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Lab-on-a-chip (LOC) applications have emerged as an invaluable tools in physical and life sci-
ences. However, LOC applications require extensive sensor miniaturization to leverage their full
potential. In recent years, novel atom-sized quantum sensors have enabled measurements of tem-
perature, electric and magnetic fields on the nano- to microscale. Nevertheless, the technical
complexity of both disciplines has so far impeded an uncompromising combination of LOC and
quantum sensors. Here, we present a fully integrated microfluidic platform for solid-state spin
quantum sensors, such as the nitrogen-vacancy (NV) center in diamond. Our platform fulfills all
technical requirements, such as fast spin manipulation, enabling full quantum sensing capabilities,
biocompatibility, and easy adaptability to arbitrary channel and chip geometries. To illustrate
the vast potential of quantum sensors in LOC devices, we demonstrate various NV center-based
magnetic resonance experiments for chemical analysis in our microfluidic platform. We anticipate
our microfluidic quantum sensing platform as a novel tool for electrochemistry, high throughput
reaction screening, bioanalytics or organ-on-a-chip, and single-cell studies.

Keywords: quantum sensing, nitrogen-vacancy (NV) center, magnetic resonance spectroscopy, nano- and
microscale NMR spectroscopy, sensors, microfluidics, lab-on-a-chip, micro total analysis system

1 Introduction.

Lab-on-a-Chip (LOC) applications significantly im-
pact physical and life sciences, hinging on the ex-
tensive system miniaturization of microfluidics, where
benefits range from well-defined mass and heat trans-
port to extensive process parallelization [1]. Addition-
ally, microfluidics can optimize conventional chemi-
cal or biological processes [2], enabling applications
in single-cell biology [3], drug discovery [4], organ-on-

a-chip research [5, 6], or electrochemistry [7]. How-
ever, analytics and process control in LOC platforms
are still exceedingly challenging, requiring extensive
sensor miniaturization and the integration of multiple
sensor types [7–9].
During the last decade, parallel to the developments in
LOC, solid-state spin systems have emerged as promis-
ing atom-sized quantum sensors for nano- and mi-
croscale length scales (see Fig. 1a) [10, 11]. In par-
ticular, the nitrogen-vacancy (NV, see Fig. 1a inset)
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Fig. 1: Microfluidic quantum sensing platform. a) Quantum sensing of numerous physical quantities, e.g., tem-
perature, electric-, and magnetic fields using nitrogen-vacancy (NV) centers in diamond. b) Schematic of an example
lab-on-a-chip (LOC) with various microfluidic operations for applications in, e.g., medicine, biology, or chemistry. c) A
list of experimental requirements posed by quantum sensing which must be incorporated into a generalized microfluidic
sensing platform. d) Requirements for the microfluidic quantum sensing platform to qualify for broad LOC applica-
tions. e) Our solution is a fully integrated microfluidic quantum sensing platform incorporating all criteria of quantum
sensing and lab-on-a-chip applications.

center in diamond had an immense impact as a fully
functional qubit at room temperature [12]. The work-
ing principle hinges on the strong interaction of (spin)
qubits with their environment. While most quan-
tum technologies aim to isolate their qubits as much
as possible from their environment to limit interac-
tions, quantum sensing harnesses these interactions
for precision measurements of pressure, strain, tem-
perature, electric or magnetic fields (see Fig. 1a) [13,
14]. Further, these physical quantities can often be
measured multiplexed, allowing for parallel measure-
ment of, e.g., temperature and magnetic fields [15]. In
particular, the magnetic sensing capabilities have been
utilized extensively, e.g., to measure single-neuron ac-
tion potential from live organisms [16], high-resolution
nuclear magnetic resonance (NMR) spectroscopy from
single-cell volumes [17–20], or magnetic imaging of

bacteria [21]. The main advantage stems from the
fact, that the atom-sized sensors can be brought close
to the diamond’s surface (nano- to micrometers) and,
thus, in contact with the sample which typically sets
the sensing volume on a similar length scale (see
Fig. 1a) [17, 22–24]. However, most state-of-the-art
experiments have not utilized the NV center’s capabili-
ties for nano- and microscale sensing to their fullest ex-
tent, still requiring milliliter sample volumes [17–20].
Some early implementations have used polydimethyl-
siloxane (PDMS)-based [25, 26] or tape-based [18] mi-
crofluidic channels, with shortcomings in adaptability,
biocompatibility, or limited quantum sensing capabil-
ities. Thus, implementing NV center-based quantum
sensing into a fully functional, unified LOC platform
is a long-standing goal.
Here, we demonstrate a generalized microfluidic quan-
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a) Step 1: Platform design
Selective modification of fused silica in a 3D
volume by femtosecond laser irradiation.
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Fig. 2: Microfluidic chip manufacturing and assembly of the microfluidic quantum sensing platform. a)
The microfluidic chip is purposefully designed to match the required experimental conditions, e.g., diamond shape, light
path and microfluidic operation, using commercial computer-aided design (CAD) software. b) The microfluidic chips
are manufactured from optically polished fused silica, into which the three-dimensional chip structure is written using
ultrashort infrared laser pulses. c) The chips are chemically wet-etched in an ultrasonic bath for several hours and up
to days to expose the 3D microfluidic structure. d) The core of the microfluidic quantum sensing platform is assembled
by first bonding of the NV-diamond in the microfluidic chip using optical adhesive; secondly, the compound parabolic
concentrator (CPC) is bonded to the diamond, and lastly, the inlet and outlet tubing is bonded inside the microfluidic
chip. e) The optical adhesive is subsequently cured with UV light. f) The final microfluidic quantum sensing platform
is assembled and consists of the microfluidic chip, the NV-diamond, the CPC, tubing, microwave antenna, and the
excitation laser.

