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Abstract

Several supported metal catalysts were synthesized, characterized, and tested in heterogeneous 

hydrogenation of propene with parahydrogen to maximize nuclear spin hyperpolarization of 

propane gas using parahydrogen induced polarization (PHIP). The Rh/TiO2 catalyst with a metal 

particle size of 1.6 nm was found to be the most active and effective in the pairwise hydrogen 

addition and robust, demonstrating reproducible results with multiple hydrogenation experiments 

and stability for ≥1.5 years. 3D 1H magnetic resonance imaging (MRI) of 1 % hyperpolarized 

flowing gas with microscale spatial resolution (625 × 625 × 625 μm3) and large imaging matrix 

(128 × 128 × 32) was demonstrated by using a preclinical 4.7 T scanner and 17.4 s imaging scan 

time.
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Despite the impressive diagnostic power of conventional magnetic resonance imaging 

(MRI) and computed tomography (CT), there is a fundamental challenge in imaging void 

spaces such as lungs owing to very low tissue density. As a result, diseases such as chronic 

obstructive pulmonary disease (COPD) do not have an imaging modality capable of early 
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disease detection and of monitoring response to treatment during disease onset, when 

treatments are the most effective. In contrast, molecular imaging of cancer by using 18F-

fluorodeoxyglucose (FDG) and other molecular imaging biomarkers revolutionized cancer-

patient care for many types of cancer by identifying the treatments that work. In magnetic 

resonance, hyperpolarization techniques increase nuclear spin polarization by 4–6 orders of 

magnitude,[1] enabling the use of exogenous hyperpolarized (HP) contrast agents.[2] To date, 

HP 13C-pyruvate[3] and HP 129Xe have been successfully used in preclinical and clinical 

imaging of cancer[3] and COPD,[4] respectively. These contrast agents are administered 

intravenously or by inhalation, respectively, and they enable molecular imaging of 

biological processes by using HP MRI.[2, 4–5] However, the production of HP 13C contrast 

agents[6] by dynamic nuclear polarization (DNP)[1a] and HP 129Xe by spin exchange optical 

pumping (SEOP)[7] requires complex (and costly) hyperpolarization equipment.[6, 8] In 

addition, MRI with 13C, 129Xe and other hetero-nuclei requires additional radio-frequency 

(rf) channels and rf probes, which are not standard equipment in commercially available 

preclinical and clinical MRI scanners.[3]

Therefore, the development of hyperpolarized molecular imaging gas probes with proton 

detection is highly desired from the perspective of MRI signal read-out. Parahydrogen-

induced[9] polarization (PHIP)[10] is ideally suited for this task of HP agent production, 

because it is relatively simple, high-throughput, and provides molecular contrast agents that 

can be used for proton MRI detection.

Motivated by the above technical and biomedical challenges, the heterogeneous catalysis 

work presented here is focused on the development of highly polarized propane gas with the 

degree of hyperpolarization suitable for high-resolution MRI applications.

PHIP hyperpolarization is based on pairwise parahydrogen addition to an unsaturated 

substrate, where the symmetry of the singlet state of the nuclear spins of parahydrogen is 

broken in the final product.[9] PHIP can be based on both homogeneous[11] and 

heterogeneous[12] catalytic hydrogenations to produce a HP product. However, 

homogeneous PHIP hydrogenation poses the problem of catalyst separation, which is the 

main obstacle for its potential biomedical use.[13] Metal (e.g., RhI) complexes dissolved in 

organic solvents can be also used for producing catalyst-free HP fluids by bubbling 

parahydrogen and substrate gas mixtures through the solution of the homogeneous 

catalyst,[14] but the volatility of the solvent may be a problem for potential biomedical use. 

Furthermore, these complexes are prone to oxidation,[15] which can degrade their catalytic 

activity and HP contrast agent production. Therefore, the most promising candidates for 

biomedical MRI applications are heterogeneous catalysts that are used in a hydrogenation of 

the PHIP precursor with parahydrogen in the flowing gas. There are two demonstrated 

approaches for preparation of such heterogeneous catalysts: (i) metal complexes (already 

known as effective homogeneous catalysts) immobilized on a solid support,[16] and (ii) 

metal nanoparticles deposited on a solid support.[12a] Immobilized metal complexes can be 

unstable under reactive conditions. They can undergo irreversible reduction during highly 

exothermal hydrogenation processes, especially during gas-phase hydrogenation,[17] and can 

leach into solution in liquid-phase processes. Supported metal catalysts can be more 

practical as they can sustain high temperatures, which is convenient from the perspective of 
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robust use (no complex cooling engineering) and taking advantage of high reaction 

temperature to increase HP product yields. Additionally, these catalysts may have long 

shelf-lives (for example, the catalysts used in this work did not lose their catalytic activity 

after their storage for 1.5 years at normal conditions). To date, only 2D imaging of 

hyperpolarized gases produced by heterogeneous hydrogenation with parahydrogen has been 

reported.[18] Here, 3D hyperpolarized gas-phase proton MRI with microscale resolution is 

reported for the first time based on the use of supported metal catalysts.

