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Fluorescent molecules with specific target moieties are essential for histo-
pathological analysis, but their limited tissue penetration depth makes in vivo,
in situ color encoding analysis challenging. Magnetic resonance imaging (MRI)
offers deep tissue penetration. When combined with chemical shift-encoded
MRI reporters, it enables in vivo chemical shift encoding for biotarget imaging
and analysis. These reporters require both strong signal intensity and large
chemical shift window. However, conventional proton MRI reporters, with low
sensitivity and a small chemical shift window, limit their in vivo applications.
Here, we describe a chemical shift-encoded hyperpolarized '*Xe MRI reporter
based on the multivariate metal-organic framework, NiZn-ZIF-8, to overcome
these challenges. The proposed NiZn-ZIF-8 gives distinct chemical shifts for
dissolved and entrapped ®Xe without signal interference, enhancing the '¥Xe
NMR signal by 210 times compared to dissolved '*Xe in water and biological
media. This enables detection threshold at = 4 fM concentrations, setting a
record for the lowest concentration of xenon hosts detected in nanomaterials.
Additionally, NiZn-ZIF-8 exhibits good in vivo MRI performance, allowing
xenon encoding and distinction in rat lungs. NiZn-ZIF-8 represents a versatile
and powerful platform for advanced molecular imaging and in vivo biomedical
diagnostics.

Fluorescence imaging offers numerous advantages, such as high sen-
sitivity and real-time imaging, making it an invaluable tool for studying
molecular mechanisms and early disease diagnosis">. Many fluorescent
molecules have been developed, which can color-encode different
targets for histopathological analysis and cellular imaging based on
their emission wavelengths after being labeled with specific targeting

moieties. However, challenges remain in vivo color-encoded imaging,
including background interference, fluorescence signal decay, and
limited tissue penetration depth.

Magnetic resonance imaging (MRI) is a modality in clinical diag-
nostics and biomedical research that allows for the non-invasive
visualization of internal structures and biological processes without

'State Key Laboratory of Magnetic Resonance Spectroscopy and Imaging, National Center for Magnetic Resonance in Wuhan, Wuhan Institute of Physics and
Mathematics, Innovation Academy for Precision Measurement Science and Technology, Chinese Academy of Sciences Wuhan 430071, P. R. China. 2Uni-
versity of Chinese Academy of Sciences, Beijing 100049, P. R. China. *UCLA Department of Chemistry and Biochemistry, The Molecular Biology Institute,
Jonsson Comprehensive Cancer Center, California NanoSystems Institute, University of California, Los Angeles 90095, USA. “School of Biomedical Engi-
neering, Hainan University, Haikou 570228, P. R. China. SThese authors contributed equally: Qingbin Zeng, Quer Yue. < /e-mail: gian-niguo@wipm.ac.cn;

xinzhou@wipm.ac.cn

Nature Communications | (2025)16:6832


http://orcid.org/0000-0001-6075-9690
http://orcid.org/0000-0001-6075-9690
http://orcid.org/0000-0001-6075-9690
http://orcid.org/0000-0001-6075-9690
http://orcid.org/0000-0001-6075-9690
http://orcid.org/0000-0002-5580-7907
http://orcid.org/0000-0002-5580-7907
http://orcid.org/0000-0002-5580-7907
http://orcid.org/0000-0002-5580-7907
http://orcid.org/0000-0002-5580-7907
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-62110-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-62110-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-62110-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-62110-4&domain=pdf
mailto:qian-niguo@wipm.ac.cn
mailto:xinzhou@wipm.ac.cn
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-62110-4

limitations in tissue penetration depth. Chemical shift is one of the
most important parameters in nuclear magnetic resonance (NMR),
closely related to the chemical environment of the atomic nucleus. It
plays a crucial role in substance identification and molecular structure
analysis. Different substances can be encoded by their chemical shifts
for analysis. When combined with functionalized chemical shift-
encoded MRI reporters, it enables in vivo chemical shift-encoded
imaging for biotargets. To achieve effective chemical shift-encoded
MRI, the reporters must provide both strong signal intensity and a
large chemical shift window. However, conventional proton chemical
shift-encoded MRl reporters suffer from fundamental limitations, such
as low sensitivity and a small chemical shift window, which limit their
application in complex biological systems.

Because of the associated high sensitivity, large chemical shift
window, and absence of biological background signals,
hyperpolarized '¥Xe gas, produced by the spin-exchange optical
pumping (SEOP) method, has established itself as a promising
agent®”. Dissolution of this gas in aqueous media or in blood results
in a single peak at = 193 ppm, far off from the gaseous *’Xe signal in
= 0 ppm. Trapping xenon atoms with molecular cages, such as
cryptophanes and cucurbit[6]uril, generates a distinct NMR signal for
entrapped xenon, which differs from that of dissolved xenon and
xenon gas, allowing for encoding by chemical shift for analysis. These
chemical shift-encoded molecular cages, similar to fluorescent
molecules, can be functionalized with various target moieties,
enabling the detection of different biomolecules or cells’***. How-
ever, these molecular cages typically exhibit weak ?*Xe NMR signals,
particularly in aqueous and biological environments, due to low
xenon loading and signal intensity. Most of such drawbacks ham-
pered their practical applications in molecular imaging, much more
so in vivo experiments, where the signal is required to be strong and
stable, and specificity often becomes an issue. So far, enhancement
efforts toward Xe NMR signals through physical and chemical
modifications have been minor®'; thus, there is an urgent need for
the strategy of amplifying 'Xe signal intensity with its biocompat-
ibility preserved.

Metal-organic frameworks (MOFs) offer a versatile platform to
address these challenges. MOFs are crystalline materials that consist of
metal clusters or ions bridged by organic ligands, forming highly
ordered, porous networks with tunable pore sizes, high surface areas,
and robust chemical stability. Such characteristics make MOFs
attractive for applications involving gas storage, separation, and
sensing” >, Among them, multivariate MOFs (MTV-MOFs) are of par-
ticular interest because they integrate multiple building blocks into a
single lattice without changing their topology. This MTV methodology
allows for fine-tuning of the MOF’s internal environment®* ¢, resulting
in significantly higher affinities for guest molecules, enhanced signal
intensities, and improved selectivity compared to single-component
MOFs”~!, In this paper, we introduce a multivariate MOF, NiZn-ZIF-8,
purposefully engineered to enhance the entrapped ?Xe NMR signal
intensity, to develop a chemical shift-encoded reporter for
hyperpolarized ?*Xe MRI in vivo. Incorporation of nickel into the ZIF-8
framework provides some subtle adjustments of its pore environment
in such a way that hyperpolarized xenon entrapment and enhanced
signal amplification can take place. NiZn-ZIF-8 overcomes critical lim-
itations of traditional xenon-based MRI reporters with fM sensitivity
and stability in aqueous and biological media. This work introduces a
versatile platform for advanced Xe molecular imaging, with far-
reaching possibilities toward transformative in vivo applications, and
extends the utility of MOFs in biomedical diagnostics.

Previous studies have shown that zeolites and MOFs can adsorb
xenon atoms* ™, Especially, MOFs such as ZIF-8, IRMOF-1, IRMOF-8,
and IRMOF-10 have a strong affinity for xenon atoms, making them
effective hosts for hyperpolarized *Xe MRI probes”**, Among these,
ZIF-8 stands out because of its high surface area and porosity, which

allow it to trap xenon atoms efficiently”’. Unlike traditional hosts like
cryptophanes and cucurbit[6]uril’**°, ZIF-8 can effectively concentrate
xenon within its porous structure while keeping it separate from the
surrounding aqueous phase. This confinement creates a distinct che-
mical shift in ”Xe NMR signals, providing a reliable platform for
enhancing signal strength.

