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ABSTRACT

Hemoglobin (Hb) is a multifaceted protein, classified as a metalloprotein, chromoprotein, and globulin. It incorporates iron, which plays a
crucial role in transporting oxygen within red blood cells. Hb functions by carrying oxygen from the respiratory organs to diverse tissues in
the body, where it releases oxygen to fuel aerobic respiration, thus supporting the organism’s metabolic processes. Hb can exist in several
forms, primarily distinguished by the oxidation state of the iron in the heme group, including methemoglobin (MetHb). Measuring the
concentration of MetHb is crucial because it cannot transport oxygen; hence, higher concentrations of MetHb in the blood causes
methemoglobinemia. Here, we use optically detected magnetic relaxometry of paramagnetic iron spins in MetHb drop-cast onto a nanostruc-
tured diamond doped with shallow high-density nitrogen-vacancy (NV) spin qubits. We vary the concentration of MetHb in the range of
6 x 10°-1.8 x 107 adsorbed Fe™ spins per micrometer squared and observe an increase in the NV relaxation rate I'; (=1/Ty, where Tj is the
NV spin lattice relaxation time) up to 2 x 10> s~'. NV magnetic relaxometry of MetHb in phosphate-buffered saline solution shows a similar
effect with an increase in I'; to 6.7 x 10° s ' upon increasing the MetHb concentration to 100 uM. The increase in NV T’} is explained by the
increased spin noise coming from the Fe' spins present in MetHb proteins. This study presents an additional usage of NV quantum sensors
to detect paramagnetic centers of biomolecules at volumes below 100 picoliter.
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Hemoglobin (Hb) is a crucial protein found in red blood cells
(RBCs) responsible for transporting oxygen (O,) from the lungs to tis-
sues throughout the body," ensuring cellular respiration and metabolic
processes. This globular protein comprises four subunits, each contain-
ing a heme group that binds to O, molecules. The binding and release
of O, by Hb are finely regulated to match the O, demands of tissues, a
process influenced by factors such as partial pressure of O,, pH, and
temperature.” It has a molecular weight of 64.5kDa.” However, altera-
tions in the structure or function of Hb can lead to disruptions in O,
transport and delivery, potentially compromising physiological pro-
cesses. One such alteration occurs with the formation of methemoglo-
bin (MetHDb), a derivative of hemoglobin wherein the iron (Fe) within
the heme group undergoes oxidation from the ferrous (Fe*") to the
ferric (Fe®") state.” Unlike normal Hb, MetHb is unable to bind O,
reversibly, resulting in impaired O, delivery to tissues.” The

accumulation of MetHb can lead to a condition known as methemo-
globinemia, which is characterized by tissue hypoxia and cyanosis,
among other symptoms.” Hence, the concentration levels of Hb and
MetHD in blood serve as vital indicators or biomarkers for a wide array
of health conditions and physiological states.

Various techniques have been employed to detect Hb, including
electron paramagnetic resonance (EPR) spectroscopy* and nuclear
paramagnetic resonance (NMR) spectroscopy.g’l() However, these
methods require larger quantities of Hb (in powder or liquid form) to
produce detectable signals at volumes less than 100 pl. While there
have emerged several techniques (e.g, mass spectrometry,'”'* Raman
spectroscopy, ' and fluorescence microscopy' ') to measure small
Hb concentrations, it remains difficult to nondestructively monitor in
real time their evolving energetic state and molecular composition,
where signals are weaker, more localized, and/or biologically specific.
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Recently, an alternative technique has emerged for measuring mag-
netic/electrical fields and temperature at the nanometer scale based on
optical detection of quantum states of light and defect spin qubits in a
non-inductive method that circumvents the challenges of NMR/EPR
spectrometers. The platform is based on optical detection of electron
spin resonances of nitrogen-vacancy (NV) centers in diamond.

