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ABSTRACT: Diamond magnetometry is a quantum sensing method involving detection of UV
magnetic resonances with nanoscale resolution. For instance, T1 relaxation measurements,

inspired by equivalent concepts in magnetic resonance imaging (MRI), provide a signal that

is equivalent to T1 in conventional MRI but in a nanoscale environment. We use H 50, —9 __, *OH
nanodiamonds (between 40 and 120 nm) containing ensembles of specific defects called
nitrogen vacancy (NV) centers. To perform a T1 relaxation measurement, we pump the NV
center in the ground state (using a laser at 532 nm) and observe how long the NV center £ Free radical
can remain in this state. Here, we use this method to provide real-time measurements of free — " Was  —> oncentration
radicals when they are generated in a chemical reaction. Specifically, we focus on the .

photolysis of H,O, as well as the so-called Haber—Weiss reaction. Both of these processes

are important reactions in biological environments. Unlike other fluorescent probes, diamonds are able to determine spin noise from
different species in real time. We also investigate different diamond probes and their ability to sense gadolinium spin labels. Although
this study was performed in a clean environment, we take into account the effects of salts and proteins that are present in a biological
environment. We conduct our experiments with nanodiamonds, which are compatible with intracellular measurements. We perform
measurements between 0 and 10° nM, and we are able to reach detection limits down to the nanomolar range and typically find T1
times of a few 100 us. This is an important step toward label-free nano-MRI signal quantification in biological environments.

Fenton reaction
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C olor defects in diamonds have been studied intensively as sensitivity when determining the concentration of gadolinium-
novel and powerful (quantum) magnetometers.' This containing molecules attached to a diamond surface.”*
field has also attracted attention in other disciplines, including Kaufmann et al. achieved gadolinium determination in lipid
biology” and geoscience,” or for industrial applications.*™® Due bilayers.”” In addition to detecting spin labels in water, Steinert
to its nearly infinite photostability, the nitrogen vacancy (NV) et al. demonstrated the first nano-magnetic resonance imaging
defect in diamond has been presented as an attractive label for (MRI) with this technique from a fixed slice of a cell
cellular structures.”® Additionally, nanodiamonds show ex- embedded in a polymer.zo The cell was prepared similarly to
cellent biocompatibility in all kinds of cell types’ and samples for electron microscopy but stained with gadolinium.
organisms. For the first time, we determined free-radical concentrations

Arguably more remarkable, however, is the NV center’s in situ during a chemical reaction. We were able to measure a

ability to sense magnetic resonances optically. It does so by
changing its brightness based on the magnetic surroundings.
The technique is so sensitive that the faint magnetic resonance
of a single electron'' or even a few nuclear spins'”'” can be
detected experimentally. This effect has already been utilized
for several different applications, including characterizing
magnetic vortices,"* hard drives,">® nanoparticles,17 single
proteins,"® or different chemicals as fluorinated compounds.'”

One particularly interesting sensing scheme is the so-called
relaxation (or T1) measurements, which are sensitive to spin
fluctuations. This pulsing scheme, which only requires optical
pulsing, has already been used successfully to determine the
concentration of spin labels,* copper ions,”! temperature,22 or
conductivity.”® Sushkov et al. demonstrated single-molecule

low concentration of *OH radicals (2 gmol) that are naturally
present in living cells. We generated them from an H,O,
precursor either by UV radiation or by applying iron ions with
the Haber—Weiss reaction.

There are a couple of indicators for hydroxyl radicals,”®
which can be used directly in cells or in solution, but diamond
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Figure 1. Overview of the samples in this article. The experiments in the first line aim to measure (a) GdCl; in water, (b) GdCl; in PBS, and (c)
GdCl; 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 that give a magnetic
resonance signal. In (d), Fe(OCl,), is measured in water, and in (e), H,0, is added to Fe(OCl,),, which leads to the generation of *OH radicals.
In each experiment, the compound that causes the signal is measured is circled in green dotted lines.

magnetometry offers additional advantages. Fluorescent labels
(some of which are used here for direct comparison) react with
reactive species and are converted into fluorescent compounds
in the process. However, they suffer from bleaching, and thus
continuous measurements are not possible. Additionally, the
label is consumed in the reaction, making the sensing process
irreversible. Diamond relaxometry allows for better spatial and
temporal resolution as well as the ability to repeat the
measurement over time without destruction of the probe or
killing the cell.

