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ABSTRACT: C hyperpolarized pyruvate is an emerging MRI contrast Conventional NMR RASItER' NMr?d
agent for sensing molecular events in cancer and other diseases with "Vr;,’gﬁ;ﬁ;;‘t?g;”a' %rgg%gg;}/z%ﬁ%n
aberrant metabolic pathways. This metabolic contrast agent can be W B W
produced via several hyperpolarization techniques. Despite remarkable
success in research settings, widespread clinical adoption faces substantial 4 ~ ® 4 ~N
roadblocks because the current sensing technology utilized to sense this @ A A e (Q /AN @
contrast agent requires the excitation of '*C nuclear spins that also need to AAN b 1 U ‘
I J

be synchronized with MRI field gradient pulses. Here, we demonstrate 2 O
sensing of hyperpolarized allyl [1-'*C]pyruvate via the stimulated emission W a 4#7

5 yperp 7 [ ]PYI‘ Excite and Exgite-and

of radiation that mitigates the requirements currently blocking broader Detect Detect
adoption. Specifically, *C Radiofrequency Amplification by Stimulated

Emission of Radiation (**C RASER) was obtained after pairwise addition of parahydrogen to a pyruvate precursor, detected in a
commercial inductive detector with a quality factor (Q) of 32 for sample concentrations as low as 0.125 M with "*C polarization of
4%. Moreover, parahydrogen-induced polarization allowed for the preparation of a mixture of ketone and hemiketal forms of
hyperpolarized allyl [1-"*C]pyruvate, which are separated by 10 ppm in *C NMR spectra. This is a good model system to study the
simultaneous '*C RASER signals of multiple '*C species. This system models the metabolic production of hyperpolarized
[1-"*C]lactate from hyperpolarized [1-"*C]pyruvate, which has a similar chemical shift difference. Our results show that '*C RASER
signals can be obtained from both species simultaneously when the emission threshold is exceeded for both species. On the other
hand, when the emission threshold is exceeded only for one of the hyperpolarized species, '*C stimulated emission is confined to this
species only, therefore enabling the background-free detection of individual hyperpolarized '*C signals. The reported results pave the
way to novel sensing approaches of *C hyperpolarized pyruvate, potentially unlocking hyperpolarized '*C MRI on virtually any MRI
system—an attractive vision for the future molecular imaging and diagnostics.
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In NMR and MR, there is a fundamental limitation posed ques have their own merits for production of hyperpolarized
on the attainable equilibrium nuclear spin polarization (P), (HP) media, which can be used as exogenous contrast agents
i.e,, the degree of nuclear spin alignment with an applied static for molecular imaging.”* >’

magnetic field, under physiologically compatible conditions NMR hyperpolarization can create large inverted P, giving
due to unfavorable Boltzmann statistics of nuclear spins that rise to unusual stimulated emissions in contrast with more
possess low magnetic moments. For example, proton, the most conventional spontaneous emission employed in conventional
sensitive and abundant stable nuclear isotope, has an NMR and MRI techniques.”"”” This stimulated emission

equilibrium P of only ~0.001% at a clinically relevant 3 T phenomenon in MR is called Radiofrequency Amplification by

. L L 22 .
field. Since the magnetic resonance (MR) signal is directly Stimulated Emission of Radiation (RASER).” RASER sensing

proportional to P,' the major consequence of this limitation is

the relatively low signal-to-noise ratio in NMR spectroscopy Received: October 1, 2023
and its sister technology MRI. One way to overcome this low-P Revised: ~ December 12, 2023
limitation is the use of NMR hyperpolarization techniques Accepted: December 26, 2023
such as dissolution-dynamic nuclear polarization (d-DNP),” Published: January 10, 2024

spin-exchange optical pumping (SEOP),>* or parahydrogen-
induced polarization (PHIP).>~” All hyperpolarization techni-
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Scheme 1. Concepts of HP Contrast Agent Sensing”
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“%(a) In vivo administration of HP [1-'*C]pyruvate leads to its in vivo uptake as well as its subsequent metabolism to [1-'*CJalanine (by alanine
transaminase [ALT]), [1-"*C]lactate (by lactate dehydrogenase [LDH]), bicarbonate (by pyruvate dehydrogenase [PDH]) (followed by other
downstream steps of oxidative phosphorylation schematically shown by a dashed line), and pyruvate hydrate (via hydration), which can be
differentiated using *C NMR chemical shifts, and (b) detected using chemical shift mapping to simultaneously produce maps of multiple
metabolites (three of which are shown schematically). Note the red (lactate), blue (alanine), and green (pyruvate) color coding in (a, b). (c)
Trigonometric dependence of observed (sine) and remaining (cosine) magnetization as a function of RF pulse excitation (or “tipping”) angle in
spontaneous emission (i.e.,, conventional) NMR. (d) Simulations of '*C RASER signal dependence (denoted as X—Y RASER population that
produces NMR signal via inductive detection) on the population inversion. The inset shows the selected region of logarithmic scaling to emphasize
the near-zero signal below the threshold level. Displays a, b, and ¢ are reproduced with permission from ref 8. Copyright 2015 Wiley. Display d is
reproduced with permission from ref 28. Copyright 2023 American Chemical Society.

