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Abstract: Copper has several biological functions, but also some toxicity, as it can act as a catalyst
for oxidative damage to tissues. This is especially relevant in the presence of H2O2, a by-product of
oxygen metabolism. In this study, the reactions of copper with H2O2 have been investigated with
spectroscopic techniques. These results were complemented by a new quantum sensing technique
(relaxometry), which allows nanoscale magnetic resonance measurements at room temperature, and
at nanomolar concentrations. For this purpose, we used fluorescent nanodiamonds (FNDs) containing
ensembles of specific defects called nitrogen-vacancy (NV) centers. More specifically, we performed
so-called T1 measurements. We use this method to provide real-time measurements of copper during
a Fenton-like reaction. Unlike with other chemical fluorescent probes, we can determine both the
increase and decrease in copper formed in real time.

Keywords: NV-centers; nanodiamonds; copper; Fenton-like reactions; diamonds

1. Introduction

Copper is one of the vital elements present in cells. It is especially important in
enzymes, which catalyze a variety of biological processes including oxidation, photosyn-
thesis or cell wall metabolism [1]. However, copper in its free hydrated form, i.e., Cu2+,
can be toxic to both plants and animals by altering membrane permeability and affect-
ing chromatin structure, protein synthesis, and various enzyme activities [2]. In humans,
several neurodegenerative diseases including Alzheimer’s and Parkinson’s disease are
characterized by modified copper homeostasis [3]. Changes in copper metabolism in the
brain either directly or indirectly increase oxidative stress, which is an important factor in
neuronal toxicity. Copper-based materials are regarded as efficient catalysts in Fenton-like
reactions at neutral pH and have thus been considered excellent candidates for developing
new cancer treatments [4]. Notably, copper is used in chemodynamic therapy treatment
for cancers by triggering ROS production. For this application, copper(I)-nanoparticles
selectively kill tumor cells [5]. Another important process that involves copper in biology
is the generation of hydroxyl radicals (HO•) and/or other reactive oxygen species (ROS).
These are generated as a result of the reaction of copper with hydrogen peroxide (H2O2)
in cells as a by-product of oxygen metabolism [6]. These reactions are studied by quanti-
fying hydroxyl radicals using coumarin dyes [7] or other hydroxyl-specific dyes such as
disodium terephthalic acid [8]. While these dyes have the advantage to be radical specific,
they are limited by photo-bleaching and do not provide real-time measurements. Standard
electron paramagnetic resonance (EPR) measurements can be used to detect copper(II).
However, aqueous solutions are affected by the absorption of microwaves by water, which
complicates measurements in biological samples [9]. In order to investigate Fenton-like
reactions, in this case a reaction of copper with H2O2, we use T1-relaxometry in this article.
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This approach allows us to optically follow the reaction of copper with H2O2 at nanomolar
concentrations in aqueous conditions, avoiding the effect of microwave absorption which
is a bottleneck in conventional EPR.

So far, diamond magnetometry has been used for nanoscale magnetic resonance mea-
surements and successfully applied to measure the magnetic field from nanoparticles [10],
2D materials, domain walls in magnetic structures [11], gadolinium ions in solution [12],
spin-labeled molecules, proteins with metallic parts [13] or even slices of cells [14]. Recently,
the first measurements in living cells have been demonstrated [15–19]. Here, we use a
specific form of diamond magnetometry called T1 or relaxometry measurements [20]. This
technique is suitable to measure paramagnetic copper(II) as well as spin noise from free
radicals [21]. Recently, we used T1 magnetometry to detect the radicals formed during
a Fenton reaction. More specifically, we investigated the hydrolysis of H2O2 during UV-
irradiation and during the reaction of iron (II)perchlorate with H2O2 [12]. However, since
copper is often used in chemotherapeutic studies and is preferred there over iron, we inves-
tigated the effect of copper and its reaction with H2O2 in this article. The concentrations
we used are comparable with concentrations which appear in cells [22]. This is the first
use of relaxometry for the measurement of copper generated by a copper-H2O2 reaction.
Furthermore, we also complement these measurements with standard spectroscopic tools.

2. Materials and Methods
2.1. Materials

FNDs were purchased from ADAMAS nano, (Raleigh, NC, USA) average size ~70 nm
as stock solution of 1 mg/mL. Each of these particles contains an ensemble of several
hundred NV centers. These particles are produced from HPHT synthesis followed by
milling and irradiation by the manufacturer. In the last step of the particle synthesis the
particles are treated with oxidizing acid and thus are oxygen terminated. They are used
widely for other applications and have been characterized extensively [23–25]. CuSO4 was
purchased from the Alfa Aesar (Lancashire, United Kingdom). H2O2 (30 wt%), disodium
terephthalate (Na2TH) and hydroxy terephthalic acid (HTA) was purchased from Sigma-
Aldrich (St. Louis, MO, United States) and used without further purification. Petri dishes
with glass bottom were purchased from Ibidi (Gräfelfing, Germany). All experiments were
conducted at around ~22 ◦C, atmospheric pressure in aqueous solutions. Caution! The
drying or concentration of solutions that potentially contain H2O2 should be avoided. Prior
to drying or concentrating, the presence of H2O2 should be tested for using peroxide test
strips followed by neutralization on solid NaHSO3 or another suitable reducing agent.
When working with H2O2, suitable protective safeguards should be in place at all times
due to the risk of explosion.

