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Abstract
When working with hyperpolarized species, it is often difficult to maintain a stable level of
magnetization over consecutive experiments, which renders their detection at the trace level
cumbersome, even when combined with chemical exchange saturation transfer (CEST). We report
herein the use of ultra-fast Z-spectroscopy as a powerful means to detect low concentrations
of 129Xe NMR-based sensors and to measure the in-out xenon exchange. Modifications of the
original sequence enable a multiplexed detection of several sensors, as well as the extraction of the
exchange buildup rate constant in a single-shot fashion.
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Over the last decade, xenon biosensors have been demonstrated to provide sensitive probes
of biological events.1-10 In this approach, hyperpolarized 129Xe gas is encapsulated in host
molecular systems, which are decorated with ligands that are specific to the targeted
receptors. The chemical shift of xenon, which is in continuous exchange between the bulk
and the host environments, shows a strong sensitivity to the chemical composition of the
host, but also to variations in the local environment and to conformational changes of the
hosts that may result from receptor binding events.

Although these shifts can be detected with conventional 129Xe spectroscopy, much lower
detection thresholds can be reached with the HyperCEST approach, where the presence of
caged xenon is detected indirectly via changes in the large bulk xenon signal.11 This method
is a member of the chemical exchange saturation transfer (CEST) family,12 whereby the
caged xenon magnetization is saturated by rf irradiation at its characteristic frequency, and
exchange with free xenon subsequently depletes the bulk xenon signal.

Whereas this sequence has been shown to be very efficient to detect low concentrations of
xenon biosensors, it requires a very stable level of xenon polarization as it is a difference
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spectroscopy. Furthermore, it is frequently required to detect multiple biosensor frequencies,
and single-shot acquisition methods would be preferred to achieve reproducible and
mutually compatible results. Recently, Xu et al. proposed an ultra-fast Z-spectroscopy
(UFZ) sequence for the one-shot acquisition of Z-spectra for the broadband measurement of
CEST effects,13 and it was used recently with modifications by Döpfert et al.14 Previously,
this method had been proposed by S. D. Swanson for the broadband measurement of cross-
relaxation effects.15 We show here that this approach can be of high value for functionalized
xenon, and in general for every hyperpolarized species that exchanges with a bulk pool. We
further propose and demonstrate additional modifications to the sequence to take full
advantage of the hyperpolarization state and to accommodate the large chemical shift
differences in the multiplexed detection of several xenon hosts.

The strength of the UFZ approach has been assessed with a mixture of two water-soluble
cryptophanes in H2O: cryptophane-222-hexacarboxylate (compound 1) and
cryptophane-233-hexacarboxylate (compound 2), see Figure 1. Their xenon binding
constants and in-out exchange rates at room temperature are significantly different (K ~
6800 M−1, kex ~ 3.2 s−1 for 1, K ~ 2000 M−1, kex ~ 37 s−1 for 2).16 Figure 1 displays
the 129Xe NMR spectrum of the noble gas in the presence of 1 and 2 at concentrations of 30
and 90 μM, respectively.

The UFZ method (Figure 2a) uses spatial encoding of the Z-spectrum in a manner similar to
other ultrafast NMR spectroscopic approaches.17 A pulsed field gradient Gsat operating
during the CW irradiation enables a saturation of the small reservoir signal in a given region
of the NMR tube. The profile subsequently obtained via another gradient during the
acquisition Gacq enables the recording of the Z-polarization of the large reservoir signal. The
frequency-scale can be calibrated to reflect the local rf-irradiation frequencies in a Z-
spectrum.