offers a wide range of not yet fully realized advantages in
sensing the MR signal over conventional NMR detection,
including higher spectra precision because of narrower NMR
lines, better fundamental resolution limits of MRI,>* higher
signal-to-noise ratio (SNR) because of the narrower lines,
background-free detection,”* and others.”®

RASER has been demonstrated on a range on nuclear spins
including protons, 170,%° and more recently 13C 2728 gp BBC
has a substantial biological relevance as it can be produced in a
wide range of biologically relevant molecules, including most
notably [1-3C]pyruvate.”

Several hyperpolarization techniques have succeeded in
production and utilization of biocompatible *C HP contrast
agents, including most prominently [1-'*C]pyruvate, which has
been hyperpolarized by d-DNP,>'®** PHIP,**~* and signal
amplification by reversible exchange (SABRE).”'****~% 1t
should be noted that d-DNP is the leading hyperpolarization
technique and the only one that has matured to clinical studies
and clinical trials. Biocompatible HP [1-'*C]pyruvate solution
can be administered via injection, and, as illustrated in Scheme
1a, it is enzymatically converted mainly to HP [1-*C]Jalanine
(via transamination*'), [1-'3C]lactate (via reduction™), *C-
bicarbonate (via oxidative phosphorylation®'), and [1-'*C]-
pyruvate hydrate (via hydration*') on the time scale of tens of
seconds in vivo.'”?%" ™% Ag illustrated in Scheme 1b, the
chemical shifts of HP [1-'*C]pyruvate and its HP metabolic
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products are different by as much as 12 ppm, and it becomes
possible to distinguish each species via their chemical shift
mapping.” For example, HP lactate mapping plays an
important role in cancer imaging,"**> and bicarbonate
mapping is also gaining interest for imaging oxidative
phosphorylation as an emerging target in cancer therapy®®*’
and other applications.** One important advantage of RASER
detection is that it does not require RF excitation, whereas
conventional MR sensing requires the application of radio
frequency (RF) pulses that excite nuclear spin magnetization
(typically aligned along the main static magnetic field of the
MR system (Z axis)). In conventional NMR or MRI, the RF
pulse creates observable X—Y-magnetization, which is detected
as an MR signal by the inductive detector. The RF excitation
consumes the available Z-magnetization (Scheme Ic).®
Usually, multiple subsequent RF excitations are required for
metabolic mapping (only one RF excitation is shown in
Scheme 1c), and nonlinear pulsing schemes have been
developed for more efficient metabolic mapping.*’ Since an
HP state cannot be recovered in vivo, it decays exponentially
to the typically nondetectable equilibrium level. The NMR
signals that can be produced by the HP state must be captured
on the time scale of T, relaxation of the HP state, i.e., within
1—2 min for [1-"°C]pyruvate. A number of sensing approaches
have been developed over the years, including traditional
chemical shift imaging (CSI), which itself is now rarely used

https://doi.org/10.1021/acssensors.3c02075
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with HP [1-3C]pyruvate.”® More HP-magnetization efficient
spectral-spatial excitation followed by a single-shot imaging
readout (such as eco-planar imaging (EPI) or spiral imaging)
has produced the highest-resolution images obtained with the
HP [1-"*C]pyruvate metabolic imaging technique by essen-
tially undersampling in the spectral domain.*’~>* Moreover,
the NMR signal created via XY-magnetization decays in accord
with T,*, and this realization has led to the development of
balanced steady-state free precession (SSFP) approaches to
maximally “recycle” HP XY-magnetization for detection.’”**
Furthermore, the trade-off about when to sample the HP Z-
magnetization with respect to its T is a further optimization
challenge—for example, the answer of “run at the shortest
repetition time (TR)” of the MRI sequence is not necessarily
optimal. The question of when to sample can be related to
sampling theorems and the problems associated with kinetic
rate constant estimation; e.g., HP bicarbonate produced from
HP [1-"C]pyruvate injection has been imaged at a ~$ s
temporal resolution to produce pH maps.”” The main
advantage of an increased TR is that one preserves
comparatively more HP Z-magnetization for a period of
time, where slower chemical kinetics may have occurred at the
expense of T, decay.