Building on ZIF-8’s natural advantages and the flexibility of MTV-
MOFs, we developed NiZn-ZIF-8, to amplify ®Xe NMR signals in aqu-
eous environments. By incorporating nickel into the ZIF-8 structure,
we created a chemical shift-encoded reporter that not only boosts the
intensity of the ?*Xe signal but also distinguishes between dissolved
and entrapped xenon through distinct chemical shifts.

To implement this strategy, we synthesized a series of nickel-
substituted multivariate ZIF-8 materials, called NiZn-ZIF-8, carefully
fine-tuning the nickel content to optimize the '*’Xe NMR signal (Fig. 1a,
b). The optimized NiZn-ZIF-8 showed a 33% increase in the entrapped
12X e NMR signal intensity compared to standard ZIF-8, along with an
impressive 210-fold enhancement over dissolved *Xe in water and
biological media under the same conditions. Additionally, NiZn-ZIF-8
achieves a detection threshold as low as = 4 fM. Acting as a highly
sensitive, chemical shift-encoded reporter for hyperpolarized *°Xe
MRI, NiZn-ZIF-8 demonstrates good in vivo MRI performance. The
entrapped xenon can be clearly imaged and distinguished from both
dissolved xenon and xenon gas in rat lungs. Its properties—such as
good dispersibility in water, a hydrophobic pore environment, pore
sizes that closely match xenon atoms, and high stability in aqueous
media—make it an ideal platform for concentrating xenon and
enhancing signal strength. By addressing key challenges in sensitivity
and signal limitations, NiZn-ZIF-8 marks an advancement in molecular
imaging technologies, opening possibilities for biomedical
applications.

Results

Preparation and characterization of MOF samples

A series of NiZn-ZIF-8 nanoparticles were synthesized by adjusting the
molar ratio of nickel to zinc salts in a methanol solution containing
2-methylimidazolate. The final nickel content in the nanoparticles
increased as the initial nickel-to-zinc ratio increased (Supplementary
Fig. 1, Supplementary Table 1), and all of these samples exhibited a
positive Zeta potential (Supplementary Table 2).

Scanning electron microscopy (SEM) showed that incorporating
nickel influenced both the size and shape of the particles. At lower
nickel levels (below 0.13%), the nanoparticles maintained a uniform
size, while higher nickel content (> 0.33%) resulted in more irregular
particle shapes (Fig. 2b, Supplementary Figs. 2-8). Despite this, all
NiZn-ZIF-8 nanoparticles retained their characteristic dodecahedral
shape, as confirmed through SEM and transmission electron micro-
scopy (TEM) (Fig. 2b, c, Supplementary Figs. 2-17).

Elemental mapping revealed that nickel and zinc atoms were
evenly distributed throughout individual NiZn-ZIF-8 crystals (Fig. 2d,
Supplementary Figs. 18-26). For comparison, we also synthesized and
characterized Cu®*- and Co*-doped ZIF-8 materials (CuZn-ZIF-8 and
CoZn-ZIF-8), which exhibited similar dodecahedral shapes (Supple-
mentary Figs. 27-30). Thermogravimetric analysis (TGA) demon-
strated the thermal stability of all MOFs, with no significant weight loss
observed below 400 °C (Supplementary Fig. 31).

Nitrogen adsorption measurements at 77 K confirmed the per-
manent porosity of these materials (Supplementary Figs. 32-56).
Notably, NiZn-ZIF-8 showed an increased BET surface area of
~2000 m?2 g’, surpassing that of pristine ZIF-8. In contrast, CuZn-ZIF-8
and CoZn-ZIF-8 maintained surface area values similar to pristine ZIF-8
(Supplementary Table 3). Pore size analysis using the nonlocal density
functional theory (NLDFT) model revealed an average pore size of
about 11 A for NiZn-ZIF-8, which is consistent with that of pristine ZIF-8
(Supplementary Table 4).
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Fig. 1| Enhancement of hyperpolarized *’Xe NMR signal by NiZn-ZIF-8 in
aqueous and biological media. a Schematic illustration showing the increase in
hyperpolarized '*Xe NMR signal intensity upon addition of NiZn-ZIF-8 to water.
b Structural representation of NiZn-ZIF-8, highlighting nickel substitution within the
ZIF-8 framework.c Hyperpolarized 'Xe NMR spectra of NiZn-ZIF-8 (25 mg mL"),
pristine ZIF-8 (25 mg mL"), and pure water, demonstrating a significant signal
enhancement for NiZn-ZIF-8. d Hyperpolarized '*Xe NMR spectra of NiZn-ZIF-8
(25 mg mL?), pristine ZIF-8 (25 mg mL?), and culture medium (containing 10% FBS),

‘ Nickel ions

°Dissolved Xe

showing signal enhancement in a biologically relevant environment. e Quantified
12X e NMR signal enhancement fold from (c), showing a > 210-fold enhancement for
NiZn-ZIF-8 compared to pure water (n =3 independent experimental replicates).

f Quantified '??Xe NMR signal enhancement fold from (d), confirming similar signal
enhancements in biological media (n =3 independent experimental replicates). All
NMR spectra were acquired using a zg pulse sequence (rectangular pulse, p; =318
ps), with a single scan (NS =1) and line broadening (LB =10 Hz). Data in (e, f) were
presented as mean values + SD. Source data are provided as a Source Data file.

Powder X-ray diffraction (PXRD) analysis confirmed that NiZn-ZIF-
8 retained its crystalline integrity and phase purity, showing patterns
identical to those of pristine ZIF-8 without any additional peaks
(Supplementary Figs. 57-59). This indicates that incorporating Ni*,
Cu*, or Co* does not disrupt the original ZIF-8 lattice structure. Fur-
ther validation through single-crystal X-ray diffraction revealed the
partial substitution of Zn** with Ni** in the framework backbone
(Supplementary Table 5). The stability of NiZn-ZIF-8 was thoroughly
tested. Its PXRD pattern remained unchanged even after being
immersed in water for one week, demonstrating high stability in aqu-
eous environments (Supplementary Fig. 60).

Further evidence of nickel incorporation was provided by diffuse
reflectance visible spectroscopy, which showed two characteristic
absorption peaks at 580 nm and 790 nm, corresponding to the [NiN4]
clusters (Supplementary Fig. 61). These findings align with previous
studies*, confirming the stable integration of nickel into the MOF
framework.

NiZn-ZIF-8 nanoparticles demonstrate good thermal stability and
water stability, and improved porosity compared to pristine ZIF-8. The

partial replacement of Zn** with Ni** introduces valuable properties,
creating a robust and adaptable platform for efficient xenon entrap-
ment and significant enhancement of the '*Xe NMR signal.

Investigation of the xenon entrapment capability of MOF

When dispersed in water, solvent-free NiZn-ZIF-8 nanoparticles
formed a uniform and stable colloidal solution (Supplementary
Fig. 62). Hyperpolarized ?Xe NMR spectra of this dispersion (5 mgmL
1) revealed two distinct peaks: one at 193.4 ppm, corresponding to
dissolved ®Xe in the aqueous phase, and another at 82.2 ppm,
representing '®Xe trapped within the pores of NiZn-ZIF-8 (Supple-
mentary Fig. 63). Additionally, a third peak at 84.1 ppm, observed in the
solid state, indicates that NiZn-ZIF-8 retains its dry micropores even
when dispersed in a liquid colloidal environment.