2.2. Relaxometry

The nanodiamond stock solution was diluted to 10 µg/mL using ultrapure water. An
amount of 20 µL of this solution was added to a Petri dish with a glass bottom, which was
pre-treated with air plasma for 15 min. After adding the solution, the Petri dish was kept in
a fume hood for 1 h to evaporate the solvent. Then, 100 µL of ultrapure water was added to
the plate and the first set of T1 measurements was performed. Further, solutions of CuSO4
were added until the respective concentrations (100 nM, 10 µM, 100 µM, 500 µM, 1 mM and
10 mM) were reached and T1 was measured. Another set of T1 relaxometry measurements
was conducted with the same particle after adding H2O2 (30%) in the amount required to
reach the specified concentration (10 nM, 100 nM, 1 mM, 10 mM).

The diamonds for T1 measurements were selected based on intensity counts (between
106 and 107 counts per second) recorded by a home-built magnetometer. After appropriate
particles were identified, the T1 was measured. This was performed by repeating the
pulsing sequence shown previously in our group [12]. Obvious aggregates were excluded.
During analysis, particles with a T1 higher than 600 µs were excluded. These values
were likely caused by dirt or an outlier in the nanodiamonds (extremely large or small
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particles or fitting errors). First, the NV-centers in the nanodiamond were polarized by
the laser (532 nm, Ventum, laser quantum, Novanta Photonics (Wackersdorf, Germany)).
To ensure proper polarization, the nanodiamonds were illuminated for 5 µs and the dark
time between pulses varied between 0.2 µs and 10 ms. The pulsing was applied by sending
the pulsing scheme with a pulseblaster (Pulseblaster ESR pro, SpinCore) to an acousto-
optical modulator (AOM, Gooch & Housego, Gainesville, Florida, United States). While a
single experiment lasts microseconds, each experiment is repeated 10,000 times to improve
the signal-to-noise ratio. The resulting experimental time is approximately 10 min. The
photoluminescent signal was detected with a sensitive avalanche photo diode (APD). A
long-pass filter (550 nm) was placed before the APD to only allow the fluorescence from
NV centers to pass through.

The fluorescence from the NV-centers was quantified in a detection window. This de-
tection window was determined for each particle. The signal for each pulse was integrated
over this window to obtain the T1 curve. This curve was fitted with a bi-exponential model
(Equation (1)) as shown previously [12].

PL(τ) = Iin f + Cae
−τ

/
Ta + Cbe

−τ
/

Tb (1)

Equation (1): Equation for obtaining T1.
This model approximates that an ensemble of NV centers consists of 2 groups: one

with a shorter T1 and one with a longer one. The latter was found to be most concentration
dependent in earlier experiments.

Instead of using the entire 10,000 data points to generate one T1 value, it is also
possible to increase the time resolution by using a moving window method. To this end the
1st–2500th repetitions are combined in one data point, the points 100–2600 form the second
point and so on. This equals to approximately 2.5 min of experimental time. We repeat the
process until the last repetition of a window ends at the 10,000th repetition.

The T1 values obtained during this process are not independent, due to the overlap
between the different windows. Outliers in the moving window results were determined
using the interquartile range (IQR).

2.3. CuSO4 Calibration Curve Using T1

A stock solution of CuSO4 (1M) was prepared by dissolving CuSO4 (2.49 g) in 10 mL
of ultrapure water. For the calibration experiments, 100 µL of solvent (ultrapure water was
taken in a petri dish with FNDs attached to it, and to this 1 M stock solution of CuSO4
solution was added gradually in increments to obtain the desired concentrations (0.1 µM,
10 µM, 100 µM, 500 µM and 1 mM). T1 measurements were recorded at each concentration
according to the procedure described in Section 2.1. pH values for the solutions are shown
in Supplementary Scheme S2.

2.4. UV–Vis Absorption Spectroscopy Measurements

UV/vis absorption spectra were recorded with a Specord600 spectrometer (AnalytikJena,
Jena, Germany) in 10 mm path length quartz cuvettes. The spectroscopy was performed at
room temperature from 180–1000 nm. UV–Vis absorption spectra were recorded at different
time intervals The data analysis was performed by the Spekwin software (Spectragryph
version 1.2.14. Author name: Dr. Friedrich Menges, Germany).

2.5. Measuring the Concentration of Hydroxyl Radicals by HTA

Disodium terephthalate (Na2TH) acts as chemical trap for hydroxyl radicals and is a
standard hydroxyl dosimeter [8].

A calibration curve has been established with different concentrations of HTA against
intensity using a fluorimeter (Edinburgh instruments (module sc-20), λExcition = 330 nm
and λEmission = 420 nm). We performed a typical Fenton-like reaction using CuSO4 (1 mM),
H2O2 (10 mM) and Na2TH (100 mM) in a quartz cuvette (10 mm pathlength). The solution
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(1.5 mL) contained CuSO4 (1 mM) and Na2TH (100 mM). Then, H2O2 (10 mM) was slowly
added, and spectra were recorded at different time intervals. The fluorescence intensity
was plotted for different concentrations of HTA to establish a calibration curve. From the
calibration curve’s slope, we determined the concentration of hydroxyl radicals formed
during the reaction of CuSO4 with H2O2.