HP [1-"*C]lpyruvate contrast agent employs metabolic
pathways similar to those of '*F-fluorodeoxyglucose ('*F-
FDG). "F-FDG is widely employed in position emission
tomography (PET) for molecular imaS%ing of glucose uptake,
which is elevated in many cancers’”” and other diseases™
with elevated glucose metabolism. '*F-FDG PET measures
glucose uptake through GLUT transporters, and the radio-
active label becomes stuck after phosphorylation by
hexokinase; the assumption is that avid glucose uptake is
synonymous with disease (although some tumors do not have
elevated GLUT, and therefore, cannot be effectively imaged
with "F-FDG). One practical limitation is the background
physiological tissue uptake of '*F-FDG, for example, by the
brain and the prostate, thus limiting this tracer for applications
in the brain and prostate cancer imaging, respectively. The
molecular imaging scan with HP [1-"*C]pyruvate has three
critical translational advantages over '*F-FDG-PET. It takes ~1
min compared to over 1 h (from injection to the end of the
scan) and employs no ionizing radiation.”” Moreover, HP
[1-"*C]pyruvate is taken up by monocarboxylate transporters,
and the rate of label exchange with lactate depends on both the
relative pool sizes of both moieties and the rate of
consumption of HP [1-*C]pyruvate through PDH (Scheme
1); it is often said to reflect the rate of glucose oxidation, but
strictly speaking this is not true. All in all, molecular imaging
with the HP [1-"*C]pyruvate contrast agent provides clinically
useful, distinct information that is similar to that obtained by
E_FDG PET but directly probes relevant fluxes rather than
just uptake. As a result, one can do meaningful HP
[1-"*C]pyruvate MRI for quantifying tumor metabolism in
the human brain, where '*F-FDG PET is widely regarded as
nonspecific due to the high basal level of glucose uptake in the
mammalian brain. These advantages make molecular MRI with
HP [I-ISC]pyruvate an important emerging molecular imaging
technology.‘b’éO Indeed, HP [1-*C]pyruvate is being evaluated
for its efficacy in over 50 clinical trials according to
clinicaltrials.gov.

However, because sensing of the HP [1-*C]pyruvate
contrast agent and its metabolites requires the application of
BC excitation pulses (Scheme 1), the metabolic MR exam with
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injectable HP [1-*C]pyruvate contrast agent can only be
performed on research MRI scanners that are equipped with
specialized "*C electronics needed for the excitation of '*C
nuclei. Conventional clinical MRI scanners are not equipped
with such C RF excitation/detection capability entirely,
making the widespread biomedical translation of HP [1-*C]-
pyruvate challenging in a clinical workflow. While clinical MRI
scanners can be upgraded to enable C workflow, such
upgrades are expensive ($0.2—$0.5SM), have limited availability
on vendors’ scanner platforms, and are poorly integrated into
the modern MRI clinical workflow: for example, unlike clinical
proton workflow with dedicated transmit and receiver coils, the
BBC upgrade relies on transmit-receive coils, which have a
number of disadvantages compared to separate transmit and
receive coils approach employed in proton MRI. This
translational challen§e can be obviated using "*C
RASER.**®" RASER*>®* employs stimulated emission (pre-
dicted by Einstein®®) created by population inversion. Unlike
lasers employing population inversion of electronic states,
RASER employs nuclear spin population inversion.””*> The
“inverted” P of a sufficiently concentrated substrate gets
coupled to the detector’s resonating cavity leading to
stimulated emission of radiation that can last for mi-
nutes.”' >%1%%% A useful analogy is that the tuned RF
circuit of a RASER acts like a mirror of a traditional LASER
and partially reflects the virtual photons emitted by the nuclear
spins. (We use the term “virtual” photons to refer to photons
in the kHz to MHz regime, where the associated wavelengths
exceed the physical dimensions of the coil. In the present case,
the 15 MHz "*C frequency is associated with a wavelength of
about 20 m.) The current induced in the coil results in a back-
action onto the spins leading to additional stimulated emission.
The initial state before RASER activity is a strong population
inversion, i.e., inverted (or negative) hyperpolarization.
Random spin noise initially leads to the first emission events
that lead to a back-action of the strongly coupled RF circuit
eventually resulting in coherent emission of RF radiation. Even
steady-state RASERs are possible, when providing continual
pumping of hyperpolarization.®”®” Remarkably, and in contrast
to a typical LASER, the RASER dynamics are often dominated
by the molecule and its nuclear spin system.”>°>®> Therefore,
molecule-specific information can be extracted easily and with
unprecedented precision.”**>%

