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We report hyperpolarized Xe signal advancement by metal-organic
framework (MOF) entrapment (Hyper-SAME) in aqueous solution.
The '?°Xe NMR signal is drastically promoted by entrapping the Xe
into the pores of MOFs. The chemical shift of entrapped '*°Xe is
clearly distinguishable from that of free '*°Xe in water, due to the
surface and pore environment of MOFs. The influences from the crys-
tal size of MOFs and their concentration in water are studied. A zinc
imidazole MOF, zeolitic imidazole framework-8 (ZIF-8), with particle
size of 110 nm at a concentration of 100 mg/mL, was used to give an
NMR signal with intensity four times that of free '**Xe in water. Ad-
ditionally, Hyper-SAME is compatible with hyperpolarized '**Xe
chemical exchange saturation transfer. The '>°Xe NMR signal can be
amplified further by combining the two techniques. More impor-
tantly, Hyper-SAME provides a way to make detection of hyperpolar-
ized 'Xe in aqueous solution convenient and broadens the
application area of MOFs.
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G as molecules are excellent probes for bioimaging using NMR
techniques (1-4). This approach has great potential for non-
invasive diagnosis and therapy evaluation of diseases of the respi-
ratory system with merits unmatched by other techniques (5, 6).
Among the gaseous probes, 1*’Xe has been most widely explored
and is able to provide hiéh signal intensity through hyperpolar-
ization. Additionally, the 'Xe NMR signal intensity can be am-
plified through a technology called hyperpolarized Xe signal
amplification by gas extraction (Hyper-SAGE) (7). However, '“Xe
NMR detection is not specific; if it is directly used for biological
system detection, the contrast between the biological tissues and
blood is usually low due to the similar chemical shifts of '**Xe in
these aqueous environments (8). Recently, molecular cages such as
cryptophane-A (CrypA) have been successfully applied to bind
hyperpolarized '*’Xe into its pore to give a unique chemical shift
different from that of '**Xe in aqueous solution (9). Coupling
cryptophane with functional groups that can be tailored chemically,
these molecular cages provide desirable selectivity for the imaging
of target biomolecules or cells by NMR (10-15). Additionally, the
captured '?Xe atoms reversibly bind to cages and can be detected
at ultralow concentration through hyperpolarized '*’Xe chemical
exchange saturation transfer (Hyper-CEST) (16). However, the
low solubility of these cages in aqueous solution results in limited
sensitivity of the corresponding *’Xe NMR signal, even when
saturated aqueous solutions are used. The intensities of '**Xe
signals in these cages are usually less than 1/10 that of free '**Xe
dissolved in water (Fig. 1B); therefore, the main portion of '**Xe is
left unutilized. The molecular structure of these cages allows for
chemical modification with hydrophilic functional groups to in-
crease their solubility (17, 18). It remains challenging to bring up
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the signal intensity to exceed that of free **Xe in water in fast and
direct detection. Here, we show that the signal intensity of hyper-
polarized '*’Xe is enhanced by hyperpolarized Xe signal ad-
vancement by metal-organic framework (MOF) entrapment
(Hyper-SAME) in aqueous solution (Fig. 1). Specifically, a
water-stable MOF composed of zinc and 2-methylimidazole
(mIM), ZIF-8 (19, 20), was synthesized with tunable nanocrystal
sizes for the optimal accommodation of Xe. The zinc ions at the
framework surface provide excellent dispersity for these MOF
nanoparticles in water. In addition, the hydrophobic pore envi-
ronment offers specific interaction with the Xe atom, reflected in
a characteristic chemical shift near 84 ppm (parts per million),
which is ~109 ppm apart from that of free '*’Xe in aqueous
solution (near 193 ppm). The peak of entrapped '**Xe is un-
ambiguously identified, and its intensity exceeds that of free
129Xe in aqueous solution (Fig. 1 A4 and B), leading to a high
utilization rate of '*Xe. The signal intensity of hyperpolarized
129Xe entrapped in MOF pores, corresponding to integral, is
four times stronger than that of free '®Xe, 80 times stronger
than that of the-state-of-the-art CrypA modified with one car-
boxylate group, and 200 times stronger than that of pristine
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Fig. 1. lllustrations of Hyper-SAME and '?°Xe NMR spectra for ZIF-8 in aqueous solution. (A) lllustration of '**Xe NMR signal enhanced by ZIF-8 in aqueous
media. (B) NMR spectra of hyperpolarized '°Xe in ultrapure water, saturated CrypA, and ZIF-8 (5.0 mg/mL) in aqueous solution. For all spectra, numbers of
scan (NS) = 16, LB = 10 Hz. (C) Entrapment of hyperpolarized 129%e in ZIF-8 crystals. The aperture of the six-membered ring is built by six 2-methylimidazole
and six zinc ions. The distance between two opposite zinc atoms is 11 A. The diameter of the largest sphere which will pass through the window of the six-
membered ring is 3.8 A. However, the flexibility of the structure allows for an effective diameter from 3.8 A to 4.3 A, which is suitable for the entrance of Xe.
The four-membered ring (3.2 A) is too small for Xe atom entry and escape. Entrapped Xe is in orange and the dissolved Xe in red. (D) NMR spectra of
hyperpolarized '?°Xe in ZIF-8 nanocrystals (110 nm) at different concentrations (2.5, 5.0, 10, 15, 20, and 25 mg/mL) in aqueous solution, NS = 16, LB = 10 Hz.
For these '2°Xe NMR spectra, a zg sequence was applied for acquisition (rectangular pulse, the pulse length p1 = 31.8 ps).

