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Long-lived enhanced magnetization—A practical

metabolic MRI contrast material

Itai Katz'#, Asher Schmidt't, Ira Ben-Shir', Marcia Javitt?, Karel Kouf#il3, Andrea Capozzi4'5,
Benno Meier®®, Arad Lang7, Boaz Pokroy7, Aharon Blank'*

Noninvasive tracking of biochemical processes in the body is paramount in diagnostic medicine. Among the lead-
ing techniques is spectroscopic magnetic resonance imaging (MRI), which tracks metabolites with an amplified
(hyperpolarized) magnetization signal injected into the subject just before scanning. Traditionally, the brief en-
hanced magnetization period of these agents limited clinical imaging. We propose a solution based on amal-
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gamating two materials—one having diagnostic-metabolic activity and the other characterized by robust
magnetization retention. This combination slows the magnetization decay in the diagnostic metabolic probe,
which receives continuously replenished magnetization from the companion material. Thus, it extends the mag-
netization lifetime in some of our measurements to beyond 4 min, with net magnetization enhanced by more
than four orders of magnitude. This could allow the metabolic probes to remain magnetized from injection until
they reach the targeted organ, improving tissue signatures in clinical imaging. Upon validation, this metabolic
MRI technique promises wide-ranging clinical applications, including diagnostic imaging, therapeutic monitor-

ing, and posttreatment surveillance.

INTRODUCTION
Magnetic resonance imaging (MRI) is a mainstream noninvasive
medical imaging modality with excellent soft tissue contrast without
ionizing radiation (I, 2). MRI uses physical properties of tissues such
as proton density, relaxation rates, and diffusion coefficients to visual-
ize anatomy for tissue characterization, extent of disease, surgical
planning, treatment selection, and medical decision-making for the
patients’ benefit (3). However, conventional MRI has generally not
capitalized on detection of various metabolites in the body that are
important clinical markers of malignancy (4), stress (5), cell prolifera-
tion (6), or cell death (7) mainly because these metabolites are typi-
cally present at very low millimolar concentrations.
Hyperpolarization (HP) is a generic term describing a family of
techniques devised to boost the nuclear magnetic resonance (NMR)
signal, which is the basis for MRI data acquisition (8-14). The NMR
signal is the result of an energy exchange between electromagnetic
waves and the Zeeman energy levels of the magnetic moments of
nuclei of interest, placed under a large static magnetic field. This
signal is proportional to the so-called nuclear magnetic polariza-
tion, Py [polarization is defined as Py = (Nt — N})/(Ny + Ny ), where
N+ is the population of the upper Zeeman energy level and Ny is the
population of the lower level], which, without the HP boost, is at
thermal equilibrium and amounts to ~10 parts per million (ppm) at
most. This means that the other 99.999% of the sample is completely
NMR silent. The objective of HP is to increase Py from 10 ppm to

'Schulich Faculty of Chemistry, Technion—Israel Institute of Technology, Haifa
3200003, Israel. ?Rambam Medical Center, Haifa, Israel. 3Institute of Biological In-
terfaces 4, Karlsruhe Institute of Technology, Eggenstein-Leopoldshafen 76344,
Germany. “LIFMET, Institute of Physics, Ecole Polytechnique Fédérale de Lausanne
(EPFL), Station 6, 1015 Lausanne, Switzerland. >HYPERMAG, Department of Health
Technology, Technical University of Denmark, Building 349, 2800 Kgs Lyngby,
Denmark. ®Institute of Physical Chemistry, Karlsruhe Institute of Technology,
Karlsruhe 76131, Germany. ’Department of Materials Science and Engineering,
Technion—Israel Institute of Technology, Haifa 3200003, Israel.

*Corresponding author. Email: ab359@technion.ac.il (A.B.); itaik2002@yahoo.com
(1.K.)

tDeceased.

Katz et al., Sci. Adv. 10, eado2483 (2024) 12 July 2024

tens of percents, with a proportional gain in NMR signal. If a °C
isotopically enriched material is used for metabolic HP applications,
then two orders of magnitude more MRI-visible nuclei can be de-
tected compared to natural materials. The net effect of both HP and
C enrichment is that the metabolite concentration appears more
than six orders of magnitude larger than physiologically available,
making spectroscopic MRI feasible.

Some HP techniques have been adopted into clinical practice, for
example, optically pumped hyperpolarized Xe used in lung imaging
(14-16). Others are still under development, such as HP using reac-
tions with parahydrogen (17-19) or the use of photoexcited naph-
thalene as a source of polarization (20). Until now, the most robust,
versatile, and clinically advanced HP technique is the dissolution dy-
namic nuclear polarization ({DNP) method (4, 9, 21-26). This tech-
nique is based on unpaired electrons (e.g., those found in stable free
radicals or crystal defects) that have a much larger magnetic moment
than °C nuclei and, at a magnetic field of 3 to 10 T, attain near-unity
polarization when the temperature is lowered to ~1.5 K. In dDNP, a
frozen solution of the metabolite of interest is prepared with a stable
radical. By virtue of electron-nuclear interactions and irradiating the
electron spin system near resonance, the high polarization native to
the electron population can be transferred to the nuclear population
(11, 12). Following a rapid dissolution process, the hyperpolarized
nuclear spins can be detected at ambient conditions. A mechanistic
description of the dDNP process is shown in Fig. 1.