Another key translational advantage of a *C RASER over
conventional HP MR detection is that it occurs without RF
excitation (Scheme 1d). Once the inverted nuclear spin
magnetization reaches the threshold given by eq 3, discussed in
detail below (Scheme 1d), detectable X—Y magnetization is
created as an observable NMR signal. One should note that
there is virtually no signal below the threshold (corresponding
to the “canonical” NMR regime), and once the threshold is
exceeded, there is a linear dependence of stimulated emission
in the X—Y plane as a function of inverted Z-magnetization. As
discussed previously, this NMR spin system response is similar
to the field-effect transistor (FET) current—voltage character-
istics behavior,”® where keeping the gate voltage below the
switching threshold level maintains the transistor channel in
the “off” position. On the other hand, exceeding this voltage
switches the transistor channel “on” to the linear current—
voltage region.”® Since the X—Y magnetization created by
RASER results from the inverted HP spin state, it becomes
possible to track chemical transformation of a bolus of HP '*C
compound without the use of RF excitation, if sufficient
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inverted HP product has been created.”® This is attractive for
clinical MRI applications because dedicated high-power
(typically 4 kW or more) transmitting RF coil and RF
amplifiers are no longer required. Moreover, synchronization
of transmit RF pulses and gradient pulses (needed for image
encoding) is also no longer needed, potentially enabling
encoding MRI pulse sequences for '*C RASER using
conventional proton pulse sequences already in place.”® Our
long-term goal is clinical translation of this promising
technology to enable RASER sensing of HP [1-*C]pyruvate
metabolism in vivo on virtually any MRI scanner by obviating
the transmitting RF chain and the need for RF pulse
synchronization with field gradient pulses. Our new envisioned
approach requires only a high-Q low-power detector and
preamplifier with ADC data recorder.”

Here, we demonstrate the feasibility of creating '*C RASER
using a bolus of HP allyl [1-'*C]pyruvate®® with inverted P3¢
of 4% with a concentration as low as 0.125 M and a
noncryogenic commercial detector with a quality factor of 32.
While in this work, side arm hydrogenative PHIP®®® was
employed to create the *C HP state on allyl [1—13C:|fyruvate;
other HP techniques, including SABRE-SHEATH** and d-
DNP,” can also be readily employed to produce HP
[1-"*C]pyruvate for sensing of stimulated emission. Moreover,
HP allyl [1-*C]pyruvate was produced in CD;0D, where it
exists as two tautomers.”® [1-3C] chemical shifts of these two
tautomers differ by 10 ppm (i.e., similar to the chemical shift
difference between [1-"*C]pyruvate and [1-"*C]lactate in vivo,
the "*C chemical shifts of which differ by 12 ppm, Scheme 1a),
providing a well-controlled test system for two coexisting HP
species with differing concentrations. We demonstrate that '*C
RASER signals can be created from both, one, or none of the
species by controlling the *C RASER threshold. These
findings are important because they demonstrate the feasibility
of multispecies RASER and more importantly RASER
threshold control for background-free single-species RASER
in the presence of other HP species. These results pave the way
to future RASER sensing of [1-*C]pyruvate, its downstream
metabolites, and other multinuclear HP contrast media.

B MATERIALS AND METHODS

NMR Sample Preparation. Previously synthesized propargyl
[1-C]pyruvate was employed for all studies as an unsaturated
precursor for pairwise addition of parahydrogen (p-H,).”® Samples
were prepared by dissolving both propargyl [1-"*C]pyruvate and Rh
catalyst ((1,4-bis(diphenylphosphino)butane)(1,5-cyclooctadiene)-
rhodium(I) tetrafluoroborate, Strem P/N 45-0190, CAS 79255-71-
3) in CD;OD to make a stock solution containing 1.0 M propargyl
[1-3C]pyruvate and 10 mM Rh catalyst. This stock solution was then
diluted to make sample solutions containing 62.5 125, 250, and 500
mM propargyl [1-'*Clpyruvate and 0.63 1.3, 2.5, and 5.0 mM Rh
catalyst, respectively. For "*C polarization kinetics and temperature
optimization studies, a solution containing 250 mM propargyl
[1-PC]lpyruvate and 4 mM Rh catalyst was freshly prepared by
dissolving the required amounts of the substrate and catalyst in
CD;0OD. 0.6 mL of the prepared solution was pipetted into regular-
wall NMR tubes. Multiple samples were prepared from the same
batch solution to systematically study the kinetics. All solutions were
then purged with ultrahigh purity (>99.999%) argon for 1 min to
remove any trapped air as described previously.®!

