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PHIP hyperpolarized [1-13C]
pyruvate and [1-*Clacetate esters

via PH-INEPT polarization transfer
monitored by 2*C NMR and MRI

Alexandra Svyatova’23?®, Vitaly P. Kozinenko¥2°, Nikita V. Chukanov'?, Dudari B. Burueval?,
EduardY. Chekmenev**57, Yu-Wen Chen®, Dennis W. Hwang®*, Kirill V. Kovtunov'? &
Igor V. Koptyug™*

Parahydrogen-induced polarization of 13C nuclei by side-arm hydrogenation (PHIP-SAH) for [1-13C]
acetate and [1-13C]pyruvate esters with application of PH-INEPT-type pulse sequences for H to 13C
polarization transfer is reported, and its efficiency is compared with that of polarization transfer based
on magnetic field cycling (MFC). The pulse-sequence transfer approach may have its merits in some
applications because the entire hyperpolarization procedure is implemented directly in an NMR or MRI
instrument, whereas MFC requires a controlled field variation at low magnetic fields. Optimization

of the PH-INEPT-type transfer sequences resulted in **C polarization values of 0.66 + 0.04% and
0.19:0.02% for allyl [1-3C]pyruvate and ethyl [1-*Clacetate, respectively, which is lower than the
corresponding polarization levels obtained with MFC for *H to 13C polarization transfer (3.95 £ 0.05%
and 0.65 + 0.05% for allyl [1-13C]pyruvate and ethyl [1-*C]acetate, respectively). Nevertheless, a
significant 1*C NMR signal enhancement with respect to thermal polarization allowed us to perform
13C MR imaging of both biologically relevant hyperpolarized molecules which can be used to produce
useful contrast agents for the in vivo imaging applications.

13C labeling of carboxyl groups of key biomolecules such as acetate and pyruvate can be employed for in vivo
magnetic resonance (MR) studies of metabolism. Complementary to *C-labeled glucose widely employed in
metabolic studies!, acetate is used in the MR studies of metabolism in brain®>*, liver®, and muscles®’, in particular,
to address the tricarboxylic acid cycle, which is the main cycle in energy homeostasis in animals®>®® and humans'.
Moreover, with *C-labeled acetate it is possible to gain more accurate information on glia-specific processes
because it is metabolized in glia and not in neurons®. Another key molecule is pyruvate, which is important for
the energy-generating pathways in mammals'’. The differences in the metabolic conversion of pyruvate to lactate
help to differentiate normal cells from malignant tumor cells. For example, the study by Golman et al. dem-
onstrated the possibility to detect [1-1*C]pyruvate-derived metabolites in the abdominal tumor cells in mice!!.
The studies of prostate cancer in humans using [1-'*C]pyruvate were also performed safely'. The studies that
followed expand the range of [1-"*C]pyruvate MR imaging applications further'>~*%,

Therefore, the applications of pyruvate and acetate ?°C MR are driven by the central role of these metabolites
in putative metabolic pathways. Moreover, the use of '*C nucleus provides two practical advantages over 'H
MR: an enhanced chemical shift dispersion and the lack of background signal'®. However, *C MR spectroscopy
(MRS) and imaging (MRI) face additional sensitivity challenges because of the lower *C gyromagnetic ratio
compared to 'H nuclei. Recently, *C NMR hyperpolarization techniques have been introduced to boost MR
detection sensitivity by up to 4-5 orders of magnitude. As a result, hyperpolarization methods paved the way
for in vivo *C MRI and MRS applications by taking advantage of the enhanced sensitivity. Importantly, *C T,
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relaxation times are substantially longer compared to those of protons?, and therefore *C sites can act as excel-
lent carriers of hyperpolarization. For example, under in vivo conditions the T relaxation time of lactate methyl
protons is only 1.7 s, while the carboxyl carbon T, time is 30 s for [1-1*C]pyruvate?!. This provides a sufficient
time window for the preparation, administration and circulation of *C-hyperpolarized metabolites and for
monitoring their metabolic pathways.

Currently, dissolution dynamic nuclear polarization (d-DNP)? is the leading hyperpolarization technique
for in vivo applications, with the majority of all MRI studies utilizing hyperpolarized (HP) *C-labeled pyruvate
and acetate as well as other metabolites being performed using d-DNP?. However, the associated high costs**
of the d-DNP instrumentation and its operation is a major obstacle for a much wider use of this technique.
Alternatively, the technique termed parahydrogen-induced polarization (PHIP)® is an emerging method for
hyperpolarizing *C nuclei®. One of its variations, PHIP-SAH (PHIP using side-arm hydrogenation)?, is an
elegant approach in which a side-arm fragment of an ester is hydrogenated via pairwise parahydrogen (p-H,)
addition while the carboxylic moiety (e.g., pyruvate or acetate) remains unchanged. Reineri et al. produced HP
acetate by hydrogenation of vinyl acetate to ethyl acetate, followed by 'H to *C polarization transfer via magnetic
field cycling and subsequent hydrolysis of ethyl acetate with sodium hydroxide®. Subsequent studies extended
this approach to lactate? and pyruvate’®*!. Consequently, PHIP-SAH technique rekindled the interest in p-H,-
based approaches for the production of HP contrast agents for in vivo MR metabolic studies.

Upon hydrogenation of a precursor molecule with p-H,, hyperpolarization is initially produced for 'H nuclei
and thus needs to be transferred to a '*C nucleus. There are two general approaches to this task: magnetic field
cycling (MFC)'* and application of radio-frequency (RF) pulse sequences®*~¢. Both approaches have their
merits. In particular, the pulsed RF approach allows one to perform polarization transfer directly in the MRI
scanner used for *C MR imaging®. The generation of HP compounds directly in the detection area excludes
polarization losses caused by T, relaxation and magnetic field variation during the transfer of a HP compound
to the imaging instrument. Indeed, previous studies’”*® demonstrated the possibility to perform polarization
transfer step and ex vivo and in vivo MRI at the same location.

