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Fluorescent nanodiamonds (FNDs) have been exploited as sensitive quantum probes for nanoscale
chemical and biological sensing applications, with the majority of demonstrations to date relying on
the detection of single FNDs containing either single nitrogen vacancies or nitrogen-vacancy ensem-
bles. This places significant limits on the measurement time, throughput and statistical significance
of a measured result as there is usually marked inhomogeneity within FND samples. Here, we have
developed a measurement platform that can report the 7} spin relaxation time from a large ensemble
of FNDs in solution. We first describe a refined sensing protocol for this modality and then use it to
identify the optimal FND size for the detection of paramagnetic targets. Our approach is simple to set
up, robust and can be used for rapid material characterization for a variety of in-situ quantum sensing

applications.
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I. INTRODUCTION

Fluorescent nanodiamonds (FNDs) containing the
nitrogen-vacancy (N-V) defect have been developed over
the last decade as a novel nanoscale sensor for a wide range
of targets including pH [1], temperature [2—5], free radi-
cals [6-9], and paramagnetic targets such as manganese,
gadolinium, and iron [10—14]. The majority of characteri-
zation and chemical sensing studies that use FNDs address
individual particles, as they offer high sensitivity and spa-
tial resolution [6,13,15—18]. However, these approaches
are often limited in their statistical power due to the
inhomogeneous nature of FNDs’ size, shape, brightness,
and coherence [15]. Therefore, alternate approaches which
measure the average behavior of an ensemble of FNDs
offer robustness over individually sampling a small subset
by reducing measurement bias. However, FND ensembles
have been applied to chemical sensing exclusively in a
two-dimensional (2D) setting which comes with practical
limitations [14]. For example, the target may be distributed
inhomogeneously across the FND ensemble, introducing
large variabilities that reduce the quantitative utility of
these measurements [19].
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Here, we have established an all-optical, high-
throughput protocol for reporting on the quantum prop-
erties of FNDs in solution. We envisage this modality
as a complementary technique which offers benefits over
conventional sensing approaches using N-V defects. For
example, this cuvette-based approach results in a more uni-
form interaction between FNDs and a target, facilitating in
situ measurement and characterization using 7 spin relax-
ometry. While this study focuses on the development of
this modality for measuring the 7; spin relaxation time
of dispersed FNDs, the basic apparatus can also be modi-
fied to provide quantification of the average brightness and
emission spectra of samples, as previously demonstrated
[15].

This work contains two main sections. First, a pro-
tocol for 77 spin relaxometry is established, which can
account for fluctuations in the fluorescence intensity of
the N-V defects that are involved in a given measurement.
We then apply this protocol to rapidly explore the best-
sized FNDs for paramagnetic sensing of chelated Gd>*
ions in the form of gadobutrol, a paramagnetic chemical
contrast agent often used in magnetic resonance imaging.
This proof of principle demonstration shows the sim-
plicity and high throughput of the technique, as well as
the ease of performing a robust control 7; calibration
measurement.
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II. A PROTOCOL FOR IN-SOLUTION T7; SPIN
RELAXOMETRY

Measurements of dispersed FNDs were performed on
a custom-built setup shown in Fig. 1. The apparatus con-
sisted of a cuvette holder (Thorlabs), 532-nm (GEM, Laser
Quantum) excitation laser, acousto-optical modulator (AA
Electronics), and a single-photon avalanche photodiode
(SPAD) (Excelitas Technologies). Laser light of 160 mW
was focused to the center of the cuvette using a 150-mm
plano convex lens, forming a focused beam with a waist
approximately 200 pm in diameter. N-V fluorescence was
extracted perpendicularly to the excitation beam through
a 731+137 nm bandpass filter to capture the broad fluo-
rescence emission of the negatively charged N-V defect.
The N-V fluorescence was coupled into an optical fibre
(core diameter 400 wm) using an achromatic collimator
with a numerical aperture of 0.54 (F950FC-A, Thorlabs)
followed by detection with the SPAD. Micro cuvettes
(BRAND 759200, Sigma Aldrich) were used to hold a
170 wL suspension of FNDs. The left inset of Fig. 1 shows
a photo of the cuvette and holder. N-J fluorescence is vis-
ible through the filter at the front of the holder as a red
line.

