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ZIF-8 Film Coatings Render Polymeric Device Surfaces

Addressable by 1H/12°Xe MRI
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ABSTRACT

Metal-organic framework (MOF) films synergize molecular-scale porosity with conformal surface chemistry on polymer
substrates. We report a spectrally selective coating in which a ZIF-8 film, seeded by a Zn(IT)-polydopamine (Zn-PDA) interlayer on
polytetrafluoroethylene (PTFE), enables hyperpolarized 2Xe MRI detection of the polymer surface, while conventional *H MRI
delineates anatomy. The coating produces a film-bound !*°Xe resonance at 82.0 ppm in both water and fetal bovine serum. After

60 min, the resonance position remained unchanged, with signal-to-noise ratios decreasing by only 14.9% and 17.2%, respectively.

Selective excitation yields coating-specific positive contrast on the 2°Xe channel; correspondingly, 'H MRI reveals a distinct surface

appearance likely due to altered local proton density and magnetic susceptibility. In phantoms, 2°Xe and 'H images were co-

registered with a center-point offset of 0.34 mm; in a flow simulator, the offset was 0.26 mm. A rat airway experiment confirmed

in vivo spectral selectivity with a film-bound resonance near 92 ppm, co-localizing with 2°Xe ventilation and 'H anatomical
references. While demonstrated here using coated PTFE segments and direct xenon bubbling, these results provide a robust proof
of concept for MOF-coated polymers as spectrally selective 12°Xe MRI labels, warranting future physiological translation.

1 | Introduction

Metal-organic frameworks (MOFs) are crystalline porous coor-
dination solids built from metal nodes and organic linkers. Their
high internal surface area, tunable pore apertures, and modular
composition support applications in gas storage and separation,
catalysis, and sensing [1-4]. MOF thin films have also been

prepared for device functions such as photodetection [5], and
MOF particles have been investigated as magnetic resonance
imaging (MRI) contrast agents and therapeutic materials [6-8].
In MRI, paramagnetic metal ions such as Gd**, Mn?*, and Fe**
can modulate longitudinal or transverse relaxation [6, 7]. By con-
trast, MOF films remain less explored as functional coatings on
biomedical polymer surfaces. Such coatings must be conformal
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and adherent, and they must retain the accessible porosity needed
for signal generation over the imaging window.

MRI-guided device visualization requires conspicuity without
unacceptable radiofrequency (RF) heating or image distortion.
MRI-visible guidewires are commonly divided into active and
passive designs. Active devices often use nickel-titanium cores
and a polymer cover, with conductors or small RF coils integrated
into the device [9-13]. These components can provide a strong
signal but also create pathways for RF coupling and heating [14,
15]. Passive devices avoid electrical conductors and instead use
susceptibility markers such as Bayoxide E8706 [16], iron particles
[17, 18], superparamagnetic iron oxide nanoparticles [19, 20], iron
oxide [21], iron-platinum alloy nanoparticles [22], or dysprosium
oxide [23] on the polymer cover. These devices can reduce RF
coupling, but susceptibility contrast can be weak or can broaden
the apparent device profile and obscure nearby anatomy. A
surface coating that can be interrogated on a spectrally separated
channel could therefore provide positive coating-specific contrast
while preserving the 'H image for anatomy.