2.6. Raman Spectroscopy

Raman spectra at 785 nm (300 mW at source, Cobolt Lasers, Hübner Photonics,
Hannover, Germany) were acquired in a 180◦ backscattering arrangement. Raman scat-
tering was collected by a 2.5 cm diameter plano-convex lens (f = 7.5 cm). The collimated
Raman scattering passed through an appropriate long-pass edge filter (Semrock, Rochester,
NY, USA) and was focused by a second 2.5 cm diameter plano-convex lens (f = 15 cm) into
a Shamrock500i spectrograph (Andor Technology, Belfast, United Kingdom). We used a
2399 L/mm grating blazed at 300 nm and the data was collected with an iDus-420-BU2
charge-coupled device (CCD) camera (Andor Technology, Belfast, United Kingdom). The
spectral slit width was set to 12 µm. Data were recorded and processed using Solis (Andor
Technology, Belfast, United Kingdom) software. Spectral calibration was performed us-
ing the Raman spectrum of acetonitrile/toluene 50:50 (v:v). Samples were held in quartz
cuvettes with a 10 mm path length. Multi point baseline correction was performed for
all spectra.

2.7. Oxygen Sensor Measurements

A typical measurement was performed by taking CuSO4 (1 mM) 5 mL volume in a
glass vial (15 mL). Then, H2O2 (10 mM) was slowly added. Oxygen sensor measurements
were recorded using a WTW 2BA301 Oxi 3310. CuSO4 (1 mM) and H2O2 (10 mM) so-
lutions were used for these measurements. The temperature for the measurements was
around ~22 ◦C.

3. Results and Discussion

We study the reaction of CuSO4 at low concentrations (<1 mM) with H2O2 (<10 mM)
at room temperature using fluorescent nanodiamonds (FNDs) that contain NV centers.
These NV centers detect paramagnetic species within about 20 nm range [26]. Through this
method we follow the real-time changes in copper(II) concentration. The reaction of the
copper(II) leads to the formation of hydroxyl radicals, and hydroxide ions (Figure 1 and
Reaction (1)) and oxidized copper(III). The hydroxyl radicals have a chance to either react
with another hydroxyl radical or they can react with hydrogen peroxide to form further
hydroperoxide species. This in turn can lead to the formation of water and oxygen (see
Reactions (4) and (5) in Figure 2). Another possible reaction path is the formation of a
superoxide radical and copper(I). These superoxide radicals can react with excess copper
in the solution to form Cu(I) liberating oxygen. As this reaction includes the formation
of several radicals and copper oxidation states, it is a fast dynamic process. A technique
that can provide a concentration of these species in real time at low concentrations is
highly desirable.
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Figure 2. Radical formation from H2O2 and OH•.

3.1. T1-Relaxation Measurements:

T1-relaxation measurements reveal the concentration of paramagnetic species present
around the NV centers. In this paper, this is primarily copper(II). Superoxide radicals and
OH• radicals which also occur in the reaction are present in relatively low concentrations
and are short-lived and thus only detected in the higher concentrations. T1 measurements,
which have been described before were performed as follows [12,27]. First, the laser brings
the NV centers to the bright ms = 0 state of the ground state. Then, we measure again after
specific times (see the materials and methods sections for details) to see whether the NV
centers are still in this state or not. Since the states differ in brightness (the ms = 0 state is
brighter) we can observe the process by recording the change in fluorescence. When there
are flipping spins (in this case from copper 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 of these species.

From Figure 3a, we see that the T1 relaxation times are normalized for ultrapure water
for different concentrations of copper. After the addition of copper(II), the T1 value is
decreased by more than 50% w.r.t ultrapure water, and further addition of H2O2 resulted
in an increase in the T1 value. This shows the conversion of copper(II) to copper(I) or
copper(III) as shown in the scheme above, which has resulted in an increase in T1. The
data also supports the fact that copper(II) reacts with H2O2 to liberate OH• radicals (which
were identified with other spectroscopic tools in the sections below) and the decrease in
copper(II) concentrations over time.
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When lower concentrations of copper(II) were used (10 µM), we observe a smaller de-
crease in T1 value (Figure 3a) compared to higher concentrations of copper(II) in agreement
with the copper calibration shown Figure 3b. A calibration curve of T1 values measured for
copper(II) solutions in Figure 3b shows that the detection limit of the copper(II) with FNDs
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can reach nanomolar concentrations, confirming that copper(II) still can be detected in the
solution in the reaction time scale (which is 20 min).

The most plausible reasons for the smaller decrease in T1 at lower concentrations of
copper(II) 10 µM compared to 1 mM are mainly (a) the reaction of copper(II) of H2O2 takes
place at a slower speed (around 20 min) compared to higher concentration (>1 mM), which
leads to slower decrease in T1; (b) the concentration of H2O2 is 100 µM which is 100 times
less than H2O2 used from higher concentration (10 mM). Therefore, the copper(II) decay
is slow, because of the lower availability of H2O2. In this case, less H2O2 is present in
relation to the copper(II) decay by different amounts of H2O2 present in solution. A similar
situation has been described by the Pham et al. [28] (c) In addition OH• radicals produced
in the solution at higher concentrations of H2O2 might be quenched quickly by reducing
excess H2O2. In this process, they form peroxide radicals and further dimerize to form
H2O2 and O2 as shown in Reactions 4 and 5. A similar observation has been described
by Sapihu and co-workers, which is the most plausible steps in the OH• radicals decay
process [29].

