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ARTICLE INFO ABSTRACT

Keywords: From complex-mixture analysis to in vivo molecular imaging, applications of liquid-state nuclear spin hyperpo-
Hyperpolarization larization have expanded widely over recent years. In most cases, hyperpolarized solutions are generated ex situ
Non-adiabatic and transported from the polarization instrument to the measurement device. The sample hyperpolarization
Lo‘,’v'ﬁeld M?{I usually survives this transport, since the changes in magnetic fields that are external to the sample are typically
:iiiﬁ;x;tﬁ; adiabatic (slow) with respect to the internal nuclear spin dynamics. The passage of polarized samples through

weakly magnetic components such as stainless steel syringe needles and ferrules is not always adiabatic, which
can lead to near-complete destruction of the magnetization. To avoid this effect becoming “folklore” in the
field of hyperpolarized NMR, we present a systematic investigation to highlight the problem and investigate
possible solutions. Experiments were carried out on: (i) dissolution-DNP-polarized [1-13C]pyruvate with NMR
detection at 1.4 T, and (ii) 1.5-T-polarized H,0 with NMR detection at 2.5pT. We show that the degree of
adiabaticity of solutions passing through metal parts is intrinsically unpredictable, likely depending on many
factors such as solution flow rate, degree of remanent ferromagnetism in the metal, and nuclear spin species.
However, the magnetization destruction effects can be suppressed by application of an external field on the
order of 0.1-10mT.

1. Introduction returns to thermal equilibrium and is generally (although not always)

characterized by a decay time constant, T;, that is field-dependent.

Hyperpolarization methods such as dissolution dynamic nuclear po-
larization (dDNP) [1-5] and parahydrogen-induced polarization (PHIP)
[6-10] are used to enhance the polarization of a nuclear spin ensemble
far beyond the thermal equilibrium level. This can lead to signal
enhancements of molecules in the liquid state on the order of 10*
to 10° compared to polarization in a high-field (e.g., 1-10 T) NMR
magnet [11]. This remarkable increase in signal strength has opened
the door to many applications such as in vivo metabolic imaging, [12-
16] the elucidation of biomolecular structures, [17-20] investigations
of polymers and viscous liquids [21,22] plus heterogeneous and ho-
mogeneous hydrogenation reaction mechanisms, [23-26] and many
more. Central to most of these applications is that the nuclear spin
polarization survives movement of the liquid sample, for example
during transport across a laboratory, or during sample mixing, because
the hyperpolarization procedure is often carried out away from the
measurement device in a separate instrument [27].

The profile of magnetic field experienced by the sample vs. time
determines the survival of nuclear spin polarization during transport.
On the one hand, spin relaxation governs how rapidly polarization
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Generally, if the transport time is similar to or longer than T), a
significant fraction (more than half) of the starting polarization is lost.
On the other hand, and relevant to this work, is the rate of change
in orientation of the background magnetic field: spin polarization can
be lost if the external magnetic field is rotated sufficiently rapidly such
that the nuclear spins do not have time to reorient to follow the change.

It can be estimated that to maintain adiabaticity, the rate of rotation
of the external field (w,,) should be lower than the rate of nuclear
spin precession w, in the field [28]. In Fig. 1 we show this principle
for a spin-1/2 nucleus of gyromagnetic ratio y: the nucleus is initially
aligned in a magnetic field along the x axis. The magnetic field is then
reoriented to the y axis at a constant angular rate, w.,, = d¢/dt, and
then held static along y. We show a simulation of the nuclear spin
trajectory for seven different rates of rotation, which are given as a
fraction of the nuclear spin Larmor frequency in the field (o, = y By).
It can be seen that when w,,; is more than 10x lower than w, the spin
follows the field change approximately adiabatically.