CrypA, all at saturated conditions with identical volumes of
water (SI Appendix, Figs. S28 and S29).

MOFs are porous crystalline materials constructed by metal-
containing units with organic linkers (21-24) and have wide
potential use in gas capture and separation (25-30), biomolecule
encapsulation (31), and biomedical applications (32, 33). Gas
molecules have been routinely used to study the pore environ-
ment of MOFs (19-33), with '*’Xe as one of the probes (34-37).
However, the cag)ability of MOFs to promote NMR signal of
hyperpolarized '**Xe in aqueous solution was left unexplored.
Different from conventional molecular hosts used to trap Xe
atoms (38-42), the high surface area and porosity of MOFs are
ideally suited to concentrate Xe atoms into the pores, separating
them from aqueous solution. Therefore, MOFs not only provide
a unique chemical shift as a fingerprint peak for entrapped
hyperpolarized '*’Xe but are also capable of greatly enhancing
the NMR signals. In this study we demonstrated the '*Xe NMR
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signal amplification by MOFs. The water-soluble surface, hy-
drophobic pore environment, and chemical stability of ZIF-§,
combined with its suitable pore size for '**Xe, make it an ex-
cellent molecular host for **Xe and its NMR signal advance-
ment in aqueous solution.

Results and Discussion

ZIF-8 nanoparticles were synthesized by mixing solutions of
2-methyl-imidazolate and zinc salts. The particle sizes of ZIF-8
were precisely controlled by reaction time and solvent types (SI
Appendix, section SI). A series of five ZIF-8 nanoparticles with
gradually increasing particle sizes, 50, 110, 120, 300, and 700 nm,
were prepared with narrow size distributions, as reflected by
their dynamic light scattering (DLS) analysis (SI Appendix, Figs.
S1-S5 and Table S1). The typical dodecahedral-shaped ZIF-8
crystals were unambiguous in scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) images
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(Fig. 24 and SI Appendix, Figs. S7T-S10). The pores of ZIF-8
were also clearly revealed in high-resolution TEM images (S
Appendix, Figs. S8 and S9). Powder X-ray diffraction (PXRD)
patterns of these particles matched well with the simulated
pattern based on the single-crystal structure of ZIF-8, demon-
strating their phase purity (S Appendix, Fig. S11). Solvent mol-
ecules in the pores of ZIF-8 were removed by solvent exchange
followed by exposure to vacuum. No weight loss was observed
before 300 °C in the thermal gravimetric analysis (TGA) of these
samples, indicating the complete removal of solvent (SI Appen-
dix, Fig. S14). The permanent porosity was confirmed by the high
uptake in the N, adsorption isotherm at 77 K. Brunauer—
Emmett-Teller surface areas of these samples were around
1,400 m?/g, and the pore size distribution was around 11 A (SI
Appendix, Figs. S15-825), both consistent with previous reports
(19, 20, 34).