Preclinical dDNP systems were introduced about two decades
ago (27), followed shortly by a clinical system (25, 26). However, there
has been very limited usage of the clinical system beyond the ex-
perimental phase. The reasons for that are diverse, as explained in this
recent review (28) including the issue of measurement reproducibili-
ty: “Food and Drug Administration approval and clinical adoption of
HP "*C MRI will require establishing its clinical utility in subsequent
larger phase II and III trials. Critical to this is the demonstration of
reproducibility...” (28). We argue that the biggest barrier to the
successful adoption of HP MRI has been the fact that the return
of the hyperpolarized metabolite to equilibrium occurs too fast. The
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Fig. 1. A schematic illustration of a typical dDNP process. (A) The sample of interest (shown as a white molecule) is brought into contact with a spin bath of unpaired
electrons (red spheres), usually by way of mixing it with a stable free radical or inducing free radicals to form in the sample itself. (B) The sample is then placed in a strong
magnetic field and cooled to a temperature of approximately 1.5 K. (C) Under these conditions, it is microwave (MW)-irradiated near the electron Larmor frequency, caus-
ing polarization transfer to the nuclear spin bath. (D) Next, the sample is flushed out with hot water or saline, resulting in a dissolved or suspended hyperpolarized sample
at room temperature. (E) In a clinical setting, the stable free radicals are filtered out. (F) The sample further undergoes a quality check to assure its compatibility with its
intended use. (G and H) The sample is then injected into a subject, and an MRI scan is performed as soon as possible. The same procedure can also be used for in vitro

experiments, skipping stages (E) and (F).

characteristic exponential decay time of the magnetization, denoted
as T1, is not more than ~40 to 70 s (28). This is true even for pyruvate,
which is the most favorable metabolite. That leaves only 2 to 3 min for
the acquisition of useful spectroscopic image data after introducing
the HP metabolite into the body. For other metabolites, such as glu-
cose with T} ~ 15 to 20 s, the time window is much shorter. This short
time window may be detrimental to the success of the measurement
process because it must include the typical time of ~22 s from injec-
tion of the HP metabolite until it reaches the organ of interest (9), and
also the time for said organ to metabolize the injected HP agent,
which is ~15 s (9). Thus, during the time it takes for the probe to reach
the organ of interest and become metabolized, the magnetization can
decay altogether. Timing the MRI scan to occur within this temporal
sweet spot is made even more difficult by the natural variability in dif-
ferent patients. Consequently, the measurement window is so narrow
that it is often missed, which has detrimental implications on reliabil-
ity, reproducibility, and utility of the method (9).

The severe problem of a short T; stems from the molecular na-
ture of the metabolites in use. Increasing the magnetization lifetime
requires manipulating their molecular size and environment. This
cannot be done without changing their chemistry, thereby defeating
the purpose of the experiment and its utility. A number of solutions
to this problem have been proposed, such as the use of deuterated
metabolites (29) and singlet state polarization storage (30). However,
deuteration has proven insufficient to increase Tj, reaching 20 s at
most for glucose, for instance (31). Moreover, to the best of our
knowledge, no relevant metabolite was found to be amenable for
hyperpolarized biomolecular imaging applications using the singlet
state approach (32). Consequently, the short T problem is still a
major unresolved issue.

Here, we report on a framework for providing highly polarized me-
tabolites that retain their magnetization for many minutes, presumably
also in in vivo circulation. This is achieved by cocrystallization of the
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metabolite of interest with a matrix having a very long T; (in solid
form), such as CaCOj3. This matrix keeps replenishing the otherwise
lost magnetization of the metabolite. As long as the cocrystallites are
kept in solid form, magnetization is mostly preserved. Moreover, the
method relies on the metabolite being released upon dissolution of the
solute mainly near its target organ, triggered, for example, by pH levels.
A possible scenario for the expected future use of our approach, as well
as the experimental route we used here, is depicted in general terms in
Fig. 2. In short, we build on our previous studies that drew inspiration
from nature where intra-crystalline proteins were found to get incor-
porated into host CaCOj; crystals (33-35). We further demonstrated
that such an incorporation can be obtained also for single amino acids
(36, 37) even in an incorporation level of up to 8% (38). We first de-
scribe the physical principles of our concept. Then, we provide experi-
mental evidence to support our hypothesized magnetization retention
mechanism. We further provide examples of hyperpolarized formula-
tions effectively engineered to display this magnetization retention
mechanism. Moreover, we demonstrate T7, hereafter denoted as TI , of
more than 4 min for the metabolite inside the solid formulation in
ambient conditions. This formulation is subsequently released into the
solution, which then exhibits a liquid-state NMR signal with magneti-
zation enhancement factors approaching four orders of magnitude.
Our method addresses the major impediment that until now prevented
the widespread use of HP metabolic MRI in routine clinical practice.

RESULTS

Concept and theoretical framework

Our approach for increasing the metabolites’ Tldr is based on a con-
cept we denote as matrix magnetization vehicles (MMV). The MMV
approach (Fig. 3) uses a solid matrix exhibiting a particularly long
T as a polarization reservoir. If such a matrix is doped with any
given metabolic molecular probe, then the polarization stored in it
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Fig. 2. The sample preparation procedure and proposed use case for our T, elongation concept. (A) Formulation preparation: A solution is prepared with both the
metabolic probe (white molecule) and the polarization-preserving matrix (purple), followed by co-precipitation to form matrix crystals doped with metabolic probe
molecules. Next, paramagnetic centers are formed in the doped crystals by way of y-irradiation or UV irradiation. The crystals may then be micronized to an appropriate
size for further use. (B) Bullet DNP polarization: The sample is placed inside a small bucket—the bullet—and subjected to low temperatures and a magnetic field. Under
these conditions, it is MW-irradiated to induce electron-nuclei polarization transfer. Once an adequate level of nuclear polarization is reached, the sample is pneumati-
cally shuttled out of the polarizer for further use. (C) Potential clinical application: Hyperpolarized formulation is added to saline to form a suspension and is subsequent-
ly administered to a patient. Dissolution occurs spontaneously inside the patient’s body, preferably mostly in the organ of interest. (D) DNP experiment procedure used in
this study: The pneumatically shuttled hyperpolarized sample is deposited inside an NMR spectrometer, and a T; measurement for the sample in its intact solid form is
conducted. Next, a solvent is introduced, which dissolves the sample in situ in the spectrometer. The signal of the dissolved sample is measured while still hyperpolarized
after having lingered in the spectrometer during the Ty measurement. After an arbitrary delay, in which the hyperpolarized signal has decayed completely, a measurement
of the thermal signal is acquired using multiple scans to assess the degree of HP.