Many RF pulse sequences are suitable candidates for the polarization transfer step. Among these, PH-INEPT
is one of the most widely used pulse sequences for polarization transfer from protons to heteronuclei®. This
pulse sequence transforms the singlet spin order derived from p-H, into an anti-phase magnetization of a het-
eronucleus. An extension of this method, PH-INEPT-PLUS, allows one to refocus the anti-phase magnetization
into the in-phase magnetization*’, which is advantageous for imaging experiments.

In this work, biologically relevant [1-'*C]pyruvate and [1-*CJacetate esters were hyperpolarized via the
PHIP-SAH technique, followed by polarization transfer from p-H,-derived protons to **C nuclei by two different
approaches, the optimized PH-INEPT-type pulse sequences and the MFC protocol, for their direct comparison
under identical conditions. Based on these results, *C MRI of HP [1-'*C]pyruvate and [1-*C]acetate esters was
performed successfully.

Results

Vinyl [1-*CJacetate and propargyl [1-*C]pyruvate*** (Fig. 1) were used as precursors for the production of
corresponding HP molecules via hydrogenation of the unsaturated side-arm moieties to obtain the highest '*C
polarization levels*’. Two catalysts were used in the homogeneous hydrogenation: [Rh(dppb)(NBD)]BF, (dppb
= 1,4-bis(diphenylphosphino)butane; NBD = norbornadiene) prepared from commercially available [Rh(NBD),]
BF, (Strem Chemicals, 96%) and dppb ligand (Sigma-Aldrich, 98%) in a 1:1 ratio, and commercially available
[Rh(dppb)(COD)]BE, (COD =1,5-cyclooctadiene, Sigma-Aldrich, 98%). CD;0D was used as the solvent. Further
details are provided in Supplementary Table S1.

Ethyl [1-13CJacetate. First, to estimate an optimal magnetic field for polarization transfer, MFC experi-
ments were performed by changing the field inside the magnetic shield mounted on top of a spectrometer using
an automated MFC setup described elsewhere*!. Experimental details and numerical calculation procedures
can be found in Supplementary Information (SI). The substrates with natural isotopic abundance were used in
these experiments (Fig. 2). All data is presented normalized to the maximum value of the experimental field
dependence. The resulting field dependence of the intensity of the enhanced carboxyl *C NMR signal of ethyl
acetate on the polarization transfer field shows a single maximum at 400 nT (Fig. 2c). As clearly seen in Fig. 2c,
experimental data is in a general agreement with numerical calculations.

Next, MFC experiments were repeated using '*C-labeled vinyl acetate. The maximum observed *C polari-
zation P(P*C) was 0.65 +0.05%, which corresponds to 1100-fold signal enhancement (SE) at 7 T (Fig. 2b). This
allowed us to obtain a 1*C image with the signal-to-noise ratio (SNR) of 300 (Fig. 2d).

For RF polarization transfer based on the INEPT pulse sequence (Fig. 3), spin echo delays T, and 1, were
numerically optimized to maximize the calculated **C polarization levels P(**C) (the detailed information on
the calculation of optimal delays in the PH-INEPT-PLUS pulse sequence can be found in “Methods” section).
Experimental implementation was based on the PH-INEPT-PLUS pulse sequence (Fig. 3a) with 1,=0.057 s
and 1,=0.284 s (Fig. 3b). This optimization allowed us to obtain 0.19+0.02% *C polarization and SNR =100
for a *C MR image (Fig. 3e). In both cases, the initial concentration of vinyl [1-'*C]acetate was 80 mM and its
conversion to ethyl [1-1*CJacetate was 40%; therefore, the concentration of HP ethyl [1-'*C]acetate was 32 mM.

Allyl [1-3C]pyruvate. For allyl pyruvate (Fig. 4), the field dependence has a more complex appearance
due to a large number of different J-couplings in the product molecule. The calculated optimal field for the
polarization transfer is 200 nT (Fig. 4c), however, the experimental maximum is located at a slightly higher
field. It should be noted that any such simulation is necessarily semi-quantitative at best. The fine details of the
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Figure 1. The reaction scheme of pairwise addition of parahydrogen to vinyl [1-'*CJacetate (a) and
propargyl [1-*C]pyruvate (b) in a homogeneous hydrogenation process. The corresponding J-couplings in
the hydrogenation product molecules are shown with the arrows. In the case of allyl pyruvate, J-couplings are
provided for the hemiketal form, which is prevalent in a CD;0D solution.

calculated curve may depend significantly on numerous parameters which are very difficult to match precisely
between the experiment and simulation. Therefore, the simulation results provide the general guidance, while
the optimum parameters are further refined in the experiments.

MEC experiments were then performed using propargyl [1-'*C]pyruvate. The maximum observed P(**C)
was 3.95+0.05% (SE=6900 at 7 T), which allowed us to obtain a *C image with a SNR of 2200 (Fig. 4d). The
polarization level is presented for the hemiketal form because it is prevalent in a CD;0D solution. When vinyl
moiety is used as a side-arm, two p-H,-derived protons are added to the carbon-carbon double bond at three
to four bonds away from the carboxyl carbon, while with propargyl moiety the two protons are added at four
to five bonds away from the target 1*C nucleus. Therefore, implementing the PH-INEPT-PLUS pulse sequence
to hyperpolarize carboxyl '*C atom in allyl pyruvate is problematic because of extremely small J-coupling con-
stants between the p-H,-derived protons and the '*C nucleus (Fig. 1). In this case, numerical optimization yields
1,=0.786 s and 1,=2.046 s, which in practice would result in a poor performance because of proton polarization
decay induced by T, relaxation and diffusion of polarized molecules during polarization transfer. To deal with
this issue, we added an additional spin-echo block to the PH-INEPT-PLUS sequence (Fig. 5a). The resulting pulse
sequence, denoted as PH-ECHO-INEPT-PLUS, allows one to transfer proton polarization through an intermedi-
ate group of nuclei. In allyl [1-"*C]pyruvate the role of these nuclei is fulfilled by protons in the methylene group
(-CH,-) of the allyl fragment, which have reasonable J-couplings to both p-H,-derived protons and the target
carbon (Fig. 1). Optimization of the delays was performed in the same way as for PH-INEPT-PLUS, giving the
following values: T, =0.115 s, T1,=0.045 s and 1;=0.035 s (Fig. 5b). Using an optimized PH-ECHO-INEPT-PLUS
pulse sequence (Fig. 5¢), we observed a maximum P(**C) of 0.66 +0.04% (Fig. 5d), which allowed us to acquire
a 1*C MR image with the SNR of 300 (Fig. 5e). The conversion of propargyl [1-'*C]pyruvate to allyl [1-!*C]
pyruvate was 80-90%, i.e., higher than that obtained for [1-'*CJacetate esters (40%). The initial concentration of
propargyl [1-'*C]pyruvate was 80 mM; therefore, the concentration of HP allyl [1-'*C]pyruvate was 64-72 mM.