The earth’s field is in principle sufficiently strong and homogeneous
to satisfy adiabaticity, even at high transport rates such as fluid flow
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inside capillary tubes [29-36]. However, in an unshielded laboratory
environment there exist additional background fields from magnetic
objects, such as NMR magnets or electrical laboratory equipment. In
this case, the total magnetic field is much less homogeneous, and
may be weak enough so that adiabaticity cannot be fulfilled when the
sample is in motion. These points in space are colloquially referred
to as a ’zero-field crossings’ [37]. This term is helpful, although it
may be slightly misleading since it is likely that inhomogeneity in the
directionality of the field lines (causing an effective rotation in the
B, field during transport) is more problematic than going to low field
itself.

One way to maintain adiabaticity in order to preserve spin polar-
ization is to provide a high magnetic field along the sample transport
path by using a magnetic tunnel [31,37-39]. This is particularly helpful
for solid samples where strong intermolecular dipole-dipole couplings
can lead to nonadiabatic transfer effects near Earth’s field, because
these couplings become the interaction of leading strength [40]. An
additional benefit of magnetic tunnels is that 7| time constants are
often slightly longer in elevated field compared to Earth’s field, [41,42]
especially if the solution contains paramagnetic species such as the
radicals used for the DNP process or quadrupolar nuclei, such as
14N [43].

We have observed in experiments with hyperpolarized samples that
passage of the sample through stainless steel parts such as syringe
needles or through capillary tubing supporting nuts/ferrules can lead
to partial or complete loss of the hyperpolarization. We attribute this
to the spins experiencing nonadiabatic changes in the B, field when
passing rapidly through these small-diameter, weakly ferromagnetic
parts. In this work we investigate how nuclear spin polarization in
liquid samples is affected by passage through stainless steel syringe
needles under conditions such as the needle length/diameter, orien-
tation in space with respect to the ambient field, and strength of
additional guiding fields. We have carried out experiments with dDNP-
polarized [1-13C]pyruvate detected in a 1.4 T bench-top NMR magnet,
and with water polarized in a 1 T permanent magnet, detected in a
sub-Earth’s-field spectrometer.

2. Results
2.1. High-field experiments with hyperpolarized [1-13C]pyruvate

A concentrated pellet of neat [1—13C]pyruvic acid was polarized
via dissolution DNP using a HyperSense polarizer (Oxford Instruments,
U.K.), and ejected via rapid dissolution. The resulting pH neutral solu-
tion contained [1-13C]pyruvate at 80 mM concentration and 12% 13C
polarization. 4 mL of this solution were immediately diluted further
with distilled H,O to bring the total volume up to 20 mL. Then, 400 pL
aliquots of this solution were dispensed sequentially into a series of
5 mm o.d. NMR tubes using either a plastic capillary or a syringe needle
to direct the solution into each tube. These dispensing operations were
performed rapidly (one every few seconds), and the tubes were taken
every 10 s for signal acquisition. An illustration of the experiment is
shown in Fig. 2(a,b). Initial NMR acquisitions on NMR tubes filled
via a PEEK capillary served as control points, since the hyperpolarized
solutions did not come into contact with any metal parts. Subsequent
NMR tubes were filled using seven different metal syringe needles, as
shown in Table 1 (in the Materials and Methods) and Fig. 2(c). The
solution was either supplied through the needle in Earth’s field (cyan),
with a neodymium N52 bar magnet (1.45 T remanent field) held next
to the needle (purple), or with the needle inside a 1 T Halbach magnet
(gold). The resulting data are shown in Fig. 2(e).

We observe that the control spectra (black points) in Fig. 2 show
an exponential decay in amplitude over time, with a time constant
of 56 + 0.4 s. This corresponds to the 13C T, decay time constant
of the solutions in Earth’s field, during the period when the samples
were kept outside the NMR magnet prior to measurement. Injection
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Fig. 1. Nuclear magnetization trajectories under an x—y (¢ = 0 — z/2) background
magnetic field reorientation at a constant rate w,, = d¢/dr = kyB,, where ¢ is the
azimuthal angle of the magnetic field, and k is a constant of proportionality. The field
rotation frequencies are given as a fraction of the nuclear spin Larmor frequency (w,
where w, = yB,) in the By field (which is a constant since B, is fixed in amplitude
and only changes in direction). The nuclear spin is initially aligned along x, and after
a /2 field rotation from x—vy, the field is held static along y for a short period. It can
be seen that the nuclear spin follows the field rotation mostly adiabatically when w,,,
is about 10x lower than the Larmor frequency (i.e., k = 0.1), but becomes nonadiabatic
for faster rotations.

