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ABSTRACT

Nuclear Magnetic Resonance (NMR) techniques are inherently limited by low thermal polarization, often requiring time-consuming signal
averaging to achieve sufficient sensitivity. Parallel detection using multiple decoupled coils improves sample throughput by enabling simul-
taneous acquisition from multiple samples, partially mitigating these limitations. To further enhance detection sensitivity and acquisition
efficiency, we investigated the integration of Signal Amplification By Reversible Exchange (SABRE) hyperpolarization with parallel NMR
spectroscopy detection. SABRE significantly increases nuclear spin polarization, allowing high-SNR signal acquisition within a single scan.
In this study, hyperpolarized solutions were continuously generated using tube-in-tube reactors and delivered to dual detection coils oper-
ated in parallel within a 1.05 T MRI system, enabling simultaneous acquisition of hyperpolarized signals under continuous-flow conditions.
Complementary MRI experiments directly demonstrated the sensitivity enhancement achievable with SABRE hyperpolarization, particularly
for low-concentration analytes. Building on this, parallel SABRE experiments further validated the feasibility of combining hyperpolariza-
tion with simultaneous multi-channel NMR detection to improve measurement efficiency without requiring signal averaging. This work
provides an experimental basis for high-throughput NMR detection of low-concentration liquid samples under continuous-flow conditions,
with promising potential for applications in metabolic studies and pharmaceutical screening.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0285277

INTRODUCTION

cool the RF coil and preamplifier significantly reduces thermal
noise in the detection chain, potentially improving the signal-to-
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Nuclear Magnetic Resonance (NMR), which encompasses
both NMR spectroscopy and magnetic resonance imaging (MRI),
is among the most powerful analytical tools, providing detailed
insights into molecular structure, dynamics, and interactions.

Due to its non-destructive nature and broad applicability, NMR
is widely utilized in chemistry, medicine, and physical sciences.
However, a fundamental limitation of conventional NMR tech-
niques is their inherently low sensitivity, which stems from the weak
thermal polarization of nuclear spins.

Several strategies have been developed to improve magnetic
resonance sensitivity. One approach is to use high-field magnets,
which increase nuclear spin polarization and thereby improve
the sensitivity of NMR."” In addition, employing cryoprobes to

noise ratio (SNR) by up to fourfold.” However, these methods
are costly and provide only limited gains in sensitivity. Another
approach is the use of microcoils, which enhance mass sensitivity
by reducing the detection volume and increasing the filling factor.””
This makes NMR spectroscopy practical for drug screening and
metabolic process monitoring, where sample volumes are generally
limited.”

Despite these advances, when measuring low-concentration
samples, the inherently weak polarization necessitates multiple scans
to improve the SNR. Consequently, increasing the number of scans
significantly extends the experiment duration; for instance, achiev-
ing a twofold enhancement in SNR requires quadrupling the number
of replicate measurements.
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To address this limitation, NMR coil arrays with multiple
coils arranged in a synchronized manner have been developed.” "
This approach enables simultaneous acquisition from multiple
sample regions, leading to an n-fold reduction in detection time
and mitigating the limitations imposed by conventional signal
averaging.

An alternative and more efficient approach to overcome the
low sensitivity of NMR is hyperpolarization, which breaks the con-
straints of thermal equilibrium by physical or chemical means.
This technique rapidly creates a non-equilibrium spin polariza-
tion with an enhanced population difference across energy levels,
thereby boosting magnetic resonance sensitivity by several orders of
magnitude.''

Among the commonly used hyperpolarization methods,
Dynamic Nuclear Polarization (DNP) transfers electron spin polar-
ization to nuclear spins via microwave-driven dipolar interactions
at cryogenic temperatures, requiring both high magnetic fields and
low temperatures to achieve efficient polarization. Spin-Exchange
Optical Pumping (SEOP) relies on spin-exchange collisions between
optically pumped alkali metal atoms and noble gas nuclei (e.g.,
'#Xe), thereby transferring polarization from electrons to nuclear
spins.* '* Theoretically, the DNP can achieve nearly 100% nuclear
polarization, while SEOP can attain polarization levels exceeding
50%. Both DNP and SEOP have been applied in clinical practice
but require sophisticated instruments and prolonged polarization
buildup times.

