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We demonstrate that low-field nuclear magnetic resonance provides a means for measuring

biomacromolecular interactions without requiring a superconducting, or even a permanent magnet. A

small molecule, 5-fluoropyridine-3-carboximidamide, is designed to be a specific ligand for the trypsin

protein, while containing a fluorine atom as a nuclear spin hyperpolarizable label. With hyperpolarization

by the parahydrogen based signal amplification by the reversible exchange method, fluorine NMR signals

are detectable in the measurement field of 0.85 mT of an electromagnet, at a concentration of less than

100 mM. As a weak ligand for the protein, the hyperpolarized molecule can serve as a reporter for

measuring the binding of other ligands of interest, illustrated by the determination of the dissociation

constant KD of benzamidine from changes in the observed R2 relaxation rates. A signal enhancement of

more than 106 compared to Boltzmann polarization at the measurement field indicates that this

experiment is not feasible without prepolarization. The extended magnetic field range for the

measurement of biomolecular interactions under near physiological conditions, with a protein

concentration on the order of 10 mM or less, provides a new option for screening of ligand binding,

measurement of protein–protein interactions, and measurement of molecular dynamics.

Introduction

Nuclear magnetic resonance is a de facto standard for the

determination of the structure and interactions of biological

macromolecules.1 Biomolecular NMR has risen to the challenge

of characterizing macromolecules in large parts through the use

of high magnetic elds. The resolving power of NMR spectros-

copy increases with the magnetic eld. Importantly, higher

magnetic elds also improve the signal-to-noise ratio because

the spin polarization is proportional to the magnetic eld B0,

combined with a dependence of the sensitivity of inductive

NMR detectors on B0
1/2.2 The increased sensitivity makes it

possible to measure NMR spectra of biological macromolecules

at realistically achievable concentrations in the millimolar

range or below.

For the above reasons, biomolecular NMR is rarely performed

at magnetic elds below approximately the Tesla range. This is

despite the fact that a broadermagnetic eld range can give access

to new information on molecular dynamics and interactions. The

contributions of molecular motions and chemical exchange to the

observed nuclear spin relaxation can be measured through eld

dependent relaxation dispersion. In eld cycling experiments,

a high magnetic eld, such as on the order of 1 T or more, is used

for generating spin polarization and detecting signals. Biomolec-

ular applications of these techniques broadly include the

measurement of protein dynamics, protein–lipid binding, protein

folding, enzyme dynamics and others.3–5

Besides the information content of NMR parameters

measured at different magnetic elds, a distinction of low-eld

NMR is the reduced complexity and cost of the spectrometer. An

NMR spectrometer operating with a weak electromagnet can be

realized at a cost that is orders of magnitude lower than that of

high-eld NMR. The main hindrance of applying low-eld NMR

measurements in a biological context is the insufficient spin

polarization. The result of the sensitivity calculation can be

drastically changed when a nuclear spin hyperpolarization

method is applied. The hyperpolarization renders the level of

the nuclear spin polarization independent of themagnetic eld,

in which signals are acquired. It enables the measurement of

spectra of diluted samples at low eld strengths, in the milli-

tesla or even microtesla range.6,7

Here, we demonstrate the observation of biomacromolecular

interactions by low-eld NMR in an electromagnet at 0.85 mT.

The measurement is enabled by a large sensitivity enhancement

derived from parahydrogen. While high-resolution spectros-

copy is precluded in the absence of chemical shis at this low

eld, the binding of a ligand to the target protein can readily be

detected by observing changes in the R2 relaxation rate.

The use of hyperpolarization for the detection of protein–

ligand interactions and resulting applications in drug discovery

have previously been proposed by our own group and others.
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Dissolution dynamic nuclear polarization (DNP) provided signal

enhancements for 1H, 13C, or 19F, in the latter case enabling the

detection of binding with micromolar ligand and nanomolar

protein concentrations in a single scan.8–10 Alternative hyperpo-

larization methods proposed for the detection of ligand binding

include triplet state DNP13 and chemically induced dynamic

nuclear polarization (CIDNP).14 In hyperpolarized binding exper-

iments, ligands with a wide range of affinities can be observed.