through a syringe needle reduced the magnitude of the NMR signal
by at least a factor of 10 in almost all cases, with the exception of
needles II and III. In one case (needle VI) the resulting 13C signal was
still weakly hyperpolarized but inverted in sign, indicating that (as
expected) these signal losses result from nonadiabatic passage through
the needle and not an incoherent relaxation process. In contrast, when
the N52 permanent magnet was placed adjacent to the needle during
injection, and likewise when the needle was placed inside a permanent
1 T Halbach magnet, the polarization was preserved in all cases.

In Fig. 2(d) a comparison between !3C spectra in the frequency
range of the pyruvate C1 site is shown for a sample injected through
a plastic capillary and through syringe needle I. For the solution that
passed through the syringe needle, the central peak at 172 ppm is
almost completely lost. The additional peaks in the spectrum, which
somewhat survive, are 13C satellite peaks from the [1,2-13C,] (outer
satellites) and [1,3-1362] (inner satellites) pyruvate isotopologs.

To understand whether the alignment of the needle in space (i.e., its
alignment in the laboratory magnetic field) affects the adiabaticity
of the process, we repeated the multi-injection experiment, with the
hyperpolarized solution delivered to the NMR tubes through different
orientations of the needle VII in space (Fig. 3(a)). We also performed
periodic control experiments, injecting the pyruvate solution through
a plastic capillary into the NMR tubes. As before, the NMR tubes
were placed in a 1.4 T bench-top NMR spectrometer for 3C signal
acquisition, and the integrals of the C1 [1-!3C]lpyruvate NMR signals
are plotted in Fig. 3(c). The orientation of the needle with respect to
the axis system of the laboratory is denoted in spherical coordinates as
(0, ¢), with 6 the polar angle and ¢ the azimuthal angle, next to the
corresponding data point. These data indicate that the orientation of
the needle in space does not significantly influence the dephasing of
the spins, since in all cases a signal reduction by more than a factor of
10 is observed.

We then carried out an experiment to determine what strength of
applied magnetic field around the syringe needle would make the in-
jection process adiabatic to preserve the 13C hyperpolarization. The hy-
perpolarized [1-13C]pyruvate multi-injection experiment was repeated
using needle VII, with a solenoid electromagnet wrapped around the
needle to provide a guiding magnetic field (Fig. 3(b)). The strength
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Fig. 2. (a) Experimental schematic illustrating the methodological progression: initial NMR tube filling via a PEEK capillary for the first acquisition is indicated by #1. Subsequent
NMR tubes were filled using individual syringe needles for acquisitions #2-#25, with strategic positioning of an N52 bar magnet for acquisitions #12-#22 or a 1T Halbach
magnet for acquisitions #23-#25. (b) Simplified sequence showing the experimental procedure. (c) The 7 syringe needles used for this experiment. (d) A comparison between
the 'H-decoupled '*C NMR spectra of acquisitions #1 (left) and #2 (right) illustrated in (a), showing a significant decrease of the [1-'*C]pyruvate '3C signal when the sample
was passed through a syringe needle in (#2). The bottom spectra are a vertical zoom x100 of the corresponding top spectra. The satellite peaks observed are from the natural
abundance of pyruvate molecules with an additional '>C nucleus in the C2 or C3 position. (e) Effect of different injection conditions on [1-!3C]pyruvate liquid-state polarization.
Data points represent the integrals (absolute value) of the [1-'3C]pyruvate *C NMR signal of the labelled C1 position, normalized to 1 for the first scan. The dotted line represents
an exponential decay function of the form M (t) = M, exp(—t/T)) fit to the data, and the fitted 7, value is given in the plot. The grey shaded region represents the area in which
the 13C integral is more than 10x lower than predicted from the control experiments. The asterisk denotes a data point with negative amplitude.

of the guiding field was varied between experiments by changing the
current through the coil with a variable DC power supply. The 13C
NMR signal integrals from the C1 site in [1-13C]pyruvate are shown
in Fig. 3(d). The applied field for each injection is shown next to the
corresponding data point. We observed that a field of between 3.25 mT
and 6.5 mT was required for the solution transport through the needle
to be adiabatic.

