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There have been many proposals to use xenon-based molecular sensors in biological settings. Fundamen-
tal to understanding the properties of these sensors in vivo is characterizing their behavior in lipid envi-
ronments. We report the investigation of xenon-based molecular sensors in suspensions of lipid vesicles
with a size comparable to cells. We detail spectroscopic properties of sensors associated with lipid ves-
icles as well as those in equilibrium in the surrounding solution. We characterize the dependence of the
spectral parameters on temperature, relevant for studies at physiological temperatures. We also demon-
strate the ability to perform selective saturation transfer (Hyper-CEST) between sensor, both lipid bound
and unbound, and the bulk solution. Lastly, we demonstrate the applicability of saturation transfer in the
heterogeneous medium as an imaging modality.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Xenon-based molecular sensors are host molecules that are de-
signed to give a unique magnetic resonance (MR) signal from a xe-
non atom that is temporarily encapsulated [1]. These sensors, often
referred to as xenon biosensors, can be conjugated with a moiety
that confers chemical specificity for binding to a particular analyte;
examples of such binding moieties are biotin or avidin [1], oligonu-
cleotides or aptamers [2,3], or enzyme substrates [4]. Binding to a
molecular target causes localization of the sensor in regions con-
taining the analyte, making it possible to image the target of chem-
ical interest [5]. While there is great potential in using these
sensors for targeted molecular imaging in vivo, for example, in
the determination of distributions of cell surface receptors [3],
their non-specific interactions with many biological materials are
poorly understood. Some interaction between the hydrophobic
xenon-binding moiety (a cryptophane molecule) that has been tar-
geted to a cell surface receptor and the hydrophobic interior of the
cell membrane is likely. Studies have been conducted on crypto-
phanes in hydrophobic organic solvents [6,7] and in human plasma
[8], but there has been no previous report on the interaction of
cryptophanes with lipid vesicles.
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We investigated interactions between cryptophane and lipid ves-
icles that are comparable in size and composition to cell membranes
[9] using xenon NMR; the system is shown schematically in Fig. 1. Li-
pid vesicles have been successfully used as carrier agents for xenon
(without cryptophane-based sensors) in MR angiography [9] and in
MR imaging of the rat brain [10]; these and other reports [11,12]
indicate that xenon is more soluble in lipids than in water. In addi-
tion, we hypothesized that cryptophane, a hydrophobic molecule,
would show greater solubility in a lipid emulsion than in pure water.
The increased solubility of both xenon and the sensor is advanta-
geous in maximizing signal. Furthermore, we hoped to resolve the
signals corresponding to free xenon dissolved in both aqueous and
lipid environments, as well as the signals corresponding to xenon
bound in the sensor in both aqueous and lipid environments. We
wanted to extend previous work involving the temperature depen-
dence of the chemical shift values for these signals. Lastly, we pre-
dicted that we could selectively image the sensor in aqueous and
lipid environments, illustrating the application of xenon-based
molecular sensors to targeted imaging in biological mixtures.
2. Results and discussion

2.1. Lipid suspensions vs. aqueous solutions

In all experiments reported here, we used a variant of crypto-
phane-A cage (inset in Fig. 1) as a xenon host. This cage molecule
has acetate groups chemically attached to its exterior, conferring
partial solubility in the aqueous phase of the suspension; we refer
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Fig. 1. A schematic of the various pools of xenon in this study. Xelipid (green) and
Xeaq (red) correspond to unbound xenon. Xe@cagelipid (dark blue) and Xe@cageaq

(yellow) appear �130 ppm upfield of the Xeaq peak. The cage is represented by the
light blue hexagon. The modified cryptophane cage used in these studies, shown in
the inset, is termed ‘‘diacid cage”. The introduction of two acetate groups confers
some water solubility to this otherwise hydrophobic molecule.
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to this cryptophane compound as diacid cage. A saturated aqueous
solution has 15 ± 5 lM of the diacid cage, as determined by UV–vis
absorbance (e287nm = 8000 M�1 cm�1) [13].

The NMR spectrum of xenon bubbled into pure water shows
peaks corresponding to gaseous xenon (referenced to 0 ppm) and
to xenon dissolved in water (Xeaq) at 189 ppm. Fig. 2 shows the xe-
non-NMR spectrum of diacid cage in water (black), with reso-
nances at 62 and 189 ppm, corresponding to xenon bound in the
cryptophane cage in an aqueous environment (Xe@cageaq) and free
0% lipid
1% lipid
10% lipid

frequency [ppm]
200 150 100 50 0
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Fig. 2. Xenon NMR spectra of the diacid cage in samples of 0% (black), 1% (red), and
10% (blue) lipid content. The peaks at �190 ppm correspond to the Xeaq and Xelipid

peaks, while the peaks at 63 and 73 ppm correspond to Xe@cageaq and Xe@cagelipid,
respectively. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
xenon in aqueous solution (Xeaq), respectively. These shifts are
consistent with those reported elsewhere [1].