tum sensing platform that incorporates the broad chal-
lenges posed by NV center-based quantum sensing and
LOC applications. As example applications, we have
chosen one of the most promising but challenging ap-
plications of NV centers in microfluidics: magnetic
resonance spectroscopy [27], enabling non-invasive and
quantitative analysis for chemical and biochemical ap-
plications, expanding the existing analysis capabili-
ties within LOC. Importantly, our platform promotes
quantum sensing for other applications as well, such
as temperature measurements [15, 28], bioassays [29,
30], biomagnetism [21], or velocimetry [31], making
this technology accessible to numerous research com-
munities.

2 Microfluidic quantum sensing

platform.

2.1 Platform criteria.

A versatile microfluidic quantum sensing platform
must fulfill various criteria posed by NV center-based

quantum sensing and LOC applications, as illustrated
in Fig. 1c & 1d. For quantum sensing with solid state
spin systems, such as NV centers, the following tech-
nical equipment must be incorporated [13, 27]:

1. Optical excitation. The NV center’s spin-
state is initialized by laser excitation.

2. Microwave irradiation. Microwave pulses
are used for coherent spin-state manipulation in
quantum sensing protocols.

3. Fluorescence detection. The measurement
signal is read out by the NV center’s spin-state
dependent fluorescence.

Thus, these quantum sensors pose unique experimen-
tal requirements, such as high-power lasers (up to 1 -
10 mW/µm2 at ∼ 532 nm [17, 32]) for spin-state ini-
tialization, efficient Gigahertz microwave delivery (up
to a hundred watts) for spin-state control, and optical
access for read-out (see Fig. 1c). Furthermore, LOC
applications pose requirements to the platform (see
Fig. 1d), where we target the following:
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1. Adaptability. The microfluidic chip must be
readily adaptable to facilitate various microflu-
idic operations (e.g., mixers) and to the experi-
mental requirements for quantum sensing, such
as diamond geometry, space constraints due to
fluorescence light collection, or the laser excita-
tion pathway.

2. Optical transparency. The microfluidic chip
must be optically transparent for microscopy
and process control.

3. Biocompatibility. Since many LOC applica-
tions study cells, organoids, or tissue, the bio-
compatibility of the platform is vital.

It is necessary to design and manufacture the microflu-
idic quantum sensing platform as adaptable and bio-
compatible as possible to access the entire LOC ap-
plication space. Furthermore, optical access is cru-
cial for microscopy or additional spectroscopy meth-
ods. However, challenges arise from overlapping crite-
ria of both fields, such as high-laser powers for quan-
tum state initialization vs. biocompatibility or opti-
cal and microwave access vs. robustness of the mi-
crofluidic chip, which seem mutually exclusive. In this
work, we overcome these obstacles and converge the
presented criteria by a comprehensive engineering ap-
proach into an integrated microfluidic quantum sens-
ing platform with broad applicability. These results
are achieved by a unique combination of highly adapt-
able glass microfluidics, which is fully compatible with
an optimized quantum sensing platform (see Fig. 1e).

2.2 Fabrication & assembly process.

We employ selective laser etching (SLE) to produce
the microfluidic platform from quartz glass, i.e., syn-
thetic fused silica [33, 34], a well-established technique
for laser-assisted micromachining of three-dimensional
devices in transparent dielectrics. Compared to other
techniques, SLE based-glass chips allow for arbitrary
shapes and three-dimensional designs, fulfilling com-
plex geometry requirements for quantum sensing in-
tegration (see Fig. 2a & 3a). Notably, SLE enables
the fabrication of monolithic internal channels, i.e.,
channels inside the 3D substrate, crucial for integrat-
ing NV-diamonds where the surface area for bonding
is typically minimal. SLE utilizes ultrashort femto- to