The solvent-free ZIF-8 nanoparticles were directly used to
entrap hyperpolarized '**Xe in aqueous solution. A character-
istic peak at 84 ppm emerged in aqueous solution with 5.0 mg/mL
of ZIF-8 nanoparticles in 110-nm size (Fig. 1B). The influence
of the particle size and the MOF content in the solution was in-
vestigated. We found that the entrapped '’Xe NMR signal in-
creased as more ZIF-8 with identical particle size presented in the
solution, without altering the peak position (Fig. 1D). A linear
relationship was established between the intensity of the entrap-
ped ' Xe NMR signal and ZIF-8 content in the range from
2.5 mg/mL to 25 mg/mL (SI Appendix, Fig. S30). Further increase
of ZIF-8 content to 100 mg/mL led to a maximum *’Xe signal
intensity; however, if there was too much MOF, for example

exceeding 100 mg/mL, the signal intensity did not increase any
more. The impact of particle size was different from that of MOF
content in aqueous solution. Not only the signal-to-noise ratio
(SNR) was changed but the peak position was also different
(Fig. 2B). The chemical shift of entrapped '*Xe in the pores
moved from 88 ppm to 82 ppm as the particle size of ZIF-8 in-
creased from 50 nm to 300 nm (Fig. 2 B and C), while the SNR
was increased by twofold (SI Appendix, Table S4). Further in-
creasing the particle size to 700 nm the chemical shift of the signal
was kept at 82 ppm, but the SNR slightly decreased, which could
be attributed to the worse dispersity of these larger nanoparticles
in water. The low dispersity of these larger nanoparticles influ-
enced the gas capture ability of ZIF-8, which caused the NMR
signal of entrapped Xe weak. We speculated that if the size of
ZIF-8 was too small, the exchange between the entrapped and
dissolved '**Xe would be too fast, which resulted in a short re-
laxation time and a broad signal peak width. The ZIF-8 nano-
particle with too small size also exhibited insufficient pores to
capture Xe, which also made the signal intensity weak. According
to our results (SI Appendix, Table S4), 110 nm is the optimal
particle size, considering both the SNR and peak width of
entrapped '*’Xe in ZIF-8. Due to the gas concentration ability of
ZIF-8 in aqueous solution, the **Xe entrapped in ZIF-8 with
nanoparticle size of 110 nm gave the highest NMR signal intensity
(signal integral), fourfold higher than that of free '*’Xe in aqueous
solution under the same experimental conditions (SI Appendix,
Fig. $28). This value is 200 times that of '*Xe entrapped in a
saturated aqueous solution of CrypA (SI Appendix, Fig. S29).
Hyper-SAME enhanced the ?*Xe NMR signal through the gas
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Fig. 2. SEM images and 129%e NMR spectra for different particle sizes of ZIF-8. (A) SEM images of ZIF-8 particles from 50 nm to 700 nm. (Scale bars, 200 nm.)
(B) Hyperpolarized '?°Xe NMR spectra for different sizes of ZIF-8 (2.5 mg/mL) in aqueous solution. For these spectra, a zg sequence was applied for acquisition
(rectangular pulse, the pulse length p1 = 31.8 ps). NS = 32, LB = 15 Hz. (C) The chemical shift of entrapped '?°Xe versus the particle size of ZIF-8 nanocrystals.

17560 | www.pnas.org/cgi/doi/10.1073/pnas.2004121117

Zeng et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004121117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004121117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004121117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004121117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004121117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004121117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004121117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004121117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004121117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004121117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004121117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004121117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004121117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004121117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004121117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004121117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2004121117

Downloaded at Wuhan Inst of Phys & Math on August 2, 2020

concentration ability of MOFs, which is different from Hyper-
SAGE. Although the mechanism is different, the gas NMR sig-
nal promoted effect in aqueous solution of Hyper-SAME is as well
as Hyper-SAGE. We can conclude that it is an efficient signal
advancement strategy.