13C NMR/MRI on Bruker BioSpec 7 T instrument. During the experiments on an animal MRI scan-
ner, the parahydrogen fraction of only 50% was provided by a home-built parahydrogen generator operating at
liquid nitrogen temperature. The concentrations of the substrates were increased from 0.08 M to 0.8 M for vinyl
[1-1*C]acetate and to 0.18 M for propargyl [1-*C]pyruvate. The additional reason to increase the concentration
of the to-be-polarized substrate is a longer time for sample transfer to the animal imaging scanner compared
to conventional vertical bore instruments. The resulting *C MR images have SNR=70 for ethyl [1-"*Cacetate
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Figure 2. (a) The reaction scheme of vinyl acetate hydrogenation. (b) The *C NMR spectrum acquired
after 1*C hyperpolarization of ethyl [1-*CJacetate using MFC with a 400 nT magnetic field in the shield (red
line) with the receiver gain (rg) value of 1, and the corresponding thermal *C NMR spectrum acquired after
relaxation of hyperpolarization (blue line) with rg=724. The carboxyl carbon in acetate is marked with *. For
both spectra, proton decoupling was used during signal acquisition (c) The dependence of P(**C) of ethyl
acetate with natural abundance of *C isotope on magnetic field inside the shield in MFC experiments. The
solid blue line corresponds to the numerical calculation; the dots correspond to the experimental data. (d) The
13C MR image acquired at 9.4 T after '*C hyperpolarization of ethyl [1-'*CJacetate using MFC with a 400 nT
magnetic field in the shield. FOV =3.07 x3.07 cm?. The initial 64 x 16 matrix was zero-filled to 64 x 64. The
resulting images were zoomed to eliminate the uninformative parts. The spatial resolution after zero-filling is
0.48 x 0.48 mm?/pixel.

(Supplementary Fig. $2) and SNR =560 for allyl [1-'*C]pyruvate (Supplementary Fig. S3) despite the fact that
the slice thickness was 45 mm for the [1-"*CJacetate ester and 10 mm for the [1-*C]pyruvate ester. In should be
noted that ester cleavage, administration of the HP substrate and its metabolic conversion in the in vivo experi-
ments all lead to the dilution of HP substances and relaxation-induced hyperpolarization losses. Nevertheless,
the SNR values presented for the MR images acquired on the solution in an NMR tube can serve as a useful
reference to give an idea about SNR achievable during future in vivo studies.
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Figure 3. (a) The PH-INEPT-PLUS pulse sequence used to transfer polarization from 'H to '*C nuclei. (b) Numerical simulation of the
PH-INEPT-PLUS sequence efficiency as a function of delays T, and t,. The X axis represents the duration of the corresponding delay,
whilst the Y axis shows the normalized polarization of the target carbon atom. Dotted black circles mark the delay values T, =0.057 s
and 1,=0.284 s that were used for polarization transfer in the experiments with ethyl [1-'*Clacetate. (c) The reaction scheme of vinyl
acetate hydrogenation. (d) The *C NMR spectrum acquired after 1*C hyperpolarization of ethyl [1-'*C]acetate using the PH-INEPT-
PLUS pulse sequence (red line), and the corresponding thermal *C NMR spectrum acquired after relaxation of hyperpolarization (blue
line, the intensity is multiplied by a factor of 200). The carboxyl carbon in acetate is marked with *. Proton decoupling was used during
signal acquisition of the thermally polarized spectrum because otherwise the intensity of the signal was too low. (e) The '*C MR image
acquired at 9.4 T after *C hyperpolarization of ethyl [1-*CJacetate using the PH-INEPT-PLUS pulse sequence. The image FOV, matrix
size, and resolution are the same as in Fig. 2d.
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Figure 4. (a) The reaction scheme of propargyl pyruvate hydrogenation. (b) The *C NMR spectrum acquired after *C
hyperpolarization of allyl [1-"*C]pyruvate using MFC with a 200 nT magnetic field and rg=1 (red line), and the corresponding
thermal *C NMR spectrum acquired after relaxation of hyperpolarization with rg=5793 (blue line). The carboxyl carbon in
pyruvate is marked with * in the keto form and with ** in the hemiketal form. (c) The dependence of P(**C) of allyl pyruvate
in the hemiketal form with natural '*C abundance on magnetic field in MFC experiments. The solid blue line corresponds
to the numerical calculation; the dots correspond to the experimental data. (d) The *C MR image acquired at 9.4 T after *C
hyperpolarization of allyl [1-'*C]pyruvate using MFC with a 200 nT magnetic field in the shield. The image FOV, matrix size,
and resolution are the same as in Fig. 2d.
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Figure 5. (a) The PH-ECHO-INEPT-PLUS pulse sequence used to transfer polarization from 'H to '*C. (b) Numerical simulation

of PH-ECHO-INEPT-PLUS efficiency as a function of t,, T,, and 15 delays. The X axis represents the duration of the corresponding
delay, whilst the Y axis shows the normalized polarization of the target carbon. Dotted black circles mark the delay values 1,=0.115s,
1,=0.045 s, and 1;=0.035 s that were used in the polarization transfer experiments with allyl [1-*C]pyruvate. (c) The reaction scheme
of propargyl [1-*C]pyruvate hydrogenation. (d) The *C NMR spectrum acquired after *C hyperpolarization of allyl [1-'*C]pyruvate
using the PH-ECHO-INEPT-PLUS pulse sequence with rg=1 (red line; multiplied by a factor of 4) and the corresponding thermal *C
NMR spectrum acquired after relaxation of hyperpolarization with rg=5793(blue line). The carboxyl carbon in pyruvate is marked with
* in the keto form and with ** in the hemiketal form. (e) The *C MR image acquired at 9.4 T after *C hyperpolarization of allyl [1-*C]
pyruvate using the PH-ECHO-INEPT-PLUS pulse sequence. The image FOV, matrix size, and resolution are the same as in Fig. 2d.
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Discussion