Periodically, for some experiments in this series, the pyruvate so-
lution was injected through the plastic capillary to obtain reference
signals to quantify the polarization loss. In Fig. 4 we show a compari-
son between the 13C spectra for two hyperpolarized [1-13C]pyruvate
samples: one that passed through a plastic capillary and the other
that passed through needle VII. For the latter, the central peak from
the C1 site is dramatically reduced in amplitude by the nonadiabatic
passage through the needle, but the carbon satellite peaks from the
1.1% of molecules with a 13C nucleus in the C2 position remain
hyperpolarized. The 13C NMR signal of the C2 carbon (207 ppm) is also
mostly unaffected by the needle passage. The chemical shift difference
between the two carbon sites is 35.1 ppm and the !Jqc-coupling is
62 Hz, meaning the J-coupling dominates at low fields, leading to a
change in the eigenbasis to the singlet—triplet basis. The 13C-13C singlet
state is a nonmagnetic state that is unaffected by the magnetic field
changes experienced during sample transport (i.e., from the needle
passage), but is transformed back into an observable magnetic state as
the sample is placed in the high-field NMR magnet. Our observation is
the same effect as reported in Refs. [31,44-46], although in our work
the samples were not 13C-enriched so we only observe the effect for the
1.1% of molecules with a 13C spin in the C2 position.

To better understand this, we can assume the DNP process generates
an excess of population in the aa state which leads to over-population
of the T, state at low field. For a sample that does not pass through
the needle, relaxation leads to partial redistribution of the spin popula-
tion within the triplet manifold, but a strong singlet-triplet imbalance
remains because triplet-to-singlet transitions are nominally forbidden
by symmetry rules, and immune to many relaxation mechanisms [45,

47,48]. For a sample that does pass through the syringe needle, this
process leads to destruction of magnetization which we model as equal-
ization of the three triplet state populations, but this process cannot
induce triplet < singlet transitions so the .S, state remains depleted.
Upon adiabatic return to high field, both samples exhibit hyperpolar-
ized NMR signals due to the singlet-triplet population imbalance. The
spin state populations and eigenbasis changes throughout this process
are depicted in Fig. 4.

We additionally investigated the magnetization-loss effect for hy-
perpolarized [1-13C]pyruvate samples passing through stainless steel
ferrules and nuts, which are common components of the connections
used in fluidic transport lines. The hyperpolarized sample was collected
in a syringe and injected into a series of NMR tubes through one of
three capillary tubes, where the tube passes through: (1) no metallic
parts (control), (2) a 1/16" ferrule, and (3) a ferrule+nut set (1/16"
i.d., 10-32 threads). The capillary in all cases was a 1/16" O.D., 1/32"
LD. polyether ether ketone tube (Part No. 211608, BGB Analytik).
The results from this experiment and a diagram showing the three
capillaries used are shown in Fig. 5. As expected, passage of the sample
through the metal components does cause polarization losses, although
the effect is significantly weaker than for metal syringe needles. The
typical signal reduction (compared to the control experiment) was
30 + 10% and 50 + 20%, respectively. Although these polarization
losses are relatively minor compared to the near-complete loss observed
from passage through metal needles and indeed may go unnoticed,
they nonetheless cause some concern. For example, in metabolic tracing
applications a minor inconsistency in the NMR signal as introduced
by the losses may be comparable to the variation caused by other
parameters, leading to false conclusions.

