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coherence of single nitrogen-
vacancy centers in nanodiamonds during pH
changes in aqueous buffer solutions†

Masazumi Fujiwara, *ab Ryuta Tsukahara,b Yoshihiko Sera,b Hiroshi Yukawa,cde

Yoshinobu Baba,cdefg Shinichi Shikatab and Hideki Hashimotob

We report on the sensing stability of quantum nanosensors in aqueous buffer solutions for the two

detection schemes of quantum decoherence spectroscopy and nanoscale thermometry. The electron

spin properties of single nitrogen-vacancy (NV) centers in 25 nm-sized nanodiamonds have been

characterized by observing individual nanodiamonds during a continuous pH change from 4 to 11. We

have determined the stability of the NV quantum sensors during the pH change as the fluctuations of

�12% and �0.2 MHz for the spin coherence time (T2) and the resonance frequency (u0) of their mean

values, which are comparable to the instrument error of the measurement system. We discuss the

importance of characterizing the sensing stability during the pH change and how the present

observation affects the measurement scheme of nanodiamond-based NV quantum sensing.
1 Introduction

Diamond nitrogen-vacancy (NV) centers have attracted much
attention as nanoscale quantum sensors.1–9 NV centers possess
unpaired electron spins in diamond lattice structures that can
be optically detected (optically detected magnetic resonance:
ODMR) with ultra-high sensitivity down to the single electron
spin level.10–12 These electron spin properties, such as the
resonance frequency and the spin relaxation time, are depen-
dent on multiple physical quantities (magnetic eld, electric
eld, and temperature), so that one can measure their local
values around the NV quantum sensors.1–7

This attractive multifunctionality of the NV quantum
sensors, however, complicates data analysis under most physi-
ological conditions. Among the NV-quantum sensing schemes,
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quantum decoherence spectroscopy13–16 and nanoscale ther-
mometry17–20 are promising for biological applications. In
decoherence spectroscopy, the change in the T2 coherence time
is detected, while, in thermometry, the frequency shi of the
electron spin resonance is observed. These spin properties
(either T2 or resonance frequency u0) can be simultaneously
affected by various parameters, for example, local heat genera-
tion in cells17,18,21–24 or the local concentrations of ions13 and
pH.25,26 Thus, before proceeding to real biological applications,
one needs experiments under controlled conditions to exclude
factors, other than the sensing target, that may change the spin
properties.

Nanodiamonds are biocompatible and are excellent NV
carriers that can be delivered into complex biological structures
including cells, organelles, and tissues.20,27–29 This portability
provides distinct advantages over bulk-diamond-NV centers in
biological sensing. However, the spin properties of nano-
diamond NV centers are more sensitive to the surface chemistry
than the bulk-diamond NV centers because of the small
distance between the NV centers and the surface, which
degrades the spin properties.30–33 Moreover, the surface of
nanodiamonds is neither uniform nor well dened in contrast
to the at surface of bulk diamond.34–37 The spin properties of
nanodiamond NV centers are, thus, thought to be more
susceptible in physiological conditions.

One of the most inuential parameters in biochemical
experiments is the pH. As chemical sensors, nanodiamonds are
required to be used in a wide range of pH.38–40 For intracellular
applications, nanodiamonds will experience various pH
depending on the locations; for example of cellular uptake,
endosomes show pH of 6.0–7.0 in the early stage of endocytosis
This journal is © The Royal Society of Chemistry 2019
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View Article Online
and later around 4.0.41 The pH affects the surface potential of
the nanodiamonds and has been demonstrated to convert the
charge state of the NV centers between NV0 and NV�.42–44 Very
recently there have been several reports that this charge-state
instability indeed affects the ODMR measurements, such as
compromising the measured spin relaxation time.45–47 Thus
properly characterizing the spin coherence of the ND quantum
sensors in various pH conditions is required.