T spin relaxation measurements were performed using
the N-J defects housed within the FNDs. The N-J defect
consists of a substitutional nitrogen atom and an adjacent
vacancy (see right inset of Fig. 1). It is a spin-1 system,
with an electronic structure shown in Fig. 2(a). The m; = 0
and m; = £1 ground spin-state levels are separated by the
zero-field splitting, D = 2.87 GHz. When excited from the
ms = 0 ground state, the N-J defect emits 30% more fluo-
rescence than the corresponding transitions from the m; =
=+1 states, which provides a convenient method to optically
report the ground spin-state populations [20,21]. This can
be used to perform T spin relaxometry which measures the
degree of longitudinal relaxation of the N-V spin polariza-
tion, where T is defined as the time at which the emission
intensity reaches 1/¢ of the maximum value. The charac-
teristic time may also be expressed as a rate, I' = 1/T77,
which will be used here. Fluctuating magnetic field sources
act to increase I". These magnetic field sources can come
from electronic spins on or within the FND [16,22], or
from external targets such as paramagnetic molecules [12]
or magnetic materials [23].

To measure the 7 spin relaxation process, a simple
protocol was employed, as shown in Fig. 2(b). First, the
polarizing laser pulse was used to initialize the ensemble of
FNDs within the beam path into the bright, m, = 0, ground
state. Then, after an evolution time 7, a second laser pulse
was used to read out the average spin state of the N-V
ensemble, as well as repolarizing for the next measure-
ment. Each laser pulse in the protocol was applied for the
same length of time, but by varying t, a 7} spin relaxation
curve of the form shown in Fig. 2(c) can be generated.

For an individual N-JV defect, the decay profile of the
measured emission intensity will be determined by its
intrinsic relaxation rate, I'jy, as well as that produced
by the presence of target spins, 'y, giving an emission
intensity

Nr
() = Cexp <_FintT - Z(Fi,targf)> + 1(00), (1)

where N7 is the number of target spins.

This becomes more complicated when considering an
ensemble of FNDs as we need to sum over the total number
of N-V defects:

NN-y Nt
I(t) = Z |:C €Xp (_FintT - Z(Fi,/ targf)> + I(OO):| s
J i J

)

where Nyn.p is the total number of N-V defects in the
ensemble. In this situation, the emission intensity, /(7),
is composed of a large sum of exponentials which cannot
be fitted with a single exponential function. There are two
main approaches in the literature for fitting this data, both
of which approximate the resulting fluorescence signal.
These are a double exponential [17,18,24] and a stretched
exponential [14,15,19,25]. Both approaches are experi-
mentally derived, rather than physically motivated [26]. A
stretched exponential function is preferred when there is
a distribution of decay rates contributing to the measured
signal, whereas a double exponential is suited to cases
which involve two dominant time scales. Here, we expect
a large distribution of decay rates, as we are dealing with
an N-J ensemble housed by inhomogeneous FNDs [27].
This was confirmed when comparing the two fit types; fit-
ting with a stretched exponential function proved to be
more robust than a double exponential (see the Supplemen-
tal Material [28] for an example of the double exponential
fits).