Additionally, Hyper-SAME was combined with Hyper-CEST
to further amplify the NMR signal of entrapped Xe in MOF
pores. When tested at a low concentration of ZIF-8 (100 pg/mL)
in aqueous solution, there was no signal appearing near 84 ppm
with direct detection (Fig. 34), but two saturation responses
were displayed in the Hyper-CEST spectrum (Fig. 3B). One
saturation response was attributed to the direct saturation of free
dissolved '**Xe (center at 8 = 193 ppm), whereas the other was
centered at 84 ppm, arising from the saturation transfer from
129X ¢ entrapped in ZIF-8. Although the concentration of ZIF-8
is low (100 pg/mL), the Hyper-CEST effect is ~90%, which
means that the Hyper-CEST can be used to amplify the NMR
signal of entrapped '*’Xe. Hyper-CEST MRI of ZIF-8 at low
concentration (100 pg/mL) in aqueous solution was also done.
The signal intensity of Hyper-CEST images is strong, and the
Hyper-CEST effect is almost 65% (Fig. 3C). These results un-
ambiguously demonstrate that the ZIF-8 is a good host for '**Xe
to use in hyperpolarized *’Xe NMR signal advancement.

The interaction between the entrapped '**Xe and the pores of
ZIF-8 was studied by variable-temperature '*Xe NMR exgeri—
ments as well as X-ray diffraction. The chemical shift of '**Xe
dissolved in aqueous solution in the presence of ZIF-8 showed a
nonlinear behavior (Fig. 4D), similar to that observed in pure
water and in the presence of other molecular hosts. On the other
hand, hyperpolarized '**Xe signal entrapped in the pores of ZIF-
8 exhibited a linear correlation with temperature between 278
and 320 K (Fig. 4D) and a negative slope, which was consistent
with previous studies of MOFs (37, 43) but distinctively different
from those in other molecular hosts (42, 44-46). Since there can
be multiple Xe atoms in MOF pores, Xe—Xe interactions take
place, which cannot occur relative to in the other molecular hosts
with only one Xe atom per cavity (37, 44-49). At higher tem-
peratures, the chaotic motion of Xe is more vigorous, which
shortens the residence time of Xe in ZIF-8 pores and decreases
the Xe—Xe interactions, leading to the upfield change in the

A Xe@H=0(193 ppm)

Direct detection

No signal

chemical shift of entrapped *Xe in comparison to lower
temperatures.

The electron density of '*’Xe trapped in the pores of ZIF-8
was visualized by X-ray diffraction. Difference Fourier analysis
of the measured intensity profile of the '*Xe-filled ZIF-8 sam-
ples was subtracted by the calculated intensity profile of pristine
ZIF-8 as background, refined based on 2,242 (47 independent)
reflections (Fig. 4 A and B and SI Appendix, Figs. S33 and S34).
Although the exact atomic position of '*’Xe could not be de-
termined due to disorder, the electron density map provided
enough resolution to reveal the distribution of confined '**Xe in
the ZIF-8 pores, except for the electron density at the symmetry
point of the pore center, which might be affected by termination
effects in the Fourier synthesis. A large portion of the electron
density was found close to the six-membered ring in ZIF-8
(Fig. 44), while electron density is absent at the four-membered
ring position (Fig. 4B). This indicates '**Xe atom prefers to in-
teract with the larger window size six-membered ring rather than
the four-membered ring.

The impact of MOF pore size and pore aperture size was also
studied. When an MOF with identical sod topology to ZIF-8, but
with smaller pore size and aperture size, here ZIF-7, was tested
on the same condition, only one peak appeared at 193 ppm
representing the dissolved '*’Xe in water (Fig. 4C). The absence
of peaks from entrapped '?°Xe indicated that the aperture size of
ZIF-7 is too small to accommodate the Xe atom (SI Appendix,
Fig. S35). This result demonstrates that the aperture size of ZIF-
8 is just sufficient for the inclusion of Xe into its pores. The
chemical shift of '*’Xe in a ZIF-8 solid sample was slightly dif-
ferent (only 2 ppm) from that in aqueous solution of ZIF-8, in-
dicating the absence of water molecules in its hydrophobic pores.

Conclusions

In summary, we demonstrated that MOFs can be used as effi-
cient hosts to enhance NMR signal of hyperpolarized '**Xe in
aqueous solution by entrapment in their pores. A maximum
200-fold improvement was observed by ZIF-8 in comparison to
that of CrypA in saturated solution, while providing a unique
chemical shift of 84 ppm. The favorable interaction between Xe
and MOF pores, which depends on the parameters of pores and
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detection method, NS = 1, LB = 5 Hz. (B) Hyper-CEST spectrum of low-concentration ZIF-8 (100 pg/mL) in H,O (a 6.5-puT, 10-s saturation pulse was used). (C)
Hyper-CEST MRI of low-concentration ZIF-8 (100 pg/mL) in H,O. For the Hyper-CEST image, a 13-uT, 5-s saturation pulse was used. The image was acquired

using a RARE sequence with 16 averages for each on- and off-resonant image.
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pore apertures, are critical for the signal improvement. We
expected that this method could not only be applied with ZIF-8
but also be extended to more MOFs to enhance the NMR signal
of gas in aqueous solution. This discovery will also help broaden
the application scope of MOFs. Additionally, Hyper-SAME is
also compatible with Hyper-CEST, making it a valuable tool for
the detection and imaging of trace molecules in biological sys-
tems by NMR technique in the future.