Incorporating nickel into the ZIF-8 framework had minimal
impact on the chemical shift of entrapped *’Xe, but it significantly
affected signal intensity (integrated peak area) (Supplementary
Fig. 64). The signal intensity increased with rising nickel content but
decreased beyond a critical threshold (Fig. 2e). This may be due to two
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Fig. 2 | Morphology and hyperpolarized ?Xe NMR performance of NiZn-ZIF-8.
a Schematic representation of the NiZn-ZIF-8 crystal structure. b SEM images of
NiZn-ZIF-8 nanoparticles showing consistent dodecahedral morphology across
samples (scale bars: 1 um). ¢ TEM images of NiZn-ZIF-8 (0.08% nickel), illustrating
uniform particle size and structure (scale bar: 200 nm). d High-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM) and elemental
mapping of NiZn-ZIF-8 (0.08% nickel), confirming the homogeneous distribution of
Ni and Zn within the nanoparticles (scale bars: 200 nm). e Relative ’Xe NMR signal
intensities for NiZn-ZIF-8, pristine ZIF-8, and other MOF samples, demonstrating
the superior signal enhancement achieved by NiZn-ZIF-8 (n =3 independent

] Chemical shift (ppm)

Concentration (mg mL™")

experimental replicates). f Hyperpolarized ”’Xe NMR spectra of NiZn-ZIF-8 nano-
particles (0.08% nickel) at various concentrations (5.0, 10, 15, 20, and 25 mg mL?) in
aqueous solutions, showing a concentration-dependent increase in signal intensity.
g Normalized ”Xe NMR signal intensities for NiZn-ZIF-8 (red) and pristine ZIF-8
(purple) as a function of MOF concentration, indicating that NiZn-ZIF-8 exhibits
a=33% greater xenon entrapment capacity compared to pristine ZIF-8 (n=3
independent experimental replicates). All NMR spectra were acquired using a zg
pulse sequence (rectangular pulse, p; = 31.8 ps), with a single scan (NS =1) and line
broadening (LB =10 Hz). Data in (e, g) were presented as mean values + SD. Source
data are provided as a Source Data file.

key factors: 1) Paramagnetic effects of nickel, which shorten *’Xe Ty
relaxation times (Supplementary Fig. 65, Supplementary Table 6). 2)
Reduced dispersity and non-uniform particle morphology at higher
nickel concentrations (Fig. 2b, Supplementary Figs. 2-8).

Through optimization, the ideal range for nickel substitution was
identified as 0.08%-0.13%. At an optimal 0.08% nickel content, NiZn-
ZIF-8 achieved a ”Xe NMR signal intensity that was 212-fold higher
than dissolved Xe in water (Fig. 1c, e). In biologically relevant culture
media containing 10% fetal bovine serum (FBS), the entrapped *Xe
signal was similarly impressive, showing a 216-fold enhancement
compared to dissolved *Xe (Fig. 1d, f; for the calculation, see Meth-
ods). More importantly, although NiZn-ZIF-8 is in blood plasma solu-
tions, the entrapped ®Xe NMR signal remains strong (Supplementary
Fig. 66), making it promising for potential biological applications.

Further analysis revealed that the '*Xe NMR signal intensity was
directly proportional to the concentration of NiZn-ZIF-8 and pristine
ZIF-8 nanoparticles, displaying a clear linear relationship over a con-
centration range of 1-25 mg mL?, without altering the entrapped ®Xe
chemical shift (Fig. 2f, g, Supplementary Fig. 67). Importantly, NiZn-
ZIF-8 consistently demonstrated stronger xenon entrapment

compared to pristine ZIF-8, with the slope of the linear fit
(0.0418 mL mg?) being = 33% higher than that of ZIF-8 (0.0313 mL mg?)
(Fig. 2g). We calculated that the number of entrapped xenon atoms per
nanoparticle is 3.03 x 107 for NiZn-ZIF-8 and 2.29 x 107 for ZIF-8,
respectively. In contrast, ZIF-8 doped with Cu®* or Co?* did not improve
12Xe NMR signal intensity (Supplementary Fig. 68).

These findings collectively highlight the superior xenon entrap-
ment capabilities of NiZn-ZIF-8, resulting in a significant boost in ®Xe
NMR signal intensity in solution. The optimized nickel doping enhan-
ces xenon concentration properties, positioning NiZn-ZIF-8 as a highly
promising and customizable platform for hyperpolarized **Xe mole-
cular imaging applications.

NiZn-ZIF-8 with good hyperpolarized *Xe MRI performance

To assess the performance of NiZn-ZIF-8 in hyperpolarized '*Xe MRI,
experiments were carried out using high nanoparticle concentrations
in a culture medium. A dual-compartment system was employed, with
a 5mm NMR tube containing a NiZn-ZIF-8 dispersion (40 mgmL™)
placed inside a 10 mm NMR tube filled with pure culture medium
(Fig. 3a). Proton MRI showed strong signal intensity in the 5 mm tube,
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Fig. 3 | Hyperpolarized *Xe MRI performance of NiZn-ZIF-8 (nickel percentage
0.08%) at high concentrations. a Schematic illustration of the NMR tube setup
used in the experiment, consisting of a 5mm inner tube containing NiZn-ZIF-8
dispersion (40 mg mL?) and a 10 mm outer tube containing pure culture medium.
b Proton MRI images showing weak signal intensity in the 10 mm tube (culture
medium) and strong signal intensity in the 5mm tube, attributed to proton
relaxation enhancement by NiZn-ZIF-8. ¢ Chemical shift-encoded hyperpolarized
129Xe MRI results for NiZn-ZIF-8, demonstrating the separation of dissolved '*Xe
(193.4 ppm) and entrapped Xe (82.2 ppm) signals into distinct colors without
interference. d Schematic illustration of the intratracheal instillation of NiZn-ZIF-8
solution in rats (20 mg mL?, 0.2 mL). e In vivo hyperpolarized ¥Xe NMR spectrum

noa

Xe@RBC

Xe@NizZn-ZIF-8

exhibits a strong '*Xe NMR signal entrapped by NiZn-ZIF-8, demonstrating its
xenon entrapment capability in biological systems. f Hyperpolarized '*Xe images
of a rat after NiZn-ZIF-8 instillation clearly show the signal of xenon entrapped by
NiZn-ZIF-8 (purple), xenon dissolved in TP (green), and xenon gas (gray). g 3D
images reconstructed from the simultaneous imaging of xenon gas (gray), xenon
entrapped within NiZn-ZIF-8 (purple), and xenon dissolved in TP (green).

h Hyperpolarized ®Xe images of a rat after NiZn-ZIF-8 instillation clearly show the
signal of xenon entrapped by NiZn-ZIF-8 (purple), xenon dissolved in RBC (cyan),
and xenon gas (gray). i 3D images reconstructed from the simultaneous imaging of
xenon gas, xenon entrapped within NiZn-ZIF-8, and xenon dissolved in RBC.

attributed to proton relaxation enhancement caused by NiZn-ZIF-8,
while the outer tube displayed much weaker signal intensity (Fig. 3b).
In hyperpolarized ¥Xe MRI, the culture medium alone produced a
signal corresponding to dissolved ®Xe. In contrast, the NiZn-ZIF-8
dispersion showed no detectable signal for dissolved *Xe, indicating
strong xenon entrapment and relaxation effects. Instead, a distinct and
intense signal was observed for entrapped '*Xe (Fig. 3c). Notably, the
signals for dissolved and entrapped xenon were clearly separated,
eliminating any signal interference.