2.2. Low-field experiments with magnetized water
A further systematic study of nuclear magnetization loss during

passage through metal was made without using hyperpolarized 13C.
A gravity-driven, continuous-flow fluid path like the one illustrated
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Fig. 3. (a,c) Effect of the angle of the syringe needle in space on the '3C polarization.
Data points represent the integrals (absolute value) of the [1-'3C]pyruvate 3C NMR
signal of the labelled C1 position, normalized to 1 for the first scan. Numbers in
brackets represent the angle of the needle with respect to the laboratory in spherical
coordinates, as represented in part (a). The dotted line represents an exponential decay
function fit to the data, and the grey shaded region represents the area in which the
13C integral is more than an order of magnitude lower than predicted from the control
experiments. Asterisks indicate data points that have a negative integral. (b,d) Effect
of an applied magnetic field on the '3C polarization. The experiment was carried out
with the needles always upright in an NMR tube, but with a variable field applied
during sample injection using a solenoid coil. The applied fields are written next to
the corresponding data points.

in Fig. 6a was set up to transport water (\H,0) between a high-field
(1.5 T) Halbach-array magnet for prepolarization [49] and an ultralow-
field spectrometer where pulse-acquire NMR spectra were recorded
at intervals of 2 s (2.5 pT; 'H Larmor frequency ~100 Hz). Despite
the fact that the 1H spins are weakly polarized to the order of only
0.1 ppm, the water magnetization in this experiment begins many tens-
of-thousands of times higher than the magnetization that would arise
spontaneously at equilibrium in the detection field, and therefore the
system can partially emulate the decay of a hyperpolarized sample
including effects of nonadiabaticity. A commercially available atomic
magnetometer (QuSpin zero-field magnetometer; QZFM2) was used to
collect the low-frequency NMR signal from a 1 mL flow cell/reservoir
located in the low-field region.
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The polarizing magnet and the flow cell were around 30 cm away
from one another and the fluidic connection was made by a 1-mm i.d.
tube passing through ambient field. The flow rate of water through
this system was measured to be 3 mL/min, which translated to a
flow time of 3-4 s between the two field regions. Substantial loss of
polarization due to relaxation may occur during this transport time.
However, the transport was overall adiabatic and when the polarized
water finally reached the detection cell its magnetization still remained
far above the thermal equilibrium. Additionally, the magnetometer is
highly sensitive, which led to signal-to-noise values of around 50 in the
pulse-acquire NMR spectra.

We detected the adiabatic vs. nonadiabatic magnetization passage
through metal by placing the needle VII in line between the polarizing
and NMR-measurement fields (see Fig. 6a, inset). A ‘guiding’ solenoid
coil several times longer than the needle’s length was placed around the
fluidic tubing and connected to a current supply so that the background
magnetic field along the length of the needle could be controlled. The
background field was turned on/off every 20 pulse-acquire measure-
ments to observe the contrast effect on the magnetization reaching the
flow cell. The idea is that when the solenoid is turned off, the polarized
liquid passes through a region of field dominated by the magnetic
field of the needle material, and if the transport through this field is
nonadiabatic, it will lead to polarization and signal loss. If the solenoid
provides a field that is significantly larger than that of the material, the
overall transport will be adiabatic, leading to a recovery of the NMR
signal. Indeed this type of contrast is observed: we compare Fig. 6b
data obtained with no needle in line and Fig. 6¢ obtained with the
needle VII. The clear modulation of the signal intensity in the latter
case and its variation as a function of the field strength is evidence to
state that strong nonadiabatic effects arise when the background field
is below around 1 mT. It is unsurprising that the order of magnitude
is the same as in the hyperpolarized 13C experiments (Fig. 3(d)), given
that the solution flow rates were similar and the same needle type (VII)
was used, with the notable difference being the polarized nuclear spin
species (1H vs 13C).

2.3. Magnetic field produced by a syringe needle

To better understand the reason why polarization is lost as solutions
pass through a syringe needle, we have carried out additional mea-
surements and simulations of the magnetic field produced by needle
VIL

In Fig. 7 we show a 3-axis measurement of the magnetization of
needle VII using three uniaxial vector magnetoresistance sensors (PNI
Corp. RM3100 module) [50]. The syringe needle was placed adjacent
to the x-axis sensor, close to the y- and z-axis sensors, and the magnetic
field was measured at discrete intervals across one full revolution about
the long axis (z). This is illustrated in the schematic in Fig. 7(a), and
the results are shown in (b). We infer that the needle is magnetized
transverse to the long axis due to the large, sinusoidal variation of the x
and y field readings with rotation angle, and the field produced outside
the needle at a distance of a few mm is on the order of tens of pT.