Here, we report on the spin-coherence stability of single
nanodiamond-NV quantum sensors during a continuous pH
change between 4 and 11, the range that is of particular
importance for biochemical experiments. During the pH
change, the NV spin coherence time (T2) and the spin resonance
frequency (u0) did not show any particular dependence on the
pH but uctuations corresponding to that observed in the
steady-pH buffer solutions. We have determined the sensor
stability of the NV quantum systems, which provides the uc-
tuations of �12% and �0.2 MHz for T2 and u0 of their mean
values. The observed uctuations are discussed in relation to
the NV-quantum sensing schemes such as decoherence spec-
troscopy and thermometry.
Fig. 1 (a) Atomic force microscopy topography image of 8 � 8 mm
region and (b) the corresponding particle size distribution. A large
number of particles smaller than 10 nm in the region are considered to
be debris (not diamond) included in the centrifugation process.
2 Experiments
2.1 Sample preparation

A commercially available nanodiamond suspension (Micro-
diamant, MSY 0-0.05, median particle size: 25 nm) was puried
by centrifugation and dispersed in distilled water. A small droplet
of the suspension was spin-coated on a cleaned coverslip to
disperse and immobilize the nanodiamond particles on the
coverslip surface. A 25 mm-thin copper wire was placed on the
coverslip and both of the ends were soldered with electric
connectors. An acrylic chamber with a height of a fewmillimeters
with inlet and outlet tubes was then glued on the coverslip using
a UV-curing resin. It was sealed with a glass plate.

The topographies of the spin-coated samples were obtained
using an atomic force microscope (AFM, Bruker, Edge). The
AFM image is shown in Fig. 1a. The peak heights of the
distributed nanodiamonds were measured to obtain the
particle size distribution, which indicated a mean particle size
of 30 nm based on log-normal tting (Fig. 1b). Dynamic light
scattering and zeta-potential measurements (Malvern, Zetasizer
Nano ZS) were performed, which provides a mean particle size
of 58 nm (log-normal tting) and zeta-potential of smaller than
�35 mV for all the pH region of more than 4 (see Fig. S2†).
2.2 Optical measurements

The perfusion chamber wasmounted on a three-axis piezo stage
and observed by a home-built confocal uorescence microscope
(Fig. 2a). A continuous-wave 532 nm laser was used for the
excitation with a typical excitation intensity of ca. 90 kW cm�2

for the image scanning and second-order photon correlation
measurements, which is near the uorescence saturation laser
intensity (ESI Fig. S1†). An oil-immersion microscope objective
with numerical aperture of 1.4 was used for both the excitation
and the uorescence collection. The NV uorescence was
This journal is © The Royal Society of Chemistry 2019
ltered by a dichroic beam splitter (Semrock, FF560-FDi01) and
a long pass lter (Semrock, BLP01-561R) to remove the residual
green laser scattering. The microscope was then coupled to an
optical ber that acted as a pinhole (Thorlabs, 1550HP, core
diameter ca. 10 mm). The ber-coupled uorescence was nally
guided into a Hanbury-Brown–Twiss (HBT) setup that consisted
of two avalanche photodiodes (PerkinElmer SPCM AQRH-14)
and a 50 : 50 beam splitter. For the spectral measurements,
the microscope was connected to a ber-coupled spectrometer
equipped with a liquid-nitrogen cooled charge-coupled device
(CCD) camera (Princeton, LNCCD). By scanning the sample
with the piezo stage, we were able to obtain uorescence scan-
ning images of the nanodiamonds. A time-correlated single-
photon counting module (PicoQuant, TimeHarp-260) was
used to obtain second-order photon correlation histograms to
identify single NV centers by measuring the antibunching.

The perfusion chamber was rst lled with water and then
exchanged with the buffer solutions. We used two kinds of mixed
buffer solutions to measure the pH range between 4–7 and 7–11.
A citric acid (0.1 M)–Na2HPO4 (0.2 M) mixed buffer solution was
used to control the pH range to 4–7. For the pH range of 7–11,
a Na2CO3 (0.1 M)–HCl (0.5 M) mixed solution was used. The pH
of the solutions was varied stepwise by DpH � 1 by changing the
mixing ratio of the two constituents. During the optical excita-
tion, these solutions were pumped through the perfusion
chamber continuously at a rate of 80 mL min�1 to prevent
RSC Adv., 2019, 9, 12606–12614 | 12607

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra02282a


Fig. 2 (a) Schematic drawings of the experimental setup for the perfusion chamber, optical layout and microwave circuit. AOM: acousto-optic
modulator. ND: neutral density: LLF: laser line filter. HWP: half-wave plate. L: lens. DBS: dichroic beam splitter. LPF: long pass filter. CCD: charge-
coupled device camera. BS: beam splitter. APD: avalanche photodiode. (b) The pulse sequences used for the electron spin measurements for
CW, Rabi, and echo. 532: green laser. MW: microwave. Sig: signal counter. Ref: reference counter.
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photothermal aggregation of the nanoparticles48 (these nano-
particles may be nanodiamonds detached from other places or
ionic salt nanocrystals created by mixing the buffer solutions).
2.3 Electron spin resonance (ESR) measurements