MFC experiments. Polarization transfer in the PHIP-SAH approach using MFC has been reported
previously?®#3#46_ For example, in the study of Cavallari and coauthors*, two concentric p-metal cylinders
were used to shield the laboratory’s magnetic field. The carboxyl carbon-13 polarization of 2.3% was observed.
Subsequent studies with an optimized MFC profile showed 4.8% *C polarization for allyl lactate*® and 5-6% for
allyl pyruvate*”*°. In another study*, the polarization levels obtained for ethyl [1-1*C]acetate and allyl [1-*C]
pyruvate were 4.4% and 5.4%, respectively. The difference between the values obtained in our work and the
other studies can be explained by different polarization transfer protocols. In our experiments, p-H, was bub-
bled through the solution in the p-metal shield and then transferred to the high magnetic field of the spec-
trometer (see “Methods” section for more details). In the other studies, the sample was hydrogenated at the
Earth’s magnetic field with subsequent transfer to the p-metal shield and then to the spectrometer. In addition,
in one study*® the polarization for allyl [1-*C]pyruvate was evaluated using the sum of the signal intensities
of both pyruvate forms, while we used only the hemiketal form for this. We also note that the polarization vs.
magnetic field dependences obtained in this work are different from those reported earlier?***54 In the MFC
procedure employed in this work, the maximum polarization corresponds to the evolution of the spin system
in the magnetic field which puts it the level anticrosing (LAC)*” region, whereas an adiabatic sweep through
the LAC is more eflicient if started at a much lower magnetic field. Thus, evolution of the spin system in our
work occurred for a substantial period of time (hydrogenation for 20 s in the experiments) in the LAC region*’
instead of an adiabatic passage through this region employed in a more conventional MFC polarization transfer
procedure. While the latter can be somewhat more efficient, the MFC procedure used in our work was deemed
advantageous as its experimental optimization was carried out on an automated setup capable of achieving a
non-adiabatic field jump. This facilitates the comparison of the experimental results with numerical modeling
of the field dependence because it avoids the variability of the conventional adiabatic MFC performed manually,
and in addition simplifies the mathematical modeling of the process.

INEPT-based experiments. The efficiency of polarization transfer in the RF-based methods depends on
the J-couplings between the p-H,-derived protons and the heteronucleus of interest in the product molecule,
with generally lower efficiency of polarization transfer for smaller heteronuclear J-coupling values®. Thus, a
straightforward implementation of PH-INEPT for polarization transfer in acetate and pyruvate derivatives is
encumbered because J-coupling values between the carboxyl *C nucleus and the p-H,-derived protons in the
hydrogenated side-arm moiety are relatively small (Fig. 1). The efficient spin order transfer to heteronuclei via
relayed INEPT chains (ESOTHERIC)* method allows one to surpass this problem by using a set of sequential
INEPT steps on a specially designed precursor molecule isotopically labeled with *C and ?H nuclei.

For example, in the study of Korchak et al.*® 3C polarization of ethyl acetate-dg obtained using ESOTH-
ERIC pulse sequence was ca. 59% at the natural abundance of the *C isotope. Better efficiency than the one
achieved in this study can be explained by a higher conversion of vinyl acetate to ethyl acetate and a higher pH,
concentration than in our study. In addition, the substrate molecule was deuterated. In another study, Dagys
et al.*! showed 7.6% of °C polarization during hydrogenation of 3-butyn-2-ol-d;, also using the ESOTHERIC
pulse sequence and a deuterated substrate. The pulse sequence contained three INEPT blocks and transferred
hyperpolarization from parahydrogen protons to a relayed proton, with further transfer of hyperpolarization
to the heteronucleus. This method modification was called PR-SAH (proton-relayed SAH). The authors also
demonstrated the hydrolysis and phase separation, which led to 4.3% *C hyperpolarization of [1-*C]pyruvate
in aqueous solution. While these studies achieved better results, the need for such a specific labeling is a clear
disadvantage as it drastically increases the synthetic complexity and the cost of the PHIP precursor®->*. Moreo-
ver, the introduction of deuterium atoms may have deleterious effects on polarization transfer®. In addition,
in the case of singly *C-labeled molecules, it is often preferable to make the RF pulse sequence as simple as
possible to reduce the undesired coherent evolution in a complex spin system. Thus, PH-INEPT-PLUS and its
modifications remain more relevant for polarization transfer in molecules hyperpolarized by PHIP-SAH than
the complex ESOTHERIC pulse sequence.

Potential future improvements. In the future experiments, we expect to achieve an improved catalytic
conversion using high-pressure spray injection hyperpolarizer equipped with RF pulsing and in situ detection
capability’®*, and additionally improve the polarization yields using a larger p-H, enrichment fraction®®** and
an optimized sample transfer procedure. For in vivo applications, the use of aqueous medium is required instead
of toxic CD;OD. There are several studies devoted to the observation of PHIP effects using aqueous media®*¢'.
Therefore, the future improvements mentioned above and the use of aqueous medium with water-soluble cat-
alysts or the aqueous extraction procedures will certainly provide better results and will be compatible with

in vivo MRI.

Conclusions

In this work, two different approaches to polarize *C nuclei by the PHIP-SAH method in molecules possessing
an acetate or a pyruvate moiety are reported and compared. The first one is based on the magnetic field cycling,
which is the most popular approach used in the previous PHIP-SAH studies. The resulting *C polarization lev-
els were 3.95 +0.05% for [1-"*C]pyruvate and 0.65 +0.05% for [1-*CJacetate. The second approach is based on
the INEPT-type pulse sequences to transfer polarization from 'H to *C in a high magnetic field. It significantly
simplifies the in vitro imaging procedure because no sample shuttling is required. The observed polarization
levels were 0.66 +0.04% for [1-'*C]pyruvate and 0.19 +0.02% for [1-!*C]acetate. The achieved polarization levels
allowed us to perform *C MRI on a standard research scanner at 9.4 T and on a 7 T animal imaging scanner.
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The results demonstrate the possibility to observe polarization levels that are high enough for *C MRI on two
biologically relevant molecules using MFC and PH-INEPT-type pulse sequences in combination with the PHIP-
SAH approach.