Using the known dimensions of needle VII (0.413 mm O.D., 0.21 mm
L.D., 19 mm length), we generated a simulated map of the magnetic flux
density using Comsol Multiphysics. The relative magnetic permeability
of the material was set to 1 to approximately match that of stainless
steel, and the remanent flux density of the needle was adjusted to
3 mT in the transverse (+y) direction to reproduce the measured
field outside of the needed, via the process described above. The
remaining volume was air with a relative magnetic permeability of
1. The maps are shown in Fig. 7(c), and exhibit several interesting
features. First, there are noticeable field gradients at the ends of the
needle, which differ depending on whether the end is sharp or blunt
— these two cases apply to the head and tail end of the needle,
respectively. Inside the needle the field is more homogeneous but much
weaker in strength by approximately two orders of magnitude, due to



J. Eills et al. Journal of Magnetic Resonance Open 18 (2024) 100144
) i Partial o
Dissolution relaxation Shuttle to 5y~ B, =35.1ppm i
3.35T or benchtop magnet _Cyr___OH
Needle 14T "Joo =62 Hz ﬁ*
50 uT passage

EN— —_ e —o_ z
s 188 I7) I7) 9\ & 5
- . of |
S T T T T T T . ,um\ /«W 3
Q D
: @ o o ?:@'® 2
) laa) IT,) IT,) |a) &

[}
o - — - o z
g 168) ) I7.) 168) 3
© @f X,@ a
8 — — e o o
2 T T T T T T m f‘/”‘” 2

[
$ o e @1e/® . : f— . &

|arer) %) IT:) Jer) 210 205 175 170

3C Chemical shift (ppm)

Fig. 4. Left: An (exaggerated) illustration of the '3C spin state populations as they evolve during the course of the experiment. Passage through the needle leads to destruction
of overall magnetization, illustrated by the equalization of the triplet state populations in low (50 pT) magnetic field. Without passage through a needle, 7| relaxation anyway
leads to partial redistribution of T, population to the other triplet states. The transitions that lead to observable NMR signals are labelled in red/pink. Right: Experimental data
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Fig. 5. Effect of stainless steel ferrules on the !3C polarization. Data points represent
the integrals of the [1-'3Clpyruvate '*C NMR signal of the labelled C1 position,
normalized to 1 for the first scan. The inset figure shows the capillary tubing, nut,
and ferrules used for the injections. The dotted line represents an exponential decay
function fit to the data, and the grey shaded region represents the area in which the
13C integral is more than an order of magnitude lower than predicted from the control
experiments.

geometric demagnetization. According to the theory presented in the
Introduction, strong field gradients are main the cause of nonadiabatic
polarization loss, therefore we believe that passage of solutions through
the end/edge regions is the basis for the observed polarization losses.
This is consistent with our observation that the angle of the needle in
space does not correlate with polarization loss, since the field produced
by the needle is large compared to the laboratory field. Although
we cannot definitively say where the magnetization is lost without
measurements where a guiding field is localized on specific parts of
the needle, signal loss is dominated by the magnetization of the needle
itself and not caused predominantly by the lower-field region within.

3. Discussion

Information on the internal stray field produced by small metallic
components is important to describe the precise mechanism underlying
the loss of nuclear spin polarization. Two factors are key: the inhomo-
geneity of the magnetic field, and rapid motion of the nuclei through
the inhomogeneous field profile. We have not observed in any experi-
ment that the magnetization is substantially preserved but reversed in
sign, which suggests that the passage cannot be modelled as the spins
moving nonadiabatically from the lab field into a homogeneous field
within the metal component. This would behave like a ‘pulse’ on the
spins of a given flip-angle, and the projection of the spin magnetization
on the new quantization axis (z) may be either positive or negative,
producing either an absorptive or emissive NMR signal.

