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been investigated using dissolution Dynamic Nuclear Polarization 
(dDNP),31–36 which is known to generate the largest polarization of the 
solution state hyperpolarization methods so far. Meanwhile, other hy
perpolarization techniques have been developed as alternatives that 
overcome the high-cost expense, long polarization build-up time, and 
the need for specialized personnel in DNP. For example, Signal Ampli
fication By Reversible Exchange (SABRE) is an inexpensive, fast, and 
easily implementable alternative to dDNP, and has shown promising 
development as a clinical hyperpolarization modality.37–39 

Here we report the design and development of 15N- and 13C-labeled 
probes as novel HP-MRI NO sensors, and the hyperpolarization study of 
these isotope-labeled NO-sensing probes using SABRE. This study also 
allows for direct comparison of the 15N and 13C nuclei performances as 
hyperpolarized reaction-based probes. The characterizations of the 
hyperpolarized isotope-labeled probes in this work suggest their po
tential for sensitive and real-time monitoring of NO, and particularly 
more favorable properties of 15N-probes in HP-NMR studies. 

2. Results and discussion 

2.1. Design of 15N- and 13C-labeled 2-aminobiphenyl-5-carbonitrile as 
HP-NO sensors 

The design of hyperpolarizable NO sensing probes is based on the 
motif of 2-aminobiphenyl-5-carbonitrile (Fig. 1). The 2-aminobiphenyl 
scaffold is a NO-sensing unit that has been reported for rapid and se
lective nitric oxide detection through a sensing mechanism that involves 
nitrosation of aniline in the presence of molecular oxygen, followed by 
electrophilic aromatic substitution to form the diazo bridge (AZO- 
products).22–25 We expect the 15N- and 13C-labeled nitrile group will 
perform as the signaling unit and the AZO-products generated in situ 
would provide chemical shifts distinguishably different from the 15N- 
and 13C-labeled 2-aminobiphenyl-5-carbonitriles. Furthermore, the se
lection of isotopically-labeled nitrile for HP-NMR imaging is founded in 
the potential for long polarization lifetimes (T1) in this functional group, 
which are desirable for a hyperpolarized imaging probe.38 In this work, 
we investigate hyperpolarization of both 15N and 13C isotopes as the 
nitrile functional group allows for direct comparison of the two nuclei 
that are commonly used for HP-NMR studies.40–41 Commonly used 13C 
labeled agents include bioactive metabolites,42–43 while 15N based 
agents are more often used in exogenous sensing probes.44–45 Yet, there 
has not been a direct comparison of the two isotopes for a hyper
polarized probe that undergo reaction-based sensing of a target analyte. 
We expect that our reaction-based NO sensors would also make a well- 
suited comparative study between 15N-labeled and 13C-labeled HP-NMR 
probes. 

2.2. Synthesis and characterization of 15N- and 13C-enriched NO sensing 
probes 

First, we prepared N, N-dimethyl probes 15N-I and 13C-I to evaluate 
the chemical shift differences between the two sensors and their 
resulting AZO-products 15N-I-AZO and 13C-I-AZO, respectively (Fig. 2). 
The 15N-labeled compound 15N-I had a chemical shift difference of 

Δ(15N) = 10 ppm and the 13C-labeled probe 13C-I had a Δ(13C) = 1.6 
ppm. The chemical shift difference for the 13C-labeled probe was smaller 
than desired, as a large chemical shift change is needed for unambiguous 
signal detection. However, a large chemical shift for the 15N-probe will 
facilitate sensitive detection of the NO sensing reaction in clinical MRI 
(1 T or 3 T). 

