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DETECTING FREE RADICALS

Abstract

The novel field of diamond magnetometry recently lead to powerful quan-
tum sensing methods that allow detecting magnetic resonances with nano-
scale resolution. For instance, T1 relaxation measurements, inspired from
equivalent concepts in MRI, provide a signal which is equivalent to T1 in
conventional MRI but from a nanoscale environment. Here we provide the
first real-time measurements of free radicals while they are generated in a
chemical reaction. More specifically, we follow photolysis of H2O2 as well as
the so-called Haber-Weiss reaction. Both of these processes are important
reactions biological environments. Unlike with other fluorescent probes we
are able to detect both increase and decrease in real time. We also inves-
tigate different diamond probes and their ability to sense gadolinium spin
labels. While this was so far only done in a clean environment, we take into
account the effect of salts and proteins that are present in a biological en-
vironment. Furthermore, we conduct our experiments with nanodiamonds,
which are compatible with intracellular measurements. Surprisingly, we
find that in contrast to single defect measurements, smaller nanodiamond
have better coherence times. This is an important step towards label-free
nano-MRI and quantifying signals in a biological environment.
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INTRODUCTION

4.1 Introduction

Color defects in diamonds have been studied intensively as novel and pow-
erful (quantum) magnetometers[1]. This field has recently gained attention
in other disciplines including biology[2] and geoscience[3], or for industrial
applications[4, 5, 6]. Due to its nearly infinite photo-stability, the nitrogen-
vacancy (NV) defect in diamond has been presented as an attractive label
for cellular structures[7, 8]. Additionally, nanodiamonds show excellent
biocompatibility in all kinds of cell types[9] and organisms[10].

Arguably more remarkable, however, is the NV center’s ability to sense
magnetic resonances optically. It does so by changing its brightness based
on the magnetic surrounding. The technique is so sensitive that the faint
magnetic resonance of a single electron[11] or even a few nuclear spins[12,
13] can be detected experimentally. This effect has already been utilised for
several different applications including characterizing magnetic vortices[14],
hard drives[15, 16], nanoparticles[17], single proteins[18] or different chem-
icals as vacuum oil[19].

One particularly interesting sensing scheme are the so-called relaxation
(or T1) measurements, that are sensitive to spin fluctuations. This puls-
ing scheme, which only requires optical pulsing, has already been used
successfully, to detect spin labels[20] copper ions[21], temperature[22] or
conductivity[23]. Sushkov et al. demonstrated single-molecule sensitivity
when detecting gadolinium-containing molecules attached to a diamond
surface[24]. Kaufmann et al. have achieved gadolinium detection in lipid
bilayers[25]. Besides detecting spin labels in water Steinert et al. have
demonstrated the first nano-MRI with this technique from a fixed slice of a
cell embedded in a polymer[20]. The cell was prepared similarly to samples
for electron microscopy but stained with gadolinium.

For the first time, here we detect free radicals in-situ during a chemical
reaction. We were able to measure a low concentration of *OH radicals (2
micro molar) as naturally present in living cells. We generate them from
an H2O2 precursor either by UV radiation or by using iron ions with the
Haber-Weiss reaction, which can be used to generate radicals. The hydroxyl
radical, like other free radicals, can easily react with important components
of the cell, affecting its function and contributing to the development of
diseases[26]. For example, oxidative alterations of DNA are linked with
the causes and development of cancer[27]. In Alzheimer’s disease, reactive
oxygen species (ROS), and the hydroxyl radical is one of them, play a role
in the origin and propagation of this neuropathology[28]. Hydroxyl radicals
also play a major role in fighting bacterial or viral infections by the immune
system, in apoptosis (programmed cell death) as well as the natural ageing
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DETECTING FREE RADICALS

process.

There are a couple of indicators for the hydroxyl radical[29], which
can be used directly in cells or in solutions, but diamond magnetometry
offers additional advantages. The fluorescent labels (some of which are
used here for direct comparison) suffer from bleaching and thus continuous
measurements are not possible. Additionally, the label is consumed in
the reaction and thus it is only possible to detect an increase in radical
formation. Diamond magnetometry allows for better spatial and temporal
resolution as well as the ability to repeat the measurement over time with
neither destructing the probe nor killing the cell. In addition, we have
shown that it also offers improved sensitivity when quantifying free radical
concentrations.