picosecond infrared (IR) laser pulses to locally modify
the substrate, forming nanograting-like structures at
the focus point (see Fig. 2b) [35]. Three-dimensional
spatial selectivity is achieved due to the highly non-
linear nature of the light-matter interaction in the fo-
cal volume [35]. The modified glass is subsequently
wet-etched with either potassium hydroxide or hydro-
gen fluoride solution (see Fig. 2c) with significantly
increased etching rates compared to non-illuminated
sections, thus, exposing the negative 3D image [33,
34]. The etch-rate increase of the laser-modified ma-
terial can be more than 1,400:1 in quartz silica [33],
giving rise to high selectivity and, thus, high spatial
resolution (∼ 1 µm in XY and ∼ 2 µm in the Z-
direction, [34]). The main advantage is that 3D in-
ternal channels can be fabricated as long as the to-
tal distance to the next opening is ∼ 10 mm [33] to
ensure sufficient exchange of etching medium. Af-
ter the chip fabrication, the diamond is glued into
the microfluidic chip using an optical adhesive, form-
ing the channel bottom and, thus, sealing the chip
(see Fig. 2d). Next, a compound parabolic concen-
trator (CPC) for enhanced fluorescence light collec-
tion is bonded to the backside of the diamond [36].
Then, the in- and output of the microfluidic chip are
connected to the microfluidic system using commer-
cial high-performance liquid chromatography (HPLC)
tubing and additional optical adhesive to secure the
tubing inside the chip. Finally, the combined assem-
bly is cured under ultra-violet (UV) illumination (see
Fig. 2e) before the laser and microwave delivery can
be incorporated (see Fig. 2f & 3a).
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Fig. 3: Photographs of the integrated microfluidic
quantum sensing platform. a) Photograph of the mi-
crofluidic quantum sensing platform for a 100 µm thick and
80 µm high straight channel running the length of the 2.0 x
2.0 mm trapezoidal NV-diamond with 45° slopes. The NV
center-doped top side 2.0 x 1.0 mm acts as a sensor and
forms the bottom of the channel. b) & c) Example as-
sembly with arbitrary channel geometries and dimensions
demonstrate the platform’s versatility. The angle polished
sides of the diamond appear in dark. d) In operando
bright-field microscopy image of the complete assembly
inside a microscale NV-NMR experiment: The microflu-
idic channel with varying dimensions runs across a 2.0 x
1.0 mm trapezoidal diamond. The coaxial microwave an-
tenna appears as a dark loop positioned on the microfluidic
chip. The active sensing area, i.e., the excitation area, is
seen by the NV center’s fluorescence (bright spots), which
allows for scanning quantum sensing microscopy over the
diamond’s surface. Three overlayed pictures illustrate this
imaging capability, demonstrating that measurements can
be spatially resolved and addressed individually within the
entire microfluidic structure.

We want to emphasize that the microfluidic assembly
can quickly be disassembled and cleaned by dissolving
the optical adhesive either with hot sulfuric acid or
chlorinated solvents such as dichloromethane. There-
fore, the microfluidic platform can be easily reassem-

bled and reused after cleaning.

2.3 Results.

In order to fulfill the challenging requirements, the en-
gineering process for the microfluidic chip started with
an optimized NV-experiment [17, 37, 38] and their re-
spective applications. We then fabricated numerous
microfluidic chips using the described SLE fabrication
process and validated the platform based on the tar-
get criteria established in Section 2.1. As a result,
several platform generations have been produced and
validated with an step-wise increase in complexity, im-
plementing more criteria with every generation. The
concluding fully assembled microfluidic quantum sens-
ing platform is depicted in Fig. 3a, consisting of the
microfluidic chip with a 2,000 (length) x 100 (width) x
80 (height) µm straight channel running the length of
the 2.0 x 2.0 mm trapezoidal NV-diamond. The chan-
nel runs inside the microfluidic chip from the in- and
outlet port to the diamond, which then forms one of
the channel walls. The total volume of the microfluidic
channel is ∼ 600 nL with an active sensing volume of,
e.g., ∼ 130 pL, defined by the area of optically excited
NV centers (d ≈ 45 µm, see Fig. 3d) and the height of
the microfluidic channel (h ≈ 80 µm). More complex
microfluidic structures are shown in Fig. 3b & 3c (see
SI Section S2 for technical drawings).
Validation of quantum sensing criteria. Firstly,
the NV center must be optically initialized for quan-
tum sensing with laser powers up to 1 - 10 mW/µm2