The NV center is a spin-1 defect with electron spin properties
that can be addressed optically'” *’ and could exhibit millisecond
quantum coherence at room temperature,”’ making it ideal for quan-
tum sensing,”’ " nanoscale magnetometry,” *” and biosensing.”’
There have been several studies of NV magnetometry, including the
detection of single proteins,”* nuclear spin ensembles from nanoscale
volumes,” ** weak paramagnetic individual hemozoin biocrystals,””
and [Fe(Htrz),(trz)](BFy) spin crossover molecules.’ Other works
have been performed by monitoring the NV spin-lattice T relaxation
time in the presence of paramagnetic ions. T relaxometry has proven
effective in detecting ions such as Gd™ (Ref. 41) and Cu™?"* Fe™?
within ferritin proteins’** and Cyt-C proteins.”” NV T, relaxometry
was used recently in nanodiamonds to detect Hb in free radicals***’
where the relaxation rate in rat’s blood increases in deoxyhemoglobin
as compared with oxyhemoglobin (S = 0)."’ For MetHb, the spin state
is $=5/2," thus more reduction in the T} relaxation is expected due
to the high magnetic moment and therefore strong dipolar coupling
with NV spins. Magnetic imaging utilizing NVs has recently emerged
as a promising approach for achieving nanoscale resolution.”” *” In
this study, the NV relaxation rate I'; (= 1/T;) was measured on
MetHDb proteins in both solution and dried forms by using widefield
NV microscopy in conjunction with x-ray photoelectron spectroscopy
(XPS) and atomic force microscopy (AFM) to analyze MetHb proteins
and assess their dimensions and characteristics.

The human Hb used in this work was purchased from Sigma
Aldrich, which is a lyophilized powder, predominantly existing in the
oxidized state known as MetHb, where the iron is in the Fe"> oxidation
state. The molecular structure of hemoglobin is depicted in Figs. 1(a)
and 1(b). The pH of different hemoglobin solutions was varied depend-
ing on the solvent used and the concentration of hemoglobin. In
phosphate-buffered saline (PBS) at pH 7.4 without protein, hemoglobin
solutions showed pH values ranging from 7.54 to 7.60, whereas in de-
ionized (DI) water (pH = 6.5), addition of Hb gives pH values ranging
from approximately 6.44 to 6.79.”" ”* Hemoglobin exhibited its highest
stability at physiological pH (~7.4); however, MetHb is found to be sta-
ble within the pH range of 6.5-8.” The concentration of MetHb was
varied from 30 to 100 M in a PBS buffer on a diamond chip. MetHb
proteins were diluted in DI water (concentration of 2 M), drop-cast on
the diamond surface. AFM was used to measure the size and height of
MetHb nanoclusters as shown in Fig. 1(c). The MetHb size analysis
shows a variation of the nanocluster’s diameter from 50 to 200 nm,
whereas the height distribution shows an average height of ~10 = 6 nm
[see Fig. 1(d)]. The diameter of MetHb in its physiological state is
reported to be 5 nm that varies depending on the pH values.” However,
it has the ability to crystallize without undergoing denaturation or break-
ing down into its individual subunits.”” The detection of MetHb proteins
was realized via magnetic dipole-dipole interaction between the fluctuat-
ing Fe*? in MetHb and NV spins,® as explained below together with
the NV magnetic relaxometry technique.

To confirm the absence of impurities in MetHb, XPS measure-
ments were performed using Thermo Scientific Al K-Alpha XPS

pubs.aip.org/aip/apl

Z,

\

///////////////////////////////
-

§

L

§\\

FIG. 1. (a) Ribbon structure of Hb complex derived from Ref. 1. (b) Molecular struc-
ture showing the heme center. (c) AFM image of the MetHb nanoclusters. The scale
bar in (c) is 1 um. (d) AFM height distribution of the MetHb nanoclusters (concentra-
tion of 2 uM) drop-cast on top of the diamond substrate. The mean height of MetHb
nanoclusters is ~10 = 6 nm.

system, operating under ultrahigh vacuum conditions with a pressure
of 1 x 10~° mbar. Data acquisition and analysis were performed uti-
lizing the Avantage™ software package. To mitigate charge effects
during measurement, a combination of electron and argon ion flood
guns was employed, maintaining an argon pressure in the chamber
ranging from 2 x 10~° to 4 x 10~® mbar. The x-ray beam size was
400 pm, and high-energy resolution spectra were recorded with a
pass energy of 50 eV, utilizing a step size of 0.1 eV and a dwell time of
50 ms. The number of averaged sweeps for each element was adjusted
to optimize the signal-to-noise ratio, typically ranging from 20 to 100
sweeps. Figure 2(a) shows the measured high-resolution XPS spectra
of Fe 3p fitted with combined Lorentzian and Gaussian functions.
The spectra exhibit a distinct peak at a binding energy of 55.6eV,
indicative of the Fe oxidation state being Fe™>."” The XPS results
obtained for C 1s, N 1s, and O 2p are plotted in Figures 2(b), 2(c),
and 2(d), respectively, confirming the absence of impurities in the
studied MetHb proteins.

