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As one of the most important imaging modalities, magnetic resonance imaging (MRI) still faces relatively low
sensitivity to monitor low-abundance molecules. A newly developed technology, hyperpolarized 129%e
magnetic resonance imaging (MRI), can boost the signal sensitivity to over 10 000-fold compared with
that under conventional MRI conditions, and this technique is referred to as ultrasensitive MRI. However,
there are few methods to visualize complex mixtures in this field due to the difficulty in achieving
favorable “cages” to capture the signal source, namely, ?°Xe atoms. Here, we proposed metal—organic
frameworks (MOFs) as tunable nanoporous hosts to provide suitable cavities for xenon. Due to the
widely dispersed spectroscopic signals, 2°Xe in different MOFs was easily visualized by assigning each

chemical shift to a specific color. The results illustrated that the pore size determined the exchange rate,
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Accepted 9th February 2021 and the geometric structure and elemental composition influenced the local charge experienced by

xenon. We confirmed that a complex mixture was first differentiated by specific colors in ultrasensitive

DOI: 10.1039/d0sc06565h MRI. The introduction of MOFs helps to overcome long-standing obstacles in ultrasensitive, multiplexed
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Introduction

Multicolor imaging provides a method for investigating
complex biological processes in living samples. Target analytes
that are labeled with different dyes can be clearly distinguished
by color differentiation.® Multicolor imaging has been widely
explored in chemical, biological, and medical fields; this tech-
nique can visualize T lymphocytes, bacteria, and tumors in the
whole body,> constantly monitor drug release from cargos,’
intensively investigate the spatiotemporal dynamics of
signaling cascades,” and quantitatively detect the tissue
volume.® Despite extensive studies, multicolor imaging appli-
cations are still limited at the subcutaneous, cellular, or in vitro
levels. In most scenarios, multicolor imaging methods are
based on optical technologies, such as fluorescence,® lumines-
cence,” phosphorescence,® and Raman spectroscopies,® which
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exhibit poor penetrability to image targets in deeply opaque
tissues.

Magnetic resonance imaging (MRI) is a clinically used
imaging modality that can penetrate living tissue without depth
limitations. However, only approximately 1 out of 100 000
atoms contributes to the nuclear magnetic resonance (NMR)
detection signal at thermal equilibrium,® resulting in relatively
low sensitivity compared with optical techniques. Therefore,
samples with millimolar (mM) concentrations are usually
prepared to achieve detectable signals for NMR or MRI studies.
By using radiofrequency (RF) irradiation to saturate the target
signal and then transfer it to water protons, chemical exchange
saturation transfer (CEST) provides a new alternative for
increasing magnetic resonance (MR) signals from exchangeable
protons up to more than 1000 times.'* Numerous CEST contrast
agents with various irradiation frequencies (chemical shifts)
have been exploited."*** Nevertheless, background signals from
endogenous glucose, creatine, glutamate, nucleic acids,
peptides, and other biomolecules make it difficult to extract
target information due to overlapping signals.

A newly developed technique, namely, hyperpolarized **°Xe
MRI, has overcome the above sensitivity and background noise
issues by increasing the signal of the heteronuclear spin of
129%e. In previous studies, we used a homemade polarizer to
transfer the angular momentum from photons to *°Xe atoms,
achieving a hyperpolarized '>°Xe MRI enhancement of 100 000
times over that at thermal equilibrium. This up-to-date
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technology can monitor gas-gas'®?* and gas-blood*>*
exchange in the lungs, as well as evaluate brain function.**?*
Because of the much higher sensitivity, hyperpolarized "*°Xe
MRI is referred to as ultrasensitive MRI.>*® To confer targeting
ability to chemically inert xenon, host “cages” with high xenon
affinity are introduced and modified with targeting groups.*
The resulting '*°Xe in cages produces new signals that can be
separated from the dissolved free >°Xe signals in tissues and
blood. Some nanostructures, such as porous nanoparticles,*
nanoemulsions,* dendrimers,* proteins,® and genetically
encoded reporters,*** could provide host cavities for xenon
binding and exchange. Nevertheless, *°Xe signals in most of
the developed nanocages are broad, due to the complicated
exchange processes and the intricate chemical microenviron-
ments. Some supramolecular and superstructural cages, such
as cryptophane®~* and metal-organic capsules,***' show nar-
rower signal peaks than nanocages because their pores bind
only one xenon atom and exhibit an intermediate exchange rate
at room temperature. By using targeted cryptophane as a cage,
a low detection limit of 107'® M was achieved to trace intra-
cellular biothiol with hyperpolarized '>°Xe chemical exchange
saturation transfer (Hyper-CEST) MRL** The multiplexing
capacity of **Xe NMR has been exploited by modifying or
replacing the linker of cryptophane.** However, ">°Xe MRI
biosensors in real samples were physically separated from each
other.*»** There are very few reports on detecting complex
mixtures by '**Xe MRI, which may be due to the unacceptable
biocompatibility, negligible chemical shift differences, or
complicated synthesis procedures of cryptophane. Hence,
searching for better host cages remains a challenge in exploit-
ing the applications of ultrasensitive MRI for multitarget
imaging.