For the intrinsic case, where there is no target present,
the stretched exponential function is given by

I(r) = Cexp (—(Tim1)?) + 1(00), 3)

where C, is the spin contrast. The stretch power, p, is influ-
enced by the variance in I'jy across the FND ensemble.
When a target is introduced, a second term must be added
to the exponent:

I(t) = Cexp (—(TimT) — (TargT)?) +1(00).  (4)
To isolate the effect of the target, I'targ, @ control measure-

ment is first taken to find the values of I';y; and p, using
Eq. (3), which are then fixed when fitting with Eq. (4). In
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Schematic of the in-solution measurement apparatus. The setup consists of a 532-nm laser which is modulated using an

acousto-optical modulator. Nitrogen-vacancy (N-V) fluorescence is extracted through an optical fibre and measured on a single-photon
avalanche photodiode. Top left inset: A photo of the cuvette; N-V fluorescence is visible as a thin red line through the optical filter at
the front of the image. Top right inset: Quantum sensing is performed using dispersed FNDs containing the N-V defect which consists

of a substitutional nitrogen atom and an adjacent vacancy.

practice, the measured stretch powers p and g are similar.
This is not surprising, as they are influenced by the vari-
ance in Iy and Iy across the FND ensemble which both
depend on the geometric arrangement of the noise sources
that contribute to them. In the case of I'jy, this is noise that
is intrinsic to the diamond, whereas for 'y, it is the tar-
get spins. In FNDs, 'y is dominated by surface spin noise
[12,22,29], while the influence of the target (I'iare) Will be
skewed toward spins in close proximity to the surface, due
to the »~° dependence [12]. See the Supplemental Material
[28] for a comparison of the measured values of p and g.

To control for laser fluctuations, other environmental
noise, and potential N-J" charge state changes across the
measurement time, each data point in the 7} curve is found
by taking the ratio of the integrated emission intensity
in a window at the beginning of the laser pulse (which
informs on the average spin-state population of the ensem-
ble), with the integrated intensity in a window at the end of
the pulse (which represents the steady-state population of
the repolarized state). The respective pulses are shown by
the dotted boxes in the SPAD trace of Fig. 2(b).

The integration window widths were chosen such that
they provided an optimal tradeoff between spin contrast, C,
and the number of photons collected per sweep. For both
the signal and reference windows, this optimum was found
to be a width of 10 pws. Optimization studies were also per-
formed in order to identify the most appropriate laser pulse
length as well as to establish the efficacy of taking the
ratio between the signal and reference data. These inves-
tigations showed that a pulse length of 80 ws was able to
polarize the N-V defects while maintaining the steady-state

intensity within 2-3% across a relaxation measurement.
Taking the ratio of the signal to reference intensities was
shown to account for this small variation in steady-state
intensity, validating the protocol. An in-depth discussion
of each of these optimization studies is presented in the
Supplemental Material [28].

After establishing a 77 measurement protocol, we stud-
ied the effect of the FND concentration on the measured 7}
relaxation curve. Our findings show that as the concentra-
tion of the FND solution is increased, the N-J spin contrast
and signal to noise of the measurement both decrease,
as presented in Figs. 2(e) and 2(f). These changes are
attributed to scattering of the N-V fluorescence, which can
impact the signal intensity and modify its temporal char-
acteristics. This scattering effect appears to be limited to
concentrations greater than 25 pLg/ml. Therefore, we used
FNDs with a concentration less than 25 pg/ml for the
remainder of this work. We note, however, that scattering
increases with particle volume, so for smaller FND sizes
it may be possible to operate at concentrations higher than
25 wg/mL [30].

III. EXAMPLE CHARACTERIZATION AND
SENSING STUDY

In-solution 7; relaxometry has the potential to offer
high-throughput measurements of large numbers of FNDs,
making it useful for both characterization and quantum
sensing studies. We envisage this to be a complementary
method to confocal or widefield microscopy, which navi-
gates some of the practical challenges inherent to these two
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In-solution 7 relaxometry with FNDs. (a) Schematic of the energy levels of the N-J defect in diamond. These consist of

triplet ground and excited states and two intermediate singlet states. (b) The T} sensing protocol. The N-V ensemble is polarized and
read out using an 80-ps laser pulse, followed by a variable wait time 7. The N-V spin population is determined by taking the ratio of
the integrated intensity in the first 10 s of the excitation pulse to the integrated intensity in the final 10 ws of the pulse. (c) A typical 7}
spin relaxation curve measured using the pulse sequence in (b). The intensity decay is fitted with a stretched exponential equation. (d)
Images of 140-nm FND suspensions in ultrapure water at concentrations ranging from 1 to 300 pwg/ml. The effect of the concentration
of the FNDs on the measured C (e) and iy (f). The FND concentration has a negligible effect for values below 25 pg/mL.

