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Abstract: Signal amplification by reversible exchange
(SABRE) is an emerging nuclear spin hyperpolarization
technique that strongly enhances NMR signals of small
molecules in solution. However, such signal enhancements
have never been exploited for concentration determination, as
the efficiency of SABRE can strongly vary between different
substrates or even between nuclear spins in the same molecule.
The first application of SABRE for the quantitative analysis of
a complex mixture is now reported. Despite the inherent
complexity of the system under investigation, which involves
thousands of competing binding equilibria, analytes at con-
centrations in the low micromolar range could be quantified
from single-scan SABRE spectra using a standard-addition
approach.

The last decade has witnessed a widespread interest in
hyperpolarization techniques as methods to overcome the
intrinsically low sensitivity of NMR spectroscopy. These
include dynamic nuclear polarization (DNP),!"! spin exchange
optical pumping (SEOP),? para-hydrogen-induced polariza-
tion (PHIP),®! and, more recently, signal amplification by
reversible exchange (SABRE).Il However, the large signal
increase that results from nuclear spin hyperpolarization
unavoidably comes with some costs: Particularly, the assump-
tion of a linear dependence of the nuclear magnetization on
the concentration, as stated by Curie’s law for samples at
thermal equilibrium, is no longer necessarily correct. As
a consequence, the quantification of analytes in solution from
NMR spectra of hyperpolarized samples is not straightfor-
ward. Thus, although hyperpolarization has proven effective
in significantly lowering NMR detection limits, its application
to quantitative NMR analysis has thus far been rather
modest.F! However, in a recent investigation on the feasibility
of SABRE for dilute solutions, we have found that under
suitable conditions, the integrals of hyperpolarized signals
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depend linearly on the concentrations,”” an essential require-
ment for quantitative NMR applications. Herein, we further
explore this finding and show that it is indeed possible to
detect and quantify analytes at low micromolar concentra-
tions in complex mixtures using SABRE hyperpolarization.

SABRE is a technique with which nuclear spin hyper-
polarization can be obtained for substrate molecules that
weakly associate to a suitable metal complex together with
p-H,. This reversible association provides a transient scalar
coupling network through which the spin order of p-H, can be
transferred to the nuclear spins of the substrate.” Strongly
enhanced NMR signals are then observed for substrate
molecules free in solution owing to the reversible character
of the interaction. A conventional quantitative analysis of
such enhanced signals based on integral comparison with an
internal or external standard is not applicable as the efficiency
of SABRE depends on several molecular parameters (i.e.,
relaxation times, scalar coupling constants, dissociation rates)
that can strongly vary for different proton spins.

However, for dilute substrates (referred to as analytes) in
the presence of a large excess of a second ligand, a linear
dependence of the SABRE signal integrals on the concen-
tration can be obtained.”! Herein, we show that such
conditions can also be realized in far more complex mixtures,
provided that the total substrate concentration (Cy,) largely
exceeds the concentration of the analyte and of the metal
complex:

where X, M, and §; indicate the analyte, the metal complex,
and the additional substrates present in the mixture. In this
concentration regime, where a linear dependence between
the SABRE signal and the concentration holds, calibration
techniques, such as standard addition,”® can be employed to
quantitate dilute analytes in solution.

We have tested the validity of this approach on a dilute
solution (C,=8.5 uM) of nicotinamide in the presence of
metal complex precursor 1 (C, =333 um) and a mixture of
fifteen components with a total substrate concentration (Cy,)
of 6 mM. Activation of complex precursor 1 by molecular
hydrogen (5 bar) in the presence of this substrate mixture
leads to the formation of thousands of possible metal
complexes of the formula [Ir(IMes)(H),(S)(S;)(SK)ICl (2;
Figure 1).

A SABRE spectrum was acquired for such a mixture by
applying a 90° read-out pulse shortly after dissolution of p-H,
(5bar) at a fixed position in the stray field of the NMR
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Figure 1. Formation of metal complexes 2 upon hydrogenation of the
cod ligand of precursor 1 (C,,=333 pm) in the presence of N
substrates (N=16, C,,, =6 mm) that reversibly associate to 2.

spectrometer (Figure 2, red trace). Increased signal intensities
were observed in the aromatic region as well as for the methyl
groups of acetonitrile and 1-methyl-1,2,3-triazole (see Fig-
ure S2 B for signal enhancement factors). It is noteworthy that
only the signals of the substrates free in solution were
observed in the NMR spectra, as the bound form is
distributed over the thousands of different complexes, each
with concentrations in the sub-micromolar range.