Figure 2b shows the 129Xe UFZ-spectrum obtained in two scans at 11.7T and 298K with the
sequence of Figure 2a. The first scan (in red) was a reference scan acquired without
saturation, and the second scan (blue) used a saturation field of 7.1 μT for 2.4 s placed in the
middle of the full 129Xe NMR spectrum (at 125 ppm). Two variants for performing the
reference scan were tested: (i) For the same xenon bolus a first scan is acquired without
saturation via a 45° flip angle read pulse, immediately followed by a second scan with the
saturation step and a 90° flip angle read pulse (thus the components of magnetization in the
transverse plane are of the same nominal intensity18); (ii) Two xenon boluses are used and
adjustment of the global intensity of the Z profiles can be applied after Fourier
transformation. Method (ii) gave a slightly better result, likely due to a dependence of the
measured profile on the flip angle in (i).

Several advantages with respect to the conventional measurement (point-by-point) of a Z-
spectrum can be recognized for transiently polarized species. Averaging can now be
performed on a spectrum-by-spectrum basis (adding several UFZ-spectra to increase the
signal-to-noise ratio). Therefore, reliable results can be obtained even with significantly
fluctuating xenon magnetization between boluses. The robustness of UFZ towards B0
inhomogeneities13 is a further advantage, as discussed below.

Three dips appear in the Z-spectrum in Figure 2b, the first one corresponding to free
dissolved xenon, the second and third ones to encapsulated xenon. It is difficult, however, to
distinguish between the dips due to Xe@1 and Xe@2. Moreover the dips fall in the rising
and descending parts of the z-profile, where the extracted normalized Z-spectrum is noisier.
These two problems are linked to the large chemical shift difference between the resonances
of free and caged xenon (about 21 kHz), a situation very often encountered with xenon
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biosensors. Using a much stronger gradient during the saturation step could in principle
solve these problems, but this is demanding on the spectrometer hardware.

A much better approach, however, that also allows high-resolution discrimination of
several 129Xe NMR-based sensors19 can be performed as follows. The original sequence is
applied by first placing the saturation offset frequency in the middle of the high field region
corresponding to caged xenon (around 50 ppm), while for detection, the offset is placed at
the resonance frequency of dissolved xenon (200 ppm).13 This enables the use of a much
lower saturation gradient value Gsat, as one needs now to cover a spectral window of only
approximately 30 ppm (instead of 200 ppm). Also, since the signal is recorded in the
presence of a gradient, the signal lifetime is short. One can therefore read out multiple
echoes and co-add the results, as shown in Figure 3a.

We have applied this sequence on the mixture of cryptophanes, using a saturation field of
2.4 NT and different saturation times. In Figure 3b the Z-profiles with saturation times of 4 s
and without saturation are superimposed, revealing the stability of the sequence. The
normalized HyperCEST UFZ spectrum ((Son(z)-Soff(z))/Soff(z)), shown in Figure 3c,
enables a clear separation of the signals of xenon caged in 1 and in 2. From this spectrum,
and from the experiments performed on other cryptophane mixtures (Fig. S1 of the Supp.
Info.), we can deduce that 129Xe signals with a chemical shift splitting of ~4 ppm (550 Hz)
can be separated, a value comparable to the results of other groups working with
conventional HyperCEST.20-21

Figure 4a shows the evolution of the UFZ signal as a function of the saturation duration for
the mixture of cryptophanes (eight values from 0.25 s to 16 s). Whereas the data points for 1
are aligned, those for 2 deviate from linearity for long saturations. This is easily explained
by the fact that there are not enough xenon atoms in solution to enable complete
replenishment of the cryptophane environment in hyperpolarization.22 From the best-fit
curve to the function f=A*(1-exp(−kextsat)), a factor of ~12 is found between the in-out
xenon exchange rates with the two cryptophanes, in agreement with what was previously
estimated.17 Note that all the eight experiments (including the spectrum without saturation)
have been recorded with the same reservoir of gaseous xenon above the solution.

As mentioned in Ref. 13, this sequence is robust against magnetic field inhomogeneity. This
feature represents a big advantage over conventional Z-spectroscopy, in particular for the
study of samples with large magnetic susceptibility variations, or for injected samples,
where inhomogeneities may arise from transient bubbles. This property is verified in Figure
S2 of the Supp. Info., which displays the UFZ spectra in the presence of various field
homogeneity levels.