Hyperpolarized (HP) '*Xe MRI increases sensitivity by creating
non-Boltzmann spin polarization through spin-exchange optical
pumping [24, 25]. HP ®Xe is widely used for lung imaging,
including measurements of ventilation [26-30], microstructure
[31, 32], and gas exchange [33-36]. Dissolved ?*Xe can also be
detected in perfused compartments such as blood, heart, and
brain. These features suggest that a xenon-addressable surface
could be localized selectively with *Xe MRI while 'H MRI
supplies anatomical context. Previous work from our group
showed that selected MOFs, including ZIF-8, capture HP ¥Xe
in aqueous media and produce shifted entrapped-xenon NMR
signals [37-39]. The scientific question is whether a surface-
anchored film can preserve a spectrally resolved xenon response
after heterogeneous growth on an inert polymer. ZIF-8 was
selected here because it combines hydrophobic micropores, a
resolvable ¥Xe resonance, high host density, and established
heterogeneous growth chemistry on Zn(II)-polydopamine (Zn-
PDA) layers [37-42]. Compared with other xenon hosts, including
cryptophanes [43], nanoemulsions [44], gas vesicles [45], cucur-
bit[6]uril [46], Fe,L, cages [47], and beta-lactamase reporters [48],
ZIF-8 serves as an attractive starting point for this concept because
it can be grown directly as a dense, adherent film on Zn-PDA-
modified polytetrafluoroethylene (PTFE) under mild conditions;
it retains a resolved '?°Xe resonance even in the solid state
and aqueous environments; and its film growth is synthetically
straightforward. These features make ZIF-8 a practical model
host to test the concept of surface-selective Xe MRI labeling
of polymeric device surfaces, and they provide a foundation for
extending this strategy to other xenon-host coatings in future
studies.

Here we describe a materials-and-imaging proof of concept for a
MOF-film surface label on polymeric device covers. Zn(II)-doped
polydopamine was used to seed ZIF-8 growth on PTFE, yielding a
coated segment denoted ZIF-8@PTFE (Figure 1). The ZIF-8 film
captures HP ®Xe and alters the local 'H appearance of the coated
surface. In vitro, selective excitation of the film-bound '*Xe signal
(¥Xe@ZIF-8) produced coating-selective *Xe images that co-
registered with 'H anatomy with a center-point offset of 0.34 mm.
A flow simulator and a rat airway experiment tested localization

during bulk flow and in a living gas-contact environment,
respectively. We intentionally frame the study as a coated-surface
imaging demonstration, not as validation of a complete interven-
tional guidewire. Translation to vascular use will require physio-
logical xenon delivery, complete-device construction, mechanical
durability testing under abrasion and vascular shear, particle-
detachment analysis, and extended blood-contact studies.

2 | Results and Discussion
2.1 | Fabrication Strategy and Characterization of
ZIF-8@PTFE

The goal of this study was to assess the "H/'*Xe MRI contrast
generated by a ZIF-8 film on a guidewire-cover surrogate, rather
than to fabricate a complete guidewire. The cover of many MRI-
compatible guidewires is PTFE shrink tubing because of its
lubricity and blood compatibility [17, 18, 40]. We therefore used
PTFE shrink tubes cut into approximately 8 cm segments and
developed a surface-growth route for ZIF-8. A Zn-PDA interlayer
promoted surface nucleation. After coating with Zn-PDA, the
surface was activated with 2-methylimidazole (2-MI) in water
to form ZIF-8 seeds, followed by solvothermal growth of an
intergrown ZIF-8 film [41, 42] (Figure 2a).

Scanning electron microscopy (SEM) documented each step
(Figure 2b-e). Pristine PTFE exhibited microcracks (Figure 2b).
The Zn-PDA treatment covered these defects and produced
a granular layer with ~25 nm features (Figure 2c). Energy-
dispersive X-ray spectroscopy (EDX) detected Zn on the coated
surface (Figure S1), and attenuated total reflectance Fourier-
transform infrared spectroscopy (ATR-FTIR) showed a weak
band at 1490 cm™! and a broad 3100-3500 cm™! envelope consis-
tent with ~-OH/-NH, stretches of Zn-PDA (Figure S2) [41, 49, 50].
Since the ultrathin Zn-PDA interlayer on PTFE is inaccessible to
direct X-ray photoelectron spectroscopy (XPS), powder references
of PDA and Zn-PDA were employed, in which the Zn(II)-O
coordination with catechol/benzoquinone groups confirmed the
anchoring of Zn** nucleation sites for subsequent ZIF-8 growth.
(Figure S3). After 2-MI activation, hexagonal ZIF-8 seeds (~40-
70 nm) were visible on the Zn-PDA layer (Figure 2d). Subsequent
solvothermal growth yielded intergrown ZIF-8 crystallites that
formed a compact film on PTFE (Figure 2e). Small intergranular
gaps were present. Cross-sectional SEM showed a film thickness
of ~8 um (Figure S4).