Additionally, we perform calibration measurements with
known concentrations of gadolinium to directly compare
different sensing conditions. Figure 1 summarizes the
investigated conditions. For the first time, we take the presence
of salts and proteins into account. We investigated different
effects by comparing the T1 responses to gadolinium under
various conditions. Moreover, we considered the effect of the
size of the nanodiamonds on the T1 relaxation constant.

B EXPERIMENTAL SECTION

Nanodiamonds. The nanodiamonds used in the experiments
were ground HPHT diamonds of different sizes, which are
commercially available from Adamas Nanotechnology. As a last step
of the manufacturing process, these materials 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
proportion of 2 ppm (approximately 15 NV centers per particle) for
40 nm diamonds, 2.5 ppm (approximately 300 NV centers per
particle) for 70 nm diamonds, and 3 ppm for 120 nm diamonds
(approximately 1000 NV centers per particle). To produce a
homogeneous distribution of nanodiamonds on the bottom of a
glass-bottom cell culture dish, 100 uL of a suspension of fluorescent
nanodiamonds (0.1 ug mL™") was poured into the dish, and then the
medium was removed. To perform a measurement, new medium
containing the analyte needs to be added. NV centers only detect
analytes within a distance of a few nanometers. This means that in
principle, only a very small sample volume is needed. However, it is
important to either avoid evaporation of the medium during the
measurement or use sufficiently large sample volumes. For the
samples, we added 200 yL of water, phosphate-buffered saline (PBS),
cell medium (Dulbecco’s modified Eagle’s medium (DMEM)
complete), gadolinium chloride solution or iron(II) perchlorate
solution. No special sample preparation was required.

T1 Measurements. We used a homemade confocal microscope to
localize our nanodiamonds. An Olympus UPLanSApo40X NA = 0.95
air objective collects their photoluminescence, which is then selected
through a 550 nm long-pass filter and a confocal pinhole. Light is
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finally detected by an avalanche photodiode (SPCM-AQRF-15-FC)
in single photon counting mode. More information on the equipment
can be found in an article by Morita et al.”” For our measurements, we
excluded obvious aggregates. We also chose particles with counts
between 10° and 107 counts/s and relaxation times between 90 and
300 ps. Extreme 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 NV centers were polarized by a train of laser pulses with variable
dark times (from 0.2 us to 10 ms). The laser (532 nm, CNI,
Changchun, China) was attenuated to 100 yW (2 X 10° W cm™) at
the location of the sample. To ensure the polarization of the NV
centers, the pulse length was set to S ys. The photoluminescent signal
(PL, detected above 550 nm) was quantified in a detection window of
0.6 us. To ensure an adequate signal-to-noise ratio, we repeated the
sequence shown in Figure 2a 10 000 times. Each sequence consisted
of 30 dark times (7). The resulting measurement time was
approximately 8 min. These parameters were used in each T1
relaxometry experiment. The T1 relaxation curve was fitted with a
biexponential function, and the reported T1 constant is the higher
time constant yield by fitting (eq 1).

GdCl; Sensitivity in Different Media/Conditions. To prepare
a stock solution, gadolinium(III) chloride (Aldrich 439770-5G) was
dissolved in MQ_water, phosphate-buffered saline (PBS), or cell
medium to a concentration of 1 M, starting with the control sample
(100 uL of solvent). Before the measurement, the GdCl; solution was
added gradually to give the desired concentrations (0.001 xM, 0.01
4M, 0.1 M, 1 uM, 10 M, 100 M, 1 mM 10 mM, and 100 mM).
T1 measurements were recorded at each concentration according to
the procedure described above. The experiments were repeated with
four different particles.

Hydrogen Peroxide and UV Light. Hydrogen peroxide 30% was
purchased from Sigma-Aldrich. *OH radicals 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 UV
radiation during the complete acquisition time, which was
approximately 17 min. The results were calculated from a dataset
composed of eight nanodiamonds.

A set of similar experiments was conducted with the objective of
building a calibration curve. This curve shows the relationship
between the concentration of *OH and T1. To change the
concentration of *OH in the solution, we diluted 30% H,O, to 20
and 10%, and as in the previous experiment, we exposed the solutions
to UV light while measuring the T1 value. The curve was built from a
dataset of seven different nanodiamonds.

Measuring the Hydroxyl Radical by Hydroxyphenyl
Fluorescein (HPF). To validate our results, we repeated the same
experiments that we performed with T1 measurements with HPF.

https://dx.doi.org/10.1021/acssensors.0c01037
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Figure 2. T1 measurements: (a) pulsing sequence to generate a T1
curve. The green rectangles indicate when the laser is on, while the
blue rectangles indicate when we read out. The green bars are
separated by a dark time 7. This dark time is systematically increased.
Plotting the different dark times against the fluorescence intensity that
we recorded 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 Gd*".