Rapidly exchanging, weak ligands can provide a substantial boost

in signal when present in excess. Weak ligands can further be

used as reporters to detect competitively binding ligands of

interest.11,12 Hyperpolarization provided by the signal amplica-

tion by reversible exchange (SABRE)15 method can simplify this

experiment signicantly because of the potential to enhance

signals at zero or low magnetic elds.16,17 Parahydrogen can be

produced inexpensively by cooling hydrogen gas and can be used

for the detection of the binding of a hyperpolarized ligand, as well

as other competing ligands.18,19 All such applications to date were

performed with signal detection at high eld. In this work, we

make the case that parahydrogen, due to the ease with which it

can produced, is ideally suited to provide spin polarization for

expanding this application to low magnetic elds.

Results and discussion

We designed a ligand for the trypsin protein, 5-uoropyridine-3-

carboximidamide (FPCA; Fig. 1a), for hyperpolarization by

SABRE. This molecule is based on benzamidine, a known ligand

for the protein. It includes a binding site for the iridium con-

taining polarization transfer catalyst, as well as a 19F label to

receive spin polarization and produce strongly enhanced

signals that are distinct from 1H. As a weak ligand for the

protein, it is suitable to serve as a reporter11,12 to measure the

binding of other competitive ligands of interest. We envisage

that a single purpose designed ligand of this type, weakly

binding to a target protein, can be used for screening of ligand

binding or for biophysical investigations involving any number

of small-molecule ligands or macromolecular binding partners.

Hyperpolarization of FPCA occurred in a small solenoid

producing a 5 mT magnetic eld, using methanol as solvent

(Fig. 1b and ESI†). During this process, both 19F and 1H spin

polarization became enhanced. The hyperpolarized sample is

mixed with the capping agent 2,2′-bipyridine.20 This agent

strongly binds to the SABRE polarization transfer catalyst,

deactivates the catalyst, and hinders the binding of the previ-

ously hyperpolarized substrate. An NMR spectrum measured

aer the transfer of the molecule into a homogeneous magnetic

eld of 0.85 mT and dilution at 1 : 15.3 with phosphate buffer

(pH 7.6) is shown in Fig. 1c. This eld is less than 20 times that

of the earth, and 104 times smaller than typical high elds used

for NMR, resulting in a substantial simplication of the exper-

iment that is further described below. The signals of 1H and 19F

spins are observed simultaneously, respectively at 36.2 kHz and

34.0 kHz (Fig. 1c). The relative signal intensities of the two

nuclei are a function of the original hyperpolarization mediated

through the network of J-couplings in the molecule, relaxation

losses occurring before the signal acquisition, and the band-

width of the detector, which in this experiment was centered at

34.0 kHz.

With the goal of measuring biological interactions, the R2

relaxation of the ligand 19F spin was determined from single-

scan Carr–Purcell–Meiboom–Gill (CPMG) experiments

(Fig. 2a). The low-eld NMR signals were acquired simulta-

neously with the application of the pulses (Fig. 2b–d). The decay

of the echo intensities due to the R2 relaxation is prominently

visible when applying a digital band-pass lter (33.9–34.1 kHz)

to the time domain data. Aer the Fourier transform of each

echo signal to yield spectra similar to Fig. 1c, the relaxation

decay can be analyzed from a series of 19F frequency peaks

(Fig. 2e). The corresponding R2 relaxation rate is obtained by

tting these integrated signals to a single exponential function

(Fig. 2f).

Comparing R2 relaxation traces measured in the absence and

presence of the target protein trypsin reveals a shorter relaxa-

tion of the ligand signal when the ligand binds to the protein

under fast exchange (Fig. 3a, le and center). In competition

with benzamidine (BA or competitor), the relaxation rate again

becomes slower (Fig. 3a, right). In the comparison of R2 relax-

ation rates, no signicant relaxation contribution due to the

binding of FPCA to the polarization transfer catalyst is expected,

as the catalyst is deactivated by the strongly binding bivalent

capping ligand during injection. Indeed, previous high-eld

NMR studies with a related ligand indicated that aer the

addition of a capping ligand, the expected R2 relaxation rate

changes due to protein binding were observed.18,19 Thus, the

Fig. 1 (a) Chemical structure of 5-fluoropyridine-3-carboximidamide

(FPCA). The binding sites to SABRE catalysts and trypsin are indicated.