Parahydrogen Induced Polarization (PHIP) offers a straight-
forward and low-cost pathway to create significant magnetization
on the to-be hyperpolarized (HP) substrates with unsaturated C = C
bond via pairwise hydrogenation reaction of parahydrogen (para-
H,) molecules.'”"* As one of the spin-isomers of the hydrogen
molecule, para-H, is NMR-silent due to its spin order being aligned
antiparallel. Generally, the conversion of para-H, to orthohydrogen
(ortho-H,) is restricted due to the quantum mechanical selection
rules. However, through the hydrogenation reaction, the magnetic
symmetry of para-H, is broken. As a consequence, this allows
the conversion of the spin order of enriched para-H, into a large
population difference of the two protons at different Zeeman lev-
els, leading to hydrogenated substrates exhibiting enhanced NMR
signals.

As a non-hydrogenative variant of PHIP, Signal Amplifica-
tion By Reversible Exchange (SABRE) rapidly generates substan-
tial polarization of substrates within seconds in the presence of a
transient metal-organic catalytic complex in the liquid phase. As
illustrated in Fig. 1(a), which shows the schematic representation
of the SABRE catalytic complex with an iridium center, the two
hydrides from para-H, and two substrates are bound on the equato-
rial plane of the SABRE catalytic complex. The monodentate carbene
ligand IMes and a substrate are located at the axial positions of the
complex. The J-couplings between the two hydrides and the nuclei
(here the proton) in the equatorial substrates break the symmetry
of para-H,, and allow for spin order transfer to the bound sub-
strate. Consecutively, the HP substrate dissociates from the metal
complex yielding free substrate in solution with magnetic resonance
signal enhanced by several orders of magnitude. The vacant site
then allows for replenishment with fresh para-H, followed by bind-
ing of a new to-be-hyperpolarized substrate molecule completing
the rehyperpolarization cycle. Hence, SABRE allows for continuous
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FIG. 1. Overview of the SABRE hyperpolarization mechanism and the configura-
tion of the tube-in-tube reactor for SABRE. (a) Schematic representation of SABRE
hyperpolarization on a catalytic complex. The spin orders derived from para-H,
are transferred to the substrates (pyridine and pyrazine) on the equatorial plane
through the J-coupling network. The hyperpolarized substrates with boosted mag-
netization dissociate from the catalyst and form free substrates without chemical
modification. (b) Sectional view of the tube-in-tube reactor under countercurrent
flow conditions.

hyperpolarization as long as the sample is supplied with a fresh
para—Hz.m 2

The SABRE technique enables the acquisition of a magnetic res-
onance signal with dramatically enhanced SNR from a single-scan
experiment, thereby greatly accelerating the magnetic resonance
detection, whether for imaging or spectroscopy. Inspired by the
signal-enhancing capabilities of SABRE, we integrated it with par-
allel NMR spectroscopy'’ to accelerate the detection of the analytes
with low-concentration.

In this work, SABRE was implemented under continuous-
flow conditions using a tube-in-tube reactor [sectional view in
Fig. 1(b)],””" which enabled an efficient gas-liquid contact for
polarization transfer. This SABRE platform features a trade-off
between polarization buildup and relaxation, both of which are
influenced by the flow rate. To describe this flow-dependent trade-
off, we first introduce a mathematical model capturing the compet-
ing effects of polarization buildup and longitudinal relaxation. We
then conducted single-channel NMR spectroscopy measurements
across a range of flow rates to identify the optimal flow condition.

Based on the optimal flow rate determined above, we subse-
quently conducted single-channel MRI measurements to directly
compare signal intensities between a fully protonated sample at ther-
mal equilibrium (in the molar concentration range) and a SABRE-
hyperpolarized sample at millimolar 'H concentrations. The results
confirmed a substantial enhancement in SNR under hyperpolarized
conditions, even with less number of scans and low-concentration,
thereby validating SABRE’s capability for the rapid detection of
dilute analytes.
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Consequently, we demonstrate parallel 'H SABRE hyperpo-
larization with dual-channel NMR detection. Two different analyte
solutions at millimolar concentrations were hyperpolarized in par-
allel and delivered to two independent RF coils for simultaneous
single-scan NMR spectroscopy. In both channels, the hyperpolar-
ized signals exhibited high SNR ratios from a single scan. Such
performance would be unattainable under thermal equilibrium con-
ditions without extensive signal averaging. These results underscore
the combined advantages of SABRE hyperpolarization and parallel
detection, offering a powerful approach for high-throughput NMR
analysis of low-concentration samples.