To investigate the imaging performance of NiZn-ZIF-8 in vivo,
hyperpolarized Xe NMR and MRI were conducted following the
intratracheal instillation of NiZn-ZIF-8 solution (20 mg mL?, 0.2 mL) in
rats (Fig. 3d-g). Hyperpolarized ”Xe NMR spectra revealed four

characteristic signal peaks: the peak at 0 ppm corresponded to xenon
gas, the peak at 90 ppm to the entrapped ¥Xe within NiZn-ZIF-8, and
the peaks at 195 and 212 ppm to the dissolved '?Xe in tissue and plasma
(TP), and red blood cells (RBC), respectively (Fig. 3e). Because of the
strong entrapped xenon signal and its chemical shift being far from
that of xenon gas and dissolved xenon, simultaneous imaging of xenon
gas, dissolved xenon, and entrapped xenon in the lungs was achieved.
The signals were clearly observed and distinguished (Fig. 3f-i). Notably,
even with just 4 mg of NiZn-ZIF-8 nanoparticles, the entrapped xenon
signal was sufficiently strong for analysis, demonstrating the good
chemical shift-encoded ?Xe MRI performance of NiZn-ZIF-8 in vivo.
This highlights the great potential of NiZn-ZIF-8 for future biological
applications.
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Fig. 4 | Hyperpolarized ’Xe NMR and MRI performance of NiZn-ZIF-8 (nickel
percentage 0.08%) at low concentrations. a Hyper-CEST spectra comparing
NiZn-ZIF-8 (purple circle) and pristine ZIF-8 (blue circle) at the same concentration
(40 ng mL?Y), showing a stronger Hyper-CEST effect for NiZn-ZIF-8. b Hyper-CEST
spectra of NiZn-ZIF-8 at varying concentrations (20, 30, 40, 50, and 60 pg mL") in
aqueous solutions, highlighting the concentration-dependent increase in signal

intensity. ¢ Plot of the Hyper-CEST effect at 82 ppm as a function of NiZn-ZIF-8
concentration, demonstrating a linear relationship over the range of20-60 pg mL™.
d Hyper-CEST MRI phantom images of NiZn-ZIF-8 at different concentrations,
illustrating the dose-dependent enhancement in MRI signal intensity. Source data
are provided as a Source Data file.

The xenon entrapment ability of NiZn-ZIF-8 and ZIF-8 was further
analyzed using the hyperpolarized xenon chemical exchange satura-
tion transfer (Hyper-CEST) method'. Both NiZn-ZIF-8 and pristine ZIF-
8 exhibited a saturation response centered around 82 ppm. However,
at an equivalent concentration of 40 pg mL*, NiZn-ZIF-8 demonstrated
a significantly stronger Hyper-CEST effect compared to pristine ZIF-8,
aligning with the results observed in direct ®Xe NMR measure-
ments (Fig. 4a).

Further Hyper-CEST experiments conducted across a range of
NiZn-ZIF-8 concentrations (20-60 pgmL"') revealed a clear linear
relationship between the Hyper-CEST effect and nanoparticle con-
centration (Fig. 4b, c). Remarkably, even at a low concentration of
20 pg mL?, NiZn-ZIF-8 achieved a Hyper-CEST effect of = 30%, high-
lighting its capability to trap xenon. Corresponding Hyper-CEST MRI
also demonstrated strong signal intensity even at low concentrations
of NiZn-ZIF-8 nanoparticles, with intensity measurements showed a
strong linear relationship with NiZn-ZIF-8 concentration (Fig. 4d,
Supplementary Figs. 69, 70).

To determine the detection threshold, time-dependent satura-
tion transfer spectra were collected for serial dilutions of NiZn-ZIF-8
at 100, 10, 2, and 1pg mL* (Supplementary Fig. 71). The detection
threshold was identified as 2 pg mL?, which corresponds to a low
concentration of = 4 fM, calculated using nanoparticle tracking
analysis. The detection threshold of pristine ZIF-8 was identified as
3 ug mL" by the same method (Supplementary Fig. 72). The detection
threshold of NiZn-ZIF-8 is about 25 times lower than that of nanoe-
mulsion droplets (100 fM)*?, and about 6250 times lower than that of
the gas vesicles (25 pM)*. This represents the lowest concentration
of detected xenon hosts of nanomaterials to date, marking a sig-
nificant advancement in hyperpolarized *’Xe NMR field (Supple-
mentary Table 7)*>*,

NiZn-ZIF-8 proves to be an effective xenon host, capable of con-
centrating xenon atoms with unmatched sensitivity and significantly
boosting ¥Xe NMR signals in aqueous solutions. These results
underscore its potential for hyperpolarized Xe MRI at low

concentrations, positioning it as a powerful tool for advanced mole-
cular imaging and diagnostic applications.

Investigation of xenon interactions within the MOF pores
The role of nickel ions in influencing xenon interactions within the
NiZn-ZIF-8 pores was studied using variable-temperature
hyperpolarized ?Xe NMR and two-dimensional *Xe exchange spec-
troscopy (2D EXSY). In aqueous solutions containing NiZn-ZIF-8, the
chemical shift of dissolved ®Xe showed a nonlinear temperature
dependence: it increased with temperature up to 300K and then
decreased at higher temperatures (Fig. 5a, Supplementary Fig. 73). A
similar trend was observed for pure water and pristine ZIF-8 (Fig. 5a). In
contrast, the chemical shift of entrapped '*’Xe within NiZn-ZIF-8
exhibited a linear relationship with temperature over the range of
278-320K. The slope and intercept for NiZn-ZIF-8 were
-0.0731+ 0.0004 ppm K* and 103.98 + 0.12 ppm, respectively, com-
pared to —0.0759 + 0.0012 ppm K and 104.51+ 0.36 ppm for pristine
ZIF-8. These slight differences suggest that the incorporation of nickel
into the framework alters the interactions between xenon and the MOF
pore environment, fine-tuning its properties. Interestingly, the
temperature-dependent behavior of entrapped *’Xe in NiZn-ZIF-8
differs from molecular cages like cryptophane and metal-organic
capsules*’~', which typically trap only a single xenon atom per cavity.
In contrast, MOFs can hold multiple xenon atoms within each pore,
allowing xenon-xenon interactions to influence the NMR signal. At
higher temperatures, the increased thermal motion of xenon atoms
reduces their residence time within the pores and weakens xenon-
xenon interactions, leading to upfield shifts in the ?Xe NMR signal.
The dynamics of xenon exchange between the entrapped and
dissolved states were examined using 2D EXSY (Supplementary
Figs. 74-81). For the NiZn-ZIF-8, at a 0 ms mixing time, no cross peaks
were observed, indicating that no exchange occurred between the two
states (Supplementary Fig. 76a). However, at a 1.5ms mixing time,
cross peaks appeared, confirming chemical exchange between the
entrapped and dissolved xenon (Fig. 5c). By fitting the peak intensities