Hydroxyl radicals and hydroxyphenyl fluorescein (HPF) were
purchased from Thermo Fisher (H36004). The experiments were
conducted by following the procedure proposed by the manufacturer.
The samples were prepared in a 96-well plate in sextuplets. The
concentration of HPF in each well was 10 uM. Iron(Il) perchlorate
was added to a concentration of 100 M, and hydrogen peroxide was
added 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
1 h for 14 h.

Measuring the Concentration of Hydroxyl Radicals by 2-
Hydroxy Terephthalic Acid (HTA). This assay was used to validate
our T1 data and to determine which concentration of *OH was
present. 2-Hydroxy terephthalic acid (Na,Th, 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 uM), H,0, (1000 zM), and
Na,TH (200 yM). A calibration plot was established with different
concentrations of HTA (vs) intensity using a fluorimeter (Edinburgh
Instruments (module sc-20), Agcation = 330 nm and Agpiion = 420
nm). From the calibration plot, the concentration of hydroxyl radicals
was determined.*®

Measuring the Fenton Reaction by Relaxometry. Nano-
diamonds (70 nm) were fixed in a glass-bottom culture dish according
to the procedure described above (Nanodiamonds section). After
finding a particle containing the ensemble of NVs, 180 uL 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 #M was reached. Another set of T1 relaxometry
measurements was conducted over the same ensemble of NV centers
used in the previous case. H,O, was incorporated into the previous
solution, and a new set of measurements was taken. The same
procedure was repeated with three particles.
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B RESULTS AND DISCUSSION

In this article, we measure and compare the spin-lattice
relaxation times (T1) under biologically relevant conditions.
To elicit T1, a specific pulse sequence is required, which is
shown in Figure 2a. To perform the measurement, we first
prepared the defects in their spin ground state. This was done
by a laser pulse. Then, we measured again after specific times
to see whether the NV centers were still in this “bright spin
state” or in thermal equilibrium with the two other “darker”
spin states. Since the states differ in brightness, 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 surroundings, the NV centers will lose this state
faster. Thus, the time that is required to lose the prepared state
gives a measure of the concentration of these species. Two
typical curves taken in the presence and absence of gadolinium
are shown in Figure 2b.

In principle, one can use single defects or ensembles of
defects to perform diamond magnetometry measurements.'”>
Here, we chose to 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
(see the Supporting Information).

It should be noted that the form of the curve we obtain for
ensembles of NV centers is slightly different from single NVs.
For a single NV, T1 relaxation can be described by two
exponential models;*° 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 nanoscale environment. The result is a decay curve
with a shoulder (see Figure 2b (water)). In our experiment,
our shortest dark times were not short enough to detect the
effect of relaxation through the metastable state, which is
related to an initial build-up of the relaxation curve. Instead, we
obtained monotonically decreasing functions.

We therefore use a different model to fit our data and extract
the relaxation constant. For analysis, we approximate that the
ensemble relaxation consists of two components.”’ One
originates from NV centers that are very close to the surface,
and another originates 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(z) = I, + C,e /™ + C, /™

T1 = max(Ta, Tb) (1)
From eq 1, we obtain the constants Ta and Tb, and we defined
the value of T1 as the highest constant. 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 (see Supporting Information). Thus, we used the
slower relaxation constants for analysis and quantification
throughout this article. The different contrasts in the curves of
Figure 2b are a consequence of two factors. First, the degree of
depolarization, after the same dark time, is expected to be
higher when the NV center is exposed to magnetic noise.
Second, the contrast is also dependent on the pumping
efficacy. Then, technical inaccuracies (such as slow fluctuations

https://dx.doi.org/10.1021/acssensors.0c01037
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in the laser power) might affect the measurement. For these
reasons, we chose to calculate the relaxation time constant
obtained from sampling a set of dark times instead of
comparing the fluorescence intensity directly.

As reported by Manson et al.,* the laser may induce charge
transfer to the NV centers. Similarly, spin diffusion would
induce a decrease in the measured photoluminescence. First,
this would generate a signal not affected by spin relaxation and
thus decrease the contrast of our T1 curves (C, or C,). In
addition, similar to the NV center spin states, the charge states
have different luminescence values. As a consequence, any
mechanism linking free-radical generation, as induced in this
work, to the NV center charge state would affect our relaxation
curve similarly. However, unlike the free-radical-induced spin
relaxation that is well described in the literature, such a linkage
to charge state relaxation has yet to be established.