can diffuse to the probe via spin diffusion, thereby replenishing po-
larization lost by the relatively fast T; relaxation mechanisms native
to the probe molecule. This process keeps probe polarization well
above its natural value, thereby effectively prolonging relaxation.
Polarization replenishment is governed by spin diffusion. The
latter has been extensively studied in relation to NMR and to similar
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two-level systems (39, 40). It can be approximately modeled as co-
herent transitions between states of a system subjected to dipolar
interactions being turned on at some point in time (41). This model
is helpful in predicting the behavior of spin diffusion as a function of
various system parameters, although recent works suggest that spin
diffusion is also composed of noncoherent processes (42). The
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Fig. 3. The concept of MMVs. (A) Formulation used in this study. A crystalline matrix, characterized by a long T;, was doped with a metabolite of interest. Provided that
both the metabolite and the matrix are composed of spin-half nuclei, then the spin lattice relaxation times of like spins in the two materials will probably approach each
other. This results from spin diffusion taking place and transporting magnetization (without any physical movement) between the matrix nuclei and those of the dopant
metabolite, and vice versa. The process is analogous to the coupled leaky buckets shown in (B). The large bucket with small leaks acts like the matrix spin bath, which can
hold a large amount of magnetization and loses it slowly via relaxation processes associated with its relatively long T;. The small bucket plays the part of the smaller spin
bath of the dopant, from which magnetization leaks substantially faster due to relaxation processes associated with a relatively short T;. The faucet replenishing the small
bucket with water from the large bucket is analogous to spin diffusion transferring magnetization from the matrix spin bath to that of the dopant such that the magneti-
zation of the dopant remains high as long as that of the matrix is high. (C) Results of a numerical simulation of magnetization decay in a matrix/dopant system experienc-

ing interbath spin diffusion.

present research uses a phenomenological picture consisting of two
spin baths experiencing relaxation and diffusion between them—a
large bath with a long T; corresponding to the matrix, and a small
bath with a short T) corresponding to the dopant metabolic mole-
cule of interest. We conducted a numerical simulation (see sec-
tion S3 for details) of the joint relaxation of two such coupled baths
with the results shown in Fig. 3C. In this particular simulation, we
considered the large matrix bath and the small dopant bath to dis-
play Tidopant = 30 S, Timatrix = 300 s, with an interbath coupling con-
stant of R = 107 s™! and a dopant matrix stoichiometric ratio of
1:50. In the absence of a polarization gradient, the two baths behave
as if they are detached from one another. As a polarization gradient
is formed, spin diffusion kicks in and the relaxation of the dopant
bath is effectively slowed. The latter is seen as steep change in the
time derivative of the dopant polarization graph at ¢ ~ 20 s (Fig. 3C).
We now demonstrate and experimentally test the spin diffusion
mechanism in several dopant-matrix systems that are relevant to
metabolic MRIL

Measuring the increase in T: of dopant molecule
We first show and explore the phenomenon of increase in Tj' of the
dopant molecule. Experiments were conducted on a sample of aspar-
tic acid in CaCOs, termed Aspl (see Materials and Methods and the
Supplementary Materials for sample details and preparation proto-
col), in which all carbons (i.e., both in the inorganic matrix and in
the organic dopant) were labeled with the NMR active *C isotope.
Sample Asp2 was used as a control, prepared with '*C-labeled organic
dopant but without labeling the matrix carbons. Measurements of
both samples were conducted at room temperature, field of 300 MHz,
and magic angle spinning (MAS) frequency of 10 kHz. Sample Aspl
has a magnetization reservoir in the form of matrix >C spins, but
Asp2 lacks it. This is because the amount of *C spins in the matrix of
Asp2 is two orders of magnitude lower (i.e., only ~1% natural abun-
dance was available) and also because the scarcity of the °C nuclei
greatly diminished (although not completely eliminated) the efficien-
cy of spin diffusion.

First, a direct assessment of the relaxation rates for sample Aspl
and a rougher assessment for sample Asp2 (owing to the notoriously
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long nature of such measurement) were made using the saturation
recovery technique. Saturation recovery employs a standard echo ex-
periment at varying shot repetition time delays (fig. S6). The results
of these experiments are shown in Fig. 4. The matrix value of T; in
sample Aspl was deduced by exponential fitting, which provided a
T; value of over 6 min. The partial sampling of the relaxation process
in sample Asp2 mandated a customized estimation of Ty and T (see
the Supplementary Materials for details). As shown in Fig. 4, labeling
the matrix with '°C leads to an almost 10-fold elongation of T, the
dopant metabolite.

To demonstrate the generalizability of this technique, another
formulation of calcium carbonate was tested using glycine instead of
aspartic acid as a dopant. These tests were conducted at room tem-
perature, field of 200 MHz, and MAS frequency of 5 kHz. Again, we
used a formulation in which both the glycine and the carbonate
matrix were 1*C-enriched (Glyl) and a control formulation in which
only the glycine carbons were 13C-enriched (Gly2). The results (Fig. 5)
show that TlT for the amino acid in sample Gly1 exceeds TlT in sample
Gly2 by two orders of magnitude, confirming that spin diffusion-
mediated TI elongation is at play.