Nature Communications | (2025)16:6832


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-62110-4

a b @ Dissolved Xe (Site A) c Dissolved Xe Entrapped Xe
@ Entrapped Xe (Site B A K
200
e Entrapped Xe in N|Zn ZIF-8 i Q i B
1e Entra;a(ped XeinZ Chemical exchange X Mixing time 1.5 ms | 5
196 AFree Xe with N|Zn-ZIF 8 @
| ¢Free Xe with ZIF-8 < §a c
€ Free Xe without MOF © L S
o — at s - . —
8192 | geat 5 Cross peak Diagonal peak z
= g
5 T y=103.9827-0.0731x, T LQ2
2 o -
3 84 R?=0.999 o e
£ <
2 ] M 3 L 2
(&} g b -
80 |  y=104.5138-0.0750x, 2 @ g a
R?=0.994 @ Diagonal peak Cross peak L
T T T T T T T 1 o T T T T T N
280 290 300 310 320 220 180 140 100 60
Temperature (K) F2 (ppm)
d e
10 e ® Cross peak (a)
o ® Diagonal peak (b)
® Diagonal peak (c
© 0.8 9 peak (¢)
S ]
'g 06 4 kBA=108+27 Hz
>< -
o
X 0.4 4
© ]
£
S 0.2
z -
0.0
I L L
0 5 10 15 20
Mixing time (ms)
f h
25 25 25
* NiZn-ZIF-8 1 = Nizn-zIF-8 i P<0.001 P<0.001
20 20 - g 20 .. l
(%] 1] o .
£ | e R :
T 15 4 § 15 + %’ 15
2] 2] 5]
e ‘S [}
> 10+ 5 10 210
o Qo =
E 1 E 1 c 1
Z 5 Z 54 Xe-H20 mixture environment % 5
] ] § ]
Z
0 0 T T T T T T T 0 T T T
0 2 4 6 8 Pristine ZIF-8  NiZn-ZIF-8 = CuZn-ZIF-8
Time (ns) Time (ns)

Fig. 5 | Temperature-dependent hyperpolarized *Xe NMR, 2D ?’Xe EXSY
spectra, and MD simulations. a Temperature dependence of hyperpolarized
12X e chemical shift for dissolved '»Xe in water, pristine ZIF-8, and NiZn-ZIF-8.
Dissolved '?Xe exhibits nonlinear behavior, while entrapped '*Xe in NiZn-ZIF-8
shows a linear trend (n =3 independent experimental replicates). b Schematic
illustration of the chemical exchange process between dissolved *Xe and
entrapped Xe within NiZn-ZIF-8 pores. ¢ 2D ??Xe EXSY spectrum of NiZn-ZIF-8
at a mixing time of 1.5 ms, showing cross peaks indicative of xenon exchange
between dissolved and entrapped states. d Exchange rate determination: Cross
peak (purple circle), diagonal peak of dissolved *’Xe (red circle), and diagonal
peak of entrapped '*Xe (blue circle) intensities from 2D *’Xe EXSY as a function
of mixing time, fitted to a two-site exchange model, yielding a chemical exchange
rate of 108 + 27 Hz for NiZn-ZIF-8. e MD simulation setup: Snapshot of the
simulation box (34 x 34 x 102 A%) after equilibration, containing NiZn-ZIF-8 sur-
rounded by 600 H,0 molecules and 60 xenon atoms. Xenon atoms are shown in

red; carbon, light gray; hydrogen, white; nitrogen, blue; and metal, light blue. H,O
molecules are represented as a semi-transparent gray volume. f, g Xenon
entrapment dynamics: Change in the number of xenon atoms entrapped by NiZn-
ZIF-8 in (f) pure xenon and (g) xenon-water environments over the simulation
timescale, demonstrating higher xenon entrapment in the xenon-water mixture.
h Average xenon entrapment: MD simulation results showing the mean number
of xenon atoms entrapped in pristine ZIF-8 (red box), NiZn-ZIF-8 (purple box),
and CuZn-ZIF-8 (blue box) during the final 5 ns of the simulation in the xenon-
water environment. NiZn-ZIF-8 exhibits significantly higher xenon entrapment.
n = 5001 independent data points. The box plots show the interquartile range,
with the centre lines indicating the medians and the whiskers the minimum and
maximum values. Data in (a) were presented as mean values + SD. Statistical
significance was calculated using unpaired two-tailed Student’s t-test. Source data
are provided as a Source Data file.

over time to a two-site exchange model*’, the exchange rate for NiZn-
ZIF-8 was determined to be 108 + 27 Hz (Fig. 5d). In comparison, pris-
tine ZIF-8 and CuZn-ZIF-8 showed faster exchange rates of 124 + 27 Hz
and 214 + 48 Hz, respectively (Supplementary Figs. 77-81). The slower
exchange rate in NiZn-ZIF-8 indicates that nickel incorporation
enhances the MOF’s affinity for xenon, reducing the rate of exchange
between the entrapped and dissolved states. This increased affinity

aligns with the observed improvements in xenon entrapment and the
enhanced Xe NMR signal intensity.

Xenon adsorption isotherms

Xenon adsorption isotherms were performed at 298 and 273K to
investigate the interaction strength between the xenon and the fra-
mework (Supplementary Fig. 82). We found that the xenon uptake
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amounts of NiZn-ZIF-8 is consistent with the pristine ZIF-8, but the
isosteric heats of adsorption (Qs) of xenon in the framework is dif-
ferent. The Qy of xenon at nearly zero loadings for NiZn-ZIF-8 and ZIF-
8 are estimated to be 16.93 and 16.83 k) mol”, respectively (Supple-
mentary Figs. 83, 84). The Q of xenon in the NiZn-ZIF-8 is slightly
higher than that of pristine ZIF-8, demonstrating that the xenon atoms
have a higher affinity with the NiZn-ZIF-8. Therefore, the nickel in the
framework may play a key role in enhancing the affinity between the
xenon and the framework.

Molecular dynamics simulations

To gain deeper insight into xenon entrapment, molecular dynamics
(MD) simulations were conducted for NiZn-ZIF-8, CuZn-ZIF-8, and
pristine ZIF-8 (Fig. 5e-h, Supplementary Movie 1, and Supplementary
Figs. 85-90). Snapshots taken every 1.0 ps along the simulation tra-
jectory quantified the number of xenon atoms trapped within the MOF
pores. The simulations revealed that xenon was rapidly entrapped in
both pure xenon and xenon-water environments (Fig. 5f, g). In the pure
xenon environment, the average number of xenon atoms trapped by
NiZn-ZIF-8 has no significant difference compared with pristine ZIF-8
and CuZn-ZIF-8 (Fig. 5f, Supplementary Figs. 87, 88). This consistent
with the xenon adsorption isotherms (Supplementary Fig. 82). While in
the xenon-water mixture (Fig. 5g, Supplementary Fig. 89), NiZn-ZIF-8
showed a significantly higher average number of trapped xenon atoms
(16.6) compared to pristine ZIF-8 (13.4) and CuZn-ZIF-8 (14.4) (Fig. 5h).
Notably, the number of xenon atoms trapped in the xenon-water
mixture was significantly higher than in the pure xenon environment.
This result indicates that the MOF pores remain hydrophobic even
when dispersed in water, allowing xenon atoms to preferentially
occupy the pore interiors rather than dissolving into the surround-
ing water.

From MD simulations, we calculated the distances between xenon
and metal atoms for each snapshot. The free-energy profiles were
determined by analyzing the probability distributions of these dis-
tances (Supplementary Fig. 90). The results indicate that the free-
energy minima for pristine ZIF-8, CuZn-ZIF-8, and NiZn-ZIF-8 occur at a
distance of 5.8 A. However, the depth of the free-energy profiles varies:
-24.78 k) mol? for pristine ZIF-8, —24.87 k) mol?! for CuZn-ZIF-8, and
-25.16 k) mol for NiZn-ZIF-8. These findings suggest that NiZn-ZIF-8
exhibits a stronger ability to trap the xenon atoms compared to both
pristine ZIF-8 and CuZn-ZIF-8, as indicated by the deeper free-energy
minimum.

