Diamond quantum sensors in microfluidics technology

Masazumi Fujiwara?

Department of Chemistry, Graduate School of Environmental, Life, Natural Science and Technology,
Okayama University, 3-1-1, Tsushimanaka, Kita-ku, Okayama-shi, Okayama 700-8530,

Japan
(*Electronic mail: masazumi@okayama-u.ac.jp)

(Dated: 3 October 2023)

Diamond quantum sensing is an emerging technology for probing multiple physico-chemical parameters in the nano-
to micro-scale dimensions within diverse chemical and biological contexts. Integrating these sensors into microfluidic
devices enables the precise quantification and analysis of small sample volumes in microscale channels. In this Per-
spective, we present recent advancements in the integration of diamond quantum sensors with microfluidic devices and
explore their prospects with a focus on forthcoming technological developments.

INTRODUCTION

Microfluidics holds promise for the development of devices
that provide rapid, efficient, and sensitive analysis of chemical
and biological samples' . The miniaturization of analytical
systems into chip devices significantly reduces sample num-
bers and volumes*>. Additionally, analytes can be purified
and concentrated using nanostructures fabricated in microflu-
ids, which enables low-noise and high-sensitivity detection*.
The concept of microfluidics extends to engineering miniature
biological tissues inside channels, thus mimicking physiolog-
ical conditions using organ-on-chip technology®’. However,
implementing small, sensitive, and multimodal sensors into
micrometer-sized channels poses a challenge; therefore, dia-
mond quantum sensors are attractive for overcoming this chal-
lenge in microfluidic technologies.

Diamond quantum sensors enable the ultrasensitive and
multimodal analyses of various chemical substances and bio-
logical samples, including biomolecules®~!3, cells, and small
organisms'42!. The inert nature of the diamond surface fa-
cilitates intact and nontoxic sample analysis. The sensing
multimodality stems from the dependence of the resonance
frequencies or relaxation times of electron spins in nitro-
gen vacancy (NV) centers on the magnetic field’>>*, elec-
tric field>~27, or temperature®®3°. NV centers, a major type
of color defect centers in diamond (Fig. 1a), create their en-
ergy states deeply embedded in the wide bandgap of diamond,
emitting deep-red fluorescence in the range of 630-800 nm
upon green optical excitation. These NV centers can be ar-
tificially generated in both bulk diamonds and nanodiamonds
(NDs), as depicted in Fig. 1b, c. As illustrated in Fig. 1d,
the electronic ground state of NV centers are spin triplet (*A5)
with electron spin sublevels of mg = 0 and mg = 1 . The
NV spin state can be initialized to mg = 0, under optical ex-
citation, as the electrons in mg = %1 of the excited state CE)
undergo intersystem crossing to mg = 0 of the ground state via
the metastable singlet states. Upon application of a microwave
resonant to the transition of mg = 0 — =1 in the ground state
(typically at ~ 2.87 GHz), the fluorescence intensity is de-
creased, a phenomenon known as optically detected magnetic
resonance (ODMR). Recent studies have expanded measure-
ment targets to include parameters such as pH!'3! and radical
molecules'®3? by exploiting the sensitivity of NV spin relax-

ation times to magnetic spin noise.

In microfluidic channels, NV centers are placed near the
samples, either several nanometers below the surface of bulk
diamonds or in NDs. The ODMR of samples flowing in the
microfluidic channel is measured using NV layers near the
surface of the bulk diamonds®!'33 (Fig. 1d, e). Alternatively,
NDs are introduced into the sample, and the resultant ND-
labeled sample is fed into the microfluidic channel for ODMR
detection®* (Fig. 1f). The scaling down of ODMR-based
analysis into microfluidic channels necessitates the miniatur-
ization and optimization of fluorescence collection and mi-
crowave excitation, as ODMR relies on the double resonance
of light and microwaves, requiring technological development
for more efficient devices. This Perspective highlights recent
advances in the implementation of diamond-based ODMR
technologies in microfluidic channels.