Methods

Experimental details. In the experiments, an unsaturated substrate and a catalyst were dissolved in meth-
anol-d,. Vinyl acetate with natural *C abundance (Sigma-Aldrich) was used as received; propargyl pyruvate
with natural *C abundance and *C-labeled vinyl [1-*C]acetate and propargyl [1-*C]pyruvate were synthesized
according to the procedures reported elsewhere*2. In most experiments, hydrogen gas was enriched with para-
isomer using Bruker Parahydrogen Generator BPHG-90 operating at 43 K, resulting in 85% p-H, fraction. The
magnetic field cycling experiments were carried out using a three-layer p-metal shield (Magnetic Shield Corp.,
USA), with an additional solenoid inside it to adjust the magnetic field in the shield. NMR spectra were acquired
on a 7 T Bruker AV 300 NMR spectrometer. Acquisition of the NMR spectra during MFC experiments was
started 0.3 s after the placement of the sample into the NMR spectrometer using a 90-degree pulse without any
signal averaging. During the experiments on the BioSpec 7 T scanner, hydrogen gas was enriched with para-
isomer using a home-built setup operating at liquid nitrogen temperature, which delivers ca. 50% p-H, frac-
tion. For PHIP experiments, para-enriched hydrogen gas was bubbled into the sample solution through a 1/16”
(=1.6 mm) O.D. PTFE capillary at a flow rate of 30 sccm at 2.8 bar for 20 s at 45 °C (unless specified otherwise).
Hydrogenation reactions were carried out in the standard 5 mm NMR tubes equipped with wye-type fitting,
filled with 600 pl of the substrate—catalyst solution. The details of the experiments are presented in Supplemen-
tary Table S1. NMR tube was placed inside the p-metal shield with p-H, pressure of 2.8-3 bar. Parahydrogen
was bubbled through the solution at the low rate of 30 sccm for 20 s. After that, the sample was transferred from
the low magnetic field to the Earth’s field (ca. 1 s), and then to the high magnetic field of the detection area. Fur-
ther details on the MFC procedure are provided in the next section. In the experiments with INEPT-type pulse
sequences, the hydrogenation reaction and the acquisition of spectra or images were carried out at the same
high magnetic field. During the optimization of experimental conditions for NMR, multiple experiments were
performed to ensure the reproducibility of the results. The reported signal enhancements are the mean values of
five independent experimental results; the variations did not exceed 10%.

The dependence of P(*3C) on magnetic field in the MFC experiment. To measure the magnetic
field dependence of the PHIP transfer efficiency, we have used a 9.4 T Bruker Avance 400 NMR spectrometer
equipped with an automated field cycling setup®. A gas bubbling system based on computer controlled TTL
valves allowed us to perform repetitive bubbling with high reproducibility®>. The sample was bubbled for 20 s
in the magnetic shield placed on top of the spectrometer magnet. The magnetic field inside the shield was con-
trolled by adjusting the current in the electromagnetic coils positioned inside it. After bubbling, the sample was
transferred to the high magnetic field of the detection area, where >C NMR spectrum was acquired. Before
the sample transfer, a field jump of 25 uT was applied to make the field change non-adiabatic. The total delay
between bubbling and detection was 1.2 s, including 0.6 s for sample transfer and 0.5 and 0.1 s waiting times with
the sample in the shield and in the probe, respectively. The entire field dependence was measured with a single
sample. The depletion of the substrate was taken into account by adding reference points measured for a pre-
defined magnetic field (400 nT for vinyl acetate, 200 nT for propargyl pyruvate) in between every five points of
the field dependence. This allowed us to assess the amount of PHIP produced in every measurement of the field
dependence data points and to exclude the effect of chemical transformation of the substrate on the measured
field dependence of signal enhancement. The temperature in the rf probe of the spectrometer was maintained at
45 °C. The parahydrogen bubbling pressure was set at 3 bar.

Calculation of optimal delays for the PH-INEPT-PLUS sequence. The simulation was carried out
for the spin density matrix of two protons in a singlet state and all other nuclei being non-polarized. All non-
diagonal elements of the density matrix written in the high field eigenbasis were removed reflecting the coher-
ence damping due to averaging over hydrogenation time. The resulting matrix was subjected to a set of rotations
and free evolution delays corresponding to the PH-INEPT-PLUS pulse sequence. Transverse magnetization of
13C nuclei was calculated for various T, and 1, delays to estimate their optimal values (Fig. 3b).