The UFZ approach is evaluated in terms of sensitivity in Figure 4b, which shows the UFZ-
derived signal as a function of the saturation duration for cryptophane 2 at 0.5 μM (all data
points were obtained with a unique xenon reservoir above the solution – so it is a single
bolus experiment). Two B1 saturation fields were tested: 2.4 μT (white squares) and 4.8 μT
(black squares). For the former the data points are more scattered and should render less
precise the determination of the exchange rate. However, multiplying by two the B1 strength
produces more sensitive results (although these data points have been acquired at the end of
the run, thus with a lower polarization). Here the data points are well fitted with a straight
line, as there were enough xenon atoms per cryptophane cage.

For these experiments, the FID and the first echo (n=1) were processed and summed. This
provides a further gain in sensitivity: for instance the difference UFZ spectrum after
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saturation for 8 s with a B1 saturation field of 2.4 μT has a signal-to-noise ratio of 7.1 when
using only the first FID, and a signal-to-noise ratio of 9.4 when the first echo is also used.

Owing to the large magnetization afforded by the optical pumping step and the presence of
the read gradient that enables fast acquisition, it is possible to obtain the UFZ spectra for
various saturation delays within a single shot, by extracting a full UFZ spectrum after small
flip angle pulses interleaved with saturation. Figure 5a displays this sequence, which thus
allows one to perform a one-shot quantification of exchange as a function of saturation time
(QUEST).24 Therefore, we suggest to call this method UFZ QUEST. This sequence has
been applied on cryptophane 2 at 20 μM. It can be observed that the evolution of the dip for
a constant z profile intensity enables the extraction of the exchange rate in a single shot
(Figure 5b).

Xenon in several cryptophanes can be simultaneously detected with UFZ, provided that the
resonance frequencies differ by more than ca. 500 Hz. Increasing the read gradient splits the
apparent frequency difference, but also broadens the dips. Moreover, a too large acquisition
gradient (Gacq) would affect the free xenon resonance. A balance should be sought between
increasing the saturation gradient (Gsat) and reducing the saturation power. Also as expected
a low saturation field strength renders the experiment less sensitive. The use of a composite
saturation step made up of multiple pulse inversion elements,25 may make the technique
more spectrally-selective, and thus allow one to reduce power further.

The sensitivity limit of the one-shot method is of course higher than for conventional Hyper-
CEST, and increases in proportion with the gradient bandwidth used. Stevens et al.26 used
constructs that were optimized for sensitivity and a record detection limit of 0.23 pM
biosensor was achieved (equivalent to a concentration of 0.23 nM in cryptophane). In such a
system if one considers a x Hz inhomogeneous broadening, the one-shot UFZ detection limit
would be increased by y/x for a y Hz bandwidth created by the read gradient. In our case,
keeping an apparent separation of 4 ppm between the signals of Xe@1 and Xe@2 would
mean decreasing the read gradient by a factor 6, and therefore it should be possible to detect
1 nM of each cryptophane in one shot. Also we could have used a higher temperature, which
speeds up the exchange and further lowers the detection limit.

The 129Xe UFZ spectroscopy method enables us to derive an exchange rate constant in a
very short time; this constitutes the specificity and the usefulness of 129Xe UFZ-
spectroscopy with no equivalent in the ‘conventional’ HyperCEST approaches.

The xenon binding constant is by a factor 3.4 lower in 2 as compared to 1 but the excess of
Xe makes the exchange rates the determining parameter for sensitivity (97% of the 1 cages
and 91% of the 2 cages are filled by a xenon atom). Therefore the measurement of 1 appears
more sensitive under these conditions.