at ∼ 532 nm [17, 32]. These high power intensi-
ties severely limit the application of NV center-based
quantum sensing in biological applications, as direct
illumination of cells with these laser powers can lead
to cell death within tens of seconds [39]. This can
be mitigated by keeping the light within the diamond
chip by a total internal reflection (TIR) geometry of
the NV center’s excitation laser path can limit the
sample’s exposure to evanescent light, significantly
reducing photodegradation [17]. Consequently, we
polished the sides of a 2.0 x 2.0 x 0.5 mm diamond
chip at a 45° angle and exposed one of the polished
sides to the incident laser (see Fig. 3a), enabling a
TIR geometry in the excitation pathway (see Fig. 1a).
The adaptability and robustness of SLE process al-
lows for designing a microfluidic chip with notches
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and delicate structures that do not interfere with the
TIR laser path for NV center-based quantum sensing
(see Fig. 1a).
Secondly, quantum sensing requires fast and efficient
spin control [13] with microwaves. The contact be-
tween the microwave delivery structures and the
chemical or biological samples should be avoided.
For that reason, we place the microwave antenna
in our platform on top of the microfluidic chip (see
Fig. 2f & 3d). Crucially, the distance between the
microwave antenna and the NV centers needs to be
minimized as the microwave power falls off with dis-
tance. The fused silica’s stiffness allows for thin chan-
nel ceilings (∼ 120 µm), reducing the distance between
the diamond’s surface and the microwave antenna to
∼ 200 µm (including the microfluidic channel) with-
out sacrificing stability of the microfluidic structures.
Using a high-power microwave amplifier resonantly
driving the NV center transition at ∼ 1.95 GHz (see
Methods section), Rabi frequencies above ∼ 40 MHz
equivalent to a π pulse duration of ∼ 12 ns can be
achieved (see Fig. 4), enabling full quantum sensing
capabilities [27, 32]. Importantly, our design allows
for imaging of various physical quantities over a large
field of view within the microfluidic structure (see
Fig. 3d) - a unique characteristic solid-state quantum
sensors. The employed microwave antenna, made from
a semi-rigid coaxial cable, has the advantage that a
broad frequency range can be excited compared to res-
onant structures. However, more complex microwave
antennas from printed circuit boards or microwave
resonators can be placed on the microfluidic chip for
increased power delivery. We note that the presented
microfluidic chip could be utilized as a glass substrate
for sputtering microwave antennas, such as strip lines,
omega antennas [40], or resonant structures [41] for
further integration and miniaturization of the experi-
ment in the future.
Lastly, the NV spin-state is read-out via its fluores-
cence intensity to translate the quantum measure-
ment into a detectable signal. Several methods for
fluorescence collection have been established, most
prominently via microscope objectives or optical ele-
ments such as solid-immersion lenses (SILs) or CPCs.
Our platform facilitates all three of these methods;
however, we choose to optimize our assembly for a
CPC as it has been established as one of the most

efficient light collection strategies, with up to 65%
collection efficiency [36]. Fig. 3a depicts the fully as-
sembled system, including the CPC. Our presented
platform, thus, meets all three fundamental crite-
ria posed by NV center-based quantum sensing: It
incorporates TIR excitation for efficient NV center
initialization without compromising biocompatibility,
fast NV spin manipulation, and state-of-the-art light
collection strategies.
Validation of LOC criteria. Utilizing SLE fabrica-
tion and, in extension, glass microfluidics has several
advantages: one of the main benefits is the platform’s
adaptability. The microfluidic chip can be tailor-made
to the requirements of quantum sensing, e.g., delicate
structures due to diamond shape or microwave deliv-
ery, and LOC applications by complex microfluidic
channel designs. As a second example, with less strin-
gent optical requirements, we designed a different chip
geometry for a standard 2.0 x 2.0 x 0.5 mm cuboid
diamond, which can be found in SI Section S.1. The
channel width in fused silica using SLE can be as low
as ∼ 10 µm, and the channel height ∼ 20 µm; though,
in our experiments, we typically employ channels be-
tween 40 - 100 µm in width and 30 - 80 µm in height
which reduces the internal pressure and represents
similar length scales as microscale NV center-based
sensing (see Fig. 3a). Especially, the material’s stiff-
ness allows for a wide range of channel geometries and
aspect ratios, see Fig. 3b & 3c for examples incorpo-
rating fluidic bypass structures for measurements in
reduced volumes. These complex designs can even be
implemented and sealed on small diamond surfaces
(2.0 x 1.0 mm) without difficulties.
The combination of design freedom in channel geome-
try with the high spatial resolution of SLE allows for
the generation of various microfluidic operations (e.g.,
mixers, cell traps, or picoinjectors) directly on top of
the diamond surface, i.e., the sensing area, which per-
mits non-invasive studying of processes taking place
at the point of interest. Furthermore, quartz glass is
optically transparent, chemical resistant, and biocom-
patible, encouraging long-term studies in applications
such as organ-on-a-chip studies [5, 6]. Glass microflu-
idics has further been demonstrated with femtoliter
reaction chambers using electron beam lithography
for further miniaturization [42].
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Fig. 4: NV center spin control inside the mi-
crofluidic chip. Measured Rabi experiment where the
|0⟩ → |−1⟩ transition at ∼ 1.95 GHz was resonantly driven
using a coaxial microwave antenna placed on the microflu-
idic assembly. Rabi frequencies above ∼ 40 MHz, equiva-
lent to a π pulse duration of ∼ 12 ns, are achieved, enabling
a broad range of quantum sensing schemes. The experi-
mental data is shown as blue dots, which is fitted using
a decaying sinusoidal function. Inset: Bloch sphere repre-
sentation of the Rabi experiment.