13C Hyperpolarization of Allyl [1-'3C]Pyruvate via PHIP. The
samples were hyperpolarized via pairwise p-H, addition to propargyl
[1-C]pyruvate in the Earth’s magnetic field that leads to production
of proton-hyperpolarized allyl [1-"*C]pyruvate followed by polar-
ization transfer from nascent p-H,-derived protons to the *C nucleus
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via magnetic field cycling”' (Scheme 1a). A newly built integrated
PHIP setup was employed for the hyperpolarization process, which is
schematically shown in Scheme 1b. This polarizer employs com-
pressed p-H, gas with ~98% para-fraction, produced by a clinical-scale
p-H, generator.”” The sample loaded in an NMR tube was pressurized
with p-H, gas (100 psi overpressure provided by a safety release
valve) and heated for a time period of 30—60 s at Earth’s magnetic
field. The sample was then bubbled with p-H, gas for a time period
Thyq at a p-H, flow rate of 150 standard cubic centimeters per minute
(sccm) and quickly moved into a mu-metal shield, which was set to
the residual static magnetic field of ~0.02 4T, and then slowly
pulled out in about S s to transfer polarization from protons to the '*C
nucleus via magnetic field cycling as described previously.”*

Non-RASER '*C NMR Data Acquisition. When the hyper-
polarization process was completed, the HP sample in the NMR tube
was manually transferred to a 1.4 T benchtop NMR spectrometer
(SpinSolve Carbon, Magritek, New Zealand) for '*C NMR signal
detection. A *C spectrum was acquired with a 9° flip angle without
proton decoupling and with a p-H, catheter present to prevent
RASER activity (both of these factors decrease the effective T,*)
(Figure 1a) (more detailed explanation is presented in the Results and
Discussion section). An optimum temperature of S0 °C was found for
the hyperpolarization process by varying the temperature of the water
bath employed for sample heating during p-H, bubbling at the Earth’s
magnetic field. Similarly, polarization buildup studies were performed
by varying the time of p-H, bubbling after heating the samples at a
fixed temperature. An exemplary hydrogenation kinetic study is
shown in Figure 1b.

Computation of P;;c Values. The non-RASER "*C signal of the
HP sample was compared to the C signal of the reference
compound (neat [1-'*Clacetic acid at thermal equilibrium) to
compute the P3¢ value by taking into consideration the concentration
of the sample Cyp, the concentration of the reference sample
([1-"*CJacetic acid), Cygp, HP signal (Syp), reference signal (Sggr),
effective cross-section areas of the signal reference sample solution in
the NMR tube and HP sample solution in the NMR tube, Aggr and

Ay, respectively, and 3C thermal polarization at 1.4 T, Py (eq
1).61,75

AREF
AHP

x B

herm

(1)

where Py is 1.2 X 107%%, Cyer is 17.5 M, and the ratio (Apgp/App)
has been experimentally determined to be 1.03 for these experiments
(the slight difference in the effective solutions’ cross-section areas in S
mm NMR tube (that affects the detected NMR signal) is due to
placement of a Teflon catheter (for p-H, gas delivery to the solution)
in case of HP samples)—this value was measured by performing
NMR signal integration on spectra obtained using thermally polarized
sam})les with and without catheter placement.

3C RASER NMR Data Acquisition at 1.4 T. As described above,
the HP allyl [1-"*C]pyruvate samples were quickly transferred to the
spectrometer for C signal detection after completion of the
hyperpolarization process. '*C detection using a low flip angle (9°)
was done first without proton decoupling with the inserted p-H,
bubbling catheter, both of which suppress '*C RASER activity. (A
detailed experimental and theoretical study of *C RASER control will
be reported in the near future elsewhere; briefly, both catheter
placement and NMR line splittings effectively decrease the T,* value
of the NMR resonance resulting in the increase of Py, beyond what is
obtained experimentally, eq 3.) This initial **C detection, prior to
RASER sensing, was needed for the quantification of Py;c. Then, the
sample is pulled out of the spectrometer, the catheter is removed
while simultaneously opening the spectrometer’s receiver, and then,
finally, the sample is inserted back into the spectrometer for '*C
RASER acquisition with proton decoupling enabled.

3C NMR Data Acquisition of 3C Polarization T, Decay at
1.4 T Field. First, the *C RASER signal was detected, as described
above. Once the P;c was below the RASER threshold, a separate
pulse sequence protocol was loaded and employed to acquire a series

https://doi.org/10.1021/acssensors.3c02075
ACS Sens. 2024, 9, 770-780


pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.3c02075?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors

pubs.acs.org/acssensors

a 13C NMR spectroscopy of HP allyl [1-13C]pyruvate and

13C signal reference neat [1-13C]acetic acid

HP allyl [1-13Clpyruvate, v
f13c= 99%,
c(loaded) = 250 mM, J
P130= -417 % ketone
signal reference,
neat [1-13C]acetic acid,
j fi3c= 99%,
) c=175M,
64 hemiketal Pisc=1.210% %

180

b

175 170 165

13C chemical shift (ppm)

160 155

hydrogenation kinetics C molar 3C polarization

0 1.2
RASER
threshold -~
1t 1r
-2F g 0.8+
< X
X <
o 3l o | RASER
5 3 - 0.6 threshold
a Q \
~ \
\
4t * 0.4} l
Thya=9.5¢13 s
-5} T,6=9.540.7 s|- 0.2}
$,=2.0+1.0's
P.a=-10.8+0.3 %
o 20 0 °
@12 A2 40 O

substrate
concentration (mM)

hydrogenation time (s)

d hydrogenation kinetics model

th —to th —to >
expl(— —exXpl————
< p( Thya ) ( Tret )