MRI on a 9.4 T vertical bore Bruker Avance Il spectrometer. MR images were acquired ona 9.4 T
vertical bore Bruker Avance III spectrometer equipped with microimaging accessories using commercially avail-
able 25-mm (for [1-"*CJacetate ester) and 30-mm (for [1-*C]pyruvate ester) ID *C/'H RF coils. All MRI experi-
ments were performed using gradient echo pulse sequence (fast low angle shot, FLASH)® with one scan (no
signal averaging). The total acquisition time was less than 1 s with the following parameters for FLASH MRI:
repetition time (TR) of 3.1 ms, echo time (TE) of 1.5 ms, 16 phase encoding steps, 64 readout points, acquisition
bandwidth 20 kHz, Cartesian spatial encoding. The durations of the phase encoding and readout gradients were
400 ps and 2.1 ms, respectively; the strength of both gradients was set at 6 G/cm. The FOV was 3.07 x3.07 cm?.
The initial 64 x 16 matrix was zero-filled to 64 x 64 for better presentation so that the digital in-plane resolution
is similar in both dimensions. The resulting images were zoomed to eliminate the uninformative parts. As a
result, >C images were obtained with the spatial resolution of 0.48 x 1.92 mm?/pixel (and digital resolution of
0.48 x 0.48 mm?/pixel after zero-filling). During the experiments, the signal was collected from the entire volume
of the sample. The flip angle was 15 degrees for [1-*Clacetate ester and 5 degrees for [1-*C]pyruvate ester. It was
possible to reduce the flip angle for [1-'*C]pyruvate ester because of the higher signal intensity.
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In vitro MRI on a Bruker BioSpec 7 T instrument. Experiments on a Bruker BioSpec 7 T imager
equipped with a 40-mm ID "*C/'H RF volume coil were done in the following way: first, the pressurized sam-
ple was placed in a three-layer p-metal shield where it was heated using a heat gun. In some experiments, the
samples were additionally preheated before placing them in the shield (see Supplementary Table S1). The hydro-
genation was achieved by bubbling parahydrogen through the solution with the sample residing in the shield.
After the hydrogenation, the sample was de-pressurized and transferred to the animal imaging coil with the sub-
sequent transfer to the scanner. The sample transfer time from the p-metal shield into the Earth’s field took ca.
1 s. MRI experiments were done using RARE (rapid acquisition with relaxation enhancement) pulse sequence.
For ethyl [1-*C]acetate, the slice thickness was 45 mm, rare factor 32, receiver gain 203, acquisition bandwidth
18 kHz, field of view 50 x 50 mm?, matrix size 32 x 32, the spatial resolution 1.56 x 1.56 mm?/pixel, TE=61.8 ms,
TR =163 ms. For allyl [1-*C]pyruvate, the slice thickness was 10 mm, rare factor 32, receiver gain 64, acquisition
bandwidth 18 kHz, field of view 54 x 50 mm?, matrix size 32 x 32, the spatial resolution 1.69 x 1.56 mm?/pixel,
TE=61.8 ms, TR=163 ms.

Received: 13 September 2020; Accepted: 18 February 2021
Published online: 11 March 2021

References
1. Gruetter, R. et al. Localized in vivo *C NMR spectroscopy of the brain. NMR Biomed. 16, 313-338 (2003).
2. Patel, A. B, de Graaf, R. A., Rothman, D. L., Behar, K. L. & Mason, G. F. Evaluation of cerebral acetate transport and metabolic
rates in the rat brain in vivo using 'H-["*C]-NMR. J. Cereb. Blood Flow Metab. 30, 1200-1213 (2010).
3. Badar-Goffer, R. S., Bachelard, H. S. & Morris, P. G. Cerebral metabolism of acetate and glucose studied by 13C-n.m.r. spectroscopy.
A technique for investigating metabolic compartmentation in the brain. Biochem. J. 266, 133-139 (1990).
4. Deelchand, D. K. et al. Acetate transport and utilization in the rat brain. J. Neurochem. 109, 46-54 (2009).
5. Befroy, D. E. et al. Direct assessment of hepatic mitochondrial oxidative and anaplerotic fluxes in humans using dynamic '*C
magnetic resonance spectroscopy. Nat. Med. 20, 98-102 (2014).
6. Lebon, V. et al. Effect of triiodothyronine on mitochondrial energy coupling in human skeletal muscle. J. Clin. Invest. 108, 733-737
(2001).
7. Jucker, B. M. et al. Assessment of mitochondrial energy coupling in vivo by *C/>'P NMR. Proc. Natl. Acad. Sci. 97, 6880-6884
(2000).
8. Cerdan, S., Kiinnecke, B. & Seelig, J. Cerebral metabolism of [1,2-13C,]acetate as detected by in vivo and in vitro *C NMR. J. Biol.
Chem. 265, 12916-12926 (1990).
9. Mishkovsky, M., Comment, A. & Gruetter, R. In vivo detection of brain krebs cycle intermediate by hyperpolarized magnetic
resonance. J. Cereb. Blood Flow Metab. 32,2108-2113 (2012).
10. Bliiml, S., Moreno-Torres, A., Shic, E, Nguy, C.-H. & Ross, B. D. Tricarboxylic acid cycle of glia in the in vivo human brain. NMR
Biomed. 15, 1-5 (2002).
11. Golman, K., Lerche, M., Pehrson, R. & Ardenkjaer-Larsen, J. H. Metabolic imaging by hyperpolarized '*C magnetic resonance
imaging for in vivo tumor diagnosis. Cancer Res. 66, 10855-10860 (2006).
12. Nelson, S. J. et al. Metabolic imaging of patients with prostate cancer using hyperpolarized [1-13C]pyruvate. Sci. Transl. Med. 5,
198ral08 (2013).
13. Gallagher, E. A. et al. Imaging breast cancer using hyperpolarized carbon-13 MRI. Proc. Natl. Acad. Sci. 117, 2092-2098 (2020).
14. Pedersen, M. et al. Hyperpolarised '*C-MRI metabolic and functional imaging: an emerging renal MR diagnostic modality. Magn.
Reson. Mater. Phys. Biol. Med. 33, 23-32 (2020).
15. Sriram, R. et al. Non-invasive assessment of lactate production and compartmentalization in renal cell carcinomas using hyper-
polarized *C pyruvate MRI. Cancers (Basel) 10, 1-14 (2018).
16. Grist, J. T. et al. Quantifying normal human brain metabolism using hyperpolarized [1- '*C]pyruvate and magnetic resonance
imaging. Neuroimage 189, 171-179 (2019).
17. Tran, M. et al. First-in-human in vivo non-invasive assessment of intra-tumoral metabolic heterogeneity in renal cell carcinoma.
BJR Case Rep. 5, 20190003 (2019).
18. Aggarwal, R., Vigneron, D. B. & Kurhanewicz, J. Hyperpolarized 1-['*C]-pyruvate magnetic resonance imaging detects an early
metabolic response to androgen ablation therapy in prostate cancer. Eur. Urol. 72, 1028-1029 (2017).
19. Golman, K. et al. Parahydrogen-induced polarization in imaging: Subsecond *C angiography. Magn. Reson. Med. 46, 1-5 (2001).
20. Claytor, K., Theis, T., Feng, Y. & Warren, W. Measuring long-lived *C, state lifetimes at natural abundance. J. Magn. Reson. 239,
81-86 (2014).
21. Wang, J. et al. Dynamic 'H imaging of hyperpolarized [1-*C]lactate in vivo using a reverse INEPT experiment. Magn. Reson. Med.
79, 741-747 (2018).
22. Ardenkjaer-Larsen, J. H. et al. Increase in signal-to-noise ratio of >10,000 times in liquid-state NMR. Proc. Natl. Acad. Sci. 100,
10158-10163 (2003).
23. Goodson, B. M. et al. Hyperpolarization methods for MRS. eMagRes 4, 797-810 (2015).
24. Kovtunov, K. V. et al. Hyperpolarized NMR spectroscopy: d—DNP, PHIP, and SABRE techniques. Chem. Asian J. 13, 1857-1871
(2018).
25. Natterer, J. & Bargon, J. Parahydrogen induced polarization. Prog. Nucl. Magn. Reson. Spectrosc. 31, 293-315 (1997).
26. Hovener, J.-B. et al. Parahydrogen-based hyperpolarization for biomedicine. Angew. Chem. Int. Ed. 57, 11140-11162 (2018).
27. Cavallari, E. et al. The "*C hyperpolarized pyruvate generated by ParaHydrogen detects the response of the heart to altered metabo-
lism in real time. Sci. Rep. 8, 8366 (2018).
28. Reineri, E, Boi, T. & Aime, S. ParaHydrogen induced polarization of '*C carboxylate resonance in acetate and pyruvate. Nat. Com-
mun. 6, 5858 (2015).
29. Cavallari, E., Carrera, C., Aime, S. & Reineri, E *C MR Hyperpolarization of lactate by using parahydrogen and metabolic trans-
formation in vitro. Chem. Eur. J. 23, 1200-1204 (2017).
30. Cavallari, E., Carrera, C., Aime, S. & Reineri, F. Studies to enhance the hyperpolarization level in PHIP-SAH-produced C13-pyru-
vate. J. Magn. Reson. 289, 12-17 (2018).
31. Cavallari, E., Carrera, C., Aime, S. & Reineri, F. Metabolic studies of tumor cells using [1- '*C] pyruvate hyperpolarized by means
of PHIP-side arm hydrogenation. ChemPhysChem 20, 318-325 (2019).