3 Example applications.

We opted for magnetic resonance applications to il-
lustrate the NV center’s unique capabilities to detect
nuclear and electronic spins with unprecedented sen-
sitivities [23, 43], ideal for LOC applications.
Paramagnetic ion & radical sensing. The NV
center can detect paramagnetic ions and radicals with
high sensitivity by relaxometry [25, 26]. In this sensing
scheme, magnetic noise caused by unpaired electronic
spins leads to an increase in the NV center relaxation,
probed by the spin-state-depended fluorescence. NV-
T1 relaxometry has been successfully applied to study,
i.e., the cellular response to antibiotics [44] and vi-
ral infections [45], or to monitor chemical reactions
in situ [46]. The measurement of T1 relaxometry of
paramagnetic species has also been demonstrated un-
der physiological conditions [25, 26].
Here, we realized T1 relaxometry sensing of para-
magnetic ions inside the microfluidic quantum sens-
ing platform using a near-surface NV center ensemble
(see Materials and Methods). The NV-T1 relaxom-
etry protocol is depicted in Fig. 5a. The measure-
ments are conducted by filling the microfluidic chan-
nel (straight channel see SI Section S.1) with either
pure water as a reference sample or gadolinium ion
solution (1.0 µM and 10 µM). Fig. 5b depicts the

concentration-dependent T1 relaxation, which demon-
strates the high sensitivity of our microfluidic quan-
tum sensing platform. The microfluidic chip allows for
highly controlled experimental conditions, which were
impossible before [47]. This experiment demonstrates
that the microfluidic quantum sensing platform can be
applied to detect radicals or paramagnetic ions, which
sets the route for electrochemical or biomedical sens-
ing.
Nanoscale NV-NMR. NMR spectroscopy at the
nanoscale (a few nanometer diameter detection vol-
umes) using NV centers has demonstrated NMR spec-
tra from single proteins covalently bound to the dia-
mond’s surface [43], 2D materials [48], or probing the
formation of a self-assembled monolayer (SAM) in real
time under chemically relevant conditions [38].
We detected NMR signals from surface tethered
molecules (12-pentafluorophenoxydodecylphosphonic
acid, PFPDPA) within a microfluidic chip with a
straight channel (see SI Section S.1). We employ cor-
relation spectroscopy (see Fig. 5c) to detect the 19F-
NMR signal. The 19F correlation spectroscopy data
results in a time domain NMR signal (see Fig. 5d
inset). The Fourier transform of these data results
in the 19F-NMR power spectrum with a resonance
at 1.25 MHz (see Fig. 5d). These results demon-
strate that the established method of nanoscale NV-
NMR can readily be interfaced with our microfluidic
platform, opening up the route to a broad applica-
tion space in materials science studying solid-liquid
interfaces. Furthermore, recent studies have utilized
Al2O3-modified diamond surfaces to create a biocom-
patible surface architecture [49]. The combination of
microfluidics, nanoscale NV-NMR, and biocompatible
surface modifications paths the way to label-free, high-
throughput screening or analysis of biomolecules.
Microscale NV-NMR. While nanoscale NV-
NMR uses near-surface NV centers, microscale NV-
NMR typically uses micrometer-thick diamond layers
homogeneously-doped with NV centers [27]. These
micrometer-thick layers allow the detection of NMR
signals in picoliter volumes with high spectral reso-
lution in contrast to the nanoscale experiments (see
Fig. 5d & 5f) [27], a highly promising technology for
LOC. However, due to the lack of suitable microflu-
idic platforms, previous studies [17–20] still utilized
milliliters of sample volume, omitting the benefits of
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Fig. 5: Magnetic resonance measurements inside the microfluidic quantum sensing platform. a) Schematic
of paramagnetic ion sensing in microfluidics measuring the T1 relaxation time of near-surface NV centers. b) NV-T1