Figure 1. (a) (Top) Conventional (ie., non-RASER) *C NMR
spectra of HP allyl [1-'*C]pyruvate produced from 250 mM sample of
propargyl [1-*Clpyruvate, showing the HP ketone and hemiketal
forms; (bottom) corresponding signal reference spectrum from neat
thermally polarized [1-*C]acetic acid. (b) Recorded *C polarization
levels as a function of p-H, bubbling time after the sample tube was
heated to 50 °C. (c) Molar polarization (provided as the product of
loaded substrate concentration (assuming 100% chemical yield of the
allyl product) and measured P;;c of allyl [1-'*C]pyruvate) obtained
using a p-H, bubbling duration of 15 s and temperature of 50 °C at
different starting concentrations of propargyl [1-'*C]pyruvate. (d)
Equation for fitting hydrogenation kinetics used in (b) (derived
elsewhere®"7%).

Pm(ll .
Thya/Trer — 1

Przo(ty) =

of non-RASER "*C NMR spectra of HP allyl [1-'*C]pyruvate every 10
s with a pulse flip angle of 9°. The "*C signals were integrated and
corrected for polarization depletion due to n RF pulses using eq 2:

S(n) = Syps(n)/(cos(9°)" ™) 2)

where S,,,(1) is the observed "*C signal intensity of the nth signal,
S(n) is the corresponding corrected signal intensity, and n (>1) is the
3C signal acquisition number. The corrected in this fashion *C signal
integral values were then fitted to a monoexponential decay function
(Figure S2).
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Measurement of Ketone and Hemiketal Exchange. Due to
limited quantities of custom-made '*C-enriched materials, a solution
of structurally similar methyl pyruvate (Thermo Scientific, A1396614)
in CD;OD was employed to estimate the exchange rate between
ketone and hemiketal forms. A 0.4 mL aliquot of CD;OD was added
to 0.2 mL of methyl pyruvate and quickly mixed immediately before
sample insertion into the NMR spectrometer (1.4 T SpinSolve multi-
X). The first '"H spectrum was acquired approximately 0.5 min after
mixing the liquids and approximately 10 s after sample insertion into
the NMR spectrometer. A series of '"H NMR spectra were acquired
using a 9° flip angle for over 6 h (see SI for details). The addition of
CD;0OD leads to the formation of the hemiketal, which was not
present in the pure methyl pyruvate liquid. Accordingly, the —CH,
resonance of methyl pyruvate was used to detect the formation of the
hemiketal and the disappearance of the ketone forms. Employing first-
order kinetics to model this process yielded an exchange rate constant
magnitude of (9.4 + 0.4) x 107 s™' (Figure S1). It should be noted
that the effective rate constant of trifluoroacetaldehyde hemi-
acetalization in CD;0OD was on the same order of magnitude (k ~
3.5 X 107 s7')77 despite the fact that the substrate structures were
quite different. Therefore, the chemical exchange between the two
allyl [1-3C]pyruvate tautomers shown in Scheme 2a was assumed to

Scheme 2. (a) Schematic of Pairwise Parahydrogen (p-H,)
Addition to Propargyl [1-"*C]Pyruvate Followed by
Magnetic Field Cycling to Yield *C-HP Allyl
[1-"*C]Pyruvate in CD;0D and (b) Experimental Setup and
Protocol Schematic

a parahydrogen-induced polarization
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Figure 2. (a) Non-RASER *C NMR spectra for evaluation of P;c (not scaled), (b) corresponding '*C RASER FIDs acquired on the same
samples, and (c) corresponding Fourier-transformed (FT) NMR spectra acquired for the samples with various starting concentrations of propargyl
[1-C]pyruvate. Note the color coding of the sample concentrations: 62.5 mM (black), 125 mM (green), 250 mM (red), 500 mM (blue), and
1000 mM (magenta). The black boxes in display (b) denote the time regions over which the corresponding FT was performed in display (c). The
illustrative example of the signal-to-noise ratio (SNR) for S00 mM sample yields SNR of 870 for hemiketal resonance (display a; acquired using a
9° flip angle), and the corresponding RASER resonance (shown in display c; acquired using no RF excitation) exhibits SNR of 220,000 (note the
substantially broader lines of HP resonances in display a versus those in display ¢ due to presence of a Teflon catheter, and the effect of the spin—
spin couplings with protons—these compounding effects lead to lower SNR in the corresponding spectra shown in display a).

be similar to that between methyl pyruvate tautomers, i.e., on the time
scale of 10* s, which is substantially greater than the time scale of *C
RASER emissions of ~107 s.