Another important point to consider is the adsorption of copper ions on the diamond
surface. Since FNDs are electronegative, they can potentially interact with copper ions.
This process has been described before in detail for detonation nanodiamonds [30]. To test
this hypothesis, we conducted T1 measurements of two concentrations and then reversed
the order of measuring. Indeed, we observed that after measuring a large concentration, we
were not able to detect the small concentration accurately (See Supplementary Scheme S1).
This is a common problem in analytical chemistry where it is common to measure small
concentrations first or rinse thoroughly between measurements.

3.2. CuSO4 Decay by UV–Vis Absorption Spectroscopy

UV–vis absorption spectra of CuSO4 show a broad saturated band at 220 nm and a
weak absorption at 800 nm, which is useful for monitoring the changes in the copper(II)
concentration [31]. This band is caused by d-d band transitions, which indicate the con-
centration of copper(II) [32]. Figure 4 shows a clear decrease in absorption from copper(II)
upon addition of H2O2. There is a change of 0.2 mM in concentration of copper over 20 min
(based on the ε = 12.6 M−1 cm−1) [31]. This confirms that there is a reaction between
copper(II) and H2O2. Pham et al. have shown that copper(II) reacts with H2O2 to form
OH• radicals [28]. Thus, this is an example of a classical Fenton-like reaction. The studies
here are consistent with the T1 relaxation measurements from Figure 3b, where there is an
increase in T1 due to the decrease in copper(II) concentration over the reaction time.
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3.3. Hydroxyl Radical Detection by Emission Spectroscopy

The fluorescent dye Na2TH was used to detect OH• radicals produced by the reaction
of copper(II) with H2O2 (Figures 1 and 2).

Na2TH reacts specifically with hydroxyl radicals resulting in the formation of the
fluorescent molecule hydroxyl tereprethalic acid (HTA). HTA is probed by excitation at
330 nm collecting the emission spectra at 420 nm (Figure 5a). In order to estimate the
concentration of OH• radicals, a calibration curve of known concentrations of HTA was
plotted. From this calibration, the concentration of OH• radicals produced in the reaction
of CuSO4 with H2O2 was estimated to be 0.9 µM (Figure 5b).
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3.4. H2O2 Decay by Raman Spectroscopy

To quantify the decrease in the H2O2 concentration over time, Raman spectroscopy
was used (Figure 6a). The O-O symmetric stretch, which is the signature band of H2O2
at 876 cm−1 and its intensity were followed over time at 785 nm [33]. Since there is no
resonance enhancement of this band at 785 nm, we have used higher concentrations of
H2O2, i.e., 100 mM H2O2. The 876 cm-1 band decreases by 3% over time (Figure 6b), which
shows that roughly 0.3 mM of H2O2 has been consumed over the reaction time (20 min).
This indicates that H2O2 reacts with copper(II), and is consistent with UV–vis absorption,
fluorescence, and T1 measurements described above.
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Figure 6. (a) Raman spectra of CuSO4 (1 mM) (black) and after addition of H2O2 (100 mM). Data points
are shown at 1 min (red), 10 min (blue) and 20 min (green). (b) shows the intensity of the 876 cm−1 peak
(H2O2 band (O-O band)) over 20 min detected by Raman spectroscopy with excitation at 785 nm. This
indicates that the concentration of H2O2 is reduced during the reaction as outlined in Figure 1.
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3.5. Oxygen Sensor Measurements:

Pham et al. proposed that oxygen is liberated from the reaction of copper(II) with
H2O2 [28]. To confirm this hypothesis, we performed oxygen sensor measurements before
addition of H2O2 to copper(II) (5 mg/L). Over the reaction time, there is a steady increase
in the concentration of dissolved oxygen which suggests a clear liberation of O2 (14 mg/L)
during the copper(II) reaction with H2O2 as shown in Figure 7.
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Figure 7. Dissolved oxygen measurements during the reaction of CuSO4 (1 mM) and H2O2 (10 mM)
(red) and H2O2 added to ultrapure water (black).

3.6. Combined Measurements from Spectroscopic Techniques

Figure 8 shows the normalized concentration of copper(II), H2O2, OH• radicals and
oxygen liberated during the reaction of CuSO4 with H2O2 as well as our T1 measurements
processed by the rolling window approach. We show the decrease in the concentration of
copper(II) and H2O2, and an increase in hydroxide radicals and oxygen. These findings
are very consistent with Figure 1. Hydroxyl radicals are produced in the solution and we
observe a decrease in the copper(II) concentration which is consistent with the UV–vis
absorption shown in Figure 4a. We also compare T1 obtained via the rolling window
method with the conventional methods. We observed an initial decrease in water (100%
in Figure 8) due to the presence of paramagnetic copper(II). As the reaction proceeds, the
radicals are degraded and a decrease in copper(II) concentration occurs. T1 increases as a
result. However, the T1 is not fully recovered to the level of the blank (only water), since
there is a formation of hydroxyl radicals over time and not all copper(II) is consumed in
the reaction.
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3.7. Copper Detection by Existing Techniques