In this work, the calibration we perform in Figures S9 and 5
allows us to link known concentrations with a specific change
in T1 time regardless of its exact origin.

Performance of the NVs in Biologically Relevant
Conditions. When sensing spins in a biological environment,
they coexist with salts and proteins in the medium. These
might cover the surface of the particle hosting the NVs.”* To
quantify chemicals in such an environment, it is important to
know how these factors influence the signal from the NV
centers.

We therefore performed measurements of known concen-
trations of gadolinium under different conditions. The aim of
these measurements is to optimize the measurement
conditions and understand the influence of different factors
on sensing capabilities.

We tested the effects of adding salts and proteins
(components of the medium) to a solution of Gd** (a
common spin label). Then, we compared the performance of
the NV centers in water.

Gd(Cl; in Water. Gadolinium is one of the most common
contrast agents in conventional magnetic resonance measure-
ments. Thus, measuring gadolinium ions provides a convenient
way to compare conditions and determine the influence of
different factors. Measurements in water were conducted as a
reference. The concentration of GdCl; was increased in steps
of 1 order of magnitude from 1 nM to 100 mM. As expected,
there was an inverse relationship between the relaxation
constant T1 and the concentration of GdCl; (red dots in
Figure 3). The signal saturated at approximately 10 M. The
lowest concentration we were able to determine was 1 nM.

Presence of Salts. PBS is the most common buffer for
biological experiments. The most abundant salts present in the
medium are sodium chloride (NaCl) and disodium phosphate
(Na,HPO,). PBS is used to maintain 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
sensitivity of quantum sensing, we used 70 nm nanodiamonds
with ensembles of NV centers. We measured different
concentrations of gadolinium trichloride (GdCl;) diluted in
PBS. Figure 3 (green dots) shows the results of the
measurements. The measured T1 constants are close to the
control sample (water), indicating that PBS does not influence
the sensing performance.

Nanodiamonds Covered with a Protein Corona. In a
biological medium, nanoparticles never just stand by
themselves. Instead, a corona of proteins and salts surrounds
them.”> There are some ongoing efforts to avoid corona
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Figure 3. T1 value at several concentrations of Gd**. The gadolinium
salt was diluted in three different media: water, PBS, and cell growth
medium (DMEM complete). The error bars represent the standard
error of the mean from six particles.

formation on nanodiamonds;** however, they require elabo-
rate 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 3 show how the T1 values change as the
concentration of Gd** increases. In the presence of proteins,
the change in T1 is shifted toward higher concentrations. This
is likely due to a shielding effect, in which the proteins attach
to the surface of the nanodiamonds and thus hinder Gd*" from
approaching the surface. Thus, the decrease in T1 is
considerably slower. Additionally, we observe a larger spread
of data in the presence of the corona. Despite the dispersion of
the measurements, we clearly see a reduction in 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. The thickness and exact composition (the
medium contains a mixture of thousands of proteins) of the
protein corona can vary significantly.

Measuring Free Radicals In Situ. Photolysis of H,0,. In
two different experiments, we show the determination of
hydroxyl radical concentrations produced in situ. In the first
experiment, we produced *OH by photolysis of hydrogen
peroxide (H,0,), as indicated in eq 2.

H,0, + hv —» 2 *OH (2)

To this end, the T1 constant was first measured in H,O,
(30%) in the dark and then with UV light on (4 = 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 quantification with disodium terephthalic acid.*®
Na,TA reacts with the hydroxyl radical, resulting in the
formation of the fluorescent molecule HTA in a 1:1
proportion. Based on the HTA calibration plot (see
Supporting Information, Figures S7—S9), we estimated a
concentration of *OH radicals of 0.9 uM.

As Figure 4 shows, after initiating the photolysis reaction,
the relaxation of the NV centers resulted in thermal
equilibrium that was approximately 30% faster. The speedup
in the relaxation (and the reduction of T1) in this case can be
explained by the generation of hydroxyl radicals. Moreover,
after stopping the photolysis, we observed a recovery of the
initial value, indicating a reduction in the concentration of

https://dx.doi.org/10.1021/acssensors.0c01037
ACS Sens. 2020, 5, 3862—3869


http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c01037/suppl_file/se0c01037_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c01037/suppl_file/se0c01037_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c01037?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c01037?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c01037?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c01037?fig=fig3&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://dx.doi.org/10.1021/acssensors.0c01037?ref=pdf