The magnetization destruction effect can be suppressed by apply-
ing a magnetic field on the order of 0.1-10 mT around the metallic
component to provide a strong-enough field to ensure adiabaticity
of the spins during sample passage. The large field range we give
(spanning two orders of magnitude) is based on the results obtained
in Figs. 3(d) and 6(c), and is inherently broad since it depends on
many experimental factors, such as the internal diameter and remanent
magnetization of the needle, the nuclear spin species, and the solution
flow rate. This can be done by constructing a magnetic tunnel along
the sample transport path, [37] and in the case of in vivo imaging the
intravenous injection can be carried out inside the MRI magnet [14].
From conversations with colleagues and from our own experience, we
recognize that it is easy to unintentionally overlook the introduction
of metallic parts into sample transport paths without due care. This is
especially relevant for components such as nuts and ferrules, which are
common in hyperpolarization apparatus for fluidic control, and have
been shown to cause a partial loss of hyperpolarization that may go
unnoticed.

Although 316 stainless steel is colloquially referred to as nonmag-
netic, it can become weakly ferromagnetic during the manufacturing
process. This property is not limited to steel; common aluminium alloys
also exhibit a small degree of ferromagnetism that can affect NMR
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measurements [51]. Steel is particularly susceptible to becoming fer-
romagnetic if it is cold-worked, which is typically how syringe needles
are manufactured [52].

4. Conclusions

In this work we have studied the passage of magnetized solutions
through metallic parts, and observed that in many cases the sample
magnetization is diminished or lost due to nonadiabaticity of the
passage. We have focused on solutions flowing through stainless steel
hypodermic needles and capillary tubing supporting stainless steel nuts
and ferrules, since these parts are commonplace in hyperpolarization
equipment. The transport process can be made adiabatic by application
of a magnetic field on the order of 0.1-10 mT around the metallic part,
and the magnitude of this field is expected to depend on factors such
as nuclear spin species, internal diameter and remanent magnetization
of the metallic part, and solution flow rate.

This polarization-loss effect will be familiar to many researchers
in the discipline, but commonly goes unnoticed in an applied setting.
We hope our work will highlight this pitfall for scientists new to
the field, and shed light on the phenomenon. We expect this effect
to be especially relevant in the growing area of ultralow- and low-
field MRI, [53-59] when hyperpolarized solutions are employed [60,
61]. These studies are typically carried out at between 5 to 60 mT
field, meaning that even if the sample transport step is adiabatic, the
field of the imaging magnet itself may not be high-enough to ensure
adiabaticity of samples passing through syringe needles.

5. Methods
5.1. High-field experiments with hyperpolarized [1-'3C]pyruvate

To hyperpolarize [1-13Clpyruvate, 24 pL of [1-'3Clpyruvic acid
(Merck, Darmstadt, Germany) containing 15 mM trityl radical 0X063
(GE Healthcare, Illinois, U.S.A.) and 1.5 mM gadoteric acid (Guerbet,
Villepinte, France) was placed into a sample cup and inserted into a
HyperSense commercial dissolution-DNP polarizer (Oxford Instruments
Ltd., Oxford, U.K.) operating at 3.35 T magnetic field. This sample was
cooled to 1.3 K, and irradiated with 100 mW microwaves at 94.115 GHz
for approximately 40 min. The hyperpolarized frozen solid was then
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Table 1
Summary of the seven metal syringe needles used in this work. Unless otherwise
specified, needle VII was used for experiments.