Scientific Reports |

(2021) 11:5646 | https://doi.org/10.1038/s41598-021-85136-2 nature portfolio



www.nature.com/scientificreports/

32. Goldman, M., Jéhannesson, H., Axelsson, O. & Karlsson, M. Design and implementation of *C hyper polarization from para-
hydrogen, for new MRI contrast agents. Comptes Rendus Chim. 9, 357-363 (2006).

33. Bir, S. et al. On the spin order transfer from parahydrogen to another nucleus. J. Magn. Reson. 225, 25-35 (2012).

34. Goldman, M. & Jéhannesson, H. Conversion of a proton pair para order into C-13 polarization by RF irradiation, for use in MRI.
Comptes Rendus Phys. 6, 575-581 (2005).

35. Cai, C,, Coffey, A. M., Shchepin, R. V., Chekmenev, E. Y. & Waddell, K. W. Efficient transformation of parahydrogen spin order
into heteronuclear magnetization. J. Phys. Chem. B 117, 1219-1224 (2013).

36. Kadlecek, S., Emami, K., Ishii, M. & Rizi, R. Optimal transfer of spin-order between a singlet nuclear pair and a heteronucleus. J.
Magn. Reson. 205, 9-13 (2010).

37. Schmidt, A. B. et al. Liquid-state carbon-13 hyperpolarization generated in an MRI system for fast imaging. Nat. Commun. 8,
14535 (2017).

38. Schmidt, A. B. et al. In vivo *C-MRI using SAMBADENA. PLoS ONE 13, 0200141 (2018).

39. Haake, M., Natterer, J. & Bargon, J. Efficient NMR pulse sequences to transfer the parahydrogen-induced polarization to hetero
nuclei. J. Am. Chem. Soc. 118, 8688-8691 (1996).

40. Roth, M. et al. *C hyperpolarization of a barbituric acid derivative via parahydrogen induced polarization. J. Magn. Reson. 204,
50-55 (2010).

41. Shchepin, R. V., Barskiy, D. A., Coffey, A. M., Manzanera Esteve, I. V. & Chekmenev, E. Y. Efficient Synthesis of Molecular Precur-
sors for Para-Hydrogen-Induced Polarization of Ethyl Acetate-1-*C and beyond. Angew. Chemie Int. Ed. 55, 6071-6074 (2016).

42. Chukanov, N. V. et al. Synthesis of unsaturated precursors for parahydrogen-induced polarization and molecular imaging of
1-*C-acetates and 1-*C-pyruvates via side arm hydrogenation. ACS Omega 3, 6673-6682 (2018).

43. Salnikov, O. G. et al. Parahydrogen-induced polarization of 1-'*C-acetates and 1-'*C-pyruvates using sidearm hydrogenation of
vinyl, allyl, and propargyl esters. J. Phys. Chem. C 123, 12827-12840 (2019).

44. Zhukov, I. V. et al. Field-cycling NMR experiments in an ultra-wide magnetic field range: relaxation and coherent polarization
transfer. Phys. Chem. Chem. Phys. 20, 12396-12405 (2018).

45. Joalland, B. et al. Pulse-programmable magnetic field sweeping of parahydrogen-induced polarization by side arm hydrogenation.
Anal. Chem. 92, 1340-1345 (2020).

46. Cavallari, E., Carrera, C., Boi, T., Aime, S. & Reineri, F. Effects of magnetic field cycle on the polarization transfer from parahy-
drogen to heteronuclei through long-range J-couplings. J. Phys. Chem. B 119, 10035-10041 (2015).

47. Eills, J. et al. Polarization transfer via field sweeping in parahydrogen-enhanced nuclear magnetic resonance. J. Chem. Phys. 150,
174202 (2019).

48. Mancini, L., Payne, G. S. & Leach, M. O. Comparison of polarization transfer sequences for enhancement of signals in clinical *'P
MRS studies. Magn. Reson. Med. 50, 578-588 (2003).