These results confirm that incorporating nickel into the frame-
work enhances the material’s affinity for xenon, resulting in increased
xenon entrapment. This improved trapping capability directly explains
the enhanced Xe NMR signal intensity observed for NiZn-ZIF-8.In
summary, incorporating nickel into the ZIF-8 framework significantly
improves its affinity for xenon and increases the number of trapped
xenon atoms, providing a dual advantage for molecular imaging. The
enhanced BET surface area and superior xenon retention make NiZn-
ZIF-8 a suitable material for concentrating xenon and amplifying NMR
signals in aqueous solutions.

Discussion

This study demonstrates that NiZn-ZIF-8, developed through a MTV-
MOF strategy, serves as an effective platform for enhancing
hyperpolarized ¥Xe NMR signal intensity in aqueous environments.
By incorporating nickel into the ZIF-8 framework, we created a mate-
rial with greater xenon affinity, improved xenon trapping capacity, and
extended xenon residence time within its pores. These advancements
led to a= 33% increase in ®Xe NMR signal intensity compared to
pristine ZIF-8 and a 210-fold enhancement relative to dissolved xenon
in water and biological media. NiZn-ZIF-8 also excels as a chemical
shift-encoded MRI reporter, precisely distinguishing between dis-
solved and entrapped xenon signals, and demonstrates good chemical

shift-encoded MRI performance in rat lungs. With a detection thresh-
old of = 4 fM, enabling the detection of trace molecules using Hyper-
CEST MRI. These findings highlight NiZn-ZIF-8’s immense potential for
advanced molecular imaging in complex biological systems, addres-
sing critical challenges in signal intensity and sensitivity faced by
existing probes.

This MTV strategy opens up broader opportunities to design next-
generation MOFs with customizable properties. This expands their
potential applications beyond Xe MRI into fields such as biomedical
imaging, optics, and electronics. By showcasing how strategic com-
positional tuning can unlock new functionalities, this work marks a
significant advancement in the development of functional MOFs for
transformative applications in molecular imaging and diagnostics.In
the future, the chemical shift-encoded reporter, NiZn-ZIF-8, will be
functionalized with targeting moieties such as hyaluronic acid, RGD, or
other relevant targeting moieties. When targeting-functionalized NiZn-
ZIF-8 is combined with hyperpolarized *Xe, it could enable targeted
molecular imaging in vivo, particularly for the detection of diseases.
For example, in the context of pulmonary diseases like lung cancer,
hyperpolarized *?Xe combined with NiZn-ZIF-8 could provide imaging
of the lungs, overcoming the low sensitivity challenges typically
associated with conventional imaging agents.

Methods

Materials

Zinc acetate dehydrate (Analytical reagent, 99.7%), nickel acetate tet-
rahydrate, zinc nitrate hexahydrate (Analytical reagent, 99.7%), nickel
nitrate hexahydrate (Analytical reagent, 99.7%), copper acet-
ylacetonate (Analytical reagent, 99.7%), cobalt acetylacetonate (Ana-
lytical reagent, 99.7%), anhydrous methanol (Analytical reagent, 99.7%)
were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shang-
hai, China). 2-methyl-imidazole (mIM, 98%) was purchased from
Aladdin. All chemicals were used as received without further purifica-
tion unless otherwise stated.

Characterization

Characterization of the synthesized materials was conducted using a
variety of techniques to assess their structural and thermal properties,
as well as their morphology and elemental composition.
Brunauer-Emmett-Teller (BET) surface area and pore size measure-
ments were carried out through nitrogen adsorption and desorption
isotherms at 77 K using a Micromeritics 3Flex 5.0 instrument. Powder
X-ray diffraction (PXRD) patterns were recorded on a Bruker D8 (3 kW)
diffractometer to confirm the crystallinity and phase purity of the
samples. Thermal stability was evaluated using thermogravimetric
analysis and differential scanning calorimetry (TGA-DSC) on a Mettler
TG-DSC 3+ instrument in an air atmosphere over a temperature range
of 30-800 °C, with a controlled air flow rate of 60 mL min™.

The size and morphology of the MOF nanoparticles were exam-
ined using high-resolution SEM equipped with energy-dispersive X-ray
spectroscopy (EDX) and TEM performed on an FEI Titan transmission
electron microscope operating at 200 kV. Elemental mapping was
conducted using scanning transmission electron microscopy (STEM)
with a high-angle annular dark-field (HAADF) detector to confirm the
homogeneous distribution of elements within the MOF frameworks.
Additionally, elemental analysis was performed using inductively
coupled plasma optical emission spectroscopy (ICP-OES) with an
ICPOES760 instrument (Agilent) to quantify the elemental composi-
tion of the samples.

Synthesis of pristine ZIF-8

To synthesize pristine ZIF-8, zinc acetate dihydrate (Zn(OAc), - 2H,0,
542.2 mg, 2.47 mmol) and mIM (810.6 mg, 9.87 mmol) were each dis-
solved in 50 mL of MeOH in separate 250 mL conical flasks. The dis-
solution was aided by ultrasound to ensure complete solubilization of
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the reagents. The mIM solution was then poured into the zinc acetate
solution under vigorous stirring, and mixing was continued until the
solutions were fully combined. Stirring was stopped, and the resulting
mixture was allowed to stand undisturbed for 24 h. A white precipitate
formed during this time was recovered by centrifugation. The col-
lected product was washed three times with MeOH to remove any
unreacted metal salts or ligands, yielding the final ZIF-8 material.

Synthesis of NiZn-ZIF-8

To synthesize NiZn-ZIF-8, nickel acetate tetrahydrate (Ni(OAc), - 4H,0,
49.7mg, 0.2mmol) and zinc acetate dihydrate (Zn(OAc),-2H,0,
175.6 mg, 0.8 mmol) were dissolved separately in 50 mL of MeOH with
the help of ultrasound in a 250 mL conical flask. Simultaneously, mIM
(656 mg, 8 mmol) was dissolved in 50 mL of MeOH in a separate
250 mL conical flask using ultrasound. The mIM solution was then
added to the metal acetate solution under vigorous stirring. Stirring
was continued for 3 h, after which the mixture was allowed to stand
undisturbed for 24 h. The precipitate formed was collected by cen-
trifugation and washed three times with MeOH to remove any
unreacted metal salts or ligands. Samples of NiZn-ZIF-8 with varying
nickel percentages were synthesized using the same procedure by
altering the molar ratio of n(Ni(OAc),-4H,0)/n(Zn(OAc); - 2H,0),
while maintaining the total moles of the two metal salts at 1 mmol. The
resulting nickel percentages in the MOF samples were as follows: for
n(Ni(OAc), - 4H,0)/n(Zn(0OAc); - 2H,0) =1/3 = 0.11% nickel; 1/2 = 0.13%
nickel; 1/1= 0.33% nickel; 2/1 = 0.64% nickel; 3/1= 0.84% nickel; and 4/1
= 1.76% nickel.

Synthesis of CuZn-ZIF-8

Copper-substituted ZIF-8 (CuZn-ZIF-8) was synthesized using a pro-
cedure similar to that for NiZn-ZIF-8. Copper acetylacetonate
(Cu(AcAc),) (52.4mg, 0.2mmol) and zinc acetate dihydrate
(Zn(OAc), - 2H,0) (175.6 mg, 0.8 mmol) were dissolved in 50 mL of
MeOH using ultrasound. Separately, mIM (656 mg, 8 mmol) was dis-
solved in 50 mL of MeOH with ultrasound. The mIM solution was then
poured into the copper and zinc solution under vigorous stirring,
which was continued for 3 h. The mixture was left to stand undisturbed
for 24 h, and the precipitate was collected by centrifugation. The
product was washed three times with MeOH to remove unreacted salts
and ligands. ICP-OES analysis indicated that the copper content in the
CuZn-ZIF-8 sample was 0.06%.