relaxation curves of pure water, 1.0 µM, and 10 µM Gd3+ solutions. The NV-T1 relaxation rate increases with increas-
ing Gd3+ concentration, which demonstrates the high sensitivity of the NV center quantum sensors for paramagnetic
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NMR signal originating from the surface-tethered molecules within the microfluidic channel. Inset: time domain cor-
relation signal of the 19F. e) Schematic of high-resolution microscale NV-NMR detecting trimethyl phosphate (TMP)
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pulse sequence in combination with Overhauser hyperpolarization for signal enhancement. f) Power spectrum of the
1H-NMR signal of trimethyl phosphate (TMP) inside the microfluidic channel demonstrating high spectral resolution.
Inset: time domain of the CASR-detected NMR signal.
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NV-NMR. Here, we demonstrate microscale NV-NMR
with at least two orders of magnitude less sample vol-
ume in the microfluidic chip than in previous stud-
ies [18]. We utilized a diamond sensor with a 50 µm
NV-doped layer, initialized via a TIR excitation geom-
etry with a laser spot diameter of ∼ 45 µm, resulting
in a detection volume of ∼ 130 pL. The NV-doped di-
amond layer thickness was specifically developed and
produced to compliment the 100 x 80 µm microfluidic
channel, shown in Fig. 3a (see SI Section S.3) [24].
The measurement procedure follows Bucher et al. [19]
using the coherently averaged synchronized read-out
(CASR) protocol [17] combined with Overhauser DNP
for signal enhancement (see Fig. 5e). As an example,
the 1H-NMR spectrum of trimethyl phosphate (TMP)
was acquired at ∼ 180 mT. Fig. 5f depicts the time do-
main of the CASR signal (inset) and the power spec-
trum. The linewidth is ∼ 5 Hz, and the J -coupling
between 31P and 1H of 14 Hz is observable. Further-
more, we observe a channel size-dependent NMR sig-
nal, indicating that the sensing volume matches the
microfluidic length scales [24].
We demonstrated that the microfluidic quantum sens-
ing platform can be used for high-resolution, mi-
croscale NV-NMR, opening up the route toward
promising applications such as in vitro single-cell or
organoid studies, NMR-based microdroplet sorting,
and process control in microfluidics.

4 Conclusion.

In conclusion, we developed, fabricated, and applied
a novel technology platform for combining Lab-on-
a-chip applications with solid-state quantum sensors.
Our microfluidic quantum sensing platform facilitates
various diamond and microfluidic channel layouts and
enables fast NV center spin control - vital for quan-
tum sensing applications. Furthermore, our platform
is biocompatible by utilizing a TIR geometry in its
excitation pathway, limiting the photodegradation of
chemical or biological samples. Lastly, our platform
allows for optical access for the NV center’s fluores-
cence read-out and simultaneous optical microscopy.
The combination of the two enabling technologies,
LOC and quantum sensors, in a single, versatile, and
adaptable platform will have a distinct impact on nu-

merous research fields in the physical and life sci-
ences. The microfluidic quantum sensing platform will
open up novel imaging and sensing capabilities, such
as label-free and non-invasive chemical analysis on a
chip [27]. We are convinced that both research fields
of quantum sensing and LOC will benefit significantly
from this novel analytical tool with applications in
electrochemistry [7], drug [4] and catalysis screening,
bioanalytics [6], or single-cell biology [3].

Materials and Methods

Microfluidic quantum sensing platform assem-
bly. The microfluidic chip was designed with a
computer-aided design (CAD) software (Fusion360,
Autodesk, Mill Valley, United States) and manufac-
tured by LightFab GmbH (Aachen, Germany) using
the LightFab 3D Printer. The process started from
a 1.0 mm thick optically polished fused silica chip, in
which the three-dimensional structure was written into
using ultrashort (500 - 2,000 fs with an average power
of ∼ 200 - 2,000 mW at 250 - 3,000 kHz repetition
rate) IR laser pulses at the wavelength of 1030 nm.
Subsequently, chemical wet-etching in 8 mol/L KOH
at 85 °C in an ultrasonic bath for several hours and
up to days exposed the 3D microfluidic structure.
Then the NV-diamond was glued into the microfluidic
chip using optical adhesive (NOA68, Norland Prod-
ucts, Jamesburg, United States), which was cured for
> 12 h at 50 °C under UV illumination (Form Cure,
Formlabs Inc., Somerville, United States). Similarly,
a CPC was glued to the backside of the diamond.
The CPC was designed in-house and fabricated by
Süd-Optik Schirmer GmbH (Kaufbeuren, Germany).
The liquid samples were injected through polyether
ether ketone (PEEK) tubing (e.g., SGEA1301005001-
5F, VWR, Randor, United States).
Preparation of near-surface NV centers in di-
amond. The near surface NV-diamond sample was
produced according to Liu et al. [38]. In short, an
electronic grade single crystal diamond (2.0 x 2.0 x
0.5 mm) with a bulk nitrogen concentration of < 5 ppb
(Element Six Technologies Limited, Didcot, United
Kingdom) was implanted with 15N at an energy of
2.5 keV with an off-axis tilt of 7° and a total ion flu-
ence of 2∗1012 1/cm2 by II-VI Incorporated (San Jose,
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United States). The implanted diamond was subse-
quently annealed under vacuum in a home-built oven
for > 32 h at incremental temperature steps up to
∼ 800 °C. In addition, the diamond was cleaned before
and after every production step with a triacid cleaning
protocol involving equal volumetric quantities of sul-
furic, nitric, and perchloric acid at ∼ 200 °C for ∼ 2 h.
Preparation of microscale NV center-doped
layers in diamond. The NV center-doped diamond
micron-layer (∼ 50 µm, ∼ 19 ppm substitutional ni-
trogen (P1 centers)) was homoepitaxially grown on
electronic grade single crystal diamonds (2.0 x 2.0
x 0.5 mm) with a bulk nitrogen concentration of
< 5 ppb (Element Six Technologies Limited, Did-
cot, United Kingdom) by chemical vapor deposition
(CVD) at the Fraunhofer Institute for Applied Solid
State Physics (Freiburg, Germany) [50]. The diamond
sample was subsequently irradiated with electrons and
high-temperature annealed under ultrahigh vacuum,
yielding a dense NV ensemble layer [17]. Subsequently,
two sides of the diamonds were polished at a 45° angle
yielding trapezoidal-shaped diamonds where the top
face is 2.0 x 1.0 mm in size (MEDIDIA GmbH, Idar-
Oberstein, Germany). The trapezoidal shape enabled
internal reflection of the excitation laser.
NV-Rabi experiment. The Rabi measurements
were conducted in an experiment setup previously de-
scribed by Liu et al. [38]. The experiments were per-
formed by resonantly driving the |0⟩ → |−1⟩ transition
at ∼ 1.95 GHz (∼ 33 mT) with a 100 W microwave
amplifier (KU PA BB 070270-80 A-2.1.1, Kuhne elec-
tronic GmbH, Berg, Germany). As in all follow-
ing NV-experiments, the external magnetic field was
aligned along the <111> diamond lattice direction.
NV-T1 relaxometry. The NV-T1 measurements
were conducted in an experiment setup previously de-
scribed by Liu et al. [38]. The pulse sequence is de-
picted in Fig. 5a. The NV-T1 relaxation experiments
were performed at ∼ 33 mT and the sweep time τ