For comparison, a conventional "H NMR spectrum of the
original mixture was acquired with 256 scans and a long
recovery delay (5 x T;) resulting in a total measuring time of
approximately eleven hours (Figure 2, top). From this spec-
trum, a concentration of 8.8 um was estimated for nicotina-
mide by integral comparison with the methylene signal of
ethanol, which was added as an internal reference.
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Standard addition was performed on the original mixture,
increasing the analyte concentration in six consecutive steps.
The single-scan SABRE spectra acquired after each addition
of nicotinamide are displayed in Figure 2 (bottom). In the
lower inset of Figure 2, the increasing SABRE signal of
a well-resolved nicotinamide resonance is shown. Note that
all other substrate signals in the SABRE standard-addition
series remain substantially unperturbed (see also the Sup-
porting Information). The corresponding linear plot of the
SABRE signal integral versus the added analyte concentra-
tion is shown in Figure 3 A (red squares). The extrapolated
value of the concentration of nicotinamide (9.0 um) is in good
agreement with its nominal concentration.

Comparable results were obtained for the diluted sub-
strates pyrazine, isoxazole, and quinazoline in similar mix-
tures (Figure 3B-D). The converging trend lines for the two
nicotinamide resonances in Figure 3 A and the two quinazo-
line resonances in Figure 3D are noteworthy. This nicely
confirms the validity of the standard-addition technique in
combination with SABRE: Different slopes are obtained
because the enhancement factors for these signals are differ-
ent; nevertheless, extrapolation of the curves leads to the
same concentrations within experimental error.

As previously pointed out by Mewis et al.,” the reprodu-
cibility of SABRE performed by manually shaking the sample
in the stray field of the magnet is hardly better than 10-20 %.
Variations of the polarization transfer field (PTF) and of the
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Figure 2. "H NMR spectra acquired at 600 MHz at thermal equilibrium (top, 256 scans, x0.125 vertically scaled) or after SABRE hyperpolarization
at 6.5 mT (bottom, red trace) on a sample consisting of nicotinamide as the analyte (C,=8.5 um), together with complex precursor 1 and

a mixture of fifteen substrates present in high micromolar amounts (C, =333 um, C,,, =6 mwm). Individual substrate concentrations and signal
enhancements (for peaks indicated in green) are provided in the Supporting Information. The SABRE spectra of samples after standard addition,
with C,4q between 8 and 75 pum (color-coded), showed increases in the nicotinamide signals, while the signal integrals of other substrates
remained constant. Insets show the resonance of proton d in nicotinamide (see Table S1 for annotations) with a signal-to-noise ratio of 31:1 after
hyperpolarization (red trace, x 10 vertically scaled), and 15:1 after 256 scans at thermal equilibrium (black trace, x 20 vertically scaled).
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Figure 3. Standard-addition curves for proton resonances (see Table S1 for annotations) of nicotina-

mide (A), pyrazine (B), isoxazole (C), and quinazoline (D) with nominal substrate concentrations of
8.5, 5, 8, and 10 pm respectively. Concentrations were estimated from the abscissa intercepts
(circled) of the standard-addition curves (grey lines). Experimental uncertainties were derived by

error propagation.

sample insertion time into the magnet represent the main
source of scatter of the measured integrals (see the Support-
ing Information) and a major contribution to the uncertainty
in the extrapolated concentration values. A better precision
should be achieved by performing SABRE with an auto-
mated polarization setup to improve experimental reprodu-
cibility. !

In conclusion, we have demonstrated that SABRE
nuclear spin hyperpolarization does not preclude a quantita-
tive analysis of NMR spectra. The standard-addition method
here employed is widely used for quantitative NMR applica-
tions; to the best of our knowledge, this is the first time that
such an analytical approach is proposed in combination with
hyperpolarization for the quantitative analysis of complex
mixtures. By exploiting the signal enhancement provided by
SABRE, we could determine the concentration of dilute
species (in the low micromolar range) in solution with
a precision of approximately 1 um. Furthermore, by compar-
ison with conventional NMR quantification methods, we have
shown that the proposed approach results in a dramatic
reduction (ca. 100-fold) of the measuring time. These results
support possible applications of SABRE for the quantitative
determination of dilute components in complex mixtures,
such as natural product extracts, reaction mixtures, or
biofluids.
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