The spectrum of diacid cryptophane in a 1% lipid suspension
(red in Fig. 2) showed three resonances: the two found in the pure
aqueous solution and a third resonance at 73 ppm. We attribute
this third resonance to that of xenon bound in the cryptophane
cage in a lipid environment (Xe@cagelipid). The integrated areas
of the Xe@cage peaks in the 1% lipid suspension give relative signal
intensities of 1:2 (Xe@cagelipid:Xe@cageaq). Because this ratio is
much larger than the lipid/water volume ratio (1:100), we estimate
that diacid cage is at least 50 times more soluble in lipid than in
water. As previous data show that the binding affinity of xenon
for the cage in water is greater than in an apolar solvent [14], it
is unlikely that the 1:2 ratio of the Xe@cagelipid:Xe@cageaq signals
can be explained by a greater fraction of cages containing xenon in
the lipid phase. With 5% and 2% lipid suspensions, both Xe@cageaq

and the Xe@cagelipid peaks were clearly visible, but when the lipid
content was increased to 10%, only one peak was observed: Xe@
cagelipid at 73 ppm (blue in Fig. 2). The ratio of peak intensities,
Xe@cagelipid:Xe@cageaq, for the 2% and 5% lipid suspensions was
0.9:1 and 1.6:1, respectively. This increase of the Xe@cagelipid:Xe
@cageaq ratio with lipid content verifies the preferential partition-
ing of cage and xenon into the aliphatic lipid environment.

Beyond the changes in the Xe@cage peaks due to lipid content,
we note that the peak at 189 ppm shifts downfield and is broad-
ened upon addition of the lipid. We fitted this region of the spec-
trum using two Lorentzian curves, representing the Xeaq and
Xelipid peaks. These fits show a broad peak �1 ppm downfield of
a narrower, more intense peak. We attribute the more intense peak
to Xeaq because it has a chemical shift value closer to that of Xeaq

from the 0% lipid solution. The chemical shift value for the Xeaq

peak increases with increasing lipid content; this effect, reported
previously with proteins [15], is a result of weak surface interac-
tions between xenon atoms and other molecules in solution. The
observation of distinct Xeaq and Xelipid peaks indicates that these
two pools exchange slowly on the chemical shift timescale. While
the integrated areas of the solvent peaks do not show a quantita-
tive relationship with the lipid content of a given sample, a trend
of increasing Xelipid peak area with increasing lipid content is ob-
served. The lack of quantitative agreement is probably due to error
in the fits resulting from the large difference in the intensities of
the two fitted peaks. Nevertheless, the fit parameters yield a sys-
tematic trend for the chemical shift values of both the Xeaq and
Xelipid peaks, supporting the validity of the fits, which are provided
as Supporting Information. Interestingly, we note that the chemical
shift separation between the xenon signals in aqueous and lipid
environments without the cage (�1 ppm) is ten times smaller than
the separation with the cage (�10 ppm). This ability of a host mol-
ecule to amplify the chemical shift separation may be useful in
determining the local chemical environment of the cage and other
molecules to which the cage may be bound.

2.2. Temperature dependence

We explored the temperature dependence of xenon-based
molecular sensors in lipid suspensions at temperatures from 5 �C
to 40 �C. Following initial equilibration at room temperature, sam-
ples were allowed to equilibrate for 5 min. at each temperature
point before data acquisition. At temperatures below 25 �C, the
Xelipid peaks for the 1%, 2%, and 5% lipid suspensions were distin-
guishable from the Xeaq peaks, as shown in Fig. S2. However, at
temperatures above 25 �C the peaks overlapped and could not be
fitted unambiguously. Generally, the position of the Xeaq peak var-
ied quadratically with temperature, as has been reported previ-
ously [16], while the position of the Xelipid peak decreased with
increasing temperature. The chemical shift values of the Xe@cageaq



Table 1
Integrated peak areas of a xenon-NMR spectrum of a 1% lipid suspension following
saturation at various frequencies. Letters designating the saturation frequency
correspond to the spectra in Fig. 3.