Additionally, we perform calibration measurements with known concen-
trations of gadolinium to directly compare different sensing conditions. For
the first time we take the presence of salts and proteins into account. We
investigate different effects by comparing the T1 responses to gadolinium
under various conditions. Moreover, we have also considered the effect of
the size of the nanodiamonds in the T1 relaxation constant.

4.2 Results and discussion

In this article, we measure and compare the spin-lattice relaxation times
(T1) under biologically relevant conditions. To perform a T1 there is a
specific pulse sequence required which is shown in Figure 4.1a. To do the
measurement we first prepare the defects in the ground state. This is done
by a laser pulse. Then we measure again after specific times to see whether
the NV centers are still in this state or not. Since the states differ in
brightness (the ground state is brighter) we can observe the process by
recording the change in fluorescence. When there are flipping spins (in
this case from gadolinium or free radicals) in the surrounding, the NV
centers will lose this state faster. Thus the time that is required to lose the
prepared state gives a quantitative measure for the concentration for the
concentration of these species. Two typical curves taken in presence and
absence of gadolinium are shown in Figure 4.1b.

Unlike many other groups in the field, we use NV center ensembles
hosted in nanodiamonds. Compared to single NV center measurements this
has the advantage, that each particle is brighter (and thus easier to find
even if there is background fluorescence). Additionally, each measurement
already combines multiple NV centers. As a result, the variability between
particles is smaller.

56



RESULTS AND DISCUSSION

Figure 4.1: T1 measurements: (a)
shows the pulsing sequence to gener-
ate a T1 curve. The green rectangles
indicate when the laser is on while blue
rectangles indicate when we read out.
The green bars are separated by a dark
time τ . This dark time is systemati-
cally increased. Plotting the different
dark times against the fluorescence in-
tensity that we record during the blue
windows results in curves shown in (b).
In the presence of flipping spins, this
decay is faster. This is for example
the case when adding gadolinium. The
blue curve results from adding 0.5 mM
Gd3+

It has to be noted, that the form of the curve we obtain for ensembles
of NV centers is slightly different from single NVs. While for a single NV
the T1 relaxation can be described by a two exponential model[30], here we
observe multiple of these decays with different relaxation times at the same
time. The difference in relaxation times within a particle likely results from
different distances to the particle surface as well as their respective nano-
scale environment. The result is a decay curve with a shoulder (see figure
4.1b (water)). We also do not observe the effect of the relaxation through
the metastable state, which is related to an initial build-up of the relax-
ation curve. Instead, we obtained monotonically decreasing functions. We
explain this difference by two reasons. First, in our experiments, the short-
est dark-times are not small enough to sample the effect of the metastable
state. Second, because the signal is emitted from hundreds of NV centers,
following different dynamics, the initial small build-up of the relaxation
curve is covered by the dispersion of the photoluminescent signals emitted
by the NV centers in the excited ensemble.

Due to the fact that we have an ensemble rather than a single center we
use a different model to fit the data and calculate the relaxation constant.
For analysis, we approximate that the relaxation of the ensemble consists of
two components[31], one from NV centers that are very close to the surface
and another one from NV centers that are deeper in the crystal and thus
less influenced by the surface. The model used to fit the data is:

PL(τ) = Iinf + Cae
−τ/Ta + Cbe

−τ/Tb

T1 = max(Ta, Tb)
(4.1)
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DETECTING FREE RADICALS

From equation 4.1, we obtain the constants Ta and Tb. Longer T1 times
are more sensitive to changes in magnetic noise. Generally, the longer the
T1 before adding the analytes, the more it can still be reduced which leads
to higher sensitivity. Thus we used the slower one of these relaxation con-
stants for analysis and quantification throughout this article. We performed
measurements of known concentrations of gadolinium under different con-
ditions. The aim of these measurements is to optimise the measurement
conditions and understand what influence different factors have on the sens-
ing capabilities.