conventional techniques. To assess the utility of the tech-
nique, we first identified the FND size that is most useful
and then applied these FNDs to sensing Gd(III).

Evaluation of any sensor requires consideration of its
dynamic range, sensitivity, and limit of detection (LOD).
Ideally, a sensor will respond consistently to a wide range
of concentrations with a low LOD, but it must also be
able to distinguish between two samples with very similar
concentrations. In the context of 7' spin relaxometry, opti-
mal performance within this metric will be determined by
Iint, the optical noise, and the N-V depth distribution with
respect to the diamond surface. If all other characteristics
are equal, N-Vs with a lower 'y, offer a greater dynamic
range, as the operating bandwidth will span I'yax—Tintrinsics
where 'y« is the maximum decay rate determined by the
spin polarization time of the N-J defects (of the order of
tens of microseconds). Meanwhile, the measurement sensi-
tivity depends on the N-J spin contrast, photon count rate,
and the total acquisition time of the measurement [31].
Finally, FNDs with the shallowest depth distributions will
offer the lowest LOD, as the magnetic interaction between
an N-V defect and a target molecule scales as 1/7.

To assess the utility of dispersed FNDs for sensing, we
first identified the most optimal FND size from a range
of those currently available. To do this, we evaluated the
LOD, sensitivity and dynamic range of the particles by
comparing the values of T'jy, C, and p for 50-, 100-, and
140-nm FNDs, sourced from Adamas Nanotechnologies.

Particles were suspended in ultrapure water and sonicated
for 30 s to ensure optimal dispersion. The intrinsic 7
relaxation curve of each FND sample was measured using
a 170-pL volume. To provide a similar level of photon
shot noise between measurements, data were acquired until
approximately 1.2 million photons were collected in the
reference window of the first data point. The brightness of
each FND sample varied. For example, the 50-nm sample
produced less than 1 million counts per second, whereas,
the 100- and 140-nm samples were an order of magnitude
brighter. Therefore, to ensure the SPAD operated within
its linear range, a neutral density filter with an optical den-
sity of 1.6 was added to these two samples to reduce the
count rate to below 2 million counts per second. Each mea-
surement was replicated three times with a new solution of
FNDs.

Figures 3(a)-3(c) show the intrinsic spin relaxation rates
Cint, the spin contrast C, and stretched exponential power
p for all replicates and FND sizes. The error bars are
derived from the fit error as well as the variation between
replicates. Of the three sizes measured, the 100-nm FND
sample had the most favorable properties. Specifically,
it had the lowest I';; and smallest relative error, which
should translate to the widest dynamic range and high-
est sensitivity. Additionally, the 100-nm sample provided
the largest spin contrast and similar fluorescence intensity
compared to the 140-nm FNDs, which enabled relatively
high-throughput measurements. The only aspect that was
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FIG. 3. A comparison of three FND sizes based on the properties of their intrinsic 7} relaxation curves. (a) spin relaxation rates iy,

(b) spin contrast C, and (c) stretched exponential powers p for each size.

difficult to assess was the LOD, which is determined by
the depth distribution of the N-V defects within the FND
ensemble. In principle, the 50 nm particles should offer the
lowest LOD, given that they should have a higher propor-
tion of their N-J defects located close to the nanodiamond
surface. However, this benefit is outweighed by their high
intrinsic relaxation rate and reduced spin contrast. There-
fore, we chose to perform sensing measurements using the
100-nm FNDs.