METHODS
System setup

The experimental setup consisted of two main components: a
parallel NMR detector and two SABRE polarizers (Fig. 2). The NMR
detector was designed to enable the simultaneous acquisition of two
NMR spectroscopy signals from separate samples, thereby doubling
the throughput and improving the efficiency of NMR detection.
The core component of each SABRE platform was a tube-in-tube
gas-liquid reactor housed within an electromagnetic coil. The coils
generated an optimal magnetic field for efficient polarization trans-
fer via SABRE. The following two subsections provide a detailed
description of each component.
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NMR unit cells in parallel

The magnet used in this work is a commercial preclinical MRI
system (ICON, Bruker), which supports both NMR spectroscopy
and MRI measurements. This system is equipped with a global
shim set comprising only three linear shim axes (X, Y, Z), rely-
ing on first-order spherical harmonics to correct magnetic field
inhomogeneities.

While such first-order shimming is generally sufficient for
imaging applications, it imposes limitations on achievable field
homogeneity for spectroscopy. Even in single-coil NMR spec-
troscopy using standard 5 mm tubes, the resulting linewidths typ-
ically range from 5 to 10 Hz after careful shimming. When multiple
RF coils and samples are introduced, such as in multi-channel or
parallel detection setups, the performance of the global shimming
further deteriorates, making it challenging to maintain sufficient
spectral resolution across spatially separated detection regions.

To overcome these limitations, we utilized a custom-built dual-
channel NMR probe installed in the ICON system (Fig. 2). Each
detection channel denoted as a NMR cell (NC) consists of an inde-
pendent RF coil equipped with its own localized shim set (X, Y, Z).
By implementing localized shim coils, the conventional isocenter
of the magnet was effectively subdivided into multiple, sample-
specific isocenters. A key advantage of this design is that it allows
independent control of the spherical harmonic shim fields around
each coil, enabling flexible and effective compensation for inho-
mogeneities within the measurement regions, thereby minimizing

 outlet

| Flow cell
|

FIG. 2. Overview of continuous paral-
lel SABRE experiment setup. The tube-
in-tube reactors for continuous SABRE
hyperpolarization were wrapped and
located inside of the electromagnetic
coils with a generated magnetic field of
6.5 mT. The SABRE sample solutions
(pyrazine in blue color and pyridine in
red color) were continuously hyperpo-
larized within the tube-in-tube reactors
at different pressure differences of the
gas and liquid phases. The HP solu-
tions were pumped into the 3D-printed
conical-sided flow cells located inside of
the RF coils on the NC-based paral-
— lel probehead positioned at the 1.05 T
horizontal bore magnet.

..... D =
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linewidth broadening due to global shim constraints (details on the
design of the NC shim can be found in an earlier publication®).

In addition, the B; field orientations of the two NCs were
deliberately arranged orthogonally to further minimize mutual RF
flux interference. The design allows for scalable parallelization while
maintaining signal integrity, defined here as the ability to acquire
high-quality, undistorted, and decoupled NMR signals from each
channel independently.

As illustrated in Fig. 2, both the RF and shim coils were fab-
ricated using flexible printed circuit board (PCB) technology and
assembled onto cylindrical 3D-printed polylactic acid (PLA) sup-
ports. The sample holder has an inner diameter of 5 mm, while the
RF coil is a saddle coil with an optimized 8 mm diameter. The shim
coils are positioned around the outer support structure, which has a
radius of 8.5 mm. The RF coil geometry follows the design principles
outlined by Ginsberg and Melchner,” ensuring uniform excitation
fields.

Continuous flow platform for SABRE

The continuous SABRE hyperpolarization platform featured
two identical gas-liquid reactors in a tube-in-tube configuration, as
shown in Fig. 2. The inlets and outlets of the outer and inner tub-
ings were assembled via two T-junctions (P-713, IDEX Science &
Health) and microfluidic tubing fittings (1/4-28 flat-bottom, XP-348
and XP-245, IDEX Science & Health). An extended contacting sur-
face of gas and liquid was provided by 1.5 m overlapping length of
the outer and inner tubings.

To achieve efficient polarization of 'H via SABRE, the tube-
in-tube reactors were coiled and positioned inside two home-made
solenoid electromagnetic coils, each providing an optimal magnetic
field strength of 6.5 mT for optimal polarization transfer.

The SABRE sample solutions were pumped through the highly
gas-permeable inner tubing (TeﬂonTM AF 2400, OD: 0.8 mm, ID:
0.6 mm) using two peristaltic pumps, establishing a counter-flow
between the gas and liquid phases. In addition, two back-pressure
regulators (IDEX Science & Health, JR-BPR1 and P-791) were
installed downstream of the liquid flow in the reactors, maintain-
ing pressures of 35 and 20 psi (1 psi ~ 6.89 kPa) for the pyrazine and
the pyridine sample solutions, respectively (Fig. 2).