The negatively charged NV center consists of a substitutional
nitrogen atom adjacent to a vacancy site [Fig. 3(b)], possessing a spin
triplet in its ground state with a zero-field splitting D=2.87 GHz
between states mg=0 and mg= =1, Fig. 3(c)."””” When exposed to
green laser illumination (532 nm), spin-conserving excitation occurs,
transitioning the NV center to an excited triplet state, subsequently
emitting far-red photoluminescence (650-750 nm). The spin-
dependent rate of intersystem crossing leads to the optical polarization
of NVs into the mg=0 state.'” Microwave (MW) excitation allows
spin transitions from mg=0 to mg= =1, and the applied magnetic
field B,p,p breaks the degeneracy of the mg= *1 due to Zeeman split-
ting, leading to a pair of spin transitions (ms=0 to mg=+1 and
ms=0 to mg=—1) that can be measured via optically detected
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magnetic resonance (ODMR) spectroscopy. The energy level of the

«:9 (@) center are such that NV centers in the mg= %1 levels have decreased
*1.10 fluorescence vs the electrons in the mg=0 level.'” Thus, as the MW
§. field is swept across the resonance spectra, the NV centers exhibit
> characteristic ODMR dips at the resonance frequency with a narrow
‘@ (<0.1 mT) linewidth, Fig. 3(e). Since this resonance position depends
2 linearly on the magnetic field component along the NV symmetry
» axis, the resonance position provides a highly accurate reading of the
055 amplitude of the applied magnetic field."” .
26,4

In Fig. 3(d), we depict the widefield NV microscope™" used for
mapping MetHb proteins [Fig. 3(a)] drop-cast onto the diamond
doped with NV spins. A 532-nm laser (power =180 mW) is used to
excite NVs over an area of 36 X 36 ,urnz, and the NV fluorescence
(650-750 nm) is mapped onto a sSCMOS camera. Detailed information
regarding the experimental setup is provided in our previous study on
cytochrome ¢ protiens.”” A 3 x 2.5 x 0.05 mm” electronic grade (100)
diamond was cut and polished followed by >N implantation (4 keV),
high temperature (1123 K) annealing under high vacuum (2.7 x 10~°
mbar), and cleaning in a boiling tri-acid mixture. This procedure led
to the creation of a thin NV sensing layer below ~6 nm from the sur-
face.””””"” Then, the NV doped diamond substrate with MetHb pro-
tein was placed on top of the coverslip patterned with MW striplines
as depicted in Fig. 3(d). Upon application of an applied magnetic field
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FIG. 2. High-resolution XPS peak of MetHb with the background for (a) Fe 3p, (b)

C 1s, (c) N 1s, and (d) O1s. Peak deconvolution is performed for each of the spec-
tra. The background correction was ﬁerformed using the smart background subtrac-
tion feature within the Avantage™ package. Spectral analysis involved peak
deconvolution, which utilized a combination of Gaussian and Lorentzian functions.
The residue background signal is highlighted by the solid green line.