There are some other advanced spectroscopic techniques which are used to measure
the copper concentrations as shown in Table 1 below. However, new technologies are
emerging to study copper in lower concentrations in real time as well. These techniques are
atomic absorption [34,35], emission [36] or mass spectrometry [37]. These are particularly
useful to detect elements with high sensitivity. However, the ionizing or flaming of the
solutes is a drawback and the methods do not provide a real-time analysis. Some label-free
sensors, for instance photoluminescent polymer nanodots (PPNDs), were recently reported
to detect copper(II). Liu et al. described the usage of these PPNDs to detect copper(II) by
using fluorescence quenching down to 1 nM [38]. Another photoluminescence method to
detect copper is using ligation to the copper(II) center. The 3-hydroxy-5-nitrobenzaldehyde-
4-hydroxybenzoylhydrazone (3-HNHBH) ligand was used by Abdulazeez et al. to ligate
to copper(II). This ligand is highly selective towards copper(II) ions and the authors were
able to detect copper with a detection limit of 0.34 µgL−1 [39]. NV centers are infinitely
stable and follow the paramagnetic species in real time at sub micromolar concentrations.
We have shown copper(II) depletion in aqueous solutions using relaxometry. Additionally,
magnetic resonance, in the long run, would allow us to differentiate between species using
more complex pulsing schemes as the double electron resonance (DEER) can be used in
near future [40].

Table 1. Comparing sensing performance of different techniques.

Technique Concentration Pros and Cons Mechanism and Information
Obtained Reference

FAAS (flame atomic
absorption spectrometry) 47–1888 nM

-destructive
-spatial resolution
+relatively simple

Atomic absorption on the sample
is recorded. It is an invasive
technique, but is highly sensitive
to the element of choice.

[33]

ETAAS (Electrothermal atomic
absorption spectrometry) 8 nM

-destructive
-spatial resolution
+high sensitivity

[34]

ICP OES (Inductively coupled
plasma optical emission
spectrometry)

19 nM

-destructive
-destructive
+relatively simple
+high sensitivity

The mass spectra were recorded by
emission spectroscopy. It is an
invasive technique, and highly
selective to copper.

[35]

ICP-MS (inductively coupled
plasma mass spectrometry) 1 nM

-Expensive equipment
-destructive
+high sensitivity

The solution mass spectra were
recorded, the method is highly
specific to the particular element
and highly sensitive to copper.

[36]

Cu(II)-DNAzyme 100 nM +Non-destructive
+spatial resolution

Cu(II) binds to DNA, which leads
to the release of fluorophore
(6-carboxyfluorescein). Hence a
fluorescence signal from the
fluorophore is detected.

[41]

FNDs (fluorescent
nanodiamonds) 100 nM

-specialised equipment
+Non-destructive
+spatial resolution

Change in T1 time in presence of
paramagnetic species. Copper(II)
can be quantified down to
nanomolar concentrations.

This work

4. Conclusions

In this work, we demonstrated the use of relaxometry measurements on a Fenton-like
reaction (copper(II) and H2O2) and observed the decrease and increase in the concentration
of paramagnetic species. We are able to measure nanomolar to micromolar concentrations
of copper that are currently present, using low amounts of solution. Most importantly
we can measure sub nanomolar concentrations of copper that are usually hard to detect
in aqueous environments with standard EPR or ultraviolet–visible (UV–vis) absorption,
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because of the limitations in their detection range. We worked at concentrations that can be
present in biological environments, which in the future can be applied to study the Fenton
reactions in biological environments. It has to be noted that in this specific case (next to
copper) we are not able to detect the hydroxyl radicals themselves. The observation of
copper(II) would help in other biological fields such as targeting cancer cells with copper
nanoparticles. Relaxometry can be potentially applied to study the killing mechanism in
tumor cells. The tools applied here would be a great asset in the future to study reactions
in cells, which are catalyzed by copper systems such as copper nanoparticles. However,
one has to be cautious if large concentrations are measured before small ones due to an
adsorption of copper ions on the FND surface.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano12142422/s1, Scheme S1. Testing copper adsorbtion on FNDs.
To test if copper adsorbs to the FNDs we reversed the order of experiments; Scheme S2. pH values of
the differently concentrated copper sulfate solutions with and without FNDs.

Author Contributions: S.K.P. and T.A.V. performed the experiments presented here with the help of
A.C.N. and F.P.M. The draft of the paper was prepared by S.K.P. The project was conducted under the
supervision of R.S. All authors have approved the final version of the article. All authors have read
and agreed to the published version of the manuscript.

Funding: Romana Schirhagl acknowledges financial support from FOM via the projectruimte grant
15PR3229 and for an ERC starting grant 714289—Stress Imaging. Felipe Perona Martinez acknowl-
edges support from the Chilean government via a CONICYT scholarship (grant number 72160222).

Data Availability Statement: All data in relation to this manuscript are available in the paper or on
request from the authors.

Acknowledgments: We thank Wesley R. Browne from Stratingh Institute for Chemistry for kindly
giving us access to a Fluorometer, and Raman spectrometer.

Conflicts of Interest: We have no conflict of interest to report and there are no ethical concerns with
this work that we are aware of.