(b) Low-field NMR spectrum of SABRE hyperpolarized FPCA, showing

the 19F and 1H frequencies at 34 and 36.2 kHz, respectively. (c) Illus-

tration of the SABRE hyperpolarization procedure and the low-field

NMR instrument. The SABRE polarized reporter ligand is injected into

the NMR measurement field and mixed with a solution of protein and

competing ligand in a 10 mm NMR tube.

© 2023 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2023, 14, 10258–10263 | 10259
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following calculations consider a binding equilibrium only

between the hyperpolarized reporter ligand, the protein, and,

where present, the competitor. Here, the competitor BA serves

as an example of a ligand of interest in a screening experiment,

which partially displaces the reporter ligand from the protein

binding site. The experiments are performed at a concentration

of 131± 6 mMFPCA, 5.7± 0.3 mM trypsin, and 42.5± 3.8 mMBA.

These concentrations are at or below the concentrations used

for typical ligand screening by high-eld NMR.21

Additional data sets are shown in Fig. S12 and S13.† The R2

rates are 0.557 ± 0.002, 1.54 ± 0.11, 1.12 ± 0.11 s−1 for the

respective experiments of free reporter ligand, reporter binding

without competition, and reporter binding with competition.

The distinctive difference among these R2 values, aer

comparing with the uncertainty, indicates BA is a trypsin

inhibitor. Because BA does not have a binding site to iridium, it

cannot be hyperpolarized and directly observed in the low eld.

The determination of the KD of BA becomes possible via the

quantication of the R2 rate change, using equations for a fast

exchanging reporter.11,12,19 The equations require knowledge of

the protein–reporter dissociation constant, KD,r = 179 ± 12 mM,

which was determined from an NMR titration experiment

(ESI†). These parameters yield a competitor KD of 35 ± 17 mM,

which agrees with the range of 16–39 mM found in the literature

for BA. These values include pure aqueous buffers or buffers

with <10% alcohol.12,19,22 In the present experiments, the nal

fraction of methanol aer dilution with phosphate buffer was

approximately 13%, which was determined from pre-

established dilution factors. This alcohol content is not ex-

pected to signicantly alter trypsin integrity, as buffers with up

to 30% methanol were previously shown to preserve enzymatic

efficacy in the time frame of the experiment.18 This observation

is further corroborated by the close agreement of measured KD

values, as described above.

The specic limits on accuracy and signal-to-noise ratio of

the experiment are illustrated by additional data sets measured

at higher and lower concentrations. Data obtained with 655 mM

FPCA are shown in Fig. S10 and S11,† and one measurement is

plotted and tted in Fig. 2e and f. The SNR for these spectra

reaches as high as 100, which increases the accuracy in KD

determination. The average R2 rate of FPCA was 0.562 ± 0.005

s−1, indicating a high reproducibility with a deviation as low as

1%. The average R2 rates for the non-competition and compe-

tition experimenters are 1.22 ± 0.05 and 0.929 ± 0.015 s−1,

respectively. The respective deviations of 4% and 2% are most

likely caused by concentration differences from injections.

These deviations are minor in further determining the protein

affinity of BA, which results in KD = 41 ± 8 mM. When the

concentrations of FCPA, trypsin, and BA are reduced to 65.5 ±

3.1, 5.7 ± 0.3, and 28.6 ± 2.5 mM respectively, an SNR of 8 is

obtained, which is clearly sufficient to differentiate the ligand

signal from background noise. However, the noise contribution

becomes more signicant, as shown in Fig. S14 and S15,† and

leads to a KD determined as 37 ± 35 mM.

Based on the achieved accuracy, the detection limit for the

FPCA reporter ligand is below 100 mM when measured in an

NMR tube of 8 mm inner diameter at the low eld. The signals

achieved in this experiment can be compared with DNP

Fig. 2 (a) NMR Pulse sequence for measuring the R2 relaxation rate of

reporter ligand spins. A p/2 (0.665 ms) pulse is followed by 100 p

pulses (1.33 ms) spaced by 2 × sCPMG = 60 ms. (b) Time-domain trace

measured from a sample of 655 mM of SABRE hyperpolarized FPCA,

showing the NMR signals in-between the pulses. (c) Time-domain

signals from the data in (b) processed with a digital band-pass filter

(Butterworth; 33.9–34.1 kHz) to illustrate the R2 decay of the
19F signal.