Spin diffusion mechanism—metabolite to matrix

To better explain our TI elongation observation, we further investi-
gated the spin diffusion mechanisms in our sample. The tests in this
section were conducted at room temperature, field of 300 MHz, and
MAS frequency of 10 kHz. We used cross polarization (CP), which
allows the transfer of magnetization from hydrogen nuclei to '*C nuclei
(and, more generally, between any two baths of different spins) (43,
44). This technique only works between nuclei situated in very close
proximity, such as those directly bonded to one another, or with those
that are two to three bonds apart at most (43, 44). Hence, one can se-
lectively address carbons that are in sufficiently close proximity to
hydrogen atoms (such as all carbons belonging to aspartic acid or
glycine in our samples) while leaving all others unaffected. Further-
more, the sense of the transferred polarization can be controlled (ei-
ther parallel or antiparallel to the static magnetic field) (44), permitting
cancelation of noninverting disturbances—an attribute we will be
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Fig. 4. Direct measurement of '3C T, relaxation for samples Asp1 and Asp2.
(A) Integrals of the main spectral peaks for samples Asp1 and Asp2 for different
shot repetition delays (buildup time). (B) Spectra taken for sample Asp1, from
which the graphs in (A) are derived. (C) Same as (B) but for sample Asp2, in which
the carbonate matrix is not labeled. The assignment of the peaks in the spectra is
as follows: acid carboxyls: 182 ppm; matrix carbonate: 168.4 ppm; acid o carbon:
54 ppm; and acid f3 carbon: 39 ppm. (B) shows only the peaks that can be viewed
free from interferences of wide-band features and spinning sidebands.

using in our spin diffusion measurement procedure. In addition, CP
can be used to drain polarization from carbons in close proximity to
hydrogens. This important property will also be used in this work.
The specific CP sequences used in this work are shown in figs. S7 to S9.

We first show how magnetization diffuses from the aspartic acid
dopant to the surrounding matrix in sample Aspl, using the first type
of spin diffusion pulse sequence (fig. S7). This is demonstrated by
selectively polarizing carbons via CP, which only affects aspartic acid
carbons (i.e., those that are attached to hydrogen) and also a small
portion of matrix carbons that reside close to hydrogen atoms (see
fig. S1). The vast majority of matrix carbons are unaffected by this
process. All spin diffusion experiments use phase cycling that elimi-
nates background thermal polarization and leaves intact only polar-
ization that originates from the CP process. As the magnetization at
various delays after the application of CP is sampled, magnetization
diffusion from the aspartic acid **C spins to the matrix carbonates in
the spin bath is observed (Fig. 6A). These data demonstrate that
over a few seconds, magnetization in the sample is conserved and
only flows from one spin bath (that of the aspartic acid) to another
(that of the matrix), as illustrated in Fig. 6C. Conducting the same
experiment for sample Asp2 results in completely different out-
comes because the carbonate spin bath does not sustain long-range
spin diffusion (Fig. 6B). These results demonstrate that in the case of
Asp2, the magnetization imparted to the aspartic acid °C nuclei has
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Fig. 5. Measurement of T, relaxation for samples Gly1 and Gly2. (A) Integrals of
the relevant spectral peaks for samples Gly1 and Gly2. (B) Spectra taken for sample
Gly1, from which the graphs in (A) are derived. (C) Same as (B) but for sample Gly2,
for which the carbonate matrix was not labeled. The assignment of the peaks in the
spectra panels (B) and (C) is as follows: acid carboxyl: 171 ppm; matrix carbonate:
161.4 ppm; and acid o carbon: 36 ppm, (B) does not show the acid carboxyl peak
that is obscured by the wide-band feature of the matrix carbonate.

nowhere to diffuse, while the polarized aspartic acid carbons of
sample Aspl can rapidly drain their polarization into the surrounding
enriched matrix (Fig. 6D). Therefore, the aspartic acid’s polarization
in sample Asp2 remains locked in place and decays owing only
to its T7.

The above experiments were all conducted with a spinning fre-
quency of 10 kHz. Running the same experiments also at spinning
frequencies of 14 and 8 kHz reveals how spin diffusion correlates
inversely to this frequency [see fig. S11 and related text in the Sup-
plementary Materials (45)]. This explicit illustration of how spinning-
induced suppression of the dipolar interaction degrades spin diffusion
highlights the fact that spin diffusion is mediated by dipolar interac-
tions. The fact that MAS suppresses dipolar interactions, and thus
suppresses dipolar interaction-mediated spin diffusion, constitutes
the reason we chose to run our experiments with Glyl and Gly2
samples, as well as our matrix to metabolite spin diffusion experiments
(see the next section), at relatively low spinning frequencies of 5 kHz.

Spin diffusion mechanism—matrix to metabolite

We next evaluate the phenomenon of polarization diffusion from
the matrix to the dopant molecule (aspartic acid in our case), which
gives rise to the effective T| elongation. A polarization gradient be-
tween the two baths is necessary for prompting spin diffusion in the
desired direction. Therefore, to observe this mechanism in the
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Fig. 6. '>C spin diffusion in samples Asp1 and Asp2 with an illustration of the process using bucket diagrams. (A) Spectra of Asp1, acquired at various delays follow-
ing CP polarization of the near-hydrogen carbons, illustrating the flow of polarization from the falling broad aspartic acid peaks (found around 39, 54, and 182 ppm) to
the rising narrow carbonate peak (at ~168 ppm). (B) Data from a similar set of experiments conducted for sample Asp2, which demonstrate the impaired flow of polariza-
tion between spin baths. (C) Plots derived from the data of Asp1 show the evolution of the integrals of the aspartic acid peaks, the carbonate matrix peak, and their sum.
(Dashed lines are a visual aid to help the reader appreciate the trend.) (D) Comparison between the evolutions of the aspartic acid peaks of samples Asp1 and Asp2. It
shows that the drainage of polarization to the matrix in Asp1 is almost instantaneous, while for Asp2 the decay is governed by what seems to be normal thermal relax-
ation. (E) lllustration of how a filled small bucket, representing the polarized aspartic acid carbons following the CP polarization process, can drain quickly into a large
empty bucket, which is analogous to the enriched matrix. It further shows how this process is blocked, to a great extent, if the receiving bucket is tiny and suffers from less
effective transfer, a situation akin to that of the nonlabeled matrix of sample Asp2.

present set of experiments, the matrix and aspartic acid spin baths
should be maximally and minimally polarized, respectively. To
avoid exceedingly long experiments associated with the slow relax-
ation of the matrix, CP and spin diffusion are used to speed up the
attainment of matrix polarization by way of our CP pump pulse
sequence (fig. S8). With this sequence, aspartic acid '°C spins are
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polarized via CP from the acid protons. This process can be repeat-
ed rapidly as it is only limited by the very rapid relaxation of the
hydrogen nuclei that act as the polarization source. Polarization
then diffuses from the aspartic acid to the matrix. The process is
repeated multiple times until the matrix polarization approaches
that of a freshly polarized bath of aspartic acid spins. This process is
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referred to as the CP pump (fig. S8). The buildup of matrix polar-
ization as a function of the number of pump cycles is presented
in fig. S10.