4.2.1 Dependence of the size of the nanodiamonds on the
relaxation constant T1

The size of the nanodiamonds used in the experiment is an important pa-
rameter to set in diamond magnetometry experiments. At first, particles of
different sizes host a different amount of defects. Larger particles contain
more NV centers and thus are brighter and easier to detect. On the other
hand, when using the NV centers for sensing, having more NVs in the par-
ticles could deteriorate the signal if some of them are not exposed to the
external magnetic noise. If the NV centers are too close to one another they
will also start to sense each other rather than the external environment.
This process decreases sensitivity. In this case, defects in the core of the
particle (too far away to sense the external spins) would only add noise to
the signal.

Figure 4.2: Spin-Lattice (T1) relax-
ation constant of three sizes of nanodi-
amonds. Under the same conditions, the
T1 constant changes depending on the
size of the nanodiamond. The sensitivity
to Gd3+ (100 nM) also depends on the
size of the nanoparticles. The error bars
show the standard error of the mean.

To investigate which size is
suited best, nanodiamonds of differ-
ent sizes were diluted in water and
exposed to a fixed concentration of
gadolinium (100 nM). The results
of these measurements are shown in
Figure 4.2. This experiment reveals
two main conclusions. The value of
the relaxation constant depends on
the size of the nanodiamond host-
ing the defects. The smaller the
particle the longer is the relaxation
time. This is unexpected from par-
ticles with a single defect where the
size dependency is reversed. Also
in bulk diamonds coherence times
decrease with the distance to the
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surface[25]. In our case, we can explain this behaviour considering that
larger particles contain not just more NVs but also a higher density. The
interaction between many NV centers promotes the relaxation of the en-
semble, decreasing the value of the T1 constant.

A second observation over this result is made considering the change of
the T1 constant after adding gadolinium to the sample. The average change
in the T1 constant for the different particle size is 209.38 µs (57.3%) for the
40 nm, 64.832 µs (45.50%) for the 70 nm and 19.478 µs (46.00%) for the
120 nm. This means that the 40 nm particles are more sensitive than the
bigger ones. However, as the error bars (standard error) show, the 40 nm
particle show highest dispersion of values compared with the particles of 70
and 120 nm. Thus, the accuracy is decreased. The reason is that smaller
particle contain fewer defects. Thus, a lower number of defects leads to a
greater spread. On the contrary, on big particles, having a high amount
of NVs, the differences are compensated in the average photoluminescent
signal. Taking this result into account, we suggest using bigger particles in
applications where absolute accuracy is crucial and smaller particles when
sensitivity is a key and when a high dynamic range is expected.

To reduce the variability of values of T1 while retaining higher coherence
times and thus sensitivity, the following experiments were performed using
the 70 nm nanodiamonds.

4.2.2 Performance of the NVs in biologically relevant con-
ditions

When sensing spins in a biological environment, the molecules of interest
coexist with other chemicals. Salts and proteins available in the medium
might cover the surface of the particle hosting the NVs[32].To quantify
chemicals accurately in such an environment, it is important to know how
these factors influence the signal from the NV centers.

The cell culture medium is composed of salts, proteins, glucose and
water. We have tested the effect of adding these components to a solution
of Gd3+ (a common spin label). Then we compared with the performance of
the NV centers in water. Figure 4.3 summarises the investigated conditions.

GdCl3 in water

Gadolinium is one of the most common contrast agents in conventional
magnetic resonance measurements. Thus, measuring gadolinium ions pro-
vides a convenient way to compare conditions and determine the influence
of different factors. Measurements in water were conducted as a reference.
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The concentration of GdCl3 was increased in steps of one order of magni-
tude from 1 nM to 100 mM. As expected, there was an inverse relationship
between the relaxation constant T1 and the concentration of GdCl3 (red
dots in Figure 4.4). The signal saturates around 10 µM. The lowest con-
centration we were able to detect was 1 nM.