Microwaves were generated from a microwave source (Rohde &
Schwarz, SMB100A) and amplied by 45 dB (Mini-circuit, ZHL-
16W-43+). The microwaves were fed to the microwave linear
antenna in the perfusion chamber (Fig. 2a). The typical micro-
wave excitation power for the continuous-wave ODMR spectral
measurement was 35 dBm (3.2 W). The avalanche photodiode
(APD) detection was gated for microwave irradiation ON and OFF
by using a radiofrequency (RF) switch (Mini-circuit, ZYSWA-2-
50DR-S) and a bit pattern generator (Spincore, PBESR-PRO-
300).49 The gate width was 200 ms, common to both gates, fol-
lowed by a laser shut-off time of 100 ms, giving IONPL and IOFFPL (see
Fig. 2b) with a repetition rate of 2 kHz. Note that an external
magnetic eld was not applied in this study. We selected NV
centers that showed naturally single or doubly split (and well
separated in frequency) ODMR peaks to excite only the single
resonance peak of either of the transitions between |0i / | �1i
in the following pulsed ODMR measurements.50,51 The Rabi and
spin echo measurements were performed on either of |0i / |
�1i transitions identied from the cw ODMR spectra. The Rabi
signal determines the pulse durations of p/2 andp pulses for the
subsequent spin echomeasurements (see Fig. 2d). The spin echo
12608 | RSC Adv., 2019, 9, 12606–12614
measurements determine the spin coherence time (T2). Note that
we measured both p/2–p–p/2 and p/2–p–3p/2 sequences and
subtracted these signals from each other to cancel the common
mode noise in the spin echo measurements.52
3 Results and discussion

Fig. 3a shows a confocal uorescence scanning image of the
nanodiamonds in the citric-acid–Na2HPO4 buffer solution of
pH 7.0; there is a uorescent spot at the center. Fig. 3b and c
show the second-order photon correlation histogram and the
spectrum of the emitted uorescence, respectively. By curve
tting to the data based on the equation in ref. 53, we deter-
mined the excited-state lifetime to be 13.0 ns and the lifetime of
the nearby metastable state to be 95.8 ns. The uorescence
spectrum consists of a zero-phonon line at around 637 nm and
a broad phonon sideband ranging from 650 to 750 nm. These
observed uorescence properties allowed us to clearly identify
nanodiamonds that incorporate single NV centers for the
subsequent measurements. Note that the probability of nding
NV centers in nanodiamonds is less than 5% and they were
mostly single.

Aer we had identied single NV centers, we measured the
ODMR signals. Fig. 3d shows the ODMR spectrum of a single
NV center. The peak splits without an external magnetic eld
because of the lattice strain in the nanodiamond, which is well
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra02282a


Fig. 3 (a) A confocal fluorescence scanning image of the nanodiamonds in the citric-acid–Na2HPO4 buffer solution at pH 7.0. (b) A second-order
fluorescence photon correlation histogram of the central fluorescence spot in (a). The accumulation time was 100 s. (c) The fluorescence spectrum
of the emission. (d) The ODMR spectrum of the NV center. (e) Its Rabi profile and (f) spin-echo profile. The Rabi and spin echo measurements were
performed on the |0i / | �1i transition (indicated by the arrow) identified from the cw-ODMR spectrum in this measurement.