Once the matrix carbons are maximally polarized, the next step
is to create a polarization gradient between the matrix and the
aspartic acid. This allows us to observe polarization diffusing back
to the aspartic acid via the reverse spin diffusion pulse sequence
(fig. S9). CP depolarization is used to facilitate the required polar-
ization gradient by transferring '>C spin polarization of the aspartic
acid to a depolarized bath of its hydrogen spins. Spin diffusion then
occurs from the polarized matrix to the depolarized aspartic acid
13C spins. Figure 7A shows the behavior of one of the aspartic acid
peaks following this double CP process. The inset above the main
panel shows the integral of that peak for improved clarity. Immedi-
ately after polarization drainage to the aspartic acid proton bath, the
peak is weak but still visible. As time is allowed for spin diffusion to
proceed, the peak reemerges. The process is so effective that the
peak of the aspartic acid is still present even after 200 s. (Note that
the thermal signal is canceled by phase cycling; refer to section S2.2.)
The survival of aspartic acid polarization for such a long duration
can only be attributed to the spin diffusion-based mechanism in-
ducing an effective relaxation elongation. Conversely, when conduct-
ing the same experiment for sample Asp2 (Fig. 7B), no resurgence of
the peak is observed. The inset depicts the integral of the portrayed
peak of Asp2. A clear and uninterrupted decay of polarization is ob-
served, as is expected from any ordinary sample undergoing T} re-
laxation. After 200 s, the peaks of the aspartic acid have decayed
completely.

Aspl

Peak integral vs. time,

Asp2

Peak integral vs. time

DNP experiments

As a concluding step, we demonstrate the viability of our methodology
in HP experiments. To make the samples amenable to DNP, one must
first dope them with paramagnetic species. This process may alter
some of the sample’s characteristics. Therefore, the DNP experiments
should clarify the following three critical questions: (i) Can these solid
samples be polarized effectively? (ii) What is the effect of paramag-
netic dopants in the solid sample (required for the DNP process) on its
T, and on TlT of the dopant? (iii) Does the T;r elongation mechanism,
demonstrated to work at normal thermal polarization conditions, per-
form as effectively when the sample is hyperpolarized?

The DNP experiments were conducted with two types of sam-
ples: The first one is the Gly1 described above, and the second one is
GlucPyr, consisting of *C-labeled fully deuterated glucose doped
with 2-C pyruvic acid (see section S1.3 for details). The latter sam-
ple was chosen with the expectation that the same spin diffusion-
based TlT elongation mechanism would make use of the long T} of the
solid glucose to prolong the T;r of the pyruvic acid. In its native form,
pyruvic acid is a liquid at room temperature and thus is not expected
to sustain any kind of spin diffusion. However, if it is enveloped suf-
ficiently tightly in the host solid, it may be immobilized to a degree
that can allow spin diffusion to proceed.

Unpaired electrons were imparted to sample Gly1 by y-irradiation
(46) and to sample GlucPyr by ultraviolet (UV) irradiation (47) (see
sections S1.2 and S1.3 for full details). Thus, in both samples, the
unpaired electrons that are required for DNP were intrinsic. For
sample Glyl, particle size was assessed using scanning electron
microscopy images and found to be in the range of 10 to 20 pm (see

0 2 4 6
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Samp? reverse spin diffusion Samp8 reverse spin diffusion
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= Delay =15 Delay=5s
e Delay =25 Delay =10's
—— Delay=5s Delay =30
s Delay =200 s Delay =60 s
s Delay =200 s

A

50 90
Chemical shift [ppm]

90 70 70 50

Fig. 7. 3C spin diffusion from matrix to metabolite. (A) One of the aspartic acid peaks for sample Asp1, as observed after various delays in which spin diffusion was
allowed to proceed from a maximally polarized matrix back to the polarization-depleted aspartic acid carbons (see also fig. S9). This peak was chosen because it is free
from interferences of spinning sidebands from the intense matrix peak. One may clearly appreciate the resurgence of the peak as spin diffusion is allowed to proceed.
(B) Results of an identical experiment performed on sample Asp2, in which the matrix cannot serve as a polarization reservoir due to the absence of >C enrichment. The
peak at a delay of 0 is suppressed by CP, but not completely. As the delay increases, the peak simply decays due mainly to T; relaxation, which is barely affected by spin
diffusion from the matrix (i.e., the few natural abundance carbon spins cannot serve as an effective polarization reservoir in this sample). In this case, observation after 200 s
shows that the peaks have completely decayed. The time-dependent integrals of the Asp1 and Asp2 peaks are shown, respectively, on top of (A) and (B). (C) Pictorial il-
lustration of the various stages of the experiment for the Asp1 sample: First, the matrix is polarized using the CP pump scheme described above, illustrated by the filling
of the large bucket at the top of the panel. Next, the water in the small bucket is dumped; this is analogous to the CP-mediated depolarization of the aspartic acid carbons.
This creates a polarization gradient between the aspartic acid and the matrix carbons that prompts spin diffusion to occur, illustrated by the water flowing back from the
large full bucket to the small empty one at the bottom of the panel.
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the Supplementary Materials for details). For sample GlucPyr, no
such assessment was needed as particle/conglomerate size was in the
range of hundreds of micrometers as could be seen by eye. Although
the current size distribution is not compatible with in vivo applica-
tion, we have conducted measurements that show that reducing the
size to less than 1 pm does not degrade T considerably in these sys-
tems (see section S1.4).