Needle Gauge Length (in.) Provider

1 21G 2 BD Microlance

I 20G 0.5 Darwin Microfluidics
111 19G 1 Henke Sass Wolf

I\ 18G 1.5 BD Microlance

A 25G 5/8 BD Microlance

VI 25G 0.5 Darwin Microfluidics
VI 27G 3/4 BD Microlance

rapidly dissolved and flushed out of the polarizer by injecting 5.2 mL
of heated phosphate buffered saline supplemented with 1% HEPES,
0.01% EDTA, 0.1% NaCl, and 0.2% NaOH (pH 12). This yielded a
5 mL solution of 80 mM [1-13C]pyruvate at pH 7 and around 12.5%!3C
polarization, which was collected in a plastic falcon tube. The resulting
mixture was then further diluted by adding 10 mL MilliQ water,
resulting in 15 mL of 27 mM [1-13C]pyruvate solution. This dilution
was performed to have enough sample to fill all the NMR tubes required
for each experiment. The radicals (24 pM in our experiments) were not
filtered because (i) the impact on T) is small, even at very low fields
where the adiabatic condition fails to be met,[62] and (ii) to a large
extent, relaxation and nonadiabaticity contributions to polarization loss
are decoupled from one another.

The sample was extracted through a plastic capillary (1/16 inch
0.D., 1/32 inch LD., polyether ether ketone) into a 20 mL plastic
syringe. At this point after extracting the sample from the polarizer it
had not come into close contact with any metallic parts. The sample
was then injected into 5 mm O.D. borosilicate NMR tubes through
either the same plastic capillary (for control experiments), or a metal
syringe needle, as described in the text. The sample injections were
performed every T s (for Fig. 2 T = 10 s, for Fig. 3 T = 12 s),
with 300-400 pL of hyperpolarized solution injected into each tube (a
sufficient volume to completely fill the NMR coil to ensure quantitative
measurements). After filling, each tube was immediately inserted into
a 1.4 T benchtop NMR spectrometer (Pulsar, Oxford Instruments) and
a 13C NMR spectrum was recorded. The tube was then removed from
the NMR magnet and discarded. In this way, the hyperpolarized [1-
13C]pyruvate solution was kept in the 20 mL plastic syringe, with a
small aliquot ejected into a separate NMR tube every 10-12 s imme-
diately prior to NMR signal acquisition. The acquisition parameters for
all 13C NMR measurements were an acquisition time of 3.2 s; 16 k data
points; 90° flip-angle excitation pulse (15.5 ps).

5.2. Low-field experiments with magnetized water

Experimental data presented in Fig. 7(b) used a continuous-flow
source of polarized water for high-throughput multi-sample measure-
ment. Distilled water from a reservoir of several litres capacity drained
continuously under gravity through a low-homogeneity 1.5 T mag-
net [49] allowing the 1H spins to reach thermal equilibrium polar-
ization on the order of 5 parts per million. The permanent magnet
comprised a PEEK bore threaded on each end to accept standard 1/4-
20 fluidic fittings. The polarized liquid subsequently flowed through a
1/16-inch inner-diameter PEEK capillary tube, passing from the stray
field of the magnet, into the guiding field, and finally the ~1 mL sample
chamber located inside a compact four-layer magnetic shield (Mag-
netic Shields Limited, UK) for detection, see Fig. 7(a). Approximate
dimensions of the shield were 16 cm height and 11 cm outer diameter.

The interior of the magnetic shield was fitted with a solenoid coil
(~7.5 mT/A) and a saddle coil (~80uT/A), centred upon the flow cell
to produce magnetic fields along z and x axes, respectively. Current
applied to the solenoid was kept constant at 2.5 uT and controlled using
a 10 mA low-noise DC driver (Twinleaf LLC model CSB-10), while the
saddle coil was switched on/off for each NMR measurement with a
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dc pulse of duration 500 us and current 150 mA to rotate 'H spins by
a flip angle of 90°. For a more detailed description of the electronic
components used to generate the pulses, see past work [63]. Finally, the
guiding field was powered using a standard laboratory power supply
(HAMEG instruments HM8040-3).

The 'H spin precession signals following each x-coil pulse were
detected by a compact, commercially available atomic magnetometer
(QuSpin LLC, QZFM2) positioned next to the flow cell with its sensitive
axis along the y direction. The timing of the pulses and data acquisition
was controlled by an open-source low-field NMR spectrometer console
(NMRduino [64]).

5.3. Syringe needles used in this work
See Table 1.
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