was increased in 51 logarithmically-spaced steps from
200 ns to 5.5 ms [47]. Every data point was averaged
over 5,000 single measurements. The T1 relaxation
data was normalized and fitted with a biexponential
function [47]. The electrolyte solutions were prepared
using deionized water with a resistivity of 18.2 MΩcm

(MilliporeSigma, Burlington, United States) in which
gadolinium(III) nitrate hydrate (11284, Alfa Aesar by

Thermo Fisher Scientific, Haverhill,United States) was
dissolved.
Nanoscale NV-NMR. The nanoscale NV-NMR ex-
periment was performed in the experimental setup
previously described in Liu et al. [38]. The pulse se-
quence is depicted in Fig. 5c. The correlation spec-
troscopy was performed at 31 mT using two dynam-
ically decoupling (XY8-4) blocks. The time tcorr be-
tween two XY8-4 blocks was swept starting from 2µs
to 502 µs in 2,501 equally spaced steps. Each point
was averaged over 10,000 times and the entire exper-
iment was repeated 8 times. The time domain data
was Fourier transformed (MATLAB R2022a, Math-
Works, Natick, United States) and the power spec-
trum was fitted with a modified Lorentzian function
(see grey area in Fig. 5d) [17]. The surface teth-
ered molecule sample was prepared according to Liu
et al.. In short: The Al2O3 layer was deposited with
atomic layer deposition (ALD) performed on a Veeco
Fiji G2 ALD system (Plainview, United States) for a
final layer thickness of ∼ 1 nm. The sample was acti-
vated by oxygen plasma and subsequently exposed to
a 12-pentafluorophenoxydodecylphosphonic acid (PF-
PDPA) solution in ethanol (10 mM, 777188-500MG,
Sigma-Aldrich, St. Louis, United States) for two
days and rinsed with ethanol to remove physisorbed
molecules before the measurement.
Microscale NV-NMR. The microscale NV-NMR
experiment was performed in the experimental setup
described in Bruckmaier et al. [51]. The measurement
was conducted at a magnetic field of ∼ 180 mT. The
pulse sequence is depicted in Fig. 5e and consisted
of a 0.3 s microwave pulse for Overhauser DNP at
the resonance frequency (4.9 GHz) of the free elec-
tron of Tempol, followed by a proton π/2 pulse at
7.6 MHz with a duration of ∼ 46 µs, and the CASR
detection sequence [17]. The CASR detection se-
quence was based on a UDD12-55 subsequences for dy-
namic decoupling [52], which is repeated 9,470 times
within 1.0 second. The recorded data set was aver-
aged 100 times. After Fourier transformation of the
time domain data set, the power spectrum was fitted
with a modified double Lorentzian function (see grey
area in Fig. 5f) [17]. The center frequency was de-
fined as chemical shift δ = 0 ppm for visualization.
The experiment was performed with pure trimethyl
phosphate (TMP, 241024, Sigma-Aldrich, St. Louis,
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United States) and 20 mM Tempol (581500, Sigma-
Aldrich, St. Louis, United States).
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S Supplementary information