The presence of salts

Phosphate-buffered saline (PBS) is the most common buffer for biological
experiments. The most abundant salts present in the medium are sodium
chloride (NaCl) and disodium phosphate (Na2HPO4). PBS is used to main-
tain the pH of the growth medium constant at 7.4 and it is required for cells
to prevent osmotic stress. To investigate how these salts influence the sen-
sitivity of quantum sensing we used 70 nm nanodiamonds with ensembles
of NV-centers. We measured different concentrations of gadolinium trichlo-
ride (GdCl3) diluted in PBS. Figure 4.4 (green dots) shows the result of the
measurements. The measured T1 constants are close to the control sample
(water), indicating that PBS doesn’t influence the sensing performance.

Figure 4.3: Overview of the samples in this article. The experiments in the first
line aim to measure (a) GdCl3 in water, (b) GdCl3 in PBS and (c) GdCl3 in cell
culture medium. The goal of these experiments is to determine the influence of
salts and cell medium proteins on the sensing ability of NV center ensembles in
nanodiamonds. The lower half of the figure represents measurements of naturally
occurring species which give a magnetic resonance signal. In (d) Fe(OCl4)2 is
measured in water and in (e) H2O2 is added to Fe(OCl4)2, which leads to the
generation of *OH radicals. In each experiment, the compound which causes is
measured is circled in green dotted lines.
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Nanodiamonds covered with a protein corona

In a biological medium, nanoparticles never just stand by themselves. In-
stead, a corona of proteins and salts surrounds them. We have also ob-
served this for diamond particles in our group[32]. There are some ongoing
efforts to avoid corona formation on nanodiamonds[33], however they re-
quire elaborate chemistry and the coating that is required might influence
sensing performance as well. Here we investigate how the presence of the
corona influences sensing performance. The blue points in Figure 4.4 show
how the T1 values change as the concentration of Gd3+ increases. In the
presence of proteins, the change in T1 is shifted towards higher concentra-
tions. This is likely due to a shielding effect, in which the proteins attach
to the surface of the nanodiamonds and thus hinder Gd3+ to approach the
surface. Thus the decrease in T1 is considerably slower. Additionally, we
observe a larger spread of data in presence of the corona. Although the dis-
persion of the measurements we clearly see the reduction of the relaxation
constant as the concentration of gadolinium increases. The larger spread
in T1 values in the samples with protein corona is likely due to differences
in the corona that is formed around each particle. Thickness and exact
composition (the medium contains a mixture of thousands of proteins) of
the protein corona can vary significantly.

Figure 4.4: T1 value at sev-
eral concentrations of Gd3+.
The gadolinium salt was di-
luted in three different media,
Water, PBS and cell growth
medium (DMEM complete).
The error bars represent the
standard error of the mean
from 4 particles.
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DETECTING FREE RADICALS

4.2.3 Measuring free radicals in situ

Photolysis of H2O2

In two different experiments, we show the detection of the hydroxyl radi-
cal produced in situ. In the first experiment, we have produced *OH by
photolysis of hydrogen peroxide (H2O2) as indicated in equation 4.2.

H2O2 + hν → 2 *OH (4.2)

To this end, the T1 constant was first measured in H2O2 (30%) in the
dark and then with a UV light on (λ = 275 nm). Finally, we also performed
another measurement in the dark (after the radicals had reacted) to test
the reversibility of the measurement.

To estimate the concentration of *OH during the reaction we performed
a quantification with disodium terepthalic acid[34]. Na2TH reacts with
the hydroxyl radical, resulting in the formation of the fluorescent molecule
HTA (2-hydroxy terepthalic acid) in a 1:1 proportion. Based on the HTA
calibration curve (see supplementary information Figures 4.8,4.9,4.10) we
estimate a concentration of *OH radicals is 0.9 µM.

As Figure 4.5 shows, after initiating the photolysis reaction, the relax-
ation of the NV centers find the thermal equilibrium about 30% faster. The
speedup in the relaxation (and the reduction of T1) in this case, only can
be explained by the generation of the hydroxyl radicals. Moreover, after
stopping the photolysis, we observe a recovery of the initial value indicat-
ing a reduction in the concentration of radicals in the NV center’s near
environment. As a control we performed the same experiment in absence
of H2O2. This is an important control to rule out any effects the UV ir-
radiation might have on the NV centers themselves (as for instance charge
conversion which might occur during irradiation.). In absence of H2O2

we observed the relaxation time to be unperturbed by the UV light (see
supplementary Figure 4.7).