Powder X-ray diffraction (PXRD) of ZIF-8@PTFE segments
showed reflections attributable to both ZIF-8 and the PTFE
substrate, consistent with ZIF-8 phase formation on the surface
(Figure 2f) [51, 52]. Nitrogen sorption isotherms were type I for
both the ZIF-8 film sample and the reference ZIF-8 powder,
with similar micropore size distributions (Figure 2g and inset)
[51, 52]. The Brunauer-Emmett-Teller (BET) surface area and
micropore volume reported for the film sample were 1709 m? g™
and 0.64 cm® g, respectively, close to those of ZIF-8 powder (1885
m? g7! and 0.73 cm® g™'); these values should be interpreted as
normalized to the ZIF-8-containing fraction rather than to the
full PTFE composite mass. ATR-FTIR detected ZIF-8 vibrational
bands at 420 cm™ (Zn-N stretching), 994 cm™, and 1146 cm™ on
ZIF-8@PTFE (Figure S2). Photographs showed macroscopically
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FIGURE 1 | Schematic illustration of ZIF-8@PTFE surface labeling and comparison with common MR guidewire visibility modes. (a) Structural
diagram of ZIF-8@PTFE. (b) ZIF-8@PTFE in aqueous solution and the corresponding '2°Xe/'H MRI concept. The ZIF-8 film captures 2°Xe and produces
a spectrally shifted entrapped-xenon signal, while the porous coating alters local 'H contrast. (c) Schematic comparison of active MR guidewire, passive

MR guidewire, and ZIF-8@PTFE surface-labeling concepts.

continuous film coverage (Figure 2h). SEM images after 0.5 h
immersion in water, plasma, or serum showed no obvious loss of
surface morphology (Figures S5 and S6). However, morphology
alone does not establish retention of crystallinity, Zn-N coordi-
nation, or accessible microporosity. To address these questions,
we performed a series of additional experiments after 60 min
of immersion in water or fetal bovine serum (FBS). First, the
Zn 2p, N 1s, and O 1s binding energies changed negligibly
after immersion, and no additional resolved components were
observed. These ex situ XPS data are consistent with retention
of the predominant surface chemical environment but do not
exclude partial delamination or minor zinc species (Figure S7).
ATR-FTIR bands at 421,994, and 1146 cm™" and the PXRD pattern
showed no major changes after immersion, consistent with reten-
tion of the predominant ZIF-8 structure over 60 min (Figures S8
and S9). Nitrogen adsorption-desorption tests revealed only mild
reductions in BET surface area and micropore volume (Figures
S10 and S11). ICP-OES detected Zn?** concentrations of 5.79 and
12.55 ug mL™! after 0.5 and 1 h, respectively, corresponding to
estimated ZIF-8 mass losses of 2.89% and 6.23% (Table S1). Second,
hemolysis ratios were low under the tested short-term conditions
(Figure S12) [53, 54], and the blood clotting index (BCI) of ZIF-
8@PTFE was slightly higher than that of the PBS control group (a
higher BCI indicates less clot formation), indicating no increase

in clot formation relative to PBS under this static, short-term assay
(Figure S13). Third, a bending durability test was performed to
evaluate the mechanical integrity of the ZIF-8 film. After 100
cycles of bending at a 45° angle, optical microscopy revealed
no visible cracks, delamination, or detachment of the ZIF-8
film from the PTFE substrate (Figure S14). These observations
provide preliminary evidence that the coating tolerates moderate
bending under the tested conditions. Together, these data show
that the retained film remains predominantly crystalline and
microporous over the 60 min test window, while the measured
zinc release and the limited mechanical and blood-contact
assays preclude conclusions about long-term stability or device
safety.