The experiments for both samples were conducted according to
the following procedure (see also Fig. 2): The samples were inserted
into the polarizer, where they underwent the DNP process for about
17 hours (see fig. S12 for buildup curves). Following this, the sam-
ples were pneumatically shuttled through a magnetic tunnel into an
NMR tube already in place inside an adjacent NMR magnet. The
solid-state NMR signal was then acquired using a tip angle of 10°
and pulse delays of 30 and 20 s (for Glyl and GlucPyr, respectively).
Signal acquisition started automatically upon sample arrival at the
spectrometer.

The data thus gathered are shown in Fig. 8. It suffers from some
receiver saturation effects but still enables us to estimate the T;
values of our samples, found to be about 232 s for Glyl. It should
be noted that T; values of 9 and 21 min were found in experiments
dedicated to measuring T; of hyperpolarized Glyl in its solid form
at ambient conditions that lacked the dissolution stage and there-
fore could persist for much long time beyond the stage where re-
ceiver saturation presents a problem (see fig. S13). For the GlucPyr
sample, a more complicated behavior is found in the solid state at
ambient conditions (Fig. 8B). The spectrum acquired immediately
upon sample arrival (t = 0 in Fig. 8B) reveals clear spectral features
of a liquid compartment. The scan gathered 20 s later shows that
the peaks coming from the liquid compartment have decayed
completely. Only a broad line remains, which displays a T} of ~410s.
Judging by the symmetric Gaussian line shape seen in Fig. 7B, this
line originates from an amorphous compartment. There is no
trace of pyruvic acid signal in the post-dissolution hyperpolarized

" t=0s
— =305 A —_—t=0s B
t=60s m—t=20s
e 1290’ t=40s Glucose
s 121205 Glycine
+carbonate Pyruvate

w.‘e;ﬂ‘ " VU,

300 200 100 0O
Chemical shift [ppm]

400 300

200
Chemical shift [ppm]

100 0

Fig. 8. HP experiments for samples Gly1 and GlucPyr. (A) Signals acquired for
sample Gly1 in the spectrometer immediately after bullet shuttling of the sample
from the polarizer to the spectrometer. The legend depicts the time points at which
spectra were taken using a small tip angle. We note that in the derivation of these
peaks, the initial sections of the time domain data are cut off on account of the re-
ceiver being saturated at the beginning of the free induction decay, owing to the
intensity of the NMR signal. (B) Spectra of the post-shot acquisitions, with legend
depicting the time points at which spectra were taken using a small tip angle. In
the first spectrum (at t = 0), the familiar liquid-state spectral contour of glucose is
clearly visible, as is that of pyruvic acid at ~170 ppm. The liquid-state component
decays completely during the 20-s delay until the next acquisition. After 20 s in
ambient conditions, only the solid-state component persists. Only the last two
traces are used to assess T; in the solid state for this sample.
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spectra. Therefore, it seems that the pyruvic acid and the glucose
matrix failed to mix at the molecular level. One possible explana-
tion is that the sample is composed of large domains of crystalline
glucose surrounded by a layer whose outer part is composed of a
very mobile/liquid phase of glucose/pyruvic acid solution, and
whose inner part is largely composed of amorphous glucose. This
picture receives further support from retrospective MAS-NMR
carried out for the same sample (see section S15). The liquid com-
partment is polarized by the UV-generated pyruvic acid radicals.
This polarization also seeps into the amorphous glucose layer by
spin diffusion but fails to penetrate further into the bulk crystal-
line compartment. Since pyruvic acid is only present in the liquid
compartment, its polarization is not replenished by our spin diffu-
sion mechanism and thus it does not survive even 1 min in ambi-
ent conditions and decays before dissolution.

Following the solid-state measurements, about 150 and 60 s after
sample arrival, for Glyl and GlucPyr, respectively, a second acquisi-
tion was initiated, with scans being taken 1 s apart and using a tip
angle of 10°. Shortly after this scan initiation, an aqueous medium
was introduced into the tube (5% HCI in D,O and neat DO, for
Gly1 and GlucPyr, respectively) to dissolve the sample. The solution
that formed contained the hyperpolarized probes at concentrations
of the order of 50, 20, and 190 mM for glycine, pyruvic acid, and
glucose, respectively. The introduction of the liquid was accompa-
nied by turbulences in the content of the tube, which dissipated
within a few seconds. Therefore, we present the data of the earliest
scan not affected by it in Fig. 9 (see fig. S14 for complementary
liquid-state data). At the end of the hyperpolarized liquid measure-
ment, and after complete decay of the hyperpolarized magnetization,
measurement of the thermal signal was performed. For sample Gly1
in its dissolved form, the thermal signal measurement used 3189 ac-
quisitions, with 20-s pulse delay and 10° tip angle. For GlucPyr, 2181
acquisitions were recorded with 5-s repetition delay and 30° tip angle.
The hyperpolarized liquid NMR spectra are compared to their

Glyl GlucPyr
A B
o, = Thermal x 960 === Thermal x 500 Glucose
w Hyperpolarized wns Hyperpolarized
Glycine
Glucose Glucose
Glycine Pyruvate
ey
180 100 20 180 100 20

Chemical shift [ppm] Chemical shift [ppm]