ACS Sensors

pubs.acs.org/acssensors

250

200

Off

On
UV light

Off after

Figure 4. Determination of *OH produced by photolysis of hydrogen
peroxide. The change in the T1 relaxation time after turning on UV
light is explained by the emergence of 0.9 uM hydroxyl radicals. The
error bars show the standard error of the mean obtained from seven
different experiments with different diamonds.

radicals in the NV center near the environment. As a control,
we performed the same experiment in the absence of H,O,.
This is an important control to rule out any effects the UV
irradiation might have on the NV centers themselves (for
example, charge conversion, which might occur during
irradiation). In the absence of H,0, we observed the
relaxation time to be unperturbed by UV light (see Figure SS).

The ability to sense the radical concentration 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.

T1 Calibration Curve. To understand how T1 changes with
varying radical concentrations, we recorded a calibration plot.
This allowed us to estimate an unknown concentration from a
T1 value. According to eq 2, the amount of hydroxyl radicals
produced by the exposure of H,0, to UV light at a fixed UV
light intensity depends on the concentration of H,0, in the
sample. When using NV centers for sensing radicals, this
relation should be reflected in the change in T1 when the
concentration of *OH changes. Figure 5 shows the result of
measuring T1 at several concentrations of H,0, at a fixed UV
light intensity. The concentration of *OH was estimated from
the results of the HTA experiment. As expected, the T1 value
decreases as the concentration of *OH increases, but the
relation is not linear, as might be expected from eq 2. The
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Figure S. T1 Calibration curve. The T1 value of an ensemble of NV
centers decreases exponentially (blue line) as the concentration of
*QOH increases. The black circles show the mean value of T1, and the
error bars show the standard deviation. The green shade around the
curve represents the 95% confidence interval, calculated for each
concentration (+62 us for water, +17 us for 0.3 uM, +21 us for 0.6
uM, and +18 us for 0.9 uM).
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measurements saturate at high concentrations of H,0, (over
20%).

Although this limitation exists, the concentrations of free
radicals we expect to find in biological samples are several
orders of magnitude lower, and saturation would not interfere
with the measurements in those cases.

Figure 5 shows the empirical data obtained from the
measurement of the T1 constant at different concentrations of
*OH. To obtain the analytical relationship between T1 and
Cson (concentration of *OH), we assumed an exponential
relationship as follows

T1(Crop) = Tl (1 + A ™ Con/Co) 3)

where T1,, is expressed in ps, C, is expressed in M, and A is
dimensionless.

The parameters of the model in eq 3 are calculated by a
nonlinear fitting procedure. The error intervals were estimated
from the standard deviation of the resulting parameters.

Tl =

116.6 + 1.05 ps
A=15 + 003
C, =

0.12 + 0.009 uM

Haber—Weiss Reaction. The third experiment performed to
determine *OH concentrations mimicked 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,” which describes the oxidation of iron(Il) to
iron(III) by the action of hydrogen peroxide (eq 4), producing
one hydroxyl radical and one hydroxide ion.

Fe’™ + H,0, — Fe’" + *OH + OH"~ (4)

Cellular iron is present mostly linked to other molecules, such
as proteins, or chelated in the labile iron pool (LIP). Free iron
(Fe(II) and Fe(II1)) available in the cell can catalyze a Haber—
Weiss reaction, generatin§ oxygen, hydroxide, and highly
reactive hydroxyl radicals.’

We reproduced this reaction and measured the radicals
created. To benchmark the relaxometry performance, we ran
two experiments in parallel. One uses NV centers, and another
uses 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 6. In both cases, we used ultrapure water
as the negative control, and we did not expect to find a
measurable trace of *OH in this sample. The second sample
consisted of only the salt that provided iron(II) (iron(II)
perchlorate) in ultrapure water. Finally, we started the Fenton
reaction by incorporating hydrogen peroxide into the sample.

In the HPF measurement, the fluorescence intensity of HPF
is proportional to the amount of *OH in the sample. In Figure
6a, it is clearly visible that the production of *OH started only
after the addition of H,O, to the sample. Additionally, here, we
determined the concentration of *OH using Na,TH. The
amount of *OH radicals during the reaction was approximately
1.96 uM.