(d) The expanded region shows the first 8 echoes. (e) Series of Fourier-

transformed 19F signals from each echo in (b). (f) Integrated 19F signals,

fitted with a single exponential to obtain R2 relaxation rates.

Fig. 3 (a) One set of serial Fourier-transformed spectra for the CPMG

experiments of free ligand (131 ± 6 mM reporter only), non-competi-

tion (reporter and 5.7 ± 0.3 mM protein), and competition (reporter,

protein, and 42.5 ± 3.8 mM competitor). (b) The fitting results of R2

relaxation rates for these experiments. The fitted rates for these data

sets are 0.556 s−1, 1.43 s−1 and 1.23 s−1 from left to right.

10260 | Chem. Sci., 2023, 14, 10258–10263 © 2023 The Author(s). Published by the Royal Society of Chemistry
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experiments, where a detection limit near 1 mM was obtained

when using NMR tubes with an inner diameter of 4 mm in

a high-eld, 9.4 T magnet.9,12

Absolute polarization levels and signal enhancements can be

calculated by comparison with a reference sample. The

comparison with triuoroacetic acid pre-polarized at 1 T indi-

cates that SABRE of FCPA achieved an estimated 19F spin

polarization of 1.09%. This polarization corresponds to signal

enhancements of 3.97 × 106, 3380, and 359 fold in comparison

to the Boltzmann polarization at 0.85 mT, 1 T, and 9.4 T,

respectively (calculation in ESI†). These signal enhancements

compare not unfavorably to signal enhancements of several

thousand-fold at 9.4 T obtained in the DNP experiments, given

the substantially reduced complexity of the SABRE experiment.

The large enhancement factor at the low eld is a direct

consequence of the low Boltzmann polarization that would

otherwise be present at that eld strength. It provides a striking

illustration of the infeasibility of measuring Boltzmann polar-

ized signals of dilute samples under these conditions.

The limit of detection may in the future be further reduced

by instrumental improvements such as optimizing the B0 eld

and Q-factor of the receiver coil,2 and by increasing the level of

hyperpolarization. The 19F enhancement using SABRE-SHEATH

may be up to 10-fold better than SABRE in millitesla elds.23

These improvements would readily reach a detection limit in

the range of several micromolar. On the other hand, it would be

informative to consider the limiting factors in acquiring signals

with smaller detection coils, of a size that would be commonly

used in high-eld NMR. The SNR per unit sample volume is

inversely proportional to the coil diameter, when comparing

solenoidal coils of identical length-to-diameter ratios.24 The

sample of lower concentration tested in the present experi-

ments, 65.5 mM FCPA, in a corresponding coil with 2× smaller

diameter (8× lower volume of 440 mL) would result in an esti-

mated SNR of 2 with the current polarization levels. A sample in

a coil with 3× smaller diameter (130 mL volume) would have an

SNR of 0.9. These two sample sizes approximately correspond to

nominal NMR sample sizes of 5 mm and 3 mm, respectively.

Therefore, the experiment would be possible using somewhat

higher sample concentrations or with other improvements in

SNR. Previously described NMR experiments routinely inject

hyperpolarized samples into 5 mm tubes,18,25 whereby smaller

samples could be measured in ow cells.26

SABRE polarization of substrates requires individual opti-

mization to obtain a catalyst–ligand exchange rate resulting in

the highest signal enhancement. For example, when the

hyperpolarization of FPCA was attempted using the typical

SABRE catalyst chloro(1,5-cyclooctadiene)[4,5-dimethyl-1,3-

bis(2,4,6-trimethylphenyl)-imidazol-2-ylidene]iridium(I), no

signal was observed. With chloro(1,5-cyclooctadiene)[1-methyl-

3-(2,4,6-trimethylphenyl)-imidazol-2-ylidene]iridium(I), an SNR

of only 22 was obtained. In comparison, an SNR as high as 100

was observed when the rst catalyst was used with dimethyl

sulfoxide (DMSO) as a coligand. The low polarization in the

former experiments is likely due to the presence of the electron-

withdrawing uorine and amidine moieties causing weaker

binding to iridium catalysts. The inclusion of DMSO stabilizes

the active SABRE complex,27 bringing the exchange rate into

a favorable range. Other parameters including the temperature,

magnetic eld, duration of hydrogen introduction, etc., were

further optimized (ESI Fig. S5–S7†).