Fig. 9. Hyperpolarized spectra shortly after dissolution versus thermal spec-
tra. The data demonstrate the preservation of HP in ambient conditions and the
enhancement factors that remain available in the liquid state after a considerable
time interval. The respective spectra come from the same samples used to produce
the data in Fig. 8. (A) Liquid-state signal of hyperpolarized glycine superimposed
with the thermal signal representing a magnetization enhancement factor of
€ ~ 2200 for the aliphatic peak and € ~ 10,200 for the carboxyl peak preserved by
virtue of the spin diffusion mechanism. (B) Liquid-state signal of hyperpolarized
glucose as acquired shortly after dissolution, superimposed with the thermal sig-
nal, representing an enhancement of ~870 at the time of dissolution preserved
over more than 60 s in ambient conditions by virtue of residing in the solid state.
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thermal counterparts to estimate the signal enhancement. For the
Glyl sample, we find enhancement factors of € ~ 2200, and 10,200
(corresponding to absolute polarization of Py = 1.8%, Px = 8.2%), for
the o and carboxyl carbons, respectively (at an applied magnetic
field of 400 MHz). This finding confirms that T;r elongation took
place in the hyperpolarized Glyl sample, for the magnetization of the
hyperpolarized glycine could not have survived otherwise.

Regarding the GlucPyr sample, the spectrum after dissolution does
not display the pyruvic acid peak since its hyperpolarized signal already
decayed during the prolonged period of the solid-state NMR signal
acquisition, as described above (Fig. 8B). Nevertheless, the glucose
spectrum does display a noticeable hyperpolarized signal, reflecting an
enhancement of € & 870 (Px = 0.7%) with respect to its thermal
counterpart (Fig. 9B). (Refer to sections S9 and S12 to S14 for a de-
tailed account of the derivations of T values and enhancement factors.)

DISCUSSION

A mechanism for maintaining hyperpolarized NMR signal of com-
mon metabolites (prepared in a unique matrix formulation) for an
extended period of time was demonstrated by experiments and ex-
plained both theoretically and methodically. The polarization reten-
tion mechanism is sufficiently effective to allow exceedingly long T;
values for the intact formulations in ambient conditions even in the
presence of free radicals, reaching values of 410 and 230 s for GlucPyr
and Glyl formulations, respectively. Furthermore, Tf for the glycine
molecule residing in the Glyl formulation is similar to the T; value of
the formulation as a whole (based on its high liquid-state polarization
and on our NMR-MAS observations). The level of absolute polariza-
tion that we reached (more than 8% in some samples) is close to those
being used today in man. The latter usually use a metabolic agent at a
nuclear polarization of >15% (21, 25). These findings alone represent
an improvement of >3-fold in the usable magnetization lifetime,
compared to the gold standard of HP pyruvate [T} ~ 67 s—usable
magnetization lifetime of ~3 min (28)]. Namely, we expect a usable
magnetization lifetime of about 10 min. Moreover, in other experi-
ments dedicated to the elucidation of the T; of sample Gly1 in its intact
solid form, T; values as high as 21 min were observed. The approach
we take is of a rather general nature and could be applied also to other
metabolites that may have much lower intrinsic T} and also for other
matrixes. The implications of these findings are far-reaching. Not only
are long-lived viable hyperpolarized metabolites created but also the
procedures for polarizing them are mostly compatible with existing
commercially available polarizers, such as Hypersense (by Oxford
Instruments) and possibly even Spinlab (by GE Medical) systems.
All of these systems have DNP procedures not requiring advanced
dual microwave/radio frequency capabilities beyond mere moni-
toring of the polarization buildup. Additionally, the polarizing
agents we use are composed of nonpersistent radicals. Because
these species self-annihilate, they do not require cumbersome re-
moval during the precious lifetime of the hyperpolarized magneti-
zation (47, 48).

It is important to consider the biocompatibility and pharmaco-
kinetic properties of our formulations, the expected concentra-
tion of the hyperpolarized metabolites in the organ of interest,
and the time in which the organs can be reached. Whole-body
concentrations used in metabolic MRI in man are typically about
~0.23 mM (4). We now discuss the safety and feasibility of our ap-
proach in man.

Katz et al., Sci. Adv. 10, eado2483 (2024) 12 July 2024

Biocompatibility

The toxicity associated with the sudden administration of large quan-
tities of calcium may pose a serious concern, as elevation of serum
calcium levels from the normal range of 90 to 105 mg/liter to above
150 mg/liter may be fatal (49). To address this concern, we first state
that it is a standard practice to administer dissolved calcium at rates of
0.7 mmol/min with total doses of 6.7 mmol and beyond (50). Consid-
ering the slow dissolution rate of calcium carbonate at normal physi-
ological conditions, which may even span days (51), a dissolution rate
of 0.7 mmol/min would be the result of the administration of ~100 g
of calcium carbonate agent, which is an order of magnitude higher
than we deem necessary (please see below). Also, in view of the fact
that calcium carbonate nanoparticles have been successfully and
safely previously used in in vivo research (52-54), it follows that the
transient release of free calcium into the blood does not constitute a
limiting factor. A further concern may be the particulate nature of our
formulation; however, animal experiments have shown that ~1-pm
particles at a total particle volume with doses well over 32 pl/kg are
safe (55). For calcium carbonate-based formulations, this translates
to ~0.1 g/kg. For a metabolic probe at stoichiometric content of ~5%,
such as that of Gly1 (37, 56), this dose translates to a whole-body con-
centration of ~5 mM—well above the value of 0.23 mM, commonly
used as the whole-body concentration of a hyperpolarized metabolic
probe in recent preclinical work on metabolic MRI in humans (4).
Given the above considerations, the dose limiting factor is the partic-
ulate nature of the agent. A permissible dose of ~0.1 g/kg of calcium
carbonate-based agent far exceeds the familiar 0.23 mM of hyperpo-
larized agent used in recent works. Clearly, the particle size of sample
Glyl is too large for intravenous administration, and reducing it may
jeopardize the T} properties of the material. However, past experience
with similar samples shows that reducing the size to around 1 pm is
not expected to have a strong effect (see section S1.4).