Sensing efficacy was assessed with gadobutrol monohy-
drate (Sigma Aldrich). The Gd** ion bound to this ligand
has an electron spin of S = 7/2, providing a fluctuating
magnetic signal that induces a strong response, as shown
by the example 7 relaxation curves in Fig. 4(a). The effect
of Gd(III) on the 100-nm FNDs was recorded by first con-
ducting a control measurement of the intrinsic properties
of the sample, followed by a sensing measurement after
the addition of 30 wL of Gd(Ill) at various concentra-
tions. Each set of control and sensing measurements was
repeated four times.

Figure 4(b) shows I'iy; and I for GA(IIT) between 0.1
and 100 mM. The value of I';y is similar for each control
measurement, showing that the spin relaxation proper-
ties of the FND ensemble control solutions are consis-
tent. Acquisition of 'y, before each sensing measurement
is important as it provides a means of identifying and
accounting for changes in the buffer solution or FND spin
properties.

The value of Iy, on the other hand, increases with
increasing Gd(III) concentration, as expected. The shape of
the data corresponds well with prior measurements using
Gd(III) [32] and Mn(II) [33]. These data also show that the
100-nm FNDs have a dynamic range which spans at least
three orders of magnitude. At the minimum concentration
probed, 0.1 mM, the signal was I'irg = 2 & 0.5 kHz, which
suggests the LOD has not yet been reached.

A. Comparison to Conventional Approaches

As a complimentary FND measurement method, this
technique circumvents some of the limitations of the

conventional approaches which use confocal or widefield
microscopy. To highlight the particular niche that this
technique could fill, it is important to discuss the advan-
tages and disadvantages of all three approaches and the
circumstances in which each might be the most useful.
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FIG. 4. Sensing Gd(IIT) using the 100-nm FNDs. (a) Example
T, relaxation curves from a control measurement and one with
Gd(IIT). There is a large change in " between the two curves. (b)
[int and T'iarg across a range of Gd(III) concentrations between
0.1 and 100 mM.
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FNDs are often measured using confocal microscopy,
which allows individual particles to be probed. There are
numerous examples of confocal microscopy being applied
to both characterization of FNDs [15,34-37] and sens-
ing experiments [5,6,8,22,38,39]. The biggest advantage
of this approach is that it utilizes the small size of FNDs
to provide high spatial resolution, which is of interest in
particular applications such as intracellular sensing [8,40—
45]. In addition, it is possible to study the effects of specific
interventions on individual FNDs, such as chemical termi-
nation of the FND surface, by relocating the same particles
before and after the modification [16]. The drawbacks of
confocal microscopy, however, are that it is extremely
time-consuming, requires non-negligible sample prepa-
ration, and can be subject to bias. Therefore, confocal
microscopy is not an ideal method for certain experiments,
especially those that are interested in collecting data over
a large spatial area or from many, delocalized, targets.

Widefield microscopy can also be used to measure
FNDs, often as a large ensemble [14,19,24,27]. This
removes the opportunity for bias that comes with confo-
cal microscopy and provides information about the FND
properties at an ensemble level. However, there are several
limitations associated with this approach. For example,
like confocal microscopy, FNDs must be measured after
they are adsorbed onto a 2D substrate due to the relatively
narrow focal depth of a microscope objective. In this sit-
uation the FNDs must be dried onto the substrate first, to
provide a control measurement, followed by the applica-
tion of the target. The 2D geometry of this approach is
suboptimal in certain instances as it does not allow for mix-
ing of the FNDs with a target, especially if the target is
also allowed to dry onto the substrate [19]. Finally, it can
be challenging to create a thick, uniform layer of FNDs on
a 2D substrate [14].

The in-solution technique presented here provides sev-
eral benefits which complement the confocal and widefield
microscopy techniques. For example, the equipment and
setup are relatively simple, with only a few optical ele-
ments and no microscope objective. The technique also
provides high-throughput measurements and reports on
FND ensemble behavior. Finally, the 3D, dispersed nature
of the FNDs and target ensures that they interact uniformly.