2.2 | InVitro Localization of ZIF-S@PTFE

Before localization experiments, we tested whether ZIF-8@PTFE
segments (thick segment: outer diameter, 1.34 mm; inner diam-
eter, 1.0 mm) produced a film-bound '®Xe signal suitable for
selective imaging. Segments were placed at the bottom of a 10 mm
NMR tube, and HP ?Xe was bubbled through four fused-silica
capillaries before acquisition. ZIF-8@PTFE produced film-bound
resonances (*¥Xe@ZIF-8) when exposed to HP '*Xe in gas, water,
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FIGURE 2 | Stepwise fabrication and characterization of ZIF-8@PTFE. (a) Schematic of the preparation process. Top-view SEM images of
(b) pristine PTFE, (c) Zn-PDA-coated PTFE, (d) 2-MI-activated Zn-PDA-coated PTFE, and (e) ZIF-8@PTFE. (f) PXRD patterns of pristine PTFE and ZIF-
8@PTFE. (g) Nitrogen adsorption-desorption isotherms of the ZIF-8 film sample and ZIF-8 powder; inset, corresponding micropore-size distributions.

(h) Photograph of ZIF-8@PTFE.

and FBS (Figure 3a). The film-bound peak appeared at 82.0 ppm
in water and FBS and at ~ 83 ppm in gas, with the highest intensity
under gas exposure. At matched nominal ZIF-8 mass and acquisi-
tion settings, the film-bound ?°Xe signal from ZIF-8@PTFE was
modestly lower than that from the powder reference, consistent
with retained pore accessibility in the approximately 8 um film.
The full widths at half maximum (FWHM) for ZIF-S@PTFE
(128 Hz, entrapped; 48 Hz, dissolved) were narrower than those
for pristine ZIF-8 (212 Hz, entrapped; 492 Hz, dissolved) (Figure
S15). Linewidth differences can arise from exchange, relaxation,
susceptibility, and sample geometry; the present measurements
do not isolate these contributions. The apparent T, relaxation
time of film-bound *Xe was 136 s in water for the thick
ZIF-8@PTFE sample (Figure S16). The trapping behavior was
comparable to that reported previously for ZIF-8 nanoparticles
[38, 39]. The entrapped ¥Xe signal-to-noise ratio (SNR) varied
across ten consecutive acquisitions in water but exhibited no
systematic decay (Figure 3b and Figure S17). After 60 min of
incubation in water or FBS, the SNR decreased by 14.9% and 17.2%,
respectively, while the Xe chemical shift remained constant
at 82 ppm (Figures S18 and S19). These results indicate that the
film can be repeatedly interrogated with hyperpolarized ?*Xe
over the measurement window, with no evidence of progressive
signal loss or spectral drift. We then evaluated 'H/***Xe MRI
in water. Selective excitation at the film-bound ®Xe frequency
(1*Xe@ZIF-8, ~82.0 ppm) produced coating-specific 1 Xe images
(Figure 3c). In parallel, the coated surface showed a 30.71%
higher 'H contrast-to-noise ratio (CNR) than pristine PTFE under

the stated acquisition and analysis conditions (Figure S20). The
origin of this contrast was not isolated and may include changes in
local proton density and susceptibility near the coating. The ?Xe
images were co-registered with the 'H images with a center-point
offset of 0.34 mm in the axial plane (Figure 3c). Pristine PTFE
without ZIF-8 produced no detectable film-bound '*Xe signal
(Figure S21), showing that pristine PTFE does not generate the
observed coating-selective *Xe response.

2.3 | Localization of ZIF-8@PTFE in a Flow
Simulator

To test film-bound *Xe detection under flow, we built a benchtop
flow simulator (Figure 4a). ZIF-S@PTFE segments were fixed
inside a 10 mm glass tube and perfused with a model fluid
adjusted to a viscosity of 3 mPa s using a peristaltic pump.
During acquisition, HP ®Xe was bubbled directly into the
tube through four fused-silica capillaries. This configuration is
not physiological, because vascular xenon delivery would occur
through dissolved xenon transported by blood after pulmonary
gas exchange. The simulator instead provides a controlled test
of film-bound '®Xe detection during bulk flow; it does not
reproduce physiological xenon delivery, blood composition, or
vascular shear.