The para-H, supply was evenly split into two paths and
directed through the outer PTFE tubing (OD: 3.2 mm, ID: 2 mm)
of each reactor at a flow rate of 20 ml/min, regulated by a mass flow
controller (MFC). Two identical back-pressure regulators with 40
psi cartridges were installed downstream of the gas flow in each reac-
tor. This setup ensured consistent pressure differences Ap between
the gas and liquid phases: Ap = 5 psi for the reactor for hyperpolar-
ization of pyrazine and Ap = 20 psi for the one of pyridine. The pos-
itive Ap facilitated the diffusion of para-H, molecules through the
inner tubing wall and into the sample solutions, ensuring efficient
mass transfer of para-H,.

Upon leaving the tube-in-tube reactors, the HP sample solu-
tions were continuously pumped through a PTFE tubing length
of 0.35 m (OD: 1.6 mm, ID: 1 mm) and subsequently delivered
into the 3D-printed flow cells centered within the RF saddle coils.
The flow cell featured with a cylindrical middle section (5 mm in
OD) to achieve a high filling factor for the detection coils. The
ends of the cell were conically tapered to 2 mm in diameter to

ARTICLE pubs.aip.org/aip/rsi

facilitate easy tubing connection, minimize dead volume, and con-
serve sample solution. The middle section of the flow cell was
modified with a cross-shaped phantom for better visualization for
MRI detection. After passing through the detection area, the sam-
ple solutions were continuously routed to their respective reservoirs,
forming a close-loop flow circuit for subsequent regeneration of
hyperpolarization.

EXPERIMENTS AND RESULTS
Chemical preparation

All SABRE sample solutions were prepared under inert atmo-
sphere using standard Schlenk techniques and high-purity argon
(>99.999%) as the inert gas. For SABRE hyperpolarization of
'"H pyrazine and pyridine, each sample solution contained 3
mmol/l of standard homogeneous SABRE pre-catalyst [IrCl (COD)
(IMes)] (IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene;
COD = cyclooctadiene) and 60 mmol/l of each substrate dissolved
in degassed methanol-ds. The prepared sample solutions were
deposited in two Falcon tubes and capped tightly until activation.
The pre-catalyst in each sample solution was activated by bubbling
fresh para-H, at a flow rate of 20 ml/min under ambient pressure
and room temperature (25 °C) for 10 min.

To obtain para-H,, normal hydrogen gas (ALPHAGAZTM H,,
99.999%) was continuously supplied with an appropriate flow rate
(0.5 1/min), controlled by a mass flow controller. The gas was then
passed through a cryostat (cold head) maintained at 23 K and
cooled by a commercial water-cooled helium compressor (Advanced
Research System, Model ARS-4HW). After contacting the para-
magnetic hydrated iron (III) oxide catalyst (Fe;O3 - H,O) in the
chamber at the bottom of the cold head, the para-H, fraction of 98%
was generated and collected within an aluminum gas bottle.

Relationship between magnetization, polarization,
and signal intensity

Under thermal equilibrium conditions, the net longitudinal
magnetization My of a spin-1/2 nuclear ensemble in a magnetic field
By arises from a slight population difference between the Zeeman
energy levels,

0

M,
L)

- Athermal- (1)
Here, Afithermal = N+ — N_ is the population difference between the
spin-up and spin-down states, y is the gyromagnetic ratio, and 7 is
the reduced Planck constant.

The thermal polarization is defined as the fractional population
difference,

An
Pthermal = %- (2)

Combining Egs. (1) and (2) gives
h
My =N- y? . Pthermal- (3)

In SABRE technique, the non-equilibrium population differ-
ence is generated via the spin order transfer from para-H,,
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resulting in significantly increased polarization (Pup > Pihermal)-
The corresponding magnetization is

h
Myp =N - )’7 - Pyp. (4)

Thus, the hyperpolarization enhancement factor ¢ is directly given
by
_ Mur _ Pue
Mo Phermal '

5)

Although the hyperpolarized magnetization originates from a non-
equilibrium state, its temporal decay in a static magnetic field still
follows the standard Bloch equation,

dM; My — M.(t)

6
dt T, ©
with its analytical solution,
M.(t) = Mo + (M.(0) = My)e ™. )

Here, 1/T; is the longitudinal relaxation rate, which is determined
by the spin system and its surrounding environment, and is inde-
pendent of the initial polarization level. Consequently, the relaxation
rates of hyperpolarized and thermally polarized magnetizations are
governed by the same physical laws.

