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Hyperpolarized xenon-129 (hp-129Xe) has proven to be an
effective reporter for many biological and chemical systems,
including in vivo medical imaging.[1] Xenon NMR is also
useful in material science as a highly sensitive, inert probe for
the properties of liquid-crystal (LC) phases, nanochannels,
and porous structures, and as a real-time reporter for the
progress of chemical processes.[2] Anisotropic chemical envi-
ronments, such as LC phases, can cause substantial shielding
anisotropy in the xenon chemical shift tensor.[3] This aniso-
tropy is due to deformation of xenonÏs electron cloud caused
by the ordering of molecules near it. In an isotropic environ-
ment, unrestricted molecular tumbling averages this contri-
bution to zero. When molecular motion is constrained by
electrostatic, steric, or other noncovalent interactions in an
ordered phase, an anisotropic contribution, proportional to
the degree of LC order, adds to the observed 129Xe chemical
shift. For thermotropic LCs like N-(4-methoxybenzylidene)-
4-butylaniline (MBBA), the degree of positional ordering and
angle of the director axis with respect to the external field can
be deduced from the xenon chemical shift anisotropy through
variable-temperature studies.[2a]

In addition to materials applications, the ability to study
LC phases by using hp-129Xe NMR spectroscopy will be
advantageous for biosensing. Hp-129Xe has proven effective
for detection and analysis of a growing number of biological
samples, including gas vesicles, bacterial spores, bacterio-

phage, proteins, and cells.[4] Biological processes, such as
enzymatic cleavage and protein complex formation, have also
been monitored by xenon NMR.[5] In a number of these
studies, hp-129Xe associated with targeted cryptophane con-
jugates has modest changes in chemical shift upon binding to
biological targets. The introduction of orientation-dependent
interactions in an ordered environment is expected to
enhance the shift change associated with xenon binding
events. Increasing the separation of bound and unbound
sensor resonance signals will allow better contrast, and faster,
more sensitive biosensing.

NMR studies with hp-129Xe require rapid delivery to avoid
loss of signal through relaxation before detection. Hp-129Xe
has usually been introduced into samples through bubbling or
shaking of Xe gas mixtures with the solution of interest, but
these approaches are incompatible with viscous and/or easily
damaged solutions such as liquid crystals or cell suspen-
sions.[4, 5b–d, 6] An alternate approach has been to flow the
solution of interest around Xe-permeable membrane tubes
pressurized externally with hp-129Xe, then into the NMR
probe, for example, over alginate beads containing cells.[6]

This family of setups relies on the ability to pre-dissolve hp-
129Xe into a flowing transport medium that is later added to
a sample of interest in the magnet.[7] Unfortunately, this
approach is also incompatible with highly viscous or shear-
sensitive solutions.

By contrast, the dissolution of xenon into stationary
liquids has been accomplished in two different ways: first, by
pressurization with thermally polarized (TP), isotopically
enriched, pure xenon sources,[3, 5a, 8] and second, by using
porous polypropylene hollow membrane fibers.[9] Until now,
the only way to visualize viscous media by 129Xe NMR
spectroscopy was through TP-xenon pressurization, which is
costly and often time consuming compared to hp-129Xe
experiments. In the latter case, the solutions studied were
neither viscous nor sensitive to agitation. We have also noted
that polypropylene hollow fibers tend to rupture and break
easily compared to silicone, often leading to the generation or
trapping of bubbles in viscous samples.

To enable hp-129Xe studies of viscous, ordered, or other-
wise mechanically sensitive solutions, we developed a new
method for direct dissolution of hp-129Xe into any solution
through silicone gas-exchange membranes, in situ in the
NMR spectrometer. This approach is compatible with existing
NMR probes. The membrane device, circa 4 mm in diameter,
fits into a standard 5 mm NMR tube and requires less than
60 mL of sample. Samples are recoverable and no loss of
performance was detected after repeated introduction and
removal of samples.

A schematic of the assembled setup is shown in Figure 1.
A detailed description of the setup and the experimental
procedure using this device can be found in the Supporting
Information. In short, the sample is injected by syringe
through a polyimide fluid inlet tube and into the membranes
by means of a plastic flow director cap.

Compared to previous xenon dissolution work, the
positions of the hp-129Xe gas and sample are reversed in our
assembly: where other devices had xenon flowing from the
inner volume of hollow fiber membranes to a surrounding
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sample liquid, we elected to place the sample inside the
hollow fibers surrounded by hp-129Xe gas.[7,9] By placing the
sample inside the membranes and selectively exciting the
dissolved xenon resonance signal, we utilize our pool of
hyperpolarized xenon gas more efficiently, compared to
previous membrane-based dissolution setups, while also
requiring significantly less sample compared to typical
bubbling experiments.