References
1. Clavadetscher, J.; Hoffmann, S.; Lilienkampf, A.; Mackay, L.; Yusop, R.M.; Rider, S.A.; Mullins, J.J.; Bradley, M. Copper Catalysis

in Living Systems and In Situ Drug Synthesis. Angew. Chem. Int. Ed. 2016, 55, 15662–15666. [CrossRef] [PubMed]
2. Yruela, I. Copper in plants: Acquisition, transport and interactions. Funct. Plant Biol. 2009, 36, 409–430. [CrossRef]
3. Donnelly, P.S.; Xiao, Z.; Wedd, A.G. Copper and Alzheimer’s disease. Curr. Opin. Chem. Biol. 2007, 11, 128–133. [CrossRef]
4. Lee, H.; Lee, H.J.; Sedlak, D.L.; Lee, C. pH-Dependent reactivity of oxidants formed by iron and copper-catalyzed decomposition

of hydrogen peroxide. Chemosphere 2013, 92, 652–658. [CrossRef]
5. Ranji-Burachaloo, H.; Fu, Q.; Gurr, P.A.; Dunstan, D.E.; Qiao, G.G. Improved Fenton Therapy Using Cancer Cell Hydrogen

Peroxide. Aust. J. Chem. 2018, 71, 826. [CrossRef]
6. Jomova, K.; Valko, M. Advances in metal-induced oxidative stress and human disease. Toxicology 2011, 283, 65–87. [CrossRef]
7. Chudal, L.; Pandey, N.K.; Phan, J.; Johnson, O.; Lin, L.; Yu, H.; Shu, Y.; Huang, Z.; Xing, M.; Liu, J.P.; et al. Copper-cysteamine

nanoparticles as a heterogeneous Fenton-like catalyst for highly selective cancer treatment. ACS Appl. Bio Mater. 2020, 3,
1804–1814. [CrossRef]

8. Freinbichler, W.; Colivicchi, M.A.; Fattori, M.; Ballini, C.; Tipton, K.F.; Linert, W.; Della Corte, L. Validation of a robust and
sensitive method for detecting hydroxyl radical formation together with evoked neurotransmitter release in brain microdialysis.
J. Neurochem. 2008, 105, 738–749. [CrossRef]

9. Nesmelov, Y.E.; Gopinath, A.; Thomas, D.D. Aqueous sample in an EPR cavity: Sensitivity considerations. J. Magn. Reson. 2004,
167, 138–146. [CrossRef]

10. Le Sage, D.; Arai, K.; Glenn, D.R.; DeVience, S.J.; Pham, L.M.; Rahn-Lee, L.; Lukin, M.D.; Yacoby, A.; Komeili, A.; Walsworth, R.L.
Optical magnetic imaging of living cells. Nature 2013, 496, 486–489. [CrossRef]

11. Juraschek, D.M.; Meier, Q.N.; Trassin, M.; Trolier-McKinstry, S.E.; Degen, C.L.; Spaldin, N.A. Dynamical Magnetic Field
Accompanying the Motion of Ferroelectric Domain Walls. Phys. Rev. Lett. 2019, 123, 127601. [CrossRef]

12. Martínez, F.P.; Nusantara, A.C.; Chipaux, M.; Padamati, S.K.; Schirhagl, R. Nanodiamond Relaxometry-Based Detection of Free-Radical
Species When Produced in Chemical Reactions in Biologically Relevant Conditions. ACS Sens. 2020, 5, 3862–3869. [CrossRef]

13. Ermakova, A.; Pramanik, G.; Cai, J.M.; Algara-Siller, G.; Kaiser, U.; Weil, T.; Tzeng, Y.K.; Chang, H.C.; Mcguinness, L.P.; Plenio, M.B.; et al.
Detection of a Few Metallo-Protein Molecules Using Color Centers in Nanodiamonds. Nano Lett. 2013, 13, 3305–3309. [CrossRef]

https://www.mdpi.com/article/10.3390/nano12142422/s1
https://www.mdpi.com/article/10.3390/nano12142422/s1
http://doi.org/10.1002/anie.201609837
http://www.ncbi.nlm.nih.gov/pubmed/27860120
http://doi.org/10.1071/FP08288
http://doi.org/10.1016/j.cbpa.2007.01.678
http://doi.org/10.1016/j.chemosphere.2013.01.073
http://doi.org/10.1071/CH18281
http://doi.org/10.1016/j.tox.2011.03.001
http://doi.org/10.1021/acsabm.0c00098
http://doi.org/10.1111/j.1471-4159.2007.05168.x
http://doi.org/10.1016/j.jmr.2003.12.005
http://doi.org/10.1038/nature12072
http://doi.org/10.1103/PhysRevLett.123.127601
http://doi.org/10.1021/acssensors.0c01037
http://doi.org/10.1021/nl4015233


Nanomaterials 2022, 12, 2422 11 of 12

14. Davis, H.C.; Ramesh, P.; Bhatnagar, A.; Lee-Gosselin, A.; Barry, J.F.; Glenn, D.R.; Walsworth, R.L.; Shapiro, M.G. Mapping the microscale
origins of magnetic resonance image contrast with subcellular diamond magnetometry. Nat. Commun. 2018, 9, 131. [CrossRef]

15. Morita, A.; Nusantara, A.C.; Martinez, F.P.P.; Hamoh, T.; Damle, V.G.; van der Laan, K.J.; Sigaeva, A.; Vedelaar, T.; Chang, M.;
Chipaux, M.; et al. Quantum monitoring the metabolism of individual yeast mutant strain cells when aged, stressed or treated
with antioxidant. arXiv 2020, arXiv:2007.16130.