The ZIF-8 film produced a film-bound '*Xe peak at 82.4 ppm both
without flow (SNR 14.31) and with flow (SNR 3.86) (Figure 4b).
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FIGURE 3 | 'H/'%Xe MRI co-localization of ZIF-8@PTFE. (a) '?Xe NMR spectra in gas, water, and FBS (NS = 1, LB = 5 Hz). (b) SNR of the
129%e@ZIF-8 signal across 10 consecutive acquisitions (NS = 1, LB = 20 Hz). (c) 'H/'*Xe MRI of ZIF-8@PTFE in a 10 mm NMR tube containing

deionized water.

The dissolved-phase *Xe peak appeared at 207.8 ppm. The
lower film-bound SNR under flow may reflect reduced xenon
residence time, bubble transport, or lower local dissolved-xenon
availability; these contributions were not distinguished. Because
direct bubbling generates nonphysiological gas-liquid interfaces,
the magnitude of the SNR reduction should not be extrapolated
to intravascular conditions.

We then tested co-localized imaging in the same setup. Selective
excitation at the film-bound frequency yielded coating-specific
129X e images that co-registered with 'H images of the lumen when
the pump was running (Figure 4c). In the axial plane, the center-
point offset between the 'H and '*Xe images was 0.26 mm. These
data show that the ZIF-8 film supports ?Xe-based localization in

this flow simulator. They do not demonstrate physiological xenon
delivery to an intravascular device.

2.4 | InVivo Airway Localization of ZIF-8@PTFE

As an in vivo gas-contact test, we evaluated spectral selectivity
and co-localization in the rat airway. Because of the narrow
airway, a thin ZIF-8@PTFE segment (outer diameter 0.85 mm,
inner diameter 0.5 mm) was constructed and characterized
(Figure S22). The thin ZIF-8@PTFE also showed film-bound
12Xe signals in gas, water, and FBS (Figure S23), with signal
intensity similar to that of the 1.34 mm ZIF-8@PTFE seg-
ments under the tested conditions. Following tracheotomy, the
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FIGURE 4 | 'H/"Xe MRI co-localization of ZIF-S@PTFE in the flow simulator. (a) Schematic of the setup. (b) HP 12Xe NMR spectra in flowing
(NS = 16, LB = 30 Hz) and static (NS = 8, LB = 30 Hz) model fluid; four ZIF-8@PTFE segments were used. (c) 'H/1?Xe MRI of ZIF-8@PTFE during

static and flowing conditions.

ZIF-8@PTFE segment was inserted to maintain an airway pas-
sage, and Sprague-Dawley rats were ventilated alternately with
oxygen and '*Xe. Breath-hold '?Xe MRI was acquired immedi-
ately after '®Xe inhalation (Figure S24). A distinct film-bound
resonance from the coated segment was detected in the airway
at ~92 ppm, shifted by ~10 ppm downfield relative to the value
in water, consistent with a different local xenon environment
(Figure S25).

Selective excitation at the film-bound frequency was used to
image the coated segment on the ®Xe channel, while the free-
xenon signal provided airway structure (Figure 5a). The resulting
coating-selective ¥Xe images were colorized and overlaid on

129Xe lung images and on 'H anatomy, yielding co-localization
in the airway. The apparent width of the thin ZIF-8@PTFE
segment on the ¥Xe image differed from its physical diameter
by 61.2%. Thus, the ¥Xe data provide selective localization but
should not be interpreted as accurate diameter measurements.
Individual '¥Xe images in Figure 5a were acquired in 3.1 s,
allowing repeated localization during placement; this acquisition
does not constitute real-time device tracking.