129Xe spectra acquired using this system confirm the
dissolution of xenon inside isotropic and ordered nematic
solutions. The organic LC in this study was MBBA, which is
uniaxial and thermotropic. Weakly aligning, uniaxial pf1 bac-
teriophage was studied as an example of an aqueous LC
medium. Variable-temperature studies of MBBA and varia-
ble-concentration studies of solutions of the bacteriopha-
ge pf1 were carried out by using 2H and 129Xe NMR spectro-
scopic experiments to confirm ordering and to demonstrate
the utility of our approach for introducing hp-Xe into
previously inaccessible systems.

We used both aqueous and organic liquid crystals to serve
as examples of viscous and aligned media, demonstrating the
broad applicability of the device. Pf1 bacteriophage and
MBBA were used as model samples because neither can be
probed by hp-129Xe using bubbling or “shake-and-bake”
experiments (which consist of pressurizing then physically
agitating the sample to encourage mixing of the gas and
solution). Both MBBA and pf1 are too viscous for bubbling to
effectively dissolve xenon in a 5 mm tube. Shake-and-bake
experiments fail because of poor mixing as well as the long
times required to re-establish macroscopic order after mixing.
Bacteriophage pf1 further serves as a model for relatively
fragile biological samples, since shear forces caused by
shaking or bubbling can damage it.[10] Since the ability of
bacteriophage pf1 to form ordered phases relies on its
structure being intact, the observation of unperturbed molec-

ular ordering by pf1 indicates that this setup should be useful
to study other delicate samples, such as living cells.

Molecular ordering was monitored by 2H NMR spectros-
copy. Deuterium, a nucleus with spin = 1, has a quadrupole
moment and yields a distinct peak splitting in aligned media.
Observation of 2H splittings confirmed that alignment was
maintained in both MBBA and pf1 during the introduction of
xenon.

A resonance signal attributable to xenon inside the walls
of the silicone membranes consistently appeared at around
d = 195 ppm in 129Xe NMR spectra (Figure 2; Figure 3). The
xenon-in-silicone signal moved an average 0.28 ppm/88C

upfield for aqueous samples and 0.23 ppm/88C upfield for
organic samples. This linear, upfield trend has also been
observed for xenon adsorbed in polydimethylsiloxane
(PDMS).[11] Dissolution of hyperpolarized xenon in aqueous
and organic liquids of both low and high viscosity inside the
membranes occurred in less than a minute, as monitored by
the time evolution of signals for dissolved xenon in arrayed
single-shot spectra.

The resonance signal for dissolved xenon in aqueous
solution was detected near d = 191 ppm (Figure 2, right),
consistent with the value from bubbling xenon directly into
solution. Viscous aqueous samples of pf1 bacteriophage
provided weaker signals than the MBBA, due, in part, to
the lower solubility of xenon in water.[12] Nevertheless, the
increase in 2H quadrupolar splittings from D2O, reflecting
increased order of the D2O

[13] with increasing concentrations
of phage (Figure 2, left), demonstrate that the ordering
remains unperturbed inside the membranes. Recent theoret-
ical work supports that the order we observe inside the
membranes is due to external-field-induced alignment and
not wall interactions.[14] Drawing from a study that applied
thermally polarized xenon to an aqueous, lyotropic LC, we
believe the significant broadening of the 2H resonance signals
with increasing phage concentration (Figure 2) may reflect
a collapse of the liquid-crystal phase.[8b]

Figure 1. Cut-away view of the membrane device showing the internal
design of membrane fibers and the flow director. The sample (blue) is
injected into the central polyimide fluid inlet tube (orange) and into
the membranes by means of the flow director, which caps the bottom
of the prototype. Xenon gas is introduced into and removed from the
surrounding space through the gas inlet and outlet capillaries (green).