Finally, the detected NMR signal intensity S is proportional to
the net magnetization My and hence directly to the polarization,

SocMyo< N-y-P. (8)

Dependence of measured continuous HP signal
on flow rate under continuous-flow condition

The hyperpolarization of a substrate in a gas-liquid reactor
is critically influenced by the volumetric flow rate and the size
of the fluidic circuit. Upon leaving the reactor, the polarization
relaxes during transport to the detection volume, and the remaining
polarization passes through a detection coil for acquisition.

High volumetric flow rates, which would compensate for the
loss of polarization during transport between a reactor and a detec-
tion coil, would suffer from a reduced residence time in the reactor,
leading to a decreased para-H, uptake, and consequently, achieves
less efficient polarization level. In contrast, lower volumetric flow
rates allow to generate more HP substrate in the reactor, while need-
ing longer transfer time to reach the detection coil, which in turn
leads to increased polarization loss.

For a better understanding, we incorporate a mathematical
model to describe the observed HP signal under continuous flow
conditions. The signal is determined by a flow-rate-dependent trade-
off between polarization buildup and T;-longitudinal relaxation
during transport.

In this model, we use the volumetric flow rate f (unit: ml/min)
as the governing parameter to describe the flow-dependent signal
behavior. The hyperpolarized signal intensity S(f) observed at the
detector as a function of volumetric flow rate can be expressed as

S(f):Smax(lexp(tr(tj:“)))exp(tt(Tflﬂ)), )

ARTICLE pubs.aip.org/aip/rsi

where Smax is the theoretical maximum signal achievable under a

static condition, t; is the polarization buildup time constant, T is

the longitudinal relaxation time, f is the volumetric flow rate in the
L,nr

unit of ml/min, and t,(f%) = fa,(j) is the effective residence time
in the polarization region, scaled by exponent «. L, = 150 cm is the
overlapping length of inner gas-permeable tubing and the outer tub-
ing of the tube-in tube reactor and r; = 0.03 cm is the inner radius of
the inner tubing. t,(f*) = L‘Z;% is the effective transport time from
the reactor to the detection region, scaled by exponent . L; = 35 cm
is the distance between the reactor outlet and the detection region
and r; = 0.05 cm is the inner radius of the transport tubing.

The exponents « and f are empirical scaling factors that cor-
rect for deviations from ideal laminar flow, capturing effects, such as
imperfect gas-liquid exchange efficiency and flow dispersion.

It should be noted that one limitation of the model is the
simplification of the longitudinal relaxation process using a single
effective T). In practice, the sample experiences different mag-
netic field environments, such as Earth’s field during transport
toward the magnet and detection field. Therefore, each one is
associated with distinct relaxation rates. However, since the pri-
mary goal of this modeling is to describe how the flow rate influ-
ences the measured HP signal intensity, including the competition
between the polarization buildup and relaxation decay, we adopted
an effective T to represent the net relaxation effect during sample
transfer.

To study the influence of flow rate on the observed HP sig-
nal intensity, single-channel NMR spectroscopy of HP pyrazine was
conducted at various flow rates using one of the channels of the
parallel NMR detector. The HP pyrazine solution was continuously
pumped from the tube-in-tube reactor to a 3D-printed cross-shaped
flow cell located in the detection area. The pressure difference
between the gas and liquid phases in the reactor was maintained at
20 psi throughout the experiment.

As shown by the stacked NMR spectra of HP pyrazine in
Fig. 3(a), the signal intensity initially increased and reached a maxi-
mum as the flow rate increased from 1 to 6 ml/min [Fig. 3(b)]. Upon
further increasing the flow rate, the signal intensity decreased again
due to the shorter residence time of the sample in the reactor, which
resulted in a less efficient SABRE process. Therefore, the optimal
flow rate for generating maximal observed NMR signal intensity is
fopt = 6 ml/min.

As shown in Fig. 3, the mathematical model [Eq. (9)] was fitted
to the experimental data as a function of flow rate. The fitted values
of ty, T1, &, and B are 1.15 5, 2.88 s, 2.34, and 0.66.