Figure 4.5: Detection of *OH
produced by photolysis of hydro-
gen peroxide. The change in the
T1 relaxation time after turning on
the UV light is explained by the
emergence of 0.9 µM of hydroxyl
radicals. Error bars show the stan-
dard error of the mean obtained
from 7 different experiments with
different diamonds.
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The ability to sense both an increase and decrease in the radical con-
centration in real-time is specific for the NV center. To the best of our
knowledge this cannot be achieved with any other fluorescent probe to
date.

Haber-Weiss reaction

The second experiment performed to detect *OH, mimics the Haber-Weiss
reaction. This is one of the pathways that cells use to produce *OH. One key
step in this process is the well-known Fenton reaction[35], which describes
the oxidation of Iron II to Iron III by the action of hydrogen peroxide
(equation 4.3) producing one hydroxyl radical and one hydroxide ion.

Fe2+ +H2O2 → Fe3+ + *OH +OH− (4.3)

Cellular iron is present mostly linked to other molecules, such as pro-
teins or chelated in the labile iron pool (LIP). Free iron (Fe(II) and Fe(III))
available in the cell can catalyse a Haber-Weiss reaction, generating oxygen,
hydroxide, and the highly reactive hydroxyl radicals[36].

We have reproduced this reaction and measured the radicals created.
To benchmark the performance of diamond magnetometry we have run
two experiments in parallel. One using NV centers and another using the
reactive oxygen species probe hydroxyphenyl fluorescein (HPF). While T1

measurements are sensitive to spin noise (giving the overall concentration of
radicals or paramagnetic chemicals), HPF is sensitive to *OH. The results
can be seen in Figure 4.6. In both cases, we have used ultrapure water as
the negative control, we do not expect to find a measurable trace of *OH in
this sample. The second sample consisted of only the salt which provides
the iron II (Iron II Perchlorate) in ultrapure water. Finally, we start the
Fenton reaction by incorporating hydrogen peroxide to the sample.

In the HPF measurement the fluorescence intensity of HPF is propor-
tional to the amount of *OH in the sample. In Figure 4.6a, it is clearly
visible that the production of the *OH starts only after the addition of H2O2

to the sample. Also here we determined the concentration of *OH using
Na2TH. The amount of *OH radicals during the reaction is approximately
1.96 µM.

When using diamond magnetometry the T1 relaxation time already re-
sponds to iron (II) perchlorate. Then, the relaxation constant T1 is reduced
even more after starting the generation of *OH. The first drop is associ-
ated with the presence of a paramagnetic form of iron in the sample. The
second drop in the T1 value is explained by the generation of the radical
in the sample and it proves that the sensitivity of diamond magnetometry
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is sufficient to detect the radical, even when it coexists with other sources
of magnetism. This measurement also demonstrates a useful feature of di-
amond magnetometry: the ability to perform a measurement before and
after a change. Having the ability to measure at the exact same spot on
the exact same particle, before and during the reaction gives a powerful
control measurement. It is also important to point out that using the HPF
probe took 14 hours of incubation before having a measurable fluorescent
signal from the sample. The experiment using NV centers required only 20
minutes of acquisition.

In this article, we have investigated several aspects of diamond mag-
netometry. We have shown that the NV center’s sensitivity to fluctuating
spins depends on the size of the particle which hosts it. The study of the
performance of the NVs under different conditions suggests that a pro-
tein corona interferes with the measurement while salts do not alter the
outcome significantly. Despite this perturbation, it is remarkable that di-
amond magnetometry detects a concentration of gadolinium as small as 1
nM. The detection of hydroxyl radicals, in situ, by means of NV centers,
demonstrates the potential of the technique as a sensor. While conventional
probes suffer from bleaching (and thus can often only be measured in one
shot) NV centers are almost infinitely stable and thus allow real time detec-
tion over long times. We also showed that we can follow radical generation
during a chemical reaction and that the detection is fully reversible.

