective and outline 15

the cells. One of the approaches to that is to functionalize the surface
of ND sensors with the molecules, specifically targeting them to the in-
tracellular site of interest. The influence of certain surface modifications
on the subcellular localization of FNDs, as well as different protocols to
improve the uptake of FNDs, is discussed in chapter 4. Further insights
into the behaviour of internalized FNDs in HeLa cells, obtained from the
single-particle tracking data, are summarized in chapter 5. To make
the nanodiamond magnetometry a truly versatile tool for intracellular
detection of free radicals, one must take into account the unique prop-
erties of different cell types. Chapter 6 describes a protocol developed
to improve the FND uptake in a cell line, notorious for the low degree
of nanoparticle internalization. The proposed procedure builds upon the
standard cell culture techniques and is intended to be as non-invasive
as possible. The exact mechanisms of ND uptake and the impact of
the new protocol are further investigated in chapter 7. The internal-
ized particles were then used to track the changes in free radical load,
as the cells were brought into more differentiated state. The results of
this study are presented in chapter 8, highlighting the possible appli-
cations of nanodiamond-based magnetometry for drug development and
personalized medicine. Lastly, chapter 9 discusses the importance and
relevance of the data in this thesis, as well as the future perspectives and
applications of this research.
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