SNR enhancement analysis based on MRI comparison

To quantitatively assess the sensitivity enhancement enabled
by SABRE hyperpolarization under low-concentration conditions,
a comparative MRI study was conducted using thermally polar-
ized methanol and SABRE-hyperpolarized pyrazine solutions. The
corresponding proton concentrations were ciy gef = 98.88 mol/l for
the methanol reference sample (accounting for four protons per
methanol molecule) and ciyggp = 0.24 mol/l for the hyperpolarized
pyrazine sample (60 mM pyrazine, four protons per molecule).
The reference and HP samples were fed into the detection area
under continuous flow conditions at fop; = 6 ml/min, which was
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FIG. 3. (a) "H NMR spectra of HP pyrazine acquired under different volumetric flow rates in the tube-in-tube reactor, with a positive pressure difference of A = 20 psi
(137 kPa) between the gas and liquid phases. The sample solution contained 60 mmol/l pyrazine and 3 mmol/l Ir-IMes catalyst dissolved in methanol-d,. (b) Dependency of
scaled HP signal intensity on flow rate. Orange dots: the experimentally measured signal intensities of the HP pyrazine at different flow rates, scaled to the maximum signal
observed under a static condition. Green line: the fitted curve based on the mathematical model [Eq. (9)]. The fitted parameters were: t, = 1.15s, T4 = 2.88 s, o = 2.34,

and f3 = 0.66. Inset: 3D model of the cross-shaped flow cell used for detection.

determined as the optimal flow rate based on the flow rate
vs signal intensity analysis discussed in the preceding section
[Fig. 3(b)].

Both the thermally polarized methanol reference and the HP
pyrazine sample were imaged on the same 1.05 T MRI system using
identical acquisition parameters, including echo time (T¢ = 7 ms),
repetition time (Tr = 80 ms), matrix size (128 x 128), slice thickness
(2.25 mm), flip angle (40°), and pixel bandwidth (141.53 Hz/pixel).
The only differences were the scan number and the field of view
(FOV). The reference image was acquired with Nrgr = 16 signal
averages and a FOV of 20 x 20 mm?, while the hyperpolarized image
used Nyp = 2 signal averages and a larger FOV of 30 x 30 mm?. To
ensure a fair SNR comparison, signal and noise regions of interest
(ROIs) were selected such that their corresponding physical areas in
both images were matched (Fig. 4).

The SNR of each MR image was determined by manually
selecting four signal-dominant regions and four background regions
within each MRI dataset (Fig. 4). Circular ROIs of identical physical
areas were used to ensure consistent sampling.

For each ROI, the mean pixel intensity was extracted,
and the SNR of MR imaging was calculated according to the
relation,

, (10)

where S indicates the mean values for the signal and oy repre-
sents the standard deviation of the background noise, respectively

in Table I. This approach emphasizes the practical detectabil-
ity of low-concentration signals, which is the primary objec-
tive of hyperpolarization-enhanced detection, rather than assessing
instrument-limited noise characteristics,

696.30
SNR, ~ 31.6 11
I,Ref 22.07 ( )
and
491.88
SNRyp = ~ 58.6. (12)

To account for the differences in proton concentration and number
of scans, the per-proton normalized sensitivity enhancement factor
(e1y) is introduced by

_ SNRyup - €1 Ref - V/ Nref

&g = . (13)
T SNRges - crpp e - v/Nip
Substituting the experimental values yields
58.6 x 98.88 x /16
gy = R XSO0V D o161 (14)

31.6 x 0.24 x \/2

This calculation result demonstrates that after normalizing
for the proton concentration and number of scans, SABRE
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FIG. 4. MR images and corresponding ROI selections for SNR analysis under continuous flow conditions at a flow rate of 6 ml/min. (a) Thermally polarized methanol reference
sample (ciy = 98.88 mol/l, 16 scans). (b) SABRE HP pyrazine sample (ciy; = 0.24 mol/l, 2 scans). Left column: Original MRI images acquired using identical imaging

parameters. Right column: ROI selections for SNR calculation, where central small ROIs represent signal-dominant regions and peripheral ROls represent background

noise regions.

hyperpolarization provides approximately a 2161-fold improve-
ment in detection sensitivity per proton compared to thermal
equilibrium conditions. Such an enhancement demonstrates the
particular suitability of SABRE hyperpolarization for the detection
of metabolites and biochemical intermediates that typically exist
from nano- to millimolar concentrations in biological systems. In
these scenarios, conventional NMR spectroscopy and MRI methods

are often inadequate due to insufficient sensitivity and prohibitively
long acquisition times.