Based on our previous results demonstrating that metals supported on titanium oxide (TiO2) 

generally exhibit higher levels of PHIP effects compared with other oxide supports, a 

number of metal catalysts supported on TiO2 were prepared and characterized (see the 

Supporting Information). Pd/TiO2, Pt/TiO2, and Rh/TiO2 catalysts with different sizes of 

metal nanoparticles were tested in the heterogeneous gas-phase hydrogenation of propene. 

The ALTADENA[19] procedure was utilized, where the hydrogenation reaction is carried 

out in the Earth’s magnetic field and the reaction products are then adiabatically transferred 

to the NMR spectrometer for detection at 9.4 T (Figure 1 a).

All three catalysts studied were very active in the heterogeneous hydrogenation of propene 

to propane (Figure 1 b) and, importantly, produced strongly polarized PHIP signals (Figure 

1 c) as detected by high-resolution NMR spectroscopy. The catalytic activity of the Rh/TiO2 

catalyst for pairwise hydrogen addition was higher than that for the Pd/TiO2 and Pt/TiO2 

catalysts with similar metal-particle sizes (Figure 1 d). Four Rh/TiO2 catalysts with different 

metal-particle sizes were tested, demonstrating that the nanoparticle size clearly influences 

the magnitude of PHIP hyperpolarization as seen in Figure S3 (see the Supporting 

Information). The maximum PHIP signal at 9.4 T was observed with 1.6 nm particles 

(Figure S3). This catalyst yielded HP propane (flowing gas) with significant signal 

enhancement compared with the thermally polarized propane (gas flow stopped), Figure 1 c. 

Therefore, this catalyst was selected for further MRI studies in a 4.7 T preclinical MRI 

scanner.

Two letter-shaped phantoms were used for flowing HP propane gas MRI experiments: “VU” 

(standing for Vanderbilt University, Figure 2) and “NSU” (standing for Novosibirsk State 

University, Figure S4 in the Supporting Information). The phantoms were constructed of 

Tygon™ tubing (3/32 in. ID × 3/16 in. OD), wrapped around cardboard to construct the 

proper letter shapes and to provide the phantoms with more depth to invoke better spatial 

dimensionality in the resulting images. For each hyperpolarized imaging experiment, 

propene was mixed with parahydrogen in 1:2 molar ratio, which, after the reaction, gave a 

mixture of hyperpolarized propane and residual unreacted parahydrogen (≈ 1:1 ratio), 

Figure 1 a. HP propane was actively pumped into the letter phantom cells and released 

through the outlet without any backpressure or additional flow restriction. A continuous 

flow rate (15 mL s−1) of the HP propane/residual parahydrogen mix was maintained until 

the image acquisition was completed. 3D gradient echo images of the phantoms with HP 

propane gas at flowing conditions were recorded for both letter-shaped phantoms. A 

representative perspective of 3D MRI image of HP propane with spatial resolution of 0.625 

× 0.625 × 0.625 mm3 is shown in Figure 2 a, and a corresponding 3D MRI image of 

thermally polarized water with identical imaging parameters except for the rf excitation 
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pulse angle is shown in Figure 2 b (see the Supporting Information for additional images as 

well as full 3D rendering movies). Both images were acquired over a very large field of 

view (80 × 80 × 20 mm3) with a large imaging matrix of 128 × 128 × 32 in approximately 

17 s, which can be potentially reduced to subsecond speed by using compressed sensing.[20] 

Despite significant improvement in spatial resolution of < ½ μL per voxel and the addition 

of the third dimension, the total scan time for the 3D gas MRI was approximately 30-times 

shorter than the scan time of 2D MRI of PHIP polarized gas demonstrated previously.[18a] 

This improvement is largely endowed by the relatively large proton hyperpolarization of HP 

propane gas. Note the imaging artifacts in Figure 2 a, seen as image blurring of flowing HP 

propane. These artifacts (not present in water reference image) are related to the image 

encoding on the time scale of a few ms while the gas is flowing rapidly, with the most 

pronounced signal loss in areas corresponding to the highest gas velocity along x axis.

A comparison of HP propane and reference water image shown in Figure 2 indicates that the 

signal-to-noise ratio (SNR) for water sample was approximately three-times higher than the 

SNR for the same phantom filled with HP propane. The estimated percentage of pairwise 

hydrogen addition route was about 1.3 % (see the Supporting Information), which is similar 

to previously published results.[21] Therefore, even 1.3 % hyperpolarized flowing propane 

can yield similar quality (as compared to corresponding images of pure water) images at 4.7 

T, although future improvements in % P of HP propane can potentially increase the signal 

by up to 2 orders of magnitude. Combined with the lower spin-polarization of water in 

clinically relevant magnetic fields of 1.5 and 3.0 T, HP propane gas can potentially 

overshadow the signal from background water protons. Furthermore, high-sensitivity HP 

MRI in low magnetic fields (<0.1 T) potentially exceeding the sensitivity of high-field 

detection[22] can offer an alternative water background suppression (scaling linearly with 

magnetic field strength) well below the signal of HP propane even with the 

hyperpolarization level demonstrated here.