B,pp of 3.2mT, four ODMR peaks appear in the spectrum [Fig. 3(e)],
corresponding to NV sub-ensembles with different symmetry axes: f_,
f+ for NVs aligned along the [111] direction and f,,_, fi,, for NVs
merged along the other direction.”’ After ODMR measurements, Rabi
oscillations were measured [Fig. 3(f)] of the mg=0 to mg= —1 spins
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FIG. 3. (a) Molecular structure of the heme center of Hb. (b) A schematic of the NV center inside the diamond lattice (nitrogen: green atom, yellow: vacancy). (c) A schematic
of the energy levels of the NV center ground (*A,) and excited (°E) states with intermediate metastable state. (d) A schematic of the widefield NV microscope used for relaxom-
etry of MetHb proteins. A magnetic field By, is applied along the [111] direction in (100) diamond. DM is a dichroic mirror. (e) NV ODMR spectrum at an applied field
Bapp =3.2mT on a bare diamond aligned along the NV axis. (f) Rabi oscillation of ms =0 state to ms = —1 spin transition at a MW frequency of 2.78 GHz and power of 200
mW. (g) A schematic of T relaxometry technique pulse sequence. A laser pulse is used first to initialize the NV spins in mg =0, then a MW = pulse is applied to flip the NV
spin to ms = —1, and finally a laser pulse is applied to read out the NV fluorescence. The sequence with the 7 pulse is subtracted from another sequence without the 7 pulse

to get rid of the common noise signal. This sequence is repeated N times to accumulate the NV T; signal.

Appl. Phys. Lett. 125, 114002 (2024); doi: 10.1063/5.0217987
Published under an exclusive license by AIP Publishing

125, 114002-3

8112112 G20z Joquiaydes | |



Applied Physics Letters

aligned along B,,, (3.2 mT) to find the -pulse width, a time needed to
bring NV population from mg=0 to mg= —1.

The relaxation measurement pulse sequence is depicted in
Fig. 3(g). The measurement process starts first by optically polarizing
the NV center into the mg =0 state. A MW 7 pulse is then applied in
the first measurement allowing the NV mg = —1 spin state to evolve
in the absence of the external influence of laser in the dark environ-
ment for a time 7. In the second reference measurement without the
MW = pulse, the relaxation occurs from the state mg= 0. This pro-
cess is repeated with a readout of the fluorescence contrast after each
of the two consequent measurements. The readout is done by a
sCMOS camera with a frame size of 550 pixels x 550 pixels equiva-
lent to a field of view of 36 x 36 um® at an exposure time of 4 ms.
The camera exposure was overlapped with the laser pulse such that
only the first microsecond of the laser induced fluorescence pulse
was mapped on the camera, Fig. 3(g). In the simplest experiments
where only the mean relaxation is measured, a fast avalanche photon
detector (APD, Thorlabs APD410A) was used, connected to a
Yokogawa oscilloscope (DL9041L)," reflecting the NV fluorescence
by a flip mirror, which is placed just before the sSCMOS camera, and
focused with a lens (focal length of 30 mm). This allows shorter read-
out times, thus increasing the signal-to-noise ratio. Pairs of the con-
trast measurements are collected at various 7 times and averaged
over many cycles (N=10% at each t point. The final relaxation
(fluorescence intensity vs 7) curve is the subtraction of signal with
and without the MW 7 pulse to remove other (e.g., thermal) effects
not related to magnetic noise.”*”

Finally, the measured relaxation curve was fitted with an expo-
nential decay function to obtain T; values. To assess the spin noise
produced by Fe™? spins in MetHb proteins, the NV relaxation rate
I'y=1/T; is a more convenient representation of NV relaxometry
experiments due to the linearity.”” The Fe*? spins in MetHb nano-
clusters generate a fluctuating magnetic field that interacts with NV
spins via dipolar magnetic interactions and increases its relaxation
rate I';, which depends on the dipolar interaction strength between
Fe™ and NV spins and the fluctuation rate of the Fe™ spins as
follows: "'

ARTICLE pubs.aip.org/aip/apl
2(B))f,
N= 5D (1

where f; is the fluctuation rate of Fe™ spins, {B2) is the mean dipolar
magnetic coupling strength between the NV spins and the Fe*> spins,
and D is the zero-field splitting of the ground state. To estimate the
depth of the NV layers d from the diamond surface, we measured I';
in CuSO, solution of different concentrations and found d of 5.5 nm
(see Ref. 45 for further details).

To distinguish the effect of Fe>™ spins within MetHb proteins
from other paramagnetic impurities inside the diamond or at its sur-
face,”"°" the diamond substrate was nanostructured with a silicon
nitride (SiN) grating (height of 50 nm and spacing distance of 4 yum).
See Ref. 45 for further details on the nanofabrication of SiN grating
and its properties.