We also assessed the 'H MRI appearance by inserting a coated
segment (diameter 1.34 mm) into the liver of a mouse cadaver.
In this ex vivo measurement, the apparent width of ZIF-8@PTFE
on the 'H image differed from its physical diameter by 1.5%
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FIGURE 5 | In vivo and ex vivo 'H/'**Xe MRI of ZIF-8S@PTFE. (a) 'H/"?*Xe MRI of the rat lung and the thin ZIF-8@PTFE segment (diameter
0.85 mm) placed in the airway. (b) 'H MRI of the thick ZIF-8@PTFE segment (diameter 1.34 mm) in the liver of a mouse cadaver. The yellow arrows
indicate ZIF-8@PTFE. (c) Comparison of the apparent ZIF-8@PTFE width measured on MR images with the physical diameter.

(Figure 5b,c). Table 1 reports literature values descriptively;
because the devices, scanners, field strengths, pulse sequences,
and analysis procedures differ, these values do not constitute a
matched benchmark or support quantitative ranking [17, 55-57].
No measurable temperature increase was observed for ZIF-
8@PTFE under the tested 3 T sequence, whereas a nitinol
guidewire surrogate equipped with a solenoid coil showed a
1.5°C temperature rise (Figure S26). This result is specific to the
tested geometry and sequence and does not replace standardized
RF-safety testing of a complete device.

3 | Conclusion

We report a ZIF-8 film coating on PTFE that renders a polymer
surface addressable by HP ®Xe MRI. The coating produced
a resolved film-bound '»Xe resonance in water and FBS, and
selective excitation of this resonance generated positive '2Xe con-
trast from coated PTFE segments. Conventional 'H MRI supplied
anatomical context and showed distinct contrast at the coated
surface. In vitro imaging and flow-simulator imaging produced
submillimeter center-point offsets between the 'H and ®Xe

channels. A rat airway experiment demonstrated film-bound
129Xe contrast in a living animal under direct gas contact.

The current study is a materials-and-imaging proof of concept.
It uses coated PTFE segments rather than complete guidewires,
and the flow simulator uses direct bubbling of HP ?Xe rather
than physiological xenon delivery through blood. The work
does not yet demonstrate vascular navigation, physiological
dissolved-xenon delivery to an intravascular device, mechanical
durability under abrasion or vascular shear, quantitative particle-
detachment measurements, prolonged blood compatibility, the
retention of zinc in the lungs, and thrombogenicity, or standard-
ized RF safety of a complete device. These studies are required
before the approach can be evaluated as an endovascular imaging
technology.

This proof-of-concept study confirms that ZIF-8 can form dense,
conformal films on Zn-PDA-modified polymer surfaces, enabling
ZIF-8 film coatings to render conventional polymeric device
surfaces addressable via "H/'*Xe MRI. Alternative xenon-host
materials may offer distinct chemical shifts, exchange kinetics,
and sensitivities. Realizing such alternative coatings for devices
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TABLE 1 | Descriptive comparison of apparent diameter deviations for ZIF-8@PTFE segments and literature MR-visible guidewires. The acquisition

and analysis conditions differ substantially; the values are provided for orientation only and do not support matched or statistical comparison.

Actual diameter Measured diameter Diameter deviation Imaging
Designation Category (mm) (mm) (%) modality
ZIF-8@PTFE Coated 1.34 (thick) 0.85(thin) 1.36 (thick) 1.37 (thin) 1.5% (thick) 61.2% (thin) 'H/"?*Xe MRI
segment (This PTFE
work) segment
MaRVis MR Passive 0.89 mm 2.00 mm 124.7% 'H MRI only
guidewires [55]
Emeryglide Passive 0.89 mm 3.92 mm 340.4% 'H MRI only
MRWire [56]
MaRVis MR Passive 0.89 mm 2.35 mm 164.0% 'H MRI only
guidewires [17]
RF+GA35153M [57]  Active 0.89 mm 2.60 mm 192.1% 'H MRI only

will demand tailored immobilization chemistries that maintain
efficient xenon exchange and coating stability.