Synthesis of CoZn-ZIF-8

Cobalt-substituted ZIF-8 (CoZn-ZIF-8) was synthesized by dissolving
cobalt acetylacetonate (Co(AcAc),) (4.97 mg, 0.02mmol) and zinc
acetate dihydrate (Zn(OAc), - 2H,0, 215.1 mg, 0.98 mmol) in 50 mL of
MeOH using ultrasound in a 250 mL conical flask. Separately, mIM
(656 mg, 8 mmol) was dissolved in 50 mL of MeOH in another 250 mL
conical flask with the aid of ultrasound. The mIM solution was then
poured into the cobalt-zinc solution under vigorous stirring, which was
continued for 3 h. The mixture was allowed to stand undisturbed for
24 h, and the resulting precipitate was recovered by centrifugation.
The product was washed three times with MeOH to remove any
unreacted metal salts and ligands. ICP-OES analysis indicated that the
cobalt percentage in the CoZn-ZIF-8 sample was 0.33%.

Sample activation procedures for NiZn-ZIF-8

The as-synthesized NiZn-ZIF-8 samples were activated to remove
residual solvents. The samples were first centrifuged and washed three
times with anhydrous MeOH to exchange the pore solvent. The MeOH-
exchanged samples were transferred as a suspension to a quartz cell,
and the solvent was decanted. The remaining MeOH within the pores
was removed by evacuating the samples under vacuum (102 Torr) at
room temperature for 12 h. This was followed by heating the samples

to 120 °C at a controlled rate of 1°C min™ for 12 h. The same controlled
rate was applied during the subsequent cooling process.

ICP-OES analysis

The elemental content of zinc, nickel, copper, and cobalt in the MOF
samples was quantified using ICP-OES. For a typical analysis, 5 mg of
the MOF sample was added to 10 mL of a 4% nitric acid (HNOs) aqu-
eous solution. The mixture was sonicated for 10 min and then heated
to 100 °C for 2 h to ensure complete digestion. After cooling to room
temperature, the resulting solution was diluted to a total volume of
10mL and filtered using a 0.22 pm filter to remove particulates.
Standard solutions containing 1, 5, 10, 20, 50, 100, and 200 ppm of
nickel, copper, cobalt, or zinc in 3% nitric acid were prepared. A cali-
bration curve was generated by plotting chromatographic peak
intensities against the known concentrations of the standards,
enabling precise quantification of the metal content in the MOF
samples.

Thermal gravimetric analysis

TGA measurements were performed using a TGA analyzer, with
samples placed in aluminum oxide pans under a continuous airflow
atmosphere. The balance gas was nitrogen (N,) at a flow rate of
40.0 mLmin?, and the sample gas was air at a flow rate of
60.0 mL min™. Samples were heated at a constant rate of 10 °C min?
during all TGA experiments.

N, adsorption analysis

All N, adsorption experiments were carried out on a Micromeritics 3
Flex automatic volumetric instrument. Measurements were performed
at 77 Kusing a liquid nitrogen bath. Ultra-high purity N, was used as the
adsorbate. Prior to isotherm measurements, ZIF-8 and the series of
NiZn-ZIF-8 samples were degassed on the 3 Flex instrument for 10 h at
120 °C. Pore size distributions for the MOFs were analyzed using
quenched NLDFT with a carbon slit-pore model.

PXRD crystallography

PXRD data for MOF samples were collected using a Bruker D8 3 kW
diffractometer with Cu-Kyq X-ray radiation (1=1.5406 A) in transmis-
sion geometry.

MOF nanoparticle concentration analysis

NiZn-ZIF-8 nanoparticles (2 mg) were dispersed in 40 mL of pure
water and sonicated for 5min. A 1mL aliquot of this stock solu-
tion was then diluted to 3 mL with pure water and sonicated for
an additional 5 min. The nanoparticle concentration in the diluted
solution was analyzed using a nanoparticle tracking analysis
(NTA) system (ZetaView PMX 110). The measurements were per-
formed at a controlled temperature of 23 to 30 °C. The particle
concentration was converted to molar concentration using the
formula (molar concentration = particle concentration/Ns, N, is
Avogadro’s constant).

Animal preparation

All procedures were approved by the Review Board of the Inno-
vation Academy for Precision Measurement Science and Tech-
nology, Chinese Academy of Sciences, and were performed in
accordance with the national Regulations for the Administration
of Affairs Concerning Experimental Animals. Healthy male and
female Sprague-Dawley rats (body mass 240-260g) were pro-
vided by the Hubei Provincial Center for Disease Control and
Prevention (Wuhan, Hubei, China). Prior to surgery, the rats were
anesthetized with 5% isoflurane (RWD, Shenzhen, Guangdong,
China) and maintained under 2% isoflurane anesthesia during the
procedure.
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Hyperpolarized ®Xe experiments

Hyperpolarized ?’Xe gas was generated using a commercial »°Xe
hyperpolarizer (=40% polarization, verlmagin Healthcare, Wuhan,
China) in continuous flow mode. All Xe NMR and MRI experiments
were performed on a 9.4 T Bruker AV400 wide-bore NMR spectro-
meter (Bruker Biospin, Ettlingen, Germany) or a 7 T animal MRI scan-
ner (Bruker Biospec 70/20 USR, Billerica, MA, USA) equipped with a
home-built dual-tuned birdcage coil.

For hyperpolarized *Xe experiments in solution, a gas mixture of
10% N,, 88% He, and 2% Xe (26.4% natural abundance of *Xe) from
Spectra Gases was used. The gas mixture was maintained at a pressure
of 3.5bar and flowed at 0.1 SLPM. During experiments, after the gas
mixture was polarized, it was bubbled directly into a 10 mm NMR tube
containing the MOF sample for 20 or 60 s (single scan). A 3 s delay was
allowed to collapse the bubbles before acquiring the spectrum using a
zg sequence (rectangular pulse, p; = 31.8 ps). For variable-temperature
experiments, temperatures were varied from 278 to 320K in 2K
increments. A stabilization time of 10 min was allowed at each tem-
perature before acquiring the Xe NMR spectrum. The sample tem-
perature was controlled using a variable temperature (VT) unit
integrated into the NMR spectrometer. 2Xe NMR chemical shifts were
referenced to the signal of gaseous xenon at O ppm.

For hyperpolarized ®Xe MRI experiments in solution, 16 scans
were acquired and averaged. Images were collected using a Rapid
Acquisition with Relaxation Enhancement (RARE) sequence with the
following parameters: slice thickness = 30 mm, matrix size = 32 x 32,
FOV =30 x 30 mm, in-plane resolution = 0.9375 x 0.9375 mm, band-
width = 5400 Hz, echo time = 8.5ms, centric k-space encoding, no
partial Fourier transform acceleration, rare factor = 4. For each exci-
tation, the gas mixture was bubbled into the solution for 20 s, followed
by a 3s delay to allow bubble collapse, after which the image was
acquired.