Materials and Methods

Synthesis and Activation of ZIF-8. Zn(NO3),-6H,0 (734.4 mg, 2.47 mmol) and
mIM (810.6 mg, 9.87 mmol) were separately dissolved in MeOH (50 mL). The
solution of mIM was poured into the solution of zinc salt under vigorous
stirring. After the mixture fully mixed, the stirring was stopped immediately.
Then, the white precipitate was centrifuged from the solution after standing
24 h. The residual organic linkers and metal ions in the solid were removed
by washing with MeOH for three times. The pure ZIF-8 nanoparticles were
dried under vacuum at room temperature and degassed in vacuum at 120 °C
for 12 h. Different modulators were combined with the mIM solution to
control the size of ZIF-8, as described in S/ Appendix, section S1.

Hyperpolarized '°Xe NMR. For the hyperpolarized '°Xe NMR experiments,
after the gas mixture polarized (home-built hyperpolarizer, hyperpolarized
129%e nuclear spin polarization was 100,000 times greater than its thermal
equilibrium polarization), the gas was directly bubbled into the NMR tube
containing the MOF sample (10 mm NMR) for 20 s; a delay of 3 s allowed the
bubbles to collapse. A zg sequence (rectangular pulse, the pulse length p1 =
31.8 ps) was then applied to acquire the spectrum. For the variable-
temperature experiments, a range of temperatures from 278 K to 320 K
was used, in steps of 2 K. After a temperature stabilization time of 10 min,
the '2°Xe NMR was obtained. For all experiments, the sample temperature
was controlled by a variable temperature (VT) unit installed on the NMR
spectrometer.
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Hyper-CEST Spectrum. For the Hyper-CEST experiment, after the hyper-
polarized gas mixture was directly bubbled into the NMR tube (10 mm NMR)
for 20 s a 3-s delay time allowed the bubbles to collapse. A continuous-wave
pulse (6.5 uT, 10 s) was then applied to saturate the Xe in the ZIF-8 pores,
and the '*Xe NMR spectrum was acquired in a single scan. Spectra were
processed using Lorentzian broadening (LB = 5 Hz).

Hyper-CEST MRI. For the Hyper-CEST MRI experiment, 16 on-resonant and
16 off-resonant scans were acquired and averaged. The image was acquired
using a RARE sequence (slice thickness = 30 mm, matrix size = 32 x 32, field
of view = 30 x 30 mm?, in-plane resolution = 0.9375 x 0.9375 mm?, band-
width = 5,400 Hz, echo time = 4.97 ms, repetition time = 82.3 ms, centric
k-space encoding, no partial Fourier transform acceleration, rare factor = 8).
For each excitation, the Xe gas mixture was bubbled into solution for a
period of time (20 s), followed by a delay time (3 s) to allow the bubbles to
collapse. After that, a saturation pulse (13 uT, 5 s) was applied to saturate
the Xe in the ZIF-8 pores (-109 ppm, relative to dissolved Xe in solution at
0 ppm) or off resonance (109 ppm, relative to dissolved Xe in solution at
0 ppm). Then, the image was acquired. The MR images were processed on
MATLAB (R2014a; MathWorks). The image matrix 32 x 32 was interpolated
into a 128 x 128 image matrix. Hyper-CEST effect for on-resonant saturation
was analyzed compared to off-resonant saturation for each pixel by the
formula (CEST effect = (Intensity,s-Intensity,n)/Intensityqs) point by point.

Supporting Information. S/ Appendix contains details of the synthesis, DLS
analysis, electron microscopy images, PXRD, TGA, N, adsorption analysis, and
hyperpolarized '*°Xe NMR/MRI data.

Data Availability. Additional data are available in S/ Appendix.
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