Fig. 4 The CW-ODMR spectra (left panel) and the corresponding
spin-echo profiles (right panel) of the single NV center during a pH
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known for NV centers in nanodiamonds.50,51 We set the micro-
wave frequency to either of the two peaks (here, the le peak is
chosen: 2.8660 GHz). Fig. 3e and f are temporal proles of the
Rabi and spin echo sequences. In the Rabi sequence, the
microwave pulse duration was varied and the resultant uo-
rescence change was recorded. By tting the damped sinusoidal
function to the data, we determined the time duration of the p

pulse. With this p pulse (and its half pulse p/2), the spin echo
can be measured. The spin echo signal shows exponential decay
with a spin coherence time (T2) of 1862 ns. We performed this
set of the spin measurements each time that the pH was
changed. Note that the rst dot (20–40 ns) of the spin echo
signal is omitted from the curve tting because the pulse
duration is not as short as designed because of the timing jitter
of the RF switch (ca. 10 ns). Note also that we used a single
exponential tting to all the following data because of the short
T2 time. It is well known that spin echo proles show exp[�(2t/
T2)

a] with a¼ 1–3 when T2 is long, such as 10 ms.51,54,55 However,
the echo prole can be approximated as a single exponential
when T2 time is short. We, therefore, use single exponential
tting by taking a ¼ 1 in the present study.

Fig. 4 shows the ODMR spectra and the corresponding echo
proles of the single NV center at pH 4 to 7. In the spin echo
measurements, we excited the le peak. The ODMR spectra are
almost the same during the pH change and the echo proles
basically show single exponential decay. The T2 times are 2510,
2138, 2440, and 1862 ns at pH 4.1, 5.0, 6.0, and 7.0, respectively.
Note that Fig. 3f was measured at pH 7.0. There was
This journal is © The Royal Society of Chemistry 2019
a uctuation in the T2 coherence time, but there is no clear
dependence on the pH. We, therefore, measured the echo
proles at different pH values for a number of single NV centers
in the nanodiamonds to assess the pH dependence by statistical
change from 4.1 to 7.0.

RSC Adv., 2019, 9, 12606–12614 | 12609
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means. We measured the T2 coherence time at each pH and
normalized the value to the mean value (TM2 ) to show the relative
deviation of the measurement to the mean (T2/T

M
2 ). The results

are graphically summarized in Fig. 5a. Analogously, the reso-
nance frequency was measured to determine the uctuating
peak shi from its mean value (Fig. 5b). Both the T2 time and
the resonance frequency show a certain range of uctuations
with typical errors of 5–15% for T2 and 0.06–0.18 MHz for u0,
but there is no clear dependence on the pH. The optical exci-
tation power used in these measurements were 18–50 kW cm�2.

In addition to these statistical measurements, we measured
the NV sensing stability and repeatability in the same pH range
with lower optical excitation intensity of 5.4 kW cm�2 to avoid
associated effects of the high optical excitation intensity, such
as optical decoherence (laser power broadened linewidth) and
photoionization of the NV charge state, since these effects
might affect the NV sensing stability determined in the above
experiments. Fig. 6a and b show T2 and u0 of a single NV center
during the repeated pH change from 6.1/ 5.1/ 4.1/ 5.1/
6.0 / 7.0 / 8.0 / 7.0 / 6.0 with a step size of DpH ¼ 1. The
data again show no signicant dependence of the NV sensing
ability on the pH change but show a certain range of uctua-
tions. While T2 shows almost constant value within the error
range, u0 exhibits a relatively large shi compared with its error
on the order of hundreds of kHz up to 1 MHz.

To clarify the origin of the uctuation, we quantied the
experimental error of the present quantum spin measurement
Fig. 5 (a) The fluctuation of each T2 measurement value relative to its
investigated. All the nanodiamonds contain single NV centers. The upper
solution and the lower right two were in the carbonate-based buffer solu
u0 fluctuation of the respective NV center to its mean over the pH rang

12610 | RSC Adv., 2019, 9, 12606–12614
scheme. We measured the uctuations of the T2 time and
resonance frequency over 19 h for single NV centers in the same
buffer solution at constant pH of 6.1 with the similar optical
excitation intensity of 5.4 kW cm�2. It was observed that u0

shows sudden shis on the order of hundreds of kHz as can be
seen in Fig. 6. The standard deviation of this 19 h measurement
is �6.2% of the mean T2 time and �0.24 MHz of the mean u0

(see Table 1). Nevertheless, most of the data points shown in
Fig. 5 are located within the range of this measurement uc-
tuation, indicating that the pH does not affect the T2 and u0

within the error range of the present spin measurement
parameters (number of accumulation, step size, etc..). It is
therefore concluded that the effect of pH to T2 and u0 is smaller
than the instrument measurement error of the present experi-
mental system. Note that the stability of the NV spin properties
measured in the buffer solutions is almost the same (or even
better) as that in an air environment (see Table 2).