Prior to measuring MetHb diluted in a PBS buffer solution, NV
relaxation spectroscopy on diamond was performed with (I'y,,
=1.1 x 10° s7') and without PBS (I'y,r= 0.8 x 10° s™') at different
locations using APD connected to the oscilloscope for T; spectroscopy
readout. A decrease of 0.3 x 10° s~! in I'; is obtained with the intro-
duction of PBS [Fig. 4(a)], which is attributed to the diamagnetic
behavior of the water molecules within the PBS, which suppress the
surface electron noise.”” The variation of I';, which is found to be
~20%, comes primarily from the inhomogeneous distribution of NVs
within the diamond substrate,”” which can modulate the charge state
of the NV centers and the phonon bath surrounding them, respec-
tively.”” Next, NV T; relaxometry measurements of MetHb in a PBS
solution were performed. The PBS buffer used had a concentration of
2mM, with a pH of 7.60. I'; is increased to 2.0 x 10° s ! after adding
30 uM MetHb, Fig. 4(b). By increasing the concentration of MetHb in
PBS to 50 uM, T} is further increased to 3.5x 10° s~ * [Fig. 4(b)],
explained by the increased spin noise. Equation (1) is used to fit the
relaxation rate I'; for the MetHb/PBS solution of various concentra-
tions as shown by the solid red line in Fig. 4(c). For estimating the
external relaxation rate, the relaxation rate of the PBS buffer I', s was
subtracted. In our calculation, the variance (B*) was derived from only
the dipolar coupling between NV spins and Fe'> spins present in
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FIG. 4. (a) Measured I'; relaxation of a bare diamond (filled stats) and a diamond with the PBS solution (open squares), fitted (solid lines) with an exponential decay function
to extract I'y. The measurements were performed using the APD and oscilloscope. (b) Measured NV fluorescence contrast as function of ¢ for a diamond with PBS (filled stars),
MetHb solution with a density of 30 uM (filled triangles), and MetHb solution with a density of 50 uM (filled diamonds). The measurements were fitted with exponential decay
functions (solid lines) to extract 'y values. (c) Measured (open circles) and calculated (solid line) relaxation rate Ty of NV spins as function of the concentration of MetHb in
PSB.
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MetHb as a variable parameter. This dipolar coupling field strength
amounts to 0.27 mT for a concentration of 100 uM, which gives a
relaxation rate of 6.7 x 10° s . The fluctuation rate of Hb is noted as
0.5GHz."”

In the second set of the experiments, the relaxation rate induced
by dried MetHb nanoclusters was imaged by using the pulse sequence
in Fig. 3(g). MetHb diluted in DI water was drop-cast on the diamond
substrate similar to Fig. 1(c). Figures 5(a)-5(c) show I'; images of dia-
mond with SiN grating with MetHb proteins adsorbed onto the dia-
mond surface with three Fe ™ spin densities of 6 x 10%/ umz, 1.2 x 107/
pm?, and 1.8 x 107/um?, respectively. The region with SiN' grating
gives the intrinsic relaxation rate of I'y,, of the bare diamond, i.e., sur-
face effects reduced.”” Figure 5(d) displays the horizontal line cut inte-
grated with all pixels for the spin density 1.2 x 10”/um?. The measured
[gg of 2.0 x 10° s~ ! is the contribution from the spin noise due to
Fe" spins in MetHb and the surface impurities from the diamond lat-
tice (I & 0.6 X 10% s 1), whereas Iy, is the intrinsic diamond relax-
ation rate (0.5 x 10> s™'). The relaxation rate change attributable
solely to MetHb nanoclusters is I'exe = I'gjg — Tine = I'eur = 0.9 X 10°
s~ . It is noteworthy that the SiN layer of the grating gets etched after
repetitive cleanup process using piranha solution to eliminate any
magnetic impurities. Consequently, a complete suppression of the sur-
face diamond spin noise could not be achieved.