Saturation frequency Xelipid Xeaq Xe@cagelipid Xe@cageaq
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and Xe@cagelipid peaks showed a linear increase with tempera-
ture—the slope of the Xe@cageaq shift was consistent with previous
results at 0.31 ± 0.01 ppm �C�1 [17], and that of the Xe@cagelipid

peak was 0.18 ± 0.03 ppm �C�1. Plots of chemical shift values at dif-
ferent temperatures are available as Supporting Information.
a (�432.8 ppm) 1.00a 0.93 0.36 0.18
b (49.7 ppm) 0.82 0.81 0.39 0.15
c (59.4 ppm)c 0.58 0.05 0.11 0.09
d (64.3 ppm) 0.40 0.37 0.21 0.06
e (69.1 ppm)d 0.10 0.05 0.00b 0.00b

f (88.6 ppm) 0.82 0.65 0.32 0.14

a All peak areas normalized to this value.
b No observable peak at this frequency.
c This frequency corresponds to Xe@cageaq.
d This frequency corresponds to Xe@cagelipid.

off-resonant
saturation

on-resonant
saturation

a

2.3. Saturation transfer

When using xenon-based molecular sensors in mixed aqueous/
lipid environments, exchange among four distinct xenon pools af-
fects the system, illustrated schematically in Fig. 1. To qualitatively
characterize these exchange pathways between the different pools,
we used the approach termed Hyper-CEST [18], analogous to Xe-
non Polarization Transfer Contrast (XTC) [19], in which a decrease
in the Xeaq signal following saturation at the Xe@cage frequency
occurs in the presence of the molecular sensor. In our experiments,
saturation pulses were 500 ms in duration, much longer than the
30 ms residence time of xenon atoms reported for cryptophane
cage in water [13], and were designed to have a bandwidth of
�1.8 ppm (150 Hz) [20].

As shown in Fig. 3, when a saturation pulse was applied at a fre-
quency far off resonance from the Xe@cage signals (spectrum f), no
change was observed in the signal intensity of any peak. When the
pulse was applied at frequencies at or near the Xe@cage peaks, sat-
uration was observed to varying degrees in other peaks. The results
of these saturation transfer experiments are summarized in Table 1.
The transfer of saturation between the lipid and aqueous pools
indicates chemical exchange of xenon between these two environ-
ments on the time scale of the applied saturation pulse (500 ms).
The difference in the degree of saturation as a result of pulses ap-
plied at the Xe@cageaq vs. Xe@cagelipid frequencies indicates more
rapid exchange of xenon in and out of the cage in the lipid phase
than in water. This observation is consistent with the linewidths
of the Xe@cage peaks; the linewidth of the Xe@cagelipid peak, a
property indicative of the exchange rate, is two to five times wider
than that of the Xe@cageaq peak in both the 1% and 2% lipid
samples (see Supporting Information). Ultimately, higher concen-
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Fig. 3. The xenon NMR spectra following Hyper-CEST saturation at different
saturation frequencies as indicated by the small arrows. Saturation is most
apparent when saturating directly on the Xe@cage peaks (spectra b and d),
especially the Xe@cagelipid peak. When saturating the Xe@cagelipid peak (spectrum
b), the individual Xeaq and Xelipid peaks become apparent due to the reduction in
peak intensity.
trations of both xenon and cage in the lipid environment, together
with more rapid exchange, result in more efficient Hyper-CEST sat-
uration in lipid environments using xenon-based molecular sen-
sors. This increased saturation efficiency could be used to
improve xenon NMR detection sensitivity in lipophilic systems.
2.4. Imaging

To demonstrate the applicability of frequency-selective Hyper-
CEST detection to imaging, we combined saturation with phase-
encoded imaging, as shown in Fig. 4. When weak saturation pulses
were applied resonant with either Xe@cagelipid or Xe@cageaq, the
response was total saturation of the Xeaq and Xelipid peaks, verify-
ing the presence of diacid cage (Fig. 4a and c). In contrast, when
saturation was applied at a frequency directly between those of
the two cage peaks, insufficient contrast was generated to verify
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Fig. 4. A demonstration of the selectivity of Hyper-CEST for imaging with the diacid
cage in lipid suspension. When saturation is applied to either the Xe@cageaq (a) or
Xe@cagelipid (c) peak, the response is diminished in the on-resonant case. When
saturation is applied at a frequency between the two Xe@cage peaks (b), there is no
apparent saturation in the image. The applied radio frequency field in these imaging
experiments is approximately one-fifth the amplitude of that used in Fig. 3, giving
increased selectivity.
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the presence of cage in the Hyper-CEST images (Fig. 4b). This dem-
onstrates the utility of frequency-selective saturation for detecting
multiple molecular sensors with small frequency separations.
Based on the unique response of the Xe@cageaq and Xe@cagelipid

signals to saturation, we anticipate the development of multiplex-
ing using xenon-based molecular sensors. Incorporating multiplex-
ing with previously reported work on the detection of low
concentrations of sensor [17] may provide a facile way to charac-
terize an analyte with NMR in a way analogous to multiplexed
optical detection using fluorophores.
3. Conclusion