B RESULTS AND DISCUSSION

A fundamental requirement for stimulated emission of any
kind is population inversion.”> In case of NMR-stimulated
emission, the population inversion is established by the nuclear
spins occupying Zeeman energy levels.”” As described
previously, the stimulated emission of radiation from nuclear
spins is created, when a sufficiently larége population inversion
(i.e, P < 0) exists in a resonant circuit.”” The RASER emission
polarlzatlon threshold, Py, is given by®"®*

By = — 4/ (uyhn-Q-y*ng- T,") 3)

where i, is the vacuum permeability, # is the reduced
Planck’s constant, # is the filling factor of the resonator, Q is
the quality factor of the resonator, y is the gyromagnetic ratio
of a nuclear spin (e.g., ">C here), ng is the spin number density,
and T,* is the transverse nuclear spin relaxation time.

Here, sufficiently high inverted '>C magnetization was
created using PHIP, as shown in Scheme 2a. The pairwise
addition of p-H, to propargyl [1-"*C]pyruvate leads to
symmetry breaking of the nascent p-H, protons. The
polarization is transferred to the '*C nucleus from the p-H,-
derived protons via spin—spin coupling and magnetic field
cycling.’”""* Using the previously developed PHIP kinetics
model (Figure 1d),°"”° the hyperpolarization process (temper-
ature and duration of p-H, bubbling) was optimized to
maximize the absolute value of P3¢ (~4%) (Figure 1b). Note
that other hyperpolarization techniques (e.g, d-DNP* or
SABRE****”®) can be in principle employed to create a bolus
of HP *C with sufficiently high ng to satisfy eq 3—however,
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the produced HP state must be inverted to induce the RASER
effect.

In addition to a sufficiently large ng, other experimental
parameters such as Q and T,* must be favorable for the spin
system to reach the RASER threshold. In practice, the *C
nucleus is spin—spin coupled to neighboring protons resulting
in the splitting of the resonances and effective decrease of T,*,
i.e, making it more experimentally challenging to fulfill B¢
RASER requirements dictated by eq 3. In our experimental
protocol, we applied a small angle excitation RF pulse to probe
3C magnetization of each freshly prepared HP sample, indeed,
revealing the presence of broad '>C resonances (Figure 2a).
No characteristic '*C RASER emissions were observed in these
experiments due to substantial NMR line broadening. Since
BC RASER was suppressed in such an experiment, the
integration of "*C signal intensities allowed for quantification
of P;5c and the product of P3¢ and concentration (Figure 1c).
Moreover, each *C spectrum acquired in this fashion revealed
the presence of two "“C resonances corresponding to the
ketone and hemiketal forms of HP allyl [1-'*C]pyruvate in line
with previous PHIP studies.’®

The initial Pj;c assessment was performed for 10—12 s.
During this time, polarization losses are relatively small:
indeed, the application of a 9° excitation pulse only reduces
polarization by a factor of 1.01, and the 12-s-long time delay
reduces Pj;c by less than a factor of 1.08 since *C T, of HP
allyl [1-3C]pyruvate is 148 + 1 s (Figure S2). Since P3¢ was
largely retained after the completion of this first experiment, a
second NMR acquisition was performed immediately on the
same sample, where the '*C excitation pulse was disabled and
proton decoupling was applied continuously throughout the
65.6-s-long acquisition (Figure 2b). Proton decoupling
collapses the lines that are otherwise split by *C—'H spin—
spin couplings, resulting in an increase of the effective T,*,
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thus substantially reducing the P;3;c RASER threshold
requirement (eq 3)—indeed, characteristic RASER bursts
were readily observed for all HP sample studies with
concentrations ranging from 125 to 1000 mM (Figure 2b)
(the corresponding spectrograph representations of the
RASER FIDs are presented in Figure S3). The stimulated
13C signal emission lasted for tens of seconds until the inverted
C polarization of the HP state has decayed to the value below
the threshold (eq 3). No '*C RASER emissions were observed
for the 62.5 mM sample, suggesting that the RASER threshold
lies between Pj3c-c (molar polarization) of 0.3 and 0.47 M-%
(Figure 1c). The RASER signal amplitude of the HP species is
highly nonlinear with respect to the emission threshold:
virtually, no emission is observed below the threshold, while
marginally exceeding the RASER threshold results in strong
signal emission (Scheme 1d). This nonlinear sensor behavior is
in sharp contrast with conventional NMR, where the observed
signal is directly proportional to the concentration and
polarization of detected molecules.