16. Nie, L.; Nusantara, A.C.; Damle, V.G.; Sharmin, R.; Evans, E.P.P.; Hemelaar, S.R.; Van der Laan, K.J.; Li, R.; Perona Martinez, F.P.;
Vedelaar, T.; et al. Quantum monitoring of cellular metabolic activities in single mitochondria. Sci. Adv. 2021, 7, eabf0573. [CrossRef]

17. Nie, L.; Nusantara, A.C.; Damle, V.G.; Baranov, M.V.; Chipaux, M.; Reyes-San-Martin, C.; Hamoh, T.; Epperla, C.P.; Guricova, M.;
Cigler, P.; et al. Quantum Sensing of Free Radicals in Primary Human Dendritic Cells. Nano Lett. 2021, 22, 1818–1825. [CrossRef]

18. Wu, K.; Vedelaar, T.A.; Damle, V.G.; Morita, A.; Mougnaud, J.; Martin, C.R.S.; Zhang, Y.; van der Pol, D.P.; Ende-Metselaar, H.;
Rodenhuis-Zybert, I.; et al. Applying NV center-based quantum sensing to study intracellular free radical response upon viral
infections. Redox Biol. 2022, 52, 102279. [CrossRef]

19. Sharmin, R.; Hamoh, T.; Sigaeva, A.; Mzyk, A.; Damle, V.G.; Morita, A.; Vedelaar, T.; Schirhagl, R. Fluorescent Nanodiamonds for
Detecting Free-Radical Generation in Real Time during Shear Stress in Human Umbilical Vein Endothelial Cells. ACS Sens. 2021,
6, 4349–4359. [CrossRef]

20. Tetienne, J.P.; Hingant, T.; Rondin, L.; Cavaillès, A.; Mayer, L.; Dantelle, G.; Gacoin, T.; Wrachtrup, J.; Roch, J.F.; Jacques, V. Spin relaxometry
of single nitrogen-vacancy defects in diamond nanocrystals for magnetic noise sensing. Phys. Rev. B 2013, 87, 235436. [CrossRef]

21. Schirhagl, R.; Chang, K.; Loretz, M.; Degen, C.L. Nitrogen-Vacancy Centers in Diamond: Nanoscale Sensors for Physics and
Biology. Annu. Rev. Phys. Chem. 2014, 65, 83–105. [CrossRef]

22. Korotkova, E.I.; Misini, B.; Dorozhko, E.V.; Bukkel, M.V.; Plotnikov, E.V.; Linert, W. Study of OH radicals in human serum blood
of healthy individuals and those with pathological schizophrenia. Int. J. Mol. Sci. 2011, 12, 401–409. [CrossRef]

23. Morita, A.; Martinez, F.P.P.; Chipaux, M.; Jamot, N.; Hemelaar, S.R.; van der Laan, K.J.; Schirhagl, R. Cell Uptake of Lipid-Coated
Diamond. Part. Part. Syst. Charact. 2019, 36, 1900116. [CrossRef]

24. Shenderova, O.A.; Shames, A.I.; Nunn, N.A.; Torelli, M.D.; Vlasov, I.; Zaitsev, A. Review Article: Synthesis, properties, and
applications of fluorescent diamond particles. J. Vac. Sci. Technol. B Nanotechnol. Microelectron. Mater. Process. Meas. Phenom. 2019,
37, 030802. [CrossRef]

25. Hemelaar, S.R.; de Boer, P.; Chipaux, M.; Zuidema, W.; Hamoh, T.; Martinez, F.P.; Nagl, A.; Hoogenboom, J.P.; Giepmans, B.N.G.;
Schirhagl, R. Nanodiamonds as multi-purpose labels for microscopy. Sci. Rep. 2017, 7, 720. [CrossRef]

26. Ofori-Okai, B.K.; Pezzagna, S.; Chang, K.; Loretz, M.; Schirhagl, R.; Tao, Y.; Moores, B.A.; Groot-Berning, K.; Meijer, J.; Degen, C.L.
Spin properties of very shallow nitrogen vacancy defects in diamond. Phys. Rev. B 2012, 86, 081406. [CrossRef]

27. Ong, S.Y.; Chipaux, M.; Nagl, A.; Schirhagl, R. Shape and crystallographic orientation of nanodiamonds for quantum sensing.
Phys. Chem. Chem. Phys. 2017, 19, 10748–10752. [CrossRef]

28. Pham, A.N.; Xing, G.; Miller, C.J.; Waite, T.D. Fenton-like copper redox chemistry revisited: Hydrogen peroxide and superoxide
mediation of copper-catalyzed oxidant production. J. Catal. 2013, 301, 54–64. [CrossRef]

29. Bauhn, L.; Hansson, N.; Ekberg, C.; Fors, P.; Spahiu, K. The fate of hydroxyl radicals produced during H2O2 decomposition on a
SIMFUEL surface in the presence of dissolved hydrogen. J. Nucl. Mater. 2018, 507, 38–43. [CrossRef]

30. Shames, A.I.; Panich, A.M.; Osipov, V.Y.; Aleksenskiy, A.E.; Vul’, A.Y.; Enoki, T.; Takai, K. Structure and magnetic properties of
detonation nanodiamond chemically modified by copper. J. Appl. Phys. 2010, 107, 014318. [CrossRef]

31. Jancsó, G. Effect of D and 18O isotope substitution on the absorption spectra of aqueous copper sulfate solutions. Radiat. Phys.
Chem. 2005, 74, 168–171. [CrossRef]

32. Aravinda, C.L.; Mayanna, S.M.; Muralidharan, V.S. Electrochemical behaviour of alkaline copper complexes. J. Chem. Sci. 2000,
112, 543–550. [CrossRef]