The requirement for the design of a ligand with a binding

site for the polarization transfer catalyst and subsequent SABRE

optimizations lends appeal to the idea of using such a ligand as

a reporter. Only one reporter ligand needs to be designed and

optimized for each protein. This ligand can be used for various

biochemical and biophysical studies, such as screening for the

binding of other ligands, the determination of protein–protein

interactions, enzyme–substrate interactions, and others.

A simulation19 using 131 mM FPCA and 5.7 mM protein

indicated that with appropriate adjustment of competitor

concentrations, the present experiment can be used to deter-

mine their corresponding KD in a range of 0.1 mM to 1 mM

(Fig. S20†). Other methods for detecting protein–ligand inter-

actions may further be applied. In experiments similar to

intermolecular ligand–ligand NOE (ILOE)28 and interligand

NOE for pharmacophore mapping (INPHARMA),29 the 1H

hyperpolarization from the rst ligand may for instance be

transferred to a 19F label of the second ligand. The simulta-

neous detection of both nuclei in the same spectrum may be

used to derive the binding kinetics of these ligands. Because

magnetic susceptibility variations have less severe effects, the

low eld is ideal for working with immobilized proteins, as in

target immobilized NMR screening (TINS).30 Mixtures of water-

soluble or heterogeneous catalysts,31,32 ligands, and proteins

may further be developed for the direct hyperpolarization,

making multi-scan experiments possible simply by re-

introducing fresh parahydrogen. This approach would facili-

tate 2D NMR to correlate different nuclei or different coupling

patterns.33

Different ligand designs may be selected for high-eld NMR

using DNP and SABRE. FPCA is chosen for this work due to the

three mentioned key factors of SABRE efficiency, protein

binding affinity, and 19F label. Different trypsin ligand designs,

from previous investigations9,12,18 and FPCA, still have similar

KD in a range of 140–180 mM, which emphasizes the feasibility

of altering weak ligands to include required hyperpolarization

properties, without signicantly impacting their affinity. The
19F NMR measurements exclude the interference of other

proton signals originating from either SABRE-hyperpolarization

or thermal contributions.

Low-eld NMR detection of biological interactions, using an

apparatus as shown in Fig. 1b, demonstrates multiple advan-

tages in economy, effectiveness, and simplicity. First, the cost of

a low-eld NMR spectrometer is a fraction of that of even

a traditional benchtop NMR spectrometer, not to mention

a commercial high-eld instrument. At low eld, minor bubble

formation does not affect the measurement, which further

simplies the injection procedure. Low-eld NMR detection

also does not suffer from interference of signals from non-

hyperpolarized components. The SABRE signal enhancement

of >106 compared to the Boltzmann polarization in the milli-

tesla eld is a much larger factor than for high-eld NMR. With

well-established 1H SABREmethods, low-eld NMRmay further

© 2023 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2023, 14, 10258–10263 | 10261
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be used for 1H detection by eliminating signals even from water

solvent, which is present at a concentration that is >50 000

times larger than that of hyperpolarized ligands. The use of 1H

polarization will require the distinction of signals from other

hyperpolarized 1H species, which in the absence of chemical

shi resolution may be achieved by detecting characteristic

heteronuclear coupling constants or by an experimental

procedure that avoids other hyperpolarized species.

Conclusions

In summary, we demonstrated the use of 19F SABRE hyperpo-

larization to observe protein–ligand interactions in a low-cost,

low-eld NMR spectrometer. This capability was illustrated

with the measurement of the binding affinity of benzamidine

for the trypsin protein through the observation of R2 relaxation

changes of a reporter ligand. Key aspects of the ligand design

that enable this application include a binding motif for the

SABRE polarization transfer catalyst, the 19F spin probe, and

a binding affinity resulting in fast exchange with the protein

bound form. Here, the SABRE-hyperpolarized ligand was

detected at a concentration below 70 mM. This concentration

can be further lowered to the level of several micromolar, with

the discussed improvements in instrumentation and hyperpo-

larization, concomitant with a reduction in the residual

concentration of organic solvent from the hyperpolarization.