For in vivo hyperpolarized ¥Xe experiments, a gas mixture of
10% N,, 88% He, and 2% Xe (86% enriched abundance of *’Xe) from
Spectra Gases was used. Polarized xenon gas was accumulated and
frozen in a magnetic field-protected cold finger using liquid nitrogen,
then thawed into a 1.0L Tedlar bag for delivery to the rats by
mechanical ventilation. A 3D Ultra-short Echo Time (UTE) simulta-
neous imaging sequence was used to obtain images of the dissolved
xenon (xenon dissolved in TP or RBC), entrapped xenon, and xenon
gas at the same time, with the following parameters: TR =250 ms,
matrix size =192 x 192 x 192, FOV =15 x 15 x 15 cm, 1000 projections
with Fibonacci trajectory, and the reconstructed spatial resolution =
0.47 x 0.47 x 0.47 mm. In Hyper-CEST experiments, the hyperpo-
larized gas mixture was bubbled into a 10 mm NMR tube for 20s,
followed by a 3 s delay for bubble collapse. A continuous wave (cw)
pulse (6.5 uT, 10 s) was applied to saturate xenon within the NiZn-ZIF-
8 pores, and the Xe NMR spectrum was subsequently acquired in a
single scan. Spectral processing included Lorentzian broad-
ening (LB=5Hz).

For detection limit tests, the polarized gas mixture was bubbled
into a 10 mm NMR tube for 20, followed by a 3 s delay for bubble
collapse. A selective saturation pulse was applied, and the spectrum
was acquired. The cw-saturation pulses were tuned to either the
resonant frequency of xenon within the NiZn-ZIF-8 pores or off-
resonance. Saturation times ranged from O to 20 s in 1s increments
under a 13 uT field. Spectra were acquired in single scans and pro-
cessed using Lorentzian broadening (LB =5 Hz).

For Hyper-CEST MRI experiments, 8 on-resonant and 8 off-resonant
scans were acquired and averaged. Images were collected using a RARE
sequence with the following parameters: slice thickness = 30 mm, matrix
size = 32 x 32, FOV =30 x 30 mm, in-plane resolution = 0.9375 x 0.9375
mm, bandwidth = 5400 Hz, echo time = 4.65ms, centric k-space
encoding, no partial Fourier transform acceleration, rare factor = 8. For

each excitation, the gas mixture was bubbled into the solution for 20's,
followed by a 3 s delay to allow bubble collapse. A saturation pulse (6,
13 uT) was applied to saturate xenon within the NiZn-ZIF-8 pores or off-
resonance, after which the image was acquired. MR images were pro-
cessed in MATLAB (R2014a, MathWorks, Natick, MA). The raw 32 x 32
image matrix was interpolated to a 64 x 64 matrix. Hyper-CEST effects
for on-resonant saturation were calculated relative to off-resonant
saturation using the formula:

Intensity ¢ — Intensity,,,

CEST effect = -
Intensity ¢

@

Point-by-point analysis was performed, and a mask was applied to
exclude non-sample areas and regions with normalized signal inten-
sities below 0.2.

Hyperpolarized *Xe two-dimensional exchange spectroscopy
(2D EXSY)

Hyperpolarized ¥Xe 2D EXSY experiments were conducted at 298 K
using a 90°,-90°¢,,-90°-t, pulse sequence and the States-TPPI
method for phase-sensitive detection in the indirect dimension. The
gas mixture was bubbled into the solution for 20, followed by a 3 s
delay for bubble collapse. The mixing time (t,) was varied from O to
20 ms, during which transverse magnetization was eliminated using
phase cycling in the pulse sequence. The 2D NMR data were acquired
with 32 and 256 points in the ¢ and ¢, dimensions, respectively, with
4 scans per point.

T, relaxation measurements for hyperpolarized *Xe

A small flip angle pulse sequence was used to measure the T; relaxation
time of hyperpolarized *Xe. After hyperpolarized gas mixture was
bubbled into the solution for 20's, a 3 s delay was allowed for bubble
collapse. A small flip angle non-selective pulse was then applied to the
sample, and a free induction decay (FID) was collected immediately
after the pulse. The signal was allowed to decay before applying
another small flip angle pulse to the remaining magnetization, fol-
lowed by the collection of another FID. This process was repeated for
the desired number of points along the decay curve. The collected
signal was fitted to a monoexponential decay model described by the
equation:

M,=Mgexp (— T%) 2

where M, is the magnetization at time ¢, My, is the initial magnetization,
and T is the spin-lattice relaxation time.

However, the T; measured with this pulse sequence will be shorter
than the T; measured with a conventional pulse sequence. Every pulse
decreases the amount of magnetization, shortening the time needed
for the signal to decay to zero. However, the effect of the small flip
angle pulses can be corrected by this equation:

1 1 N In(cos(6)

TR ?

In the above equation, 7; is the corrected Ty, while T;* is the
measured T;. The angle 6 is the small flip angle used to sample the
magnetization over time and 7 is the time between samplings.

Calculation for signal enhancement fold

The enhancement fold is derived as follows: the mass concentration of
the MOF be denoted as c;, and the signal intensity produced by the
entrapped xenon in the MOF at this concentration be M;. The signal
per unit mass concentration of MOF is therefore M,/c,. For pure water,
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let the mass concentration be c¢,, and the signal intensity of the dis-
solved xenon in pure water be M,. The signal per unit mass con-
centration of water is M,/c,. Thus, the enhancement fold, which
compares the signal intensity per unit mass concentration of entrap-
ped xenon in the MOF to the signal intensity per unit mass con-
centration of xenon in pure water, is calculated as:

Enhancement fold = AZ— —= = 4)

Xenon adsorption analysis and isosteric heat of adsorption
Xenon adsorption/desorption isotherms were performed on a Micro-
meritics 3 Flex automatic volumetric instrument. Before the isotherm
measurement, NiZn-ZIF-8 and pristine ZIF-8 powders were degassed
on 3 Flex for 10 h at 120 °C. The analysis temperature was kept at 273
and 298K, respectively. Isosteric heat of adsorption (Qs) is used to
evaluate the adsorption affinity of the gas molecules to the adsorbent
material. Higher Qg stands for stronger interactions between the
adsorbate molecules and the adsorbent. The Clausius-Clapeyron
equation was employed to calculate the Qg

_ »(0InP
Qy= —RT <67T>n

S)

Where n, (mmol g?) is the amount of adsorbed gas, T (K) is the
temperature, P (kPa) is the pressure, Qs (k] mol”) is the isosteric heat of
adsorption.

Molecular dynamics simulations

The initial structures for the MD simulations were constructed by three
regions, namely as bath, MOF, and bath regions, which are segregated
equally along the Z-axis. In the MOF region, the structures were
adopted from the Cambridge Crystallographic Data Centre (CCDC No.
602542, http://www.ccdc.cam.ac.uk). The structure with a volume of
34 x 34 x 34 A* is composed of 2 x 2 x 2 unit cells with the periodic
structures in X-, Y-, and Z-axes. Terminal groups along in Z-axis were
saturated by adding methyl (- CH3) groups. Each constructed struc-
ture was positioned at the center of the simulation box with dimen-
sions 34 x 34 x102 A2, surrounded by 60 xenon atoms (Supplementary
Fig. 85), using the Universal Force Field (UFF).

Statistical analysis

Data are expressed as mean * standard deviation (SD) from at least
three independent replicates. Statistical analysis was conducted using
one-way analysis of variance (ANOVA), and two tailed Student’s t-test
was used for two-group comparisons, all performed within OriginPro
2021. Significance levels are indicated by asterisks: a p-value of less
than 0.05 is the benchmark for statistical significance, ** for p <0.01,
and ** for p <0.001.

Data availability

The data that support the findings of this study, including the full
image dataset, are available from the corresponding authors upon
request. Source data are provided with this paper.
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