Figure 4.6: Detection of *OH and iron: (a) shows the results of a conventional kit
to detect *OH (HPF). An increase in the *OH concentration leads to an increase in
fluorescence (b) shows the same measurements using NV centers in nanodiamonds
and T1 relaxation time. The errors bars show the standard error generated from
3 independent measurements on different particles.
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EXPERIMENTAL DETAILS

4.3 Experimental Details

4.3.1 Nanodiamonds

The nanodiamonds used in the experiments were ground HPHT diamonds
of different sizes, which are commercially available from Adámas Nanotech-
nologies. As a last step of the manufacturing process, these are cleaned with
an oxidizing acid and thus have an oxygen-terminated surface. They are
also irradiated by the manufacturer and contain NV centers in a propor-
tion of 2 ppm for 40 nm diamonds, 2.5 ppm for 70 nm diamonds and 3
ppm for 120 nm diamonds. To produce a homogeneous distribution of nan-
odiamonds on the bottom of a glass-bottom cell-culture dish, 100 µl of a
suspension of fluorescent nanodiamonds (0.1 µg/ml) was poured into the
dish and then the medium was removed. 200 microliters of new media (wa-
ter, PBS, cell medium, gadolinium chloride solution or iron(II) perchlorate
solutions) were added.

4.3.2 T1 measurements

Using a home-made diamond magnetometer (a confocal microscope with
the ability for sensitive detection with an avalanche photodiode and puls-
ing), nanodiamonds were identified. For our measurements we excluded
obvious aggregates. We also chose particles with counts between 106 and
107 counts per seconds, and relaxation times between 90 and 300 µs. Ex-
treme values were excluded since they were either from dirt particles on the
surface, aggregates or background or exceptionally large or small particles.
T1 relaxation measurements were conducted. The same set of parameters
was used in each T1 relaxometry experiment. The NV centers were polar-
ized by a train of laser pulses with variable dark times (from 0.2 µs to 10
ms). The laser (532 nm, CNI, Changchun, China) was attenuated to 100
µW at the location of the sample. To ensure the polarization of the NV
centers, the pulse length was set to 5 µs. The photoluminescent signal (PL)
was quantified in a detection window of 0.6 µs. The T1 relaxation curve
was fitted with a bi-exponential function, the reported T1 constant is the
higher time constant yield by the fitting (equation 4.1).

4.3.3 GdCl3 sensitivity in different conditions

To prepare a stock solution gadolinium (III) chloride (Aldrich 439770-5G)
was dissolved in MQ water, PBS or cell medium to a concentration of
1 M. Starting with the control sample (100 µL of solvent). Before the
measurement the GdCl3 solution was added gradually to give the desired

65



DETECTING FREE RADICALS

concentrations (0.001 µM, 0.01 µM, 0.1 µM, 1 µM, 10 µM, 100 µM, 1 mM 10
mM and 100 mM,). T1 measurements were recorded at each concentration
according to the procedure described above.

4.3.4 Hydrogen Peroxide and UV light

The hydrogen peroxide 30% was purchased from Sigma-Aldrich. *OH rad-
icals are generated by photolysis of hydrogen peroxide stimulated by UV
light (275 nm, 23.7 mW cm-2). The relaxation constant T1 was recorded
with and without exposure to UV light. The particles were exposed to the
UV radiation during the complete acquisition time, which was about 17
minutes.

4.3.5 Measuring the hydroxyl radical by HPF

To validate our results we repeated the same experiments that we did with
T1 measurements with HPF. The hydroxyl radical and hydroxyphenyl flu-
orescein (HPF) were purchased from ThermoFisher (H36004). The exper-
iments were conducted by following the procedure proposed by the manu-
facturer. The samples were prepared in a 96 well-plate in sextuplet. The
concentration of HPF in each well was 10 µM. Iron (II) perchlorate was
added to a concentration of 100 µM, and hydrogen peroxide at 1 mM. The
samples were excited with light at 485 nm and the signal was quantified at
520 nm using a FLUOstar OPTIMA plate reader (BMG LABTECH). The
samples were measured at intervals of one hour for 14 hours.