Although the actual % P of HP propane was only about 1.3 %, it should be noted that each 

propane molecule carries two HP protons, effectively doubling the magnetization pay-load. 

Furthermore, protons have a significantly higher (3.6–4.0 fold) gyromagnetic ratio 

than 129Xe and 13C, making 1.3 % polarized propane comparable to approximately 10 % 

HP 129Xe or 13C. However, we note that, fundamentally, HP propane MRI sensitivity can 

exceed that of HP 129Xe and 13C if the propane proton hyperpolarization level can be further 

increased.

To conclude, 3D 1H MRI of HP gas with microscale spatial resolution was demonstrated, 

enabled by supported metal catalysts. The Rh/TiO2 catalyst was most efficient among the 

catalysts tested and yielded 1.3 % proton hyperpolarization (see the Supporting 

Information). Heterogeneously produced HP propane in combination with 3D MRI may 

enable a number of applications ranging from imaging of porous media to human lung 

imaging without requiring isotopic enrichment of hyperpolarized contrast media and by 

using a relatively simple hyperpolarization setup and conventional (i.e., proton) MRI 

hardware. Short- and long-term catalyst stability, allowing for preparation of a catalyst-free, 

nontoxic asphyxiant propane gas, can potentially enable robust preclinical and clinical 3D 

molecular imaging at subsecond scan times.
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Experimental Section

High-resolution NMR spectroscopy was performed by using a Bruker 9.4 T spectrometer for 

the experiments shown in Figure 1 and Figure S3. Other spectroscopic (see the Supporting 

Information) and imaging experiments were performed on a Varian 4.7 T animal imaging 

system using the VNMRJ version 3.3 software suite. The experiments were conducted with 

a custom-built 38 mm ID two-channel RF coil, with the 1H channel tuned to 200.25 MHz 

and the other rf channel terminated. All MRI experiments used the shim gradient values 

obtained from shimming on a 10 mL sample of deionized water in a plastic conical 

container, resulting in a half-height line width of 3 Hz. Varian’s version of a 3D gradient 

echo (ge3D) was used with a total acquisition time of 17.4 s and a spectrum width (SW) of 

40 kHz. The rf excitation pulse had a Gaussian shape with 500 μs width (15° tipping angle 

for HP propane and 2° for water). Repetition time (TR) was 4.2 ms, and echo time (TE) was 

2.1 ms. Imaging resolution was 0.625 × 0.625 × 0.625 mm3 with imaging matrix 128 × 128 

× 32. No compressed sensing or image acceleration was employed. All MRI experiments 

were conducted by using one of two letter-shaped phantoms, “VU” (Figure 2) and “NSU” 

(Figure S4). A continuous flow rate (~15 mL s−1) of HP propane/parahydrogen mix was 

maintained for the duration of imaging acquisition. For the imaging of water, the letter 

phantoms were completely filled with water, with the inlet and outlet plugged. The PHIP 

reaction setup depicted in Figure 1 a utilized an Arduino Uno microcontroller board 

(arduino.cc) connected to a previously used microcontroller driven manifold.[1b] Briefly, the 

valves depicted as ⊗ were solenoid valves (Peter Paul Electronics, Inc. model number 

EH22J9DCCM6 24/DC) driven by the microcontroller, and connected using PTFE tubing 

(1/8 in. OD/1/16 in. ID). The mixing chamber was the 56 mL PHIP reactor used 

previously,[1b] filled automatically with 2.8 atm of propene (Sigma–Aldrich #295663) and 

5.7 atm of >90 % ultrahigh purity (99.999 % +) parahydrogen gas[23] (8.5 atm total 

pressure). The reactor shown in Figure 1 a was a section of copper tubing (approximately 4 

in. long, 1/8 in. OD) connected to the main PTFE line by using push-to-connect connectors. 

The oven was a heating tape wrapped around temperature-stabilized (ca. 100 °C) copper 

tubing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
a) Experimental setup diagram of propane hyperpolarization by PHIP with subsequent 3D 

MR imaging of letter-shaped phantoms shown in Figure 2. b) Molecular diagram of propene 

hydrogenation by parahydrogen over M/TiO2 yielding hyperpolarized propane. c) 1H NMR 

(9.4 T) spectra acquired with continuous flow of reaction products after propene 

hydrogenation with parahydrogen over different TiO2-supported metal catalysts in Earth’s 

magnetic field with subsequent adiabatic transfer to the magnetic field of the NMR 

spectrometer (ALTADENA conditions). d) TEM image of the representative Rh/TiO2 

catalyst; arrows indicate the presence of deposited Rh nanoparticles.
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Figure 2. 
3D gradient echo (GRE) 1H MRI of flowing HP propane (a) and water reference (b) in 

“VU”-shaped phantom with three projections shown for each image. Both sets of 3D images 

have voxel size of 625 × 625 × 625 μm3 and total imaging time of 17.4 s with TR =4.2 ms, 

TE =2.1 ms. The field of view (FOV) was 80 × 80 × 20 mm3 with imaging matrix 128 × 128 

× 32. A movie showing the full 3D rendering is available in the Supporting Information.
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