It should be noted that the uctuations of T2 and u0 mainly
come from the uctuations of the uorescence photon counts
and the ODMR spectral shape. The pH change and aqueous
environment affect the NV charge stability and hence uores-
cence emission properties. Since the NV spin measurement
relies on the uorescence detection, these uorescence uctu-
ation signicantly affects the sensitivity and precision of the NV
quantum sensors, i.e. making noise. While we have not
observed any particular pH dependence of the NV quantum
mean (TM2 ) as a function of pH. In total, seven nanodiamonds were
-left five nanodiamonds were measured in the phosphate-based buffer
tion. The solid lines are for ease of visualization. (b) The corresponding
e. The error bars are the fitting errors.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (a) T2 and (b) u0 of a single NV center during the repeated pH
change of 6.1 / 4.1 / 8.0 / 6.0, measured with a lower optical
excitation intensity of 5.4 kW cm�2. The error bars are the fitting errors.

Table 1 The spin properties of the single NV center in the phosphate-
based buffer solution at pH 6.1 over 19 h

Time [h] uR
0 [GHz] DuR

0 [MHz] T2 [ns] DT2 [ns]

0 2.88757 0.10 1381 188
2.03 2.88766 0.09 1251 143
5.8 2.88898 0.12 1060 120
13.4 2.88856 0.09 1343 142
17.4 2.88837 0.10 937 158
19.1 2.88742 0.10 1374 133
Mean 2.88809 1224
Std. err. 0.24 [MHz] 76 [ns]

Table 2 The spin properties of the single NV center in air (on coverslip)
over 24 h

Time [h] u0 [GHz] Du0 [MHz] T2 [ns] DT2 [ns]

0 2.88758 0.06 620 81
4.42 2.88763 0.11 531 47
17.2 2.88830 0.12 978 102
20.3 2.88857 0.14 916 92
23.25 2.88916 0.09 504 33
24.95 2.88934 0.01 420 42
Mean 2.88843 662
Std. err. 0.30 [MHz] 94 (14%)
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sensors, this noise can be regarded as the effect of pH change or
buffer solutions to the NV quantum sensing.

Indeed, during the long-term optical excitation, some NV
centers were destabilized. These NV centers showed stable
uorescence initially but were later destabilized, resulting in
uorescent bursts or blinking, as shown in Fig. S2.† Such an
instability is caused by the optical excitation in aqueous solu-
tions and has not been observed in air, which causes the
measurement noise in the end. We believe that this
This journal is © The Royal Society of Chemistry 2019
destabilization is related to the surface adsorption of water or
solvent molecules, causing the photoionization of NV charge
states. This point is important when performing the spin
measurements in aqueous environment, and the continuous
irradiation by the laser no longer guarantees the stability of the
NV-uorescent probes, particularly at the single NV level. The
effect of the photoionization needs to be reduced by decreasing
the laser power in case of the long-term tracking of nano-
diamonds, though robustness of the NV centers is different
particle by particle (see Fig. S3† for example). Increasing the
surface oxidation coverage can also improve the photostability.
The photoionization is related to the charge instability of NV
centers, which switches between NV0 and NV�. Such charge
state conversion is strongly related to the surface termination of
nanodiamonds, as has been demonstrated in relation to the
charge conversion between these two states by applying an
electric potential and surface termination.42–45,56 The surface-
oxidized diamonds do not show charge conversion under the
electric eld because the band is lower than the potential of the
electrolyte. The surfaces of our present nanodiamonds could be
oxidized further by acid cleaning or high-temperature treatment
to prevent destabilization in aqueous solutions.57,58 Note that
measurement of the zeta potential of the nanodiamonds in the
present experimental conditions is not possible because high
ionic strength of the present buffer solutions causes the sedi-
mentation of nanodiamonds.59–62 Zeta potential measurements
in diluted suspensions are possible and performed as described
in Fig. S4.†

We also note that the present experiment does not provide
information on the relationship between the surface pH and NV
spin properties. The surface inhomogeneity by which the
nanodiamond-NV centers might have some pH dependence
could result in signicant differences between the surface pH
and the bulk pH. The surface pH is an important parameter for
nanoparticle science63 in biological applications, and it may be
necessary to study the effect of the surface pH in the future.