It is also worth comparing this in-solution technique to
sensing with a single-crystal diamond. There have been a
number of chemical sensing studies utilizing a bulk dia-
mond instead of FNDs [25,32,33,46,47] and it is important
to consider the benefits and limitations of this approach as
well. In previous work, Steinart et al. [32] used a single-
crystal diamond fitted with a microfluidic chip to measure
Gd(IIT) across a range of concentrations between 1 and
1000 mM. Comparing the dynamic range and sensitivity of
these results to those obtained here, it is interesting that the
FNDs performed more favorably in several respects. For
example, at a concentration of approximately 100 mM, the

single crystal had a I",g of approximately 3 kHz compared
to approximately 13 kHz for the FNDs, with a similar rela-
tive error between the two. The in-solution technique also
provides practical benefits such as being disposable and
cheap, compared to single crystal which can be difficult
to clean and expensive. Single-crystal measurements also
often require an advanced interface such as a microfluidic
chip to facilitate liquid sensing experiments.

Single-crystal diamond clearly outperforms the current
technique, however, when considering acquisition time; a
T, relaxation curve can currently be obtained on the time
scale of minutes using a single-crystal diamond. This dif-
ference is largely due to the acquisition method that we
employed in the current setup, which restricts the number
of photons that can be detected during each sweep. Modi-
fication of the collection apparatus could therefore provide
a vast improvement in throughput. To this end, an alterna-
tive detector to the SPAD would need to be employed in
combination with predetector elements such as an aspheric
lens [48], integrating sphere [49], or parabolic lens, which
may provide up to 65% collection efficiency [50].

As well as improving the acquisition method, further
improvements in throughput could be achieved by under-
standing the origins of optical noise in the system. Our
investigations reveal that the in-solution measurements are
approximately a factor of 2 away from the shot noise limit
(see the Supplemental Material). The additional optical
noise may arise from photon scattering and diffusion of the
FNDs themselves, as well as residual laser intensity fluc-
tuations not accounted for by the current common mode
rejection scheme. With this level of optical noise we were
able to determine changes in the spin relaxation rates with
a measurement error of less than 10% when collecting data
for about 50 min, which is comparable to the measurement
error that can be achieved in a few minutes using a bulk
crystal.

In summary, we have demonstrated that 7' spin relax-
ometry can be performed on dispersed FNDs in an
all-optical cuvette-based system, reporting from approx-
imately 2600 particles simultaneously. We have shown
how this system can be used to rapidly assess the suit-
ability of current commercially available FND materials
for paramagnetic quantum sensing applications. Using this
technique, we found that 100-nm FNDs currently offer the
largest dynamic range and highest sensitivity for chemi-
cal sensing; however, smaller particles have the potential
to reach lower limits of detection. Using 100-nm FNDs,
we demonstrated that the in-solution nature of the mea-
surement allows for in-situ chemical sensing with a lower
limit of detection and wider dynamic range than that shown
with a single-crystal diamond, as well as greater through-
put than standard confocal or widefield microscopy of
FNDs. This measurement platform will also be useful for
understanding the effects of surface functionalization on
T spin relaxation times [51,52]—providing a method for
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assessing the impacts of new terminations with high statis-
tical power and throughput. With straightforward improve-
ments to the collection efficiency, or by implementing
a single-point 7 protocol, this system can be improved
further, with the potential to offer subsecond acquisition
speeds comparable to a single crystal. Finally, this in-situ
technique opens the door to alternative sensing paradigms
for these nanoscale fluorescent quantum sensors, provid-
ing a path to well-controlled, time-resolved measurements
of dynamic chemical processes.

The data that support the findings of this study are
openly available in Zenodo at http://doi.org/10.5281/
zenodo.7914025.
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