UTILIZATION OF MICROFLUIDICS IN DIAMOND
QUANTUM SENSING

The unique sensing capabilities of diamond quantum sen-
sors, particularly their small volume and near-surface sensitiv-
ity, have led to their integration with microfluidic technologies
since the early stages of development. In one approach, bulk
diamond chips containing NV ensembles on the surface were
bonded with polydimethylsiloxane (PDMS)-based microflu-
idic systems to detect ferritin molecules and gadolinium spin
labels in solutions and cells®!! (Fig. 1a). Microfluidics offers
precise manipulation of small analyte volumes on the order
of picoliters within submillimeter spaces>®3°, facilitating ef-
ficient interfacing of analytes with diamond quantum sensors
and maximizing their sensing capabilities. For instance, NV-
based diamond quantum sensors integrated into microfluidic
channels have demonstrated two-dimensional nuclear mag-
netic resonance (NMR) spectroscopy with a detection volume
of approximately 40 pL, aided by a spin-prepolarization mag-
net*’. Nanostructures such as nanopillars and mesopores can
be introduced to enhance the surface sensitivity of diamond
quantum sensors. Liu et al. demonstrated that metal—-organic-
framework (MOF) mesoporous structures on a diamond sur-
face increased the effective surface area and boosted NV-
NMR sensitivity*!#2. Additionally, interfacing spin-active an-
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FIG. 1. Graphical concept of using diamond NV quantum sensors with microfluidics.  (a) Schematic of the NV structure. (b) Left: a
photograph of bulk diamond chip with red NV fluorescence. Figure reproduced with permission from Phys. Rev. B 85, 121202 (2012)%°.
Copyright 2012 American Physical Society. Right: an electron microscope image showing NV-embedded nanopillar arrays (Losero et al., Sci.
Rep. 13, 5909 (2023)3%; licensed under a Creative Commons Attribution (CC BY 4.0) license.) (c) Fluorescence microscope images capturing
fluorescent NDs in HeLa cells. Red: NDs. Green: pHrodo Green Dextran (Nie et al., Nanomaterials 11, 1837 (2021)*7; licensed under a
Creative Commons Attribution (CC BY 4.0) license.) (d) Schematic of simplified energy level structure of NV centers and microfluidic spin
detection with freely diffusing spins above the bulk diamond sensors. |0) and |£1) are the spin sublevels for mg = 0 and mg = £1, respectively.
MW: microwave. D: zero-field splitting of the spin sublevels. ISC: intersystem crossing. d: distance between the surface and the NV spin
layer. Figure reproduced with slight modifications with permission from Nano Lett. 13, 4093 (2013)°. Copyright 2013 American Chemical
Society. (e, f) Two types of microfluidics with diamond quantum sensors using bulk chips and NDs.

alytes with diamond nanostructures can potentially polarize
13C-labeled molecules, such as acetic anhydride and pyru-
vate*>*3_ and has been studied to further increase NMR sen-
sitivity®0.

In addition to PDMS-based microfluidics, diamond quan-
tum sensors have been utilized in various microfluidic chan-
nels. An example approach involves the direct fabrication of
microfluidic channels inside bulk diamonds to enhance the in-
terfacing with analytes and surrounding diamond surfaces*’.
Although the fabrication of NV layers around these channels
has yet to be achieved, ongoing efforts have employed fem-
tosecond laser writing for this purpose*®*°. Furthermore, NDs
have been applied in diverse microfluidic channels. For in-
stance, Miller et al. employed antibody-functionalized ND
quantum sensors on a paper-fluidic platform to create lateral
flow assay test kits for HIV-1 RNA, which exhibited excep-
tional sensitivity down to zepto-molar levels'?. Additionally,
glass-capillary microfluids have been utilized in conjunction
with NDs for the optical manipulation and sorting of nano-
materials, with prospects of ND-quantum sensing for certain

analytes 0.

TECHNICAL IMPLEMENTATION OF ODMR IN
MICROFLUIDICS

As mentioned earlier, optimizing microwave excitation and
fluorescence collection is crucial for ODMR measurements.
Recent advancements have significantly improved the tech-
nological components. Traditionally, diamond quantum sens-
ing has often employed simple coils or thin wires as anten-
nas for microwave excitation owing to their simplicity and
ease of handling?®. However, these antennas suffer from a
significant impedance mismatch with conventional cables or
circuitry designed for 50 Q, resulting in a decreased spin exci-
tation efficiency or necessitating high-power amplifiers, even
for millimeter-sized uniform excitation. To address this, Os-
himi et al. developed a notch-shaped coplanar microwave
waveguide antenna on a glass plate designed specifically for
on-chip ODMR detection of the fluorescence of NDs (Fig. 2a—
d). A notch area with a size of 1.5 x 2.0 mm? introduced in a
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FIG. 2. Recent advancement in implementing NV-ODMR technologies into on-chip devices. (a) Photograph of glass-patternable notch-shaped
microwave antenna and its assembling with biological assay platforms including multi-well plates and glass bottom dishes. These devices are
docked with an electric circuit board for ODMR measurements. (b) Corresponding microwave magnetic field intensity distribution map in the
notch area. (c, d) Nematode worm placed in the notch area and the corresponding ODMR spectrum observed in the worm. Figures reproduced
with slight modifications with permission from Lab Chip. 22, 2519 (2022)3*. Copyright 2022 Royal Society of Chemistry. (¢) Photograph of
a microfluidic quantum sensing platform for a straight channel. The NV center-doped top side (2.0 x 1.0 mm functions as a sensor and forms
the bottom of the channel. (f, g) Example assembly with arbitrary channel geometries and dimensions to demonstrate the platform’s versatility.
(h) In operando bright-field microscopy image of the complete assembly inside a microscale NV experiment. The coaxial microwave antenna
appears as a dark loop positioned on the microfluidic chip. Figures reproduced with slight modifications with permission from Lab Chip. 22,

4831 (2022)33. Copyright 2022 Royal Society of Chemistry.