Pharmacokinetics
Section S16 provides a brief analysis for estimating the rate of release
of a hyperpolarized metabolic probe embedded in calcium carbonate
particles at an inclusion level of ~5%, similar to Glyl. Using funda-
mental acid/base chemistry principles, it can be shown that at the
decreased pH (about 6.5) associated with tumor environments (57),
combined with natural bicarbonate buffering system (58) and respi-
ratory equilibration mechanisms (59) at play in mammalian physiol-
ogy, a local release of the hyperpolarized metabolic probe at a rate of
~0.02 mM/min (54) is possible (60) (see section S16). This release
may lead to accumulation of 0.1 mM of hyperpolarized probe over a
period of ~5 min, which is well within the time window allowed by
the TlT values demonstrated in this work. This value is on par with the
order of magnitude of ~0.23 mM currently in used in human meta-
bolic MRI preclinical work. Future formulations may trigger faster
release in the organ of interest. In general, the local manner in which
the agent dissolves hold two benefits. (i) The amounts of free calcium
released in the body are small and do not pose danger, and (ii) the
small total amount of agent that ultimately dissolves ensures that the
overall amount of intact circulating particles is kept relatively con-
stant within the relevant time window of a few minutes and that the
site of interest is constantly resupplied with more agent particles con-
veyed by the bloodstream.

While our proposed approach is very promising, it also has some
limitations and drawbacks, and the road to clinical use in humans is
still long. The process of preparing the amalgamized samples is not
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Table 1. List of samples used in our experiments.

Sample Matrix

Dopant Measurement

GlycPyr Glucose 6-'3C,12->H

trivial, and it is not clear yet if this cocrystallization approach can
work for all metabolites of interest. The metabolites are diluted dur-
ing the cocrystallization process by a typical factor of ~25 to 100,
compared to the pure solid material. More work is required to con-
firm the safe injection of the solid cocrystallites into the body and to
improve the trigger of their dissolution in specific organs of interest.
For CaCOj; cocrystallites, which are not soluble at normal blood pH
levels but dissolve in low pH, one can envision a targeted dissolution
in cancerous tissues that exhibit high enough acidity. Overall, we
believe that this approach represents an important advance toward
the widespread clinical adoption of hyperpolarized metabolic MRI
probes with much less time limitation, thereby enabling metabolites
of interest to reach organs throughout the body and image their
metabolic activity noninvasively.

MATERIALS AND METHODS

Materials

All labeled materials used in this study were enriched to ~100%
with their respective isotopes. Labeled materials were obtained
from Cambridge Isotope Laboratories and Cortecnet. Sample Aspl
(Asp2) was prepared at room temperature by slow precipitation
of 1*C-labeled (nonlabeled for Asp2) calcium carbonate from an
aqueous solution by dripping 1.5 ml/min of 50 mM CaCl, solution
into 50 mM Na,COj solution, both containing B3C- and "°N-labeled
aspartic acid at a concentration of 2.6 mM (see the Supplementary
Materials for details). The stoichiometric content of aspartic acid
was measured by elemental analysis to be 0.45% (0.53%). Sample
Gly1l (Gl;IZ) was prepared at room temperature by flash precipita-
tion of *C-labeled (nonlabeled for Gly2) calcium carbonate from
0.2 M aqueous solutions of Na,CO3; and CaCl, with the previous
also containing 0.2 M of °C- and "*N-labeled glycine, followed by
incubation in an autoclave for ~2 hours at 134°C (37, 56). (In the
case of sample Glyl used in the DNP experiments, glycine was la-
beled only with °C and not with '*N.) The stoichiometric content
of glycine in the samples was not directly measured but is expected
to be ~5% (37, 56). All calcium carbonate-based samples were cen-
trifuged and thoroughly rinsed and dried after synthesis.

Before further study, the synthesized crystals were characterized
via high-resolution synchrotron powder diffraction at ID22 (61) of
the European Synchrotron Radiation Facility (Grenoble, France).
When incorporation of an amino acid is achieved, the diffraction
peaks of the calcite host crystals are shifted to lower degrees, which
corresponds to an increase in the d-spacings. An example of such a
shifted diftraction peak is shown in fig. S1.
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Pyruvic acid, 1-'*C DNP

Sample GlucPyr was prepared by slow crystallization from a con-
centrated aqueous (heavy water) syrup of ?C/*H-labeled glucose in
the presence of pyruvic acid labeled with "*C at the carboxyl posi-
tion. Samples destined for DNP experiments had to be imparted
with paramagnetic centers that serve as polarizing agents. To that
end, sample Glyl was y-irradiated at room temperature for ~4 hours
using a **Co source (photon energies of 1.33 and 1.17 MeV), culmi-
nating at a nominal dose of 30,000 Gy (46), and resulting in a radical
content of the order of 10 mM. For sample GlucPyr, this was accom-
plished by UV irradiation under liquid nitrogen (47) shortly before
the experiment commenced, resulting in an overall radical concen-
tration of the order of 10 mM, which is very likely to be distributed
nonhomogeneously within the sample.

An additional characterization, applied only to sample Glyl
from the DNP batch, was evaluated in a scanning electron microscope,
demonstrating that the sample was composed of particles with crys-
talline geometry and a diameter of roughly 20 pm (see the Supplemen-
tary Materials).

For detailed descriptions of the preparation protocols of each
sample used here, refer to the Supplementary Materials. A summary
of sample details is given in Table 1.

NMR and DNP systems

Experiments on samples containing aspartic acid and glycine were con-
ducted on Bruker Avance III systems operating at 300 and 200 MHz,
respectively, at ambient conditions. DNP experiments were conducted
on a homebuilt “bullet DNP” polarizer operating at 6.7 T in conjunc-
tion with a Bruker Avance Il NMR spectrometer operating at 400 MHz.
A detailed description of the apparatus was previously published (62,
63). The NMR and DNP pulse sequences used in this work are detailed
in the Supplementary Materials.
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