In this Communication, we have shown that the recently published UFZ-spectroscopy
method can be of high value for transiently polarized samples, as it enables one to avoid
complications from fluctuations in the magnetization, and to detect low amounts of xenon in
exchange. Such an approach could be valuable for many other studies using hyperpolarized
species in exchange, for example in dissolution DNP experiments,27 but perhaps also in the
SABRE method.28 Further speedup of such methodology could be achieved by combining
UFZ with the parallel measurement of several samples.29

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
First molecular system under study: an aqueous mixture of cryptophane 1 (R=OCH2COOH,
m=n=2; concentration= 30 μM) and cryptophane 2 (R=OCH2COOH, m=3, n=2;
concentration= 90 μM), and 129Xe NMR spectrum obtained in one-scan. A zoomed-in
spectrum of the high field region is presented in the insert, together with the peak
assignment.
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Figure 2.
a) Pulse sequence of UFZ spectroscopy.13 The thin black bar on the 129Xe channel
represents the read pulse (in the following a 90° flip angle pulse), Gsat is the gradient applied
during saturation, Gacq the gradient applied during acquisition. Both gradients are applied
along Z. At the end of the saturation, a gradient crusher is applied along X. b) 129Xe UFZ
spectrum performed at 11.7 T. Top: Z-polarization profile obtained without saturation
(Soff(z)); middle: Z-polarization profile obtained with a CW saturation of 7.1 μT during 2.4
seconds, in the presence of a 24 G.cm−1 gradient along Z (Son(z)). For both spectra, the
acquisition gradient Gacq was also 24 G.cm−1. Bottom: normalized 129Xe UFZ spectrum
obtained by computing (Soff(z)-Son(z))/Soff(z).
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Figure 3.
a) Pulse sequence of the modified UFZ spectroscopy. The dashed part is optional, but
enables the recording of several successive FIDs thanks to a multiple spin echo (the dashed
rectangle is a 180° pulse). The arrows under O1 and O1’ indicate the moment when the
offset is shifted. O1 is centered on the spectral region of caged xenon, O1’ is placed at the
resonance frequency of dissolved xenon. b) 129Xe UFZ spectrum on the mixture of
cryptophanes 1 and 2 in H2O. In red: Z-polarization profile obtained in one scan without
saturation (Soff(z)); in blue: Z-polarization profile obtained in one scan with a CW saturation
of 2.4 μT during 4 seconds, in the presence of an 8 G.cm−1 gradient (Gsat) along Z (Son(z)).
Only the first FID of each sequence has been used. For both spectra, the acquisition gradient
Gacq was 16 G.cm−1. c) Normalized 129Xe UFZ spectrum obtained by computing (Soff(z)-
Son(z))/Soff(z). An abscissa scaling according to the ratio of the two gradients enables us to
obtain the true resonance frequency values of caged xenon.
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Figure 4.
Evolution of the UFZ intensity as a function of the saturation duration for a) the mixture of
cryptophane 1 and cryptophane 2, at 30 μM and 90 μM in H2O respectively. The diamonds
show the data points for 1, and the squares the data points for 2; b) cryptophane 2 alone at
0.5 μM in H2O. In a) the saturation field value was 2.4 μT, in b) the saturation field was
either 2.4 μT (white squares) or 4.8 μT (black squares). In each series and for each
saturation duration value, two acquisitions have been performed (and the summed areas of
the FID and the first echo for each data point were used).

Boutin et al. Page 10

J Phys Chem Lett. Author manuscript; available in PMC 2014 December 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Single shot UFZ QUEST. a) Pulse sequence: the read pulse has a small flip angle α, the
saturation gradient is along the X axis and has an amplitude variable between two
acquisitions; b) Build-up of the 129Xe UFZ intensity as a function of tsat. Twelve saturation
delays were acquired (from 0.5 s to 6 s, increment of 0.5 s) in one scan on a sample of
cryptophane 2 at 20 μM in H2O. α value: 5°; time interval between each saturation: 6.4 ms;
Gsat = 8 G.cm−1; Gacq= 12 G.cm−1. Four Z-profiles are displayed in front of the
corresponding saturation delays.
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