49. Korchak, S., Yang, S., Mamone, S. & Gloggler, S. Pulsed magnetic resonance to signal-enhance metabolites within seconds by
utilizing para-hydrogen. ChemistryOpen 7, 344-348 (2018).

50. Korchak, S., Mamone, S. & Gloggler, S. Over 50 % 'H and *C polarization for generating hyperpolarized metabolites-a para-
hydrogen approach. ChemistryOpen 7, 672-676 (2018).

51. Dagys, L. et al. Nuclear hyperpolarization of (1-'*C)-pyruvate in aqueous solution by proton-relayed side-arm hydrogenation.
Analyst https://doi.org/10.1039/d0an02389b (2021).

52. Shchepin, R. V., Coffey, A. M., Waddell, K. W. & Chekmeney, E. Y. Parahydrogen induced polarization of 1-'*C-phospholactate-d,
for biomedical imaging with >30,000,000-fold NMR signal enhancement in water. Anal. Chem. 86, 5601-5605 (2014).

53. Chekmenev, E. Y. et al. PASADENA hyperpolarization of succinic acid for MRI and NMR spectroscopy. J. Am. Chem. Soc. 130,
4212-4213 (2008).

54. Bhattacharya, P. et al. Parahydrogen-induced polarization (PHIP) hyperpolarized MR receptor imaging in vivo: a pilot study of
13C imaging of atheroma in mice. NMR Biomed. 24, 1023-1028 (2011).

55. Salnikov, O. G. et al. Effects of deuteration of '*C-enriched phospholactate on efficiency of parahydrogen-induced polarization by
magnetic field cycling. J. Phys. Chem. C 122, 24740-24749 (2018).

56. Coffey, A. M. et al. Open-source automated parahydrogen hyperpolarizer for molecular imaging using '*C metabolic contrast
agents. Anal. Chem. 88, 8279-8288 (2016).

57. Coffey, A. M. et al. A pulse programmable parahydrogen polarizer using a tunable electromagnet and dual channel NMR spec-
trometer. J. Magn. Reson. 284, 115-124 (2017).

58. Feng, B., Coffey, A. M., Colon, R. D., Chekmenev, E. Y. & Waddell, K. W. A pulsed injection parahydrogen generator and techniques
for quantifying enrichment. J. Magn. Reson. 214, 258-262 (2012).

59. Hovener, ]. B. et al. A continuous-flow, high-throughput, high-pressure parahydrogen converter for hyperpolarization in a clinical
setting. NMR Biomed. 26, 124-131 (2013).

60. Koptyug, I. V., Zhivonitko, V. V. & Kovtunov, K. V. New perspectives for parahydrogen-induced polarization in liquid phase
heterogeneous hydrogenation: an aqueous phase and ALTADENA study. ChemPhysChem 11, 3086-3088 (2010).

61. Kovtunov, K. V. et al. Production of pure aqueous "*C-hyperpolarized acetate by heterogeneous parahydrogen-induced polariza-
tion. Chem. Eur. J. 22, 16446-16449 (2016).

62. Kiryutin, A. S. et al. A highly versatile automatized setup for quantitative measurements of PHIP enhancements. J. Magn. Reson.
285, 26-36 (2017).

63. Haase, A., Frahm, J., Matthaei, D., Hanicke, W. & Merboldt, K.-D. FLASH imaging. Rapid NMR imaging using low flip-angle
pulses. J. Magn. Reson. 67, 258-266 (1986).

Acknowledgements

We thank the Russian Ministry of Science and Higher Education for access to NMR equipment and infrastruc-
ture. .V.K. and D.B.B. thank RFBR (##19-53-12013, 19-29-10003) for financial support. N.V.C. and A.S. acknowl-
edge financial support from RFBR and Novosibirsk region government (19-43-540004). V.PK. acknowledges
Prof. K.L. Ivanov for stimulating discussions and Russian Science Foundation (grant 20-62-47038) for supporting
research dealing with spin dynamics calculations and optimization of pulse sequences. E.Y.C. thanks the National
Science Foundation CHE-1904780 and the National Cancer Institute IR21CA220137. Y.W.C. and D.W.H. thank
Ministry of Science and Technology, Taiwan (MOST 108-2923-M-001-007-MY3) and MRI scanning service
provided by Animal imaging facility at Academia Sinica, Taiwan.

Author contributions

K.VK,, E.Y.C,, D.WH. and .VK. designed the study. N.V.C. synthesized the labeled substrates. Y. W.C. conducted
the experiments on BioSpec. A.S., V.PK. and D.B.B. conducted the experiments, analyzed the results and prepared
the manuscript, which was reviewed by all authors.

Scientific Reports |

(2021) 11:5646 | https://doi.org/10.1038/s41598-021-85136-2 nature portfolio


https://doi.org/10.1039/d0an02389b

www.nature.com/scientificreports/

Competing interests
EYC declares a stake of ownership in XeUS Technologies, LTD. All other authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1038/s41598-021-85136-2.

Correspondence and requests for materials should be addressed to D.W.H. or .V.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:5646 | https://doi.org/10.1038/s41598-021-85136-2 nature portfolio


https://doi.org/10.1038/s41598-021-85136-2
https://doi.org/10.1038/s41598-021-85136-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	PHIP hyperpolarized [1-13C]pyruvate and [1-13C]acetate esters via PH-INEPT polarization transfer monitored by 13C NMR and MRI
	Results
	Ethyl [1-13C]acetate. 
	Allyl [1-13C]pyruvate. 
	13C NMRMRI on Bruker BioSpec 7 T instrument. 

	Discussion
	MFC experiments. 
	INEPT-based experiments. 
	Potential future improvements. 

	Conclusions
	Methods
	Experimental details. 
	The dependence of P(13C) on magnetic field in the MFC experiment. 
	Calculation of optimal delays for the PH-INEPT-PLUS sequence. 
	MRI on a 9.4 T vertical bore Bruker Avance III spectrometer. 
	In vitro MRI on a Bruker BioSpec 7 T instrument. 

	References
	Acknowledgements