Parallel SABRE hyperpolarization of pyrazine
and pyridine

Parallel 'H SABRE hyperpolarization of pyrazine and pyridine
was conducted with simultaneous NMR detection in two parallel
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TABLE I. Comparison of mean signal and standard deviation of background noise
levels for a reference sample (methanol) and hyperpolarized pyrazine under different
proton concentrations and scan numbers.

Reference HP
(Methanol, (Pyrazine,
CIff Ref = 98.88 M, Clggp = 0.24 M,

16 scans) 2 scans)
1 217.00 85.18
Signal region 2 246.70 159.50
(mean value, S) 3 102.90 104.20
4 129.70 143.00
5 5.50 1.99
Background region 6 5.43 2.29
(std Dev, on) 7 5.42 2.18
8 5.72 1.93

channels using the dual RF coils on the NC-based probe. After
hyperpolarization in the two tube-in-tube gas-liquid reactors, the
HP pyrazine and pyridine were continuously fed into parallel RF
coils (CH 1 and CH 2), at an optimized flow rate of 6 ml/min, as
determined from preliminary experiments [Fig. 3(b)].

One RF coil was connected to the ICON MRI system for a
standard 'H single-pulse experiment using the ParaVision software
interface (version 6.0.1, Bruker), while the second coil was con-
nected to a separate NMR spectrometer system (Kea2, Magritek).
A transistor—transistor logic (TTL) line connected the two systems

ARTICLE pubs.aip.org/aip/rsi

to ensure precise synchronization of RF pulse excitation and sig-
nal acquisition, enabling truly parallel data collection from both
hyperpolarized samples.

Four sets of experiments were conducted to simultaneously
acquire signals from the samples fed into the flow cells in CH 1 and
CH 2. The results are presented as stacked spectra in Fig. 5. In the
initial set of experiments, the supply of para-H, was turned off in the
gas pathways of both tube-in-tube reactors to measure the thermal
equilibrium signals of pyrazine and pyridine. However, due to the
low millimolar-range concentrations in the single-scan experiments,
the peaks in the recorded spectra were barely discernible [Fig. 5(a)].

In the second set of experiments, para-H, delivery was then
commenced to both reactors, which initiated the hyperpolarization
of substrates via SABRE. After 60 s of para-H, exposure, NMR
signals from both channels were acquired simultaneously within
a single scan. Notably, a distinct singlet peak at 8.5 ppm with an
amplitude-based SNR of 43 was observed in the pyrazine spectrum,
while peaks between 7.0 and 8.6 ppm were resolved in the pyridine
spectrum.

The full width at half maximum (FWHM) of the hyperpolar-
ized pyrazine peak was measured to be ~0.6 ppm (27 Hz at 1.05 T).
This relatively broad linewidth arises from two main factors: (i)
the limited shimming capability of both the global shimming coils
and the localized shim coils integrated into the custom NC probe,
which are restricted to first-order corrections, and (ii) the cylindrical
flow cell with an internal cross-shaped structure, which introduces
geometric-induced magnetic field inhomogeneities. Together, these
factors contribute to reduced field homogeneity in the detection
region. Consequently, the expected triplet splitting of pyridine in
the NMR spectrum was not fully resolved. Instead, the signals from
the protons at the para- and meta-positions coalesced into a broader

pyrazine T T T T T T ST T T T ! pyridine Aatakalatel
N : ! £ !
H H
LY,  BICL
H oM ) 1 |
N | | HY N/ iH
| . |
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.......
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SABRE
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FIG. 5. Parallel 'H spectra of pyrazine and pyridine, acquired under SABRE hyperpolarization or thermal equilibrium conditions. The sample solutions were continuously
flowing from the tube-in-tube gas-liquid reactors under different para-H, supply conditions: Ap = 5 psi in channel 1 for pyrazine (CH 1) and Ap = 20 psi in channel 2 for
pyridine (CH 2). (a) CH 1: para-H; off, CH 2: para-H; off; (b) CH 1: para-H, on, CH 2: para-H, on; (c) CH 1: para-H; off, CH 2: para-H, on; and (d) CH 1: para-H, on, CH 2:
para-H; off.
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peak, resulting in an apparent doublet-like pattern. The most intense
peak, originating from the ortho-proton, exhibited an SNR of 140
[Fig. 5(b)]. The higher SNR value of the pyridine peak, compared
to that of pyrazine, resulted from the greater pressure difference
(Ap = 20 psi) applied to the tube-in-tube reactor for hyperpolariz-
ing the pyridine sample solution, relative to that used (Ap = 5 psi)
for the pyrazine sample.