Closer inspection of '*C RASER FT spectra shown in Figure
2¢ reveals that *C RASER emissions can be obtained from
both tautomers "*C resonances only if the RASER condition
(eq 3) is fulfilled for each individual resonance, e.g, *C
spectrum at 1000 mM concentration. Since hemiketal
tautomer is the dominant form, it can establish RASER
emission at overall lower total concentration of HP molecule,
whereas the *C RASER threshold condition for less-abundant
ketone form is fulfilled only at 1000 mM total concentration of
HP molecule (assuming 100% chemical yield into the allyl
product). This RASER behavior of the *C HP allyl
[1-"*C]pyruvate spin system is remarkable in comparison to
conventional NMR as it allows selectively sensing strong *C
signal emissions from only one *C HP species even in the
presence of another strongly '*C hyperpolarized species. This
observation and the feasibility of such selective *C RASER
sensing is important in the context of future biomedical
applications of "*C RASER sensing. The *C resonances of two
pyruvate tautomers are separated by ~10 ppm, i.e., similar to
the chemical shift separation of [1-'3C]pyruvate and down-
stream metabolites in vivo ([1-"*CJalanine and [1-'3C]lactate,
Scheme 1a). A number of '*C RASER control mechanisms can
be envisioned to selectively sense HP metabolites in the future
in addition to proton decoupling employed here. For exam7ple,
frequency-selective 'H decoupling, ultrahigh-Q resonators’*’
that can be potentially tuned selectively to the HP resonances
of interest and so on (active work in our collaborating
laboratories).

The novelty of this study lies in the sensing of the HP
pyruvate moiety with notable biomedical relevance compared
to the previous RASER studies performed in the acetate
moiety.”*#°"%* Moreover, the study presented here examines
the feasibility of creating '*C RASER emissions in the presence
of other "*C HP species unlike previous work that has focused
on studying the proton RASER creation in the presence of
thermally polarized background polarization of the solvent.”*
The other remarkable feature of this work is that the two
RASER lines of keto and hemiketal forms do not collapse into
one line; ie., despite RASER-feedback action, the ability to
distinguish the two forms is fully retained.

With respect to limitations of this study, these pilot *C
pyruvate RASER experiments were performed in CD;OD
solutions at superphysiological concentrations. Moreover, the
estimated T,* was ~1.4 s,° ie., approximately an order of
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magnitude greater than clinically relevant values. We anticipate
that the use of high-Q detectors’” (ie., Q > 20,000 vs 32
employed here) will enable *C RASER detection under the
physiologically relevant conditions of HP '*C metabolites’
levels to enable studies of chemical transformation of HP
[1-3C]pyruvate with inverted P;c. Indeed, the envisioned
next step is to employ HP allyl [1-"*CJpyruvate or HP
[1—13C:|pyruvate to sense its conversion to HP [1-"*C]lactate
(e.g., enzymatically via LDH + NAD/NADH, or via a cell line)
or HP "*C-bicarbonate (e.g, via H,0, addition) through this
technique. Moreover, one clear limitation of the study is the
detection of stimulated emission signal bursts (Figure 2b,
rather than monotonically changing signals), which make
quantification of chemical kinetic rate constants with RASER
challenging using the conventional MR detection hardware
(employed in the presented studies). However, this is not a
fundamental limitation of the technique, and a number of
approaches can indeed be envisioned. One such approach is to
employ the detector circuit with variable Q to enable active
real-time feedback of the RASER signal that would prevent
burst behavior but would instead generate a steady-state
RASER signal®®®’—in this case, the kinetics information may
be potentially obtained through Q modulation for RASER
signal detection of each species. Addressing these limitations
and developing novel sensing detectors are active focus of our
partnering laboratories.

Bl CONCLUSIONS

It was demonstrated that *C RASER signals can be produced
from an HP [1-'3C]pyruvate moiety at sample concentrations
as low as 125 mM using a nonmodified commercial RF coil
with a quality factor of 32. Since the produced HP allyl
[1-*C]pyruvate was present in both ketone and hemiketal
forms in solution, it was possible to demonstrate simultaneous
BC stimulated emissions from two species when the C
RASER threshold was exceeded for both HP tautomer species.
When the RASER threshold was exceeded only for one
tautomer (hemiketal form), the stimulated emission was
produced by that species alone, and zero *C signal was
observed for the other HP tautomer (ketone form), which
remained below the RASER threshold. This nuclear spin
resonance RASER behavior is vastly different from conven-
tional excite-detect NMR spectroscopy. HP [1-"*C]pyruvate is
the leading '*C HP contrast agent being evaluated in over S0
clinical trials according to clinicaltrials.gov. Combined with
recent advances on the feasibility of RASER MRI*’ and the
utility of 13C RASER to track chemical transformation,”® these
results bode well for future translation—indeed, we are hopeful
that RASER-active HP [1-"*C]pyruvate may be potentially
useful for molecular imaging sensing applications, thus
obviating the need for C RF excitation hardware and
software on clinical MRI scanners.
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