When using relaxometry, the T1 relaxation time already
responds to iron(II) perchlorate. Then, the relaxation constant
T1 is reduced even more after starting the generation of *OH.
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Figure 6. Determination of *OH and iron concentrations: (a) Results of a conventional kit to detect *OH (HPF). An increase in the *OH
concentration leads to an increase in fluorescence (IFe(ClO,),l = 100 uM, IH,0,l = 1 mM). (b) Same measurements using NV centers in
nanodiamonds and T1 relaxation time (IFe(ClO,),l = 10 uM, IH,O,l = 1 mM). The error bars show the standard error generated from three

independent measurements on different particles.

Table 1. Overview of Standard Fluorescent Probes for Measuring Free Radicals

probe mechanism
HPE*’ react with the species they detect and transform into a
HTA® fluorescent form
DCFDA”
Lucigenin*’ emits chemiluminescence in the presence of ROS
FNDs (this change T1 time in the presence of radicals
work)

what has been present between adding the dye and the
time of measurement

what is present now

measure sensitive for

reactive oxygen species

*OH

reactive oxygen species

reactive oxygen species
mostly *O~

spin noise (mostly from
free radicals)

The first drop is associated 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 radicals in the
sample, which proves that the sensitivity of relaxometry is
sufficient to detect radicals, even when they coexist with other
sources of magnetism. This measurement also demonstrates a
useful feature of relaxometry: 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 required 14 h of incubation before a measurable
fluorescent signal was obtained from the sample. The
experiment using NV centers required only 20 min of
acquisition. The acquisition time is restricted by the intensity
of fluorescence of the ensemble of NV centers and the
configuration of the relaxation experiment. It is possible to
reduce the reported acquisition time and increase the time
resolution of the experiment by reducing the number of
repetitions and the number of dark times.

B CONCLUDING REMARKS

In this article, we have investigated several aspects of
relaxometry. We have shown that the sensitivity of NV centers
to fluctuating spins depends on the size of the particle that
hosts them (see Supporting Information, Figure S2). The
study of NV performance under different conditions suggests
that a protein corona interferes with measurement, while salts
do not alter the outcome significantly. Despite this
perturbation, it is remarkable that relaxometry determines a
concentration of gadolinium as small as 1 nM. The
determination of hydroxyl radical concentration in situ by
means of NV centers demonstrates the potential of the
technique as a sensor. For a comparison with other radical
probes, we added Table 1.
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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 determination
over a long duration. We also showed that we can follow
radical generation during a chemical reaction and that the
determination is fully reversible. Additionally, since the
method is a magnetic resonance method, it might be possible
in the long run to differentiate between different radicals.
Potentially, cross relaxation*' or more complex pulsing
schemes such as double electron—electron resonance
(DEER)* offer this possibility. The most severe drawback of
the presented technology is the large size of the diamond
particles. Given that they are several tens of nanometers in size,
the diamond particles are much larger than conventional
radical probes. Apart from that, at least at this point, the
method requires specialized homebuilt equipment, and the
readout procedure is somewhat complicated. Since it is
necessary to perform a pulsing sequence, the time that a
measurement takes is considerably longer than measurement
times with conventional dyes.

While so far chemicals have only been determined by
diamond magnetometry in water, we take into account the
presence of salts, glucose and proteins as components of the
medium. We found that the formation of a protein corona in
nanodiamonds influences sensing performance, while no
differences are observed in the 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. The concentrations that we are able to measure
are definitely in a range that is interesting for investigating
chemical reactions, as demonstrated here. Additionally, this
measurement scheme is applicable for measurements in a
biological environment. Here, the concentration varies greatly
(values between nanomolar®® and millimolar** concentrations
have been estimated), and local concentrations are often
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unknown. 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 h to reveal the concentration of *OH,
we obtained a signal from an equivalent sample within a few
minutes. Moreover, in the present experiments, we did not
optimize the time resolution of the measurements; rather, we
prioritized collecting complete T1 datasets. One could, for
instance, decrease the number of dark times used in the pulse
sequence. It is possible to deduce the relative change in T1
using a pulse sequence consisting of only one dark time. To do
that, previous knowledge of the sample is necessary to choose
the optimum length of the dark time. For example, the
photolysis of H,O, could be measured during one dark time of
approximately 150 ps. This value maximizes the difference in
intensity between the two cases (UV light on and off).
Moreover, conventional chemical probes react irreversibly with
radicals. NV centers, on the other hand, do not react with
radicals and thus offer reversibility. Finally, we surprisingly
found that smaller nanodiamonds show higher T1 times for
particles containing dense ensembles.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssensors.0c01037.

Measurements of particles of different sizes; full T1
curves; details on data fitting; control measurements for
the UV experiment without H,O,; and measurements
with HTA for comparison (PDF)
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