S.1 Second example chip design

a) b)

Microfluidic chip

Outlet

Inlet

2.0 x 2.0 x 0.5 mm
cuboid diamond

1300 x 150 µm
straight cannelMicrofluidic chip

Inlet

Outlet

Microwave
antenna

Fig. S1: Second microfluidic chip design. a) Photograph of the second microfuidic chip design inside a NV center
experiment. b) CAD image of the second chip design which incorporates a 2.0 x 2.0 x 0.5 mm cubiod-shaped diamond
and a 1,300 x 150 µm straight example channel. The inlet and outlet ports in this design are on top of the channel to
allow easy optical access through the diamond by, e.g., solid-immersion lenses (SILs) or microscopy objectives.

The second microfluidic chip design fits (see Fig. S1) standard 2.0 x 2.0 x 0.5 mm NV center-doped cuboid
diamonds, demonstrating that the microfluidic quantum sensing platform can easily be adapted to different
diamond shapes and sizes. Furthermore, in this design, the inlet and outlet ports for the microfluidics are
placed on top of the chip to facilitate optical access for NV center excitation and read-out from the bottom
through the diamond. This geometry has the drawback that a total internal reflection geometry is more
difficult to realize but allows for a more rigid chip design where no cut-out for the excitation pathway is
needed (compare main text Fig. 3a). We envision applications using confocal microscopy or other nanoscale
experiments, where photodegradation of biological or chemical samples is less of a concern. In this example,
the microfluidic channel is 2,000 x 1,300 x 150 µm, which can be fully adapted to more complicated structures.
A technical drawing of the microfluidic chip is depicted in Fig. S2c).

S.2 Technical drawings

Fig. S2 depicts simplified technical drawings of several example microfluidic chips that have been used for the
microfluidic quantum sensing platform. The microfluidic chip designs are attached in the Supplementary Data
as .STL files.

S.3 Optimization of the NV layer thickness for NV-NMR within our microfluidic
chips

The microscale NV-NMR signal has a strong volume and geometry dependence [17]. In order to choose the
NV-layer thickness for the highest sensitivity, we follow the approach according to Bruckmaier et al. [24].
Using Monte Carlo simulation, we estimate the NMR signal strength at the NV center position (red arrows,
see Fig. S3), caused by the dipolar magnetic fields of nuclear sample spins (protons). These spins are confined
in our 1,000 x 100 x 80 µm microfluidic channel (see Fig. 3a). The cylindrical NV center volume, i.e., the
sensor volume, is 45 µm in diameter (typical value in microscale NV-NMR experiments, see Fig. 3d) and has
a variable height (dNV) form the surface of the diamond. For each sample spin position, the dipolar field
within the detection volume is projected along the NV orientation, (i.e., the magnetic bias field B0 direction).
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a)

b) c)

Fig. S2: Technical drawings of example microfluidic chips. a) Simplified technical drawing of the base mi-
crofluidic chip with a 100 x 80 µm straight channel (see main text Fig. 3a), b) of a modified microfluidic chip with a
fluidic bypass channel (see main text Fig. 3b), and c) of the second microfluidic chip design shown in SI Section S1
(see Fig. S1).

Each point was averaged 10,000 times for this simulation with 40 randomly selected NV center positions
within the volume and 32,000 randomly selected sample spins within the microfluidic channel for each average.
While the average signal size of each of our NV center within the ensemble decreases with the depth dNV, the
sensitivity (relative NMR SNR) reaches a maximum at ∼ 50 - 70 µm due to the increasing number of NV
centers contributing to the measurement (see Fig. S3). For that reason, we grew a 50 µm thick NV-layer for
our microscale NV-NMR experiments within the channel, yielding the highest sensitivity for our microfluidic
chip dimensions.
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Fig. S3: Optimization of the NV layer thickness to the microfluidic dimensions for microscale NV-NMR.
Inset: Visualization of the NMR signal origin for a microscale NV-NMR experiment with a cylindrical NV center (red
arrows) volume, i.e., sensor volume, of 45 µm diameter and variable height (dNV) at the surface of the diamond. The
sample spins are contained in a 1,000 x 100 x 80 µm microfluidic channel. For each sample spin position, the dipolar
field within the detection volume is projected along the magnetic bias field B0 and averaged. Red areas depict sample
spin positions with overall positive signal contribution, and the blue regions sample spin positions with overall negative
signal contribution, respectively. Graph: Normalized signal BII

√
dNV, i.e. the relative sensitivity of the NV-NMR

experiment, against the thickness of NV ensemble layer dNV according to a numerical simulation using the Monte Carlo
method.
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