The NMR signal enhancement resulting from increased amounts
of xenon and sensor in lipid environments reduces sensitivity
requirements for detection of analytes typically found in lipophilic
media. The response of the Xeaq and Xelipid peaks to saturation at
frequencies corresponding to Xe@cageaq and Xe@cagelipid reduces
these sensitivity requirements even further. In addition, differences
in the chemical shift of xenon in the presence of molecular sensor
facilitate the discrimination of the chemical environment of xenon,
either aqueous or lipid, with greater frequency resolution than in
the absence of sensor. Interestingly, xenon-based molecular sen-
sors in lipid emulsions show a quantitative dependence on temper-
ature; it is possible that a similar dependence on other solvent
properties, for example, pH, will emerge in future experiments.
By exploiting the response to both magnetization transfer and to
physical and chemical properties of the local environment, sensors
could be designed that simultaneously analyze several properties
of a system of interest, for example, biological or other chemical
markers, that appear in different concentrations in lipophilic and
hydrophilic regions of the body.
4. Experimental

Dilute suspensions of lipid vesicles were prepared from a phar-
maceutical grade lipid suspension (Intralipid� 20%, Pharmacia)
that contains vesicles 100–500 nm in diameter [10]. Lipid emulsion
was diluted with water/D2O (minimum 30% D2O for frequency
locking in the spectrometer) to 1%, 2%, 5%, and 10% lipid content.
To each aliquot of this dilute lipid suspension (4.0 mL) was added
a variant of cryptophane-A (2.0 ± 0.4 mg), termed diacid cage, with
two methoxy groups each replaced by methyl carboxylic acid
groups for increased water solubility. The concentration of diacid
cage in the lipid suspension could not be directly measured during
sample preparation because the lipid vesicles strongly scatter light.
By allowing the sample to settle for �10 min after shaking and by
pipetting from the top of the suspension, we avoided introducing
powder into the NMR sample tubes; thus, the amount of dissolved
cage was fixed for any given lipid concentration.

Data were recorded on a 7.05 T NMR spectrometer (Varian, Palo
Alto, CA) using 5 mm and 10 mm (spectroscopy) and 30 mm
(imaging) probes. Hyperpolarized xenon (P � 4%) [21,22] was gen-
erated with a XenoSpin polarizer (Amersham Health, Durham, NC)
from a gas mixture of 89% He, 10% N2, and 1% xenon with
natural-abundance isotopes (Praxair) at �70 psi. Gas containing
hyperpolarized xenon was bubbled (15–20 s, 0.45 standard liters
per minute) into the NMR tubes containing sample (�2.5 mL for
the 10 mm probe, �1.0 mL for the 5 mm probe). Gas flow was
interrupted using a stopped-flow system [23], followed by a delay
(5–15 s) to allow the bubbles to dissipate. The temperature of the
system was controlled using the variable temperature unit of the
spectrometer. The Hyper-CEST experiments (5 mm probe) were
conducted using a continuous wave (cw) saturation period
(500 ms, applied radio frequency field strength B1 = 2.23 lT), fol-
lowed by a hard 90� pulse and readout of a free induction decay
(50 ms). After Fourier transformation (FT) and application of an
apodization filter, the xenon gas peak was referenced to 0 ppm in
each spectrum for which a gas peak was present. All other spectra
used the same reference for 0 ppm. Peaks were fitted to the data
using the built-in fit routines in the IGOR Pro 6.1 software package
(WaveMetrics Inc., Lake Oswego, OR).

Imaging experiments were conducted using a gradient coil
assembly (Resonance Research Inc., Billerica, MA) for spatial
encoding. Two 10 mm NMR tubes were each connected to the
gas delivery system and placed side-by-side in a 30 mm NMR
probe. When using two phantoms, the flow output of the polarizer
was increased to 0.65 standard liters per minute. No attempt was
made to compensate for differences in polarization output with
increased flow. Hyper-CEST images were acquired using a cw
saturation pulse (6 s, applied field strength B1 = 0.44 lT) and a
slice-selective 90� pulse along the z-dimension (1.2 ms, sinc shape,
13.5 mm slice-thickness) with subsequent 2-dimensional phase
encoding (15 � 30 mm2 field-of-view, matrix size 4 � 8). Each
point in k-space was read out once for 1024 ms with 5 kHz spectral
width. Post-processing using MATLAB� (The MathWorks Inc., Na-
tick, MA) included two-dimensional FT for spatial reconstruction
after zero-filling to an 8 � 16 dataset and one-dimensional FT for
spectral reconstruction. Images showing the spatial distribution
of the xenon signal at d � 190 ppm were generated by summation
of the signal intensity over five data points (�0.74 ppm) in the
absolute spectrum and subsequent color-encoding of these values.
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