Figure 2. 2H and 129Xe NMR spectra of 10% D2O in 0–30 mgmL¢1

pf1 phage. 2H quadrupolar splitting indicates increasing ordering of
D2O molecules as the phage concentration increases. The signal for
dissolved 129Xe at d�191 ppm broadens and coalesces with the
silicone signal as phage concentrations increase.
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MBBA has a well-characterized nematic-to-isotropic
phase transition,[15] with the temperature at which this phase
transition occurs heavily dependent on the identity and
amount of solute dissolved in the MBBA.[16] The 2H NMR
spectra (Figure 3, top) show quadrupolar splittings of
[D6]benzene at low temperatures but which disappear
between 35 88C and 40 88C, demonstrating a loss of order. This
interval is consistent with previous work on similar samples.[16]

129Xe has a spin of 1/2 and, therefore, does not have
a quadrupole moment, but the chemical shift is sensitive to
phase transitions in ordered media. A linear variation in the
xenon-in-MBBA chemical shift occurs because of the increas-
ing temperature, with an abrupt chemical shift change Dd =

12.4 ppm between 35 88C and 40 88C (Figure 3, bottom). This
marked increase in shielding indicates a positive anisotropy of
diamagnetic susceptibility, a known quality of MBBA,[17] and
a common characteristic of liquid crystals whose director axes
are parallel to the external field.[2a]

Both MBBA and pf1 bacteriophage are highly viscous
samples into which xenon gas cannot be introduced by
bubbling or shaking methods, previously precluding hyper-
polarized gas experiments. With our device, it is now possible

to obtain high quality hyperpolarized xenon NMR spectra of
these viscous solutions, or others prone to damage by
agitation, in a moderate timeframe without the requirement
of isotopically enriched xenon sources, liquid flow, or shaking.

We have developed the first robust method for dissolving
hp-129Xe directly into viscous liquids without bubbling,
enabling completely new types of hyperpolarized gas studies.
Proof-of-concept experiments demonstrated the quantitative
abilities of this method in both aqueous and organic solutions,
specifically in the detection of the nematic–isotropic phase
transition of a thermotropic liquid crystal. These results mark
the potential for new studies of hp-129Xe in viscous and other
anisotropic media, including those with cells, protein solu-
tions, liquid crystals, and polymers. This system also allows
direct introduction of other gases into the sample, including
oxygen and carbon dioxide for cell suspensions.

Experimental Section
Details of membrane assembly construction and the experimental
setup can be found in the Supporting Information.

Sample preparation: Solutions of [D6]benzene (Isotec; 3% by
volume) in MBBA (Sigma–Aldrich) were used for studies of solute
ordering by 2H and 129Xe NMR experiments inside the membranes.
Solutions of D2O (Sigma–Aldrich; 10% by volume) in 0–30 mgmL¢1

pf1 bacteriophage (Asla Biotech) were prepared by diluting the
phage with deionized water. All phage experiments were carried out
at 15 88C.

NMR experiments: Hyperpolarized 129Xe was generated by spin-
exchange optical pumping of a gas mixture of 2% Xe, 10% N2, and
88% He (Airgas) using a homebuilt polarizer. Hp-129Xe flowed
directly into 5 mm or 10 mm valved NMR tubes for the pf1 phage and
the MBBA samples, respectively, at 0.2 slpm (slpm = standard liter
per minute) held at 240 kPa for all experiments. All NMR data were
acquired on a 9.4 T magnet with a Varian VNMRS console.

129Xe NMR experiments were carried out using a multiple-
acquisition, selective-excitation sequence with a center frequency at
17 kHz relative to the resonance frequency of 129Xe gas at 9.4 T
(� 110 MHz) and a bandwidth of 5 kHz to 8 kHz. Between 4 and 8
transients were collected per repetition, followed by a 10 s delay
during which hp-Xe inside the phantom was replenished. A fitting
with a glass capillary allowed the flow of hyperpolarized xenon from
a homebuilt polarizer to the bottom of the phantom. Spectra were
referenced to the Xe gas signal.

2H NMR data were acquired with xenon flowing through the
system to assure that observed ordering was maintained in the
presence of xenon. A basic pulse-acquire sequence with a pulse length
of 17.5 ms (5 mm probe) or 34 ms (10 mm probe) and a 1 s delay
between transients was used. In the variable temperature studies of
MBBA, temperatures were swept from low to high. An equilibration
time of about 40 min was used after each temperature increase to
ensure equilibration inside the membranes such that 2H quadrupolar
splittings remained constant.
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Figure 3. 2H (top) and 129Xe (bottom) NMR spectra of 3% [D6]benzene
in MBBA samples inside the membrane assembly over a range of
temperatures. The signal for dissolved Xe appears between d =

200–220 ppm in the 129Xe spectrum. The xenon-in-silicone signal at
d =190–196 ppm is not phase corrected for better resolution between
it and the dissolved xenon signal and is likely negatively phased as
a result of residual suppressed signal. 2H quadrupolar splitting indi-
cates a transition from an anisotropic to an isotropic phase between
35 88C and 40 88C, in good agreement with the jump in the 129Xe
chemical shift of circa 13 ppm for the same temperature range.
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