4.3.6 Measuring the concentration of hydroxyl radical by
HTA

This assay was used to validate our T1 data and to determine which con-
centration of *OH was present. 2-hydroxy terepthalic acid (HTA, sigma-
aldrich used without further purification) acts as a standard chemical trap
for hydroxyl radicals and is a standard hydroxyl dosimeter. To determine
the concentrations of *OH in our reaction and to validate our T1 results,
we used iron (II) perchlorate (10 µM), H2O2 (1000 µM) and Na2TH (200
µM). A calibration curve has been established with different concentrations
of HTA (vs) Intensity using fluorimeter (Edinburgh instruments (module
sc-20), λExcition = 330 nm and λEmission = 420 nm). From the calibration
curve the concentration of hydroxyl radicals is determined[34].

66



CONCLUDING REMARKS

4.3.7 Measuring the Fenton reaction by diamond magne-
tometry

70 nm nanodiamonds were fixated in a glass bottom culture dish according
to the procedure described above (section “Nanodiamonds”). After finding
a particle containing the ensemble of NVs, 180 µl of ultrapure water was
added to the plate and the first set of measurements was performed (in
water only). Iron (II) perchlorate was added until a concentration of 10 µM
was reached. Another set of T1 relaxometry measurements was conducted
over the same ensemble of NV center used in the previous case. To finish,
H2O2 was incorporated into the previous solution and a new set of measures
were taken.

4.4 Concluding remarks

While so far chemicals have only been detected by diamond magnetometry
in water we take into account the presence of salts, glucose and proteins
in the medium. We find, that the formation of a protein corona in nan-
odiamonds influence sensing performance while no differences are observed
in presence of salts. These experiments are essential for understanding
and quantifying measurements in biological environments. Here we also
demonstrate diamond magnetometry measurements of free radicals which
are generated in situ in a chemical reaction for the first time. Compared
to measurements with the conventional probe HPF, our T1 measurements
provide real-time data rather than accumulating over the entire incubation
period. While HPF required 14 hours to reveal the concentration of *OH,
we obtain a signal from an equivalent sample within a few minutes. More-
over, our experiments have proven that, unlike chemical probes, the NV
center can detect decreases and increases in the concentration of hydroxyl
radical. In addition, we found that surprisingly smaller nanodiamonds show
higher coherence times for particles containing dense ensembles.
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4.5 Supporting Information

4.5.1 Measuring free radicals in-situ

Photolysis of H2O2

Figure 4.7: Spin-lattice re-
laxation time of a 70 nm par-
ticle immersed in water. The
T1 constant for the particle in
absence of UV light was 976.5
µs, while the value of T1 after
turning the UV light on was
1055 µs. The relaxation con-
stant increases 8% after turn-
ing the UV lamp on. This
shifting is considered negligi-
ble and part of the experimen-
tal error.

4.5.2 Measuring the concentration of hydroxyl radical by
HTA

Figure 4.8: The formation of HTA by Fenton reaction of Fe(ClO4)2 (10 µM)
with H2O2 (1000 µM) and Na2TH (200 µM) over 20 min.
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Figure 4.9: The spectra measured after the formation of HTA by photolysis of
H2O2 (9.7 M) with Na2TH (200 µM) using UV lamp (λ=275 nm) for 20 min.

Figure 4.10: Calibration of HTA with intensities plotted against concentrations.
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4.5.3 Size distribution of the nanodiamonds

Figure 4.11: The size dis-
tribution of the nanodiamonds
used in the experiments. In
section 4.3, the reported size of
the nanodiamonds is the nom-
inal value given by the man-
ufacturer (Adámas Nanotech-
nologies). This figure shows
the distribution of sizes, of
a sample of 70 nm nanodia-
monds, measured by dynamic
light scattering (DLS). The
mode of the particle’s size is
68.06 nm and the standard de-
viation is 21.89 nm.
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