Figure 5(¢) shows the Iy plotted against the spin density dem-
onstrated by open circles. The theoretical dependence [solid line in
Fig. 5(e)] of I'ex vs the density of Fe'? adsorbed centers per 1 um? was
calculated using Eq. (1). For theoretical estimation, the variance (B?)
obtained from the dipolar coupling of NV spins and external spins was
kept as a free parameter. The dipolar coupling field strength is
0.107 mT, and the fluctuation rate of MetHb is 0.5 GHz for the spin
density of 1.7 x 10” Fe™ adsorbed/um?>.

Previous investigations illustrated I'; analysis using nanodia-
monds in fresh rat blood, primarily consisting of oxygenated blood
(>96%).” Since hemoglobin in erythrocytes confines direct
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interaction with NV, I'y is increased from 0.8 x 10° to 1.1 x 10> s !

within the blood itself. Moreover, I'; increase was observed with
hemolysis due to heightened dipolar interaction between NV spins
and hemoglobin following erythrocyte rupture to ~1.3 x 10> s 1."% A
later study directly measured the relaxation changes in blood, which
contains other ions or diamagnetic substances, making it challenging
to attribute the relaxation solely to hemoglobin. This is difficult to
compare with our study, where we directly measured relaxation in lip-
olyzed MetHb powder. Additionally, in our study, the purchased
hemoglobin is oxidized to methemoglobin, consequently resulting in a
significant increase in I';. The minimum detectable Fe™ spin density
in MetHb from our NV measurement is 0.6 x 10’/um? To improve
the sensitivity further, one can selectively functionalize the diamond
surface to immobilize the proteins in a controlled manner, facilitating
their molecular-level study, and using single NVs with high ODMR
and T, contrasts.””

In summary, we demonstrated the detection of change in the
concentration of human MetHb in both solution and dried nanoclus-
ters (size: 50-300 nm, height: 5-15nm) using NV I'; relaxometry. NV
optical detected magnetic relaxometry allows the detection of spin-
noise generated by Fe'> spins in MetHb via the increase in T'; up to
6.7 x 10° s~ for a 100 uM MetHb solution, corresponding to a con-
centration of ~6.23 x 10° molecules. The higher sensitivity to MetHb
in the solution may be attributed to the more uniform distribution of
proteins within the solution. However, during drop casting and drying
processes, the deposition of nanoclusters may not be uniform, leading
to the formation of voids. Consequently, the addition of MetHb
beyond the sensing layer may exceed the detection range for changes
in I';. By patterning the diamond with SiN grating, we adsorbed
MetHb molecules with varying spin density and imaged the relaxation
rate ['; vs the spin density of adsorbed Fe spins in MetHb per 1 ym®
area. Measurements of MetHb in dried and solution forms show simi-
lar effects with a slight effect of PBS buffer due to the diamagnetic
behavior. The measured NV relaxation rates agree well with the

FIG. 5. I'; images of MetHb nanoclusters
drop-cast on diamond with Fe™ spin
concentrations  of 6 x 10%um? (a),
1 % 10"/um? (b), and 1.8 x 107/um? (c),
respectively. The scale bar in (a), (b), and

O Meas.
Calc.

2

(c) is 5um. (d) Corresponding extracted
horizontal Ty profile from (c). (e)
Measured (open circles) and calculated
(solid line) Tey as function of the density
of Fe*® spins in Hb adsorbed on
diamond.
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calculated values deduced from a model of interacting Fe*? centers
with NV spins in the diamond substrate with a depth of 5.5 nm.

Surface functionalization with enhanced NV sensitivity is crucial
for the detection of sub-microscale hemoglobin volumes. Recent stud-
ies have shown that employing slow oxidative etching of implanted
diamond followed by cleaning in a boiling tri-acid mixture can pro-
duce NVs as shallow as 2 nm from the surface, resulting in prolonged
T, and T, times suitable for sub-2 nm® magnetic resonance imaging.
Another approach to enhancing the coherence time of NV spins
involves minimizing surface spins by annealing and cleaning the dia-
mond in oxygen-rich environment."* Consequently, positioning indi-
vidual biomolecules within the 5-nm sensing range of a single NV
center enables conducting EPR and NMR spectroscopy on individual-
intact biomolecules. Integrating microfluidics” " and environmental
control”**” with enhanced sensitivity NV magnetometer may allow for
trace analysis of MetHDb in blood samples.
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