Once a suitable ligand for SABRE hyperpolarization is identied

that interacts with a target protein, it can be used to screen for

the binding of other ligands or to measure interactions

involving macromolecular binding interfaces or cellular

components. The method thus broadens the application range

of SABRE hyperpolarization, facilitating the measurement of

interactions in drug discovery and other biochemical and

biophysical problems.

Experimental

5-Fluoropyridine-3-carboximidamide hydrochloride (FPCA) was

synthesized from 5-uoropyridine-3-carbonitrile (Ambeed,

Arlington Heights, IL), sodium methoxide (Alfa Aesar, Ward

Hill, MA), and ammonium chloride (Alfa Aesar), using a general

synthesis procedure from ref. 34 with modications described

in the ESI† (Caution: sodium methoxide is ammable and

corrosive). The reaction product was characterized using 13C, 1H

and 19F NMR. Samples for parahydrogen polarization were

prepared consisting of 0.2 mM or 1 mM chloro(1,5-cyclo-

octadiene)[4,5-dimethyl-1,3-bis(2,4,6-trimethylphenyl)imidazol-

2-ylidene]iridium(I) (Strem, Newburyport, MA), referred to as

precatalyst, 2 mM or 10 mM FPCA, and 2 mM or 10 mM

dimethyl sulfoxide (DMSO) (Alfa Aesar, Ward Hill, MA) in

methanol-d4 (Cambridge Isotope Laboratories, Andover, MA).

Parahydrogen was enriched to ∼95% using a cryocooler

(Advanced Research Systems, Macungie, PA) operated at 29 K.

0.5 mL sample aliquots were pressurized with 120 psi of para-

hydrogen gas (Caution: hydrogen gas is ammable and forms

explosive mixtures with air). The catalyst was activated under

the parahydrogen atmosphere in 5 min at 25 °C.

Hyperpolarization was produced by bubbling parahydrogen in

a solenoidal electromagnet at a eld of 5 mT as described.18

Aer hyperpolarization, the catalyst was deactivated using

100 mM pyridine (Sigma-Aldrich, St. Louis, MO) and 100 mM

2,2′-bipyridine (Sigma-Aldrich) in methanol (Fisher Scientic,

Waltham, MA) added to the sample at 1 : 1 v/v ratio using

a syringe pump (Nexus 6000, Chemyx, Stafford, TX) (Caution:

Methanol is toxic and ammable, pyridine is ammable,

bipyridine is toxic). The sample was then pushed into a 10 mm

NMR tube with water at a ow rate of 170 mL min−1 (1000D

syringe pump, Teledyne ISCO, Lincoln, NE). The NMR tube was

pre-installed in the low-eld NMR spectrometer. The NMR tube

contained 1 mL of the non-hyperpolarized sample component,

consisting of 50 mM phosphate buffer, pH = 7.6, optionally

containing 20 mM or 41 mM trypsin, and optionally containing

0.15 or 0.5 mM benzamidine hydrochloride as competing

ligand. A low-eld NMR spectrometer with an electromagnet

producing a eld of 0.85 mT was used for signal acquisition.7

The spectrometer was tted with a coil insert accommodating

a 10 mm NMR tube in vertical orientation. The p/2 pulse length

was 0.665 ms. A Carr–Purcell–Meiboom–Gill (CPMG) pulse

sequence was used to measure R2 relaxation rates. The pulse

train contained 100 p pulses and a delay between pulses of 2 ×

sCPMG = 60 ms. For obtaining accurate R2 rates, the sCPMG delay

should be chosen sufficiently short to refocus magnetization

under residual eld inhomogeneity and diffusion and any

convective motions in the sample. Signals were sampled with

a rate of 800 kHz using a multifunction data acquisition board

(PCIe-6259, NI, Austin, TX). Individual spin echoes were Fourier

transformed from time domain data extending over 48 ms

centered between the pulses. Signal acquisition and data pro-

cessing were performed using Python (Python Soware Foun-

dation, https://www.python.org).

Data availability

Data for this paper, including R2 relaxation data, are available at

Texas A&M University OAKTrust at https://hdl.handle.net/

1969.1/198459.
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