33. Padamati, S.K.; Draksharapu, A.; Unjaroen, D.; Browne, W.R. Conflicting role of water in the activation of H2O2 and the formation and
reactivity of non-heme FeIII–OOH and FeIII–O–FeIII complexes at room temperature. Inorg. Chem. 2016, 55, 4211–4222. [CrossRef]

34. Bagherian, G.; Arab Chamjangali, M.; Shariati Evari, H.; Ashrafi, M. Determination of copper (II) by flame atomic absorption
spectrometry after its perconcentration by a highly selective and environmentally friendly dispersive liquid–liquid microextraction
technique. J. Anal. Sci. Technol. 2019, 10, 3. [CrossRef]

35. Acar, O. Determination of cadmium, copper and lead in soils, sediments and sea water samples by ETAAS using a
Sc + Pd + NH4NO3 chemical modifier. Talanta 2005, 65, 672–677. [CrossRef]

36. Ferreira, S.L.; Bezerra, M.A.; Santos, A.S.; dos Santos, W.N.; Novaes, C.G.; de Oliveira, O.M.; Oliveira, M.L.; Garcia, R.L. Atomic
absorption spectrometry—A multi element technique. TrAC Trends Anal. Chem. 2018, 100, 1–6. [CrossRef]

37. De la Calle, I.; Perez-Rodriguez, P.; Soto-Gomez, D.; López-Periago, J.E. Detection and characterization of Cu-bearing particles in
throughfall samples from vine leaves by DLS, AF4-MALLS (-ICP-MS) and SP-ICP-MS. Microchem. J. 2017, 133, 293–301. [CrossRef]

38. Liu, S.; Tian, J.; Wang, L.; Zhang, Y.; Qin, X.; Luo, Y.; Asiri, A.M.; Al-Youbi, A.O.; Sun, X. Hydrothermal treatment of grass: A
low-cost, green route to nitrogen-doped, carbon-rich, photoluminescent polymer nanodots as an effective fluorescent sensing
platform for label-free detection of Cu (II) ions. Adv. Mater. 2012, 24, 2037–2041. [CrossRef]

39. Abdulazeez, I.; Basheer, C.; Al-Saadi, A.A. A selective detection approach for copper (ii) ions using a hydra-zone-based
colorimetric sensor: Spectroscopic and DFT study. RSC Adv. 2018, 8, 39983–39991. [CrossRef]

http://doi.org/10.1038/s41467-017-02471-7
http://doi.org/10.1126/sciadv.abf0573
http://doi.org/10.1021/acs.nanolett.1c03021
http://doi.org/10.1016/j.redox.2022.102279
http://doi.org/10.1021/acssensors.1c01582
http://doi.org/10.1103/PhysRevB.87.235436
http://doi.org/10.1146/annurev-physchem-040513-103659
http://doi.org/10.3390/ijms12010401
http://doi.org/10.1002/ppsc.201900116
http://doi.org/10.1116/1.5089898
http://doi.org/10.1038/s41598-017-00797-2
http://doi.org/10.1103/PhysRevB.86.081406
http://doi.org/10.1039/C6CP07431F
http://doi.org/10.1016/j.jcat.2013.01.025
http://doi.org/10.1016/j.jnucmat.2018.04.028
http://doi.org/10.1063/1.3273486
http://doi.org/10.1016/j.radphyschem.2005.04.011
http://doi.org/10.1007/BF02709287
http://doi.org/10.1021/acs.inorgchem.5b02976
http://doi.org/10.1186/s40543-019-0164-6
http://doi.org/10.1016/j.talanta.2004.07.035
http://doi.org/10.1016/j.trac.2017.12.012
http://doi.org/10.1016/j.microc.2017.03.034
http://doi.org/10.1002/adma.201200164
http://doi.org/10.1039/C8RA08807A


Nanomaterials 2022, 12, 2422 12 of 12

40. Kim, M.; Mamin, H.J.; Sherwood, M.H.; Ohno, K.; Awschalom, D.D.; Rugar, D. Decoherence of near-surface nitrogen-vacancy
centers due to electric field noise. Phys. Rev. Lett. 2015, 115, 087602. [CrossRef]

41. He, E.; Cai, L.; Zheng, F.; Zhou, Q.; Guo, D.; Zhou, Y.; Zhang, X.; Li, Z. Rapid quantitative fluorescence detection of copper ions
with disposable microcapsule arrays utilizing functional nucleic acid strategy. Sci. Rep. 2019, 9, 36. [CrossRef]

http://doi.org/10.1103/PhysRevLett.115.087602
http://doi.org/10.1038/s41598-018-36842-x

	Introduction 
	Materials and Methods 
	Materials 
	Relaxometry 
	CuSO4 Calibration Curve Using T1 
	UV–Vis Absorption Spectroscopy Measurements 
	Measuring the Concentration of Hydroxyl Radicals by HTA 
	Raman Spectroscopy 
	Oxygen Sensor Measurements 

	Results and Discussion 
	T1-Relaxation Measurements: 
	CuSO4 Decay by UV–Vis Absorption Spectroscopy 
	Hydroxyl Radical Detection by Emission Spectroscopy 
	H2O2 Decay by Raman Spectroscopy 
	Oxygen Sensor Measurements: 
	Combined Measurements from Spectroscopic Techniques 
	Copper Detection by Existing Techniques 

	Conclusions 
	References