The present results concerning the uctuations of T2 and u0

in the quantum spin measurement schemes provide an
important direction for the real implementation of nanoscale
thermometry17–20 and quantum decoherence spectroscopy.13,14,16

For example, NV-nanodiamond thermometry is promising for
biological analysis and is expected to allow the observation of
cells in activated conditions, such as neuronal excitation20,64,65

andmitochondrial activity.22 The resonance frequency of ODMR
RSC Adv., 2019, 9, 12606–12614 | 12611
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has a temperature dependence of �74 kHz K�1 and, through
this change, one can measure the local temperature around the
nanodiamonds. A realistic temperature rangemonitored during
mammalian cellular activities is 34–42 �C with a standard
temperature of 38 �C.21–24 This means that only a temperature
change of �4 �C (�0.3 MHz), at largest, is expected.

Since our measurement method based on the curve tting to
the whole spectral prole is useful as a rst choice given our
experimental error of u0 to be �0.2 MHz over the 16 h
measurement, more stable and high precision schemes to
determine u0 with a fast acquisition time should be imple-
mented. While the present method based on curve-tting to the
whole spectral prole is useful as a rst choice in the biological
applications, it takes a long measurement time to reach the
sufficient precision. With the data acquisition time of 12 min, it
can reach an error of �35 kHz for u0 (Fig. S4†), though it is not
realistic to spend more than 12 min to determine the parame-
ters. Ratiometric analysis of the ODMR spectral shape may be
a good choice to simultaneously obtain the precision and the
fast acquisition speed. Another technique that may overcome
this measurement error is a use of statistical analysis of number
of NV nanodiamonds to obtain high precision.20 The same
discussion also applies to the decoherence spectroscopy where
the T2 relaxation time is tted to the whole prole of the
exponential decay of the spin coherence time. In case of the
decoherence spectroscopy, single point analysis has been
proposed and demonstrated for T1 measurements.66 Imple-
menting these ratiometric analyses or statistical analysis seem
necessary for the real biological applications.

4 Conclusion

In conclusion, we have reported the effects of aqueous buffer
solutions on the electron spin properties of single NV centers in
25 nm-sized nanodiamonds by tracking individual nano-
diamonds during continuous pH changes in the range of pH 4
to 11. During the pH changes, the T2 time and the spin reso-
nance frequency did not show any particular pH dependence
but did show uctuations that correspond to the experimental
errors observed in the steady-pH buffer solutions over 19 h
(�23% and �0.2 MHz for T2 and u0 of their mean values). The
observed uctuations are signicant when performing nano-
scale thermometry and quantum decoherence spectroscopy in
various biological contexts and more stable and faster
measurement schemes should be necessary such as ratio-metric
analyses.

Measuring the stability of the spin properties of single
nanodiamond-NV centers during the pH change is important to
the future development of nanodiamond-based NV quantum
sensing, because the measured spin coherence can be
compromised by the charge-state instability of NV centers as
recently reported.47 Furthermore, bare nanodiamonds cannot
be dispersed in high-ionic-strength buffer solutions59,60 that
include most biochemical buffers, such as phosphate-buffered-
saline cell culture media. Consequently, it is important to
functionalize the nanodiamond surface to prevent aggregation
or binding with other biological molecules.67,68 Surface
12612 | RSC Adv., 2019, 9, 12606–12614
functionalization is also used for nanodiamond-based pH
sensors.38 However, aer the surface functionalization, nano-
diamonds must maintain the original spin properties at various
pH values. The present results and measurement scheme can
provide a way to evaluate the stability of such quantum sensors
in the stage of material development before the use, thus
allowing the exploration of the applications of NV quantum
sensors for biological and biochemical applications.
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A. Artemenko, I. Konopásek and A. Kromka, FEMS
Microbiol. Lett., 2014, 351, 179–186.

28 K. Turcheniuk and V. Mochalin, Nanotechnology, 2017, 28,
252001.

29 N. Mohan, C.-S. Chen, H.-H. Hsieh, Y.-C. Wu and
H.-C. Chang, Nano Lett., 2010, 10, 3692–3699.

30 Y. Romach, C. Müller, T. Unden, L. Rogers, T. Isoda, K. Itoh,
M. Markham, A. Stacey, J. Meijer, S. Pezzagna, et al., Phys.
Rev. Lett., 2015, 114, 017601.