Subsequently, the para-H, supply in CH 1 was discontinued,
while it remained constant in CH 2. The absence of para-H, caused
the pyridine sample in CH 1 to revert to its thermal equilibrium
state, rendering it undetectable with a single scan. In contrast, CH
2 still contained hyperpolarized pyrazine solution, which produced
a sufficiently strong signal to be observed with an SNR of 120
[Fig. 5(c)].

In the fourth set of experiments, the para-H, supply was reac-
tivated in CH 1 and turned off in CH 2, resulting in rehyperpolar-
ization of pyrazine and relaxation of the HP pyridine to its thermal
equilibrium state. However, the signal intensity of hyperpolarized
pyridine was weaker than in the second set of experiments, possi-
bly due to magnetic field drift of the non cryocooled MRI system.
Such drift may shift the Larmor frequency away from the initially
tuned frequency of the RF coil, leading to suboptimal resonance
conditions and reduced SNR. Meanwhile, in the CH 2 spectrum,
the thermally equilibrated pyridine resonance was too weak to be
detected [Fig. 5(d)].

The experimental results demonstrated that, following the
SABRE hyperpolarization, the main peak of each HP substrate
became discernible from a single scan—an outcome that was
unattainable under thermal equilibrium conditions with the parallel
coils and samples at such low concentrations. While both pyrazine
and pyridine samples were hyperpolarized and detected simulta-
neously in each channel, no signal interference or crosstalk was
observed between the parallel RF coils, which is attributed to their
orthogonal geometric configuration.

While the absence of crosstalk demonstrates the reliability
of parallel detection, the marked signal enhancement provided
by hyperpolarization is particularly valuable for low-concentration
samples, where thermal signals typically fall below the single-scan
detection threshold and require signal averaging over many scans to
become observable.

Under our experimental conditions, including low-
concentration samples and suboptimal magnetic field homogeneity
due to first-order shimming, the thermal signal was not detectable
in a single scan due to the intrinsically low thermal polarization
and limited detection sensitivity. Therefore, we conservatively set
the single-scan SNR of the thermal signal to SNR¢hermal = 1 for
comparison purposes.

In contrast, hyperpolarized pyrazine and pyridine yielded the
amplitude based-SNRs of 43 and 140 [Fig. 5(b)]. This implies that
~43% = 1,849 and 140% = 19,600 scans, would be required under
thermal equilibrium conditions to achieve equivalent SNRs, given
that the SNR increases with the square root of the number of scans.

Therefore, it demonstrates that SABRE hyperpolarization can
effectively reduce the acquisition time by several orders of magni-
tude. When combined with a parallel coil array, the measurement
throughput is further increased, enabling simultaneous acquisi-
tion of multiple hyperpolarized samples. This dual approach not
only accelerates data collection but also extends the applicability of

ARTICLE pubs.aip.org/aip/rsi

high-throughput NMR to analytes present at concentrations previ-
ously undetectable by conventional methods.

CONCLUSION

In this work, we developed a continuous-flow SABRE hyper-
polarization setup integrated with parallel NMR detection, enabling
simultaneous acquisition of hyperpolarized signals from low-
concentration liquid samples. Despite these advantages, the current
system has several limitations: it is restricted to 'H detection, simul-
taneous MRI is not feasible due to the shared global gradient, and
the achievable spectral resolution is limited by first-order shimming.

To expand the nuclear detection range, future implementations
could integrate multinuclear capabilities (e.g., 3¢, 9F, and 15N) into
the parallel probe design. This would extend the platform’s util-
ity to a broader set of hyperpolarized targets and metabolic flux
analysis.”*”

For MRI functionality, enabling simultaneous imaging across
multiple channels would require improvements, such as localized
gradient coils’® or RF encoding techniques.”” These developments
could open the door to spatially resolved, parallel imaging of
hyperpolarized substrates.

Improving spectral resolution will require enhanced magnetic
field homogeneity. Incorporating higher-order shim coils*’ or adap-
tive shimming strategies, such as Al-assisted shimming,’’ would
help resolve fine spectral features, thereby facilitating applications
in chiral discrimination’”’ and drug screening.**

In summary, the parallel SABRE platform demonstrates its
capability for the rapid characterization of low-concentration sam-
ples. With continued technical refinements, it holds strong potential
to enable multinuclear, high-throughput, and high-sensitivity NMR
analysis.
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