50-Q coplanar waveguide ensured uniform microwave excita-
tion across the notch area and exhibited gigahertz broadband
characteristics with a reflection loss less than 10%*. No-
tably, the ODMR signal intensity in the detection area can be
quantitatively predicted using numerical simulations based on
the calculated magnetic field intensity of microwaves via opti-
cal Bloch equations®!. This device successfully demonstrated
the designed ODMR signal intensity over the detection area
for various biological samples including cells, tissues, and
worms. This study highlights the potential and significance
of the computational design of microwave architectures for
the future integration of diamond quantum sensing with mi-
crofluidic approaches.

For optical excitation and fluorescence collection in dia-
mond quantum sensing, a microscope objective is preferred
because of its high compatibility with microfluidics technol-
ogy. Although simple optical excitation by beams focusing on
NVs is common in the existing literature, efforts are under-
way to fabricate optical waveguides within bulk diamonds to

exploit the high refractive index of diamonds (n = 2.4). This
high index of diamond compared with that of water (n = 1.33)
or air (n = 1.0) presents challenges for the efficient optical ex-
citation and fluorescence collection of NVs through the mi-
croscope objective, particularly when air or liquid media are
present between the NV and objective. Adopting a waveguide
approach offers enhanced efficiency for optical excitation and
fluorescence collection in microfluidics, as demonstrated by
bulk-chip diamond microscopes and nanophotonic diamond
quantum devices®. Eaton et al. described various approaches
for fabricating photonic waveguides with N'V-sensing compo-
nents using laser-writing technology*®. Laser writing not only
enables the creation of photonic waveguides in diamond but
also generates NV centers>® in combination with annealing,
potentially facilitating efficient all-in-one processing of mi-
crofluidic diamond quantum sensors.

In addition to the technical requirements associated with di-
amond quantum sensing, it is imperative to consider the pre-
requisites inherent in lab-on-a-chip applications. Allert et al.
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have highlighted the following criteria: (i) the adaptability
and optical transparency of the diamond device structure to
accommodate diverse microfluidic operations, and (ii) the de-
vice’s biocompatibility>>. With these considerations in mind,
they have introduced a fully integrated microfluidic platform
for bulk-based diamond quantum sensing, successfully im-
plementing various NV center-based sensing modalities for
chemical analysis. This includes the detection of paramag-
netic ions and the realization of high-resolution microscale
NV-NMR (Fig. 2e-h).

OUTLOOK

In this Perspective, I have summarized the efforts to inte-
grate diamond quantum sensors with microfluidic technolo-
gies. Diamond quantum sensor technology is highly com-
patible with microfluidics and provides high sensitivity with
multimodal measurements in limited microscale areas in flu-
idic channels. In the early stages of the development of dia-
mond quantum sensors, microfluidic channels were employed
to efficiently interface analytes with quantum-sensing detec-
tion areas. However, recent research has focused on the de-
velopment of a more effective integration with microfluidics
to deploy high-sensitivity and multimodal sensing capabili-
ties in chemical analyses and biological assays. It is antic-
ipated that these efforts will extend to several key applica-
tions of microfluidics including organ-on-chip, wearable, and
high-throughput assay devices. For these applications, the fol-
lowing aspects must be considered: (1) Multimodal quantum
sensing, currently at a functional stage>*~%, needs to be opti-
mized for microfluidic applications, with a focus on specific
measurement targets. (2) Sample concentration methods on
the surface of diamonds must be considered because the sen-
sitivity of quantum sensing is scaled to the diamond surface
area, whereas the number of molecules (analytes) is scaled to
the volume. (3) Optical and microwave access to diamond
quantum sensors in wearable devices must be developed. (4)
Various microfluidic materials must be employed to improve
the culture of organ-on-chip devices. Finally, following the
success of diamond quantum sensors, other solid-state quan-
tum sensors have been developed, including those based on
silicon carbide®’>® and hexagonal boron nitride’>*°. Quan-
tum sensors provide microfluidics technology with a useful
toolbox for microscale sensing.
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