Based on the encouraging results obtained from 15N/13C-I, we 
designed 15N- and 13C-labeled derivatives 15N/13C-II that bear tri
ethylene glycol (TEG) extensions, which were expected to deliver 
improved solubility profiles without affecting the core sensing and 
signaling unit performances (Fig. 3A). The TEG-NO probes 15N-II and 
13C-II were prepared following the synthetic route outlined in Fig. 3B. 
The 15N-4-nitrobenzonitrile 1 was synthesized from condensation of 4- 
nitrobenzaldehyde with 15NH2OH•HCl, and 13C-4-nitrobenzonitrile 2 
was prepared from copper-catalyzed coupling of aryliodide with K13CN 
in good yields. The isotope-labeled benzonitriles were then subjected to 
a sequence of nitro reduction, bromination and Suzuki coupling, 
affording the desired TEG-linked NO probes 15N/13C-II. This modular 
synthetic route was expected to not only allow parallel synthesis of both 
15N- and 13C-labeled probes, but also to be adaptable for any structural 
modifications. 

To confirm the NO-sensing ability of designed probes, we treated 
non-isotope-labeled TEG-NO probe II with nitric oxide generated in situ 
(via a chemical reaction of NaNO2 with 1 M HCl). The diazotization 
reaction occurred spontaneously, leading to an instant color change 
from colorless to a deep red solution. The reaction afforded II-AZO- 
products in a quantitative yield, as a mixture of para- and ortho- 
captured product in a 5:1 ratio (Fig. 3C). We also investigated the re
action rate of II with NO, which is critical for real-time detection of NO 

Fig. 1. Design of NO-sensing probes based on the 2-aminobiphenyl-5-carbonitrile motif.  

Fig. 2. Dimethyl 15N- and 13C-labeled nitric oxide sensing probes and their 
respective AZO products. 
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that has a short biological lifetime in seconds.46 Using UV/Vis analysis, 
we confirmed the completion of diazotization reaction of the TEG-probe 
II with a stock aqueous solution of nitric oxide within 3 mins (Fig. S1). 

2.3. SABRE-SHEATH hyperpolarization of NO probes 

The potentials of NO-sensing probes for HP-NMR were investigated 
using the hyperpolarization method, SABRE in SHield Enables Align
ment Transfer to Heteronuclei (SABRE-SHEATH), given the simplicity 
and efficiency of this method. SABRE-SHEATH uses dissolved para
hydrogen as a source of spin order to artificially induce large magneti
zations on a target nucleus. The parahydrogen and target substrate 
reversibly interact with an iridium catalytic center to form a polarization 
transfer complex (Ir(H)2(IMes)(pyr)2(NO probe)) and a magnetic field in 
the μT regime is applied to the solution. Under these conditions, the 
nuclear spin state of the transiently bound system is driven from over
population of the singlet state parahydrogen, to overpopulation in the 

spin up or spin down state on the target nucleus.47 From the hyperpo
larization of the dimethyl probes 15N-I and 13C-I, we were delighted to 
find 15N-I had spin–lattice relaxation (T1) value of 7.4 ± 0.6 min with 
enhancement (ε) of 3300 in d4-MeOH (1 T) and 13C-I had T1 of 59 ± 26 s 
with a modest ε of 290 (Fig. 4). The short T1 lifetime of 13C was expected, 
due to the lower gyromagnetic ratio of 13C compared to that of 15N.48 

Nonetheless, the T1(13C) is still expected to be long enough for reaction- 
based imaging.49 

We next explored hyperpolarization of 15N-TEG-NO probe 15N-II and 
13C-TEG-NO probe 13C-II in d6-EtOH, for potentially more biocompat
ible hyperpolarization conditions (Fig. 5). Although methanol is the 
common solvent for SABRE experiments, d6-EtOH has emerged as a 
more biocompatible SABRE solvent despite a decrease in T1 value being 
observed.50 Hyperpolarization of 15N-II in d6-EtOH had T1 = 2.2 ± 0.2 
min and 13C-II had T1 = 14.1 ± 5 s. The lower polarization lifetimes 
observed with 15N/13C-II compared to the dimethyl analogs are pre
sumably due to the molecular tumbling as well as the solvent effect (d6- 

Fig. 3. A) Structures of 15N- and 13C-TEG-NO probes with improved aqueous solubility profiles. B) Synthetic route to 15N-II and 13C-II. C) Reaction of non-labeled 
TEG-NO probe II with in situ generated NO. 
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