These results support MOF-film coatings as candidates for
spectrally selective MRI labeling of polymer surfaces. The
coated segments provide coating-specific ?*Xe contrast without
an embedded RF conductor, while the 'H channel supplies
anatomy. Further development should focus on time-resolved
structural and chemical stability measurements, quantitative
leaching and linker-release assays, quantitative coating adhesion,
particle-shedding analysis, matched imaging benchmarks, and
physiological dissolved-xenon delivery experiments.

4 | Experimental Section
4.1 | Materials Used

Dopamine hydrochloride and Tris-HCl were purchased from
Aladdin (Shanghai, China). ZnCl,, sodium formate (HCOONa),
2-MI, anhydrous methanol (MeOH), and other chemicals used in
this work were all purchased from Sinopharm Chemical Reagent
Co. Ltd (Beijing, China). The PTFE heat-shrink tube (HST-PTFE
(1.7:1) type) was purchased from Hongjiexin Technology Co. Ltd
(Shenzhen, China).

4.2 | Modification and Activation of Zn-PDA
Coating on Pristine PTFE Tube

PTFE heat-shrink tubing (used here as a cover surrogate) was
cut into ~8 cm segments and sequentially sonicated in ethanol
(15 min) and deionized (DI) water (15 min). Cleaned segments
were immersed in 100 mL Tris-HCI buffer (10 mM, pH 8.5), to
which dopamine hydrochloride (200 mg) and ZnCl, (400 mg)
were added. The suspension was stirred at room temperature for
24 h. Afterward, the coated segments were rinsed repeatedly with
DI water and dried at 65°C for 12 h, yielding a Zn-PDA layer. For
activation, 2-MI (1.2565 g) was dissolved in 10 mL DI water. Zn-
PDA-coated segments were immersed in this solution at room
temperature for 5 h, then removed and washed thoroughly with
DI water prior to ZIF-8 growth.

4.3 | Preparation of ZIF-8@PTFE

2-MI (5.21 g) was dissolved in 40 mL methanol. In parallel,
ZnCl, (1.01 g) and HCOONa (1.45 g) were dissolved in 40 mL
methanol. The two solutions were combined, mixed thoroughly,
and transferred into a 100 mL Teflon-lined autoclave along with
activated Zn-PDA-coated PTFE segments. The autoclave was
heated to 120°C for 4 h, then cooled to room temperature. Coated
segments were removed, rinsed repeatedly with DI water, and
dried at 65°C overnight to yield ZIF-8@PTFE samples.

4.4 | Animal Preparation

All procedures were approved by the Review Board of the
Innovation Academy for Precision Measurement Science and
Technology, Chinese Academy of Sciences (approval number,
APM25007A), and were conducted in accordance with the
national Regulations for the Administration of Affairs Concern-
ing Experimental Animals. Healthy female Sprague-Dawley rats
(body mass = 220-240 g) and BALB/c mice (body mass = 20—
22 g) were provided by the Hubei BIONT Biological Technology
Co., LTD (Wuhan, Hubei, China). Before surgery, the rats were
anesthetized with 5% isoflurane (RWD, Shenzhen, Guangdong,
China) and maintained under 2% isoflurane anesthesia for the
duration of the procedure.

Additional experiment details can be found in the Supporting
Information.

4.5 | Statistical Analysis

Quantitative data are expressed as mean + standard deviation
(SD). Two-tailed Student’s t-test was used for two-group compar-
isons, all performed within OriginPro2021. Significance levels are
indicated by asterisks: a p-value of less than 0.05 is the benchmark
for statistical significance, ** for p < 0.01, *** for p < 0.001,
and **** for p < 0.0001. The SNR for all distinct resonance
signals in hyperpolarized 'Xe NMR spectra was determined
using the built-in sino command within TopSpin processing
software. The center-point offset between co-registered *°Xe
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and 'H phantom images, and the measured diameter of ZIF-
8@PTFE were determined using ImageJ. The actual diameter of
ZIF-8@PTFE was measured with a vernier caliper.
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