31 T. Ishikawa, K.-M. C. Fu, C. Santori, V. M. Acosta,
R. G. Beausoleil, H. Watanabe, S. Shikata and K. M. Itoh,
Nano Lett., 2012, 12, 2083–2087.
This journal is © The Royal Society of Chemistry 2019
32 L. Rondin, G. Dantelle, A. Slablab, F. Grosshans,
F. Treussart, P. Bergonzo, S. Perruchas, T. Gacoin,
M. Chaigneau, H.-C. Chang, et al., Phys. Rev. B: Condens.
Matter Mater. Phys., 2010, 82, 115449.

33 X. Song, J. Zhang, F. Feng, J. Wang, W. Zhang, L. Lou, W. Zhu
and G. Wang, AIP Adv., 2014, 4, 047103.

34 R. Kaur and I. Badea, Int. J. Nanomed., 2013, 8, 203.
35 A. Nagl, S. R. Hemelaar and R. Schirhagl, Anal. Bioanal.

Chem., 2015, 407, 7521–7536.
36 H. Girard, T. Petit, S. Perruchas, T. Gacoin, C. Gesset,

J. Arnault and P. Bergonzo, Phys. Chem. Chem. Phys., 2011,
13, 11517–11523.

37 J. T. Paci, H. B. Man, B. Saha, D. Ho and G. C. Schatz, J. Phys.
Chem. C, 2013, 117, 17256–17267.

38 T. Rendler, J. Neburkova, O. Zemek, J. Kotek, A. Zappe,
Z. Chu, P. Cigler and J. Wrachtrup, Nat. Commun., 2017, 8,
14701.

39 F. Q. Schafer and G. R. Buettner, Free Radicals Biol. Med.,
2001, 30, 1191–1212.

40 J. Slegerova, M. Hajek, I. Rehor, F. Sedlak, J. Stursa, M. Hruby
and P. Cigler, Nanoscale, 2015, 7, 415–420.

41 A. Sorkin and M. von Zastrow, Nat. Rev. Mol. Cell Biol., 2002,
3, 600.

42 S. Karaveli, O. Gaathon, A. Wolcott, R. Sakakibara,
O. A. Shemesh, D. S. Peterka, E. S. Boyden, J. S. Owen,
R. Yuste and D. Englund, Proc. Natl. Acad. Sci. U. S. A.,
2016, 113, 3938–3943.

43 C. Schreyvogel, V. Polyakov, R. Wunderlich, J. Meijer and
C. Nebel, Sci. Rep., 2015, 5, 12160.

44 P. Ji and M. G. Dutt, Phys. Rev. B: Condens. Matter Mater.
Phys., 2016, 94, 024101.

45 H. Yamano, S. Kawai, K. Kato, T. Kageura, M. Inaba,
T. Okada, I. Higashimata, M. Haruyama, T. Tanii,
K. Yamada, S. Onoda, W. Kada, O. Hanaizumi, T. Teraji,
J. Isoya and H. Kawarada, Jpn. J. Appl. Phys., 2017, 56,
04CK08.

46 A. Stacey, N. Dontschuk, J.-P. Chou, D. A. Broadway,
A. K. Schenk, M. J. Sear, J.-P. Tetienne, A. Hoffman,
S. Prawer, C. I. Pakes, A. Tadich, N. P. de Leon, A. Gali and
L. C. L. Hollenberg, Adv. Mater. Interfaces, 2018, 1801449.

47 D. Bluvstein, Z. Zhang and A. C. B. Jayich, Phys. Rev. Lett.,
2019, 122, 076101.

48 Y. Nishimura, K. Nishida, Y. Yamamoto, S. Ito, S. Tokonami
and T. Iida, J. Phys. Chem. C, 2014, 118, 18799–18804.

49 M. Geiselmann, M. L. Juan, J. Renger, J. M. Say, L. J. Brown,
F. J. G. De Abajo, F. Koppens and R. Quidant, Nat.
Nanotechnol., 2013, 8, 175–179.

50 X. Liu, J. Cui, F. Sun, X. Song, F. Feng, J. Wang, W. Zhu,
L. Lou and G. Wang, Appl. Phys. Lett., 2013, 103, 143105.

51 J. Tisler, G. Balasubramanian, B. Naydenov, R. Kolesov,
B. Grotz, R. Reuter, J.-P. Boudou, P. A. Curmi, M. Sennour,
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