View Article Online

Chemical Science

Metal-organic frameworks (MOFs) are synthetic materials
with controllable pores that have been widely studied in envi-
ronmental,***’ energy,"®* and nanomedicine®*** fields.
Compared with other nanomaterials, MOFs have unique
advantages because their skeleton, structure, and pore function
can be carefully designed and controlled by the selection of
starting derivatives and metals. It is worth mentioning that
MOFs have been successfully applied in xenon separation,*
which demonstrates the high affinity between xenon and MOFs
and inspires us to develop MOF-based '*°Xe biosensors.
Besides, it was reported that the >*Xe NMR chemical shift was
increased from the larger isoreticular MOF (UiO-67) to the
smaller one (UiO-66).>* If we can find an MOF that permits only
a single xenon atom exchange per pore, such as cryptophane,
a favorable signal may be obtained in ultrasensitive MRI. This
would overcome the issue that '*?Xe signals in nanomaterial-
based cages are typically too broad and weak. More impor-
tantly, the *°Xe atom is extremely sensitive to its local envi-
ronment; its MR chemical shift spans over 5000 ppm, which is
a much wider range than that of '"H (~20 ppm). On the basis of
the above theories, we expect to develop a series of MOFs with
different pore structures to offer diverse chemical surroundings
for '*°Xe atom thrusts and achieve different MR signals.
Inspired by semiconductor quantum dots, which can generate
diverse emission colors by simply controlling the dot's inner
core shell,* a distinguishable '*°Xe MR signal resulting from
each edited MOF may also be “stained” with its own color to
show the signal difference. Thus, the introduction of MOFs may
provide comparable *°Xe MRI labels for multitarget analysis.

In this study, we investigated the potential of modifying the
MOF pore structure to gain multiple signals for coloring ultra-
sensitive MRI (Scheme 1). A class of MOF nanoparticles was
formed by similar octahedral Zn-O-C clusters and benzene

o Free Xe

© xein RMOF-1

O xeinirmors @) xeinIRMOF-10

Scheme 1 MOF pore structures are altered to provide diverse microenvironments for 1*Xe atom hosting and produce distinguishable MR
signals. Multicolor *°Xe MR images are introduced by staining the unique signal in each altered MOF with a specific color.
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links, and their pore size was expanded by extending the
molecular struts. It was shown that the exchange rate of the
29Xe atom in MOF pores increased as the organic link was
extended, and the resulting signal differences between any two
MOFs were large enough to be completely separated. To better
understand the inherent key factors that led to these unique
properties, we performed theoretical calculations of '*Xe in
each MOF pore. The results illustrated that the pore sizes and
charge numbers contributed to the different chemical micro-
environments, which manifested as diverse chemical shifts.
Based on the above experimental and theoretical studies, the
MOF family was developed as a favorable contrast agent for
ultrasensitive MRI. Furthermore, three types of MOF nano-
particles with different pore sizes and structures were mixed.
The *Xe NMR and MRI results showed that the signals in the
three MOFs could be totally received and completely discrimi-
nated. To the best of our knowledge, this is the first time that
large "*°Xe MR signal differentiation is obtained in a complex
mixture by using a class of “nanocages” with similar chemical
compositions. These results prove the concept of achieving
distinguishable caged '*°Xe MR signals by regulating the MOF
structure and encoding ultrasensitive MRI with multiple colors
that resulted from the different chemical shifts. Hence, ultra-
sensitive MRI with tunable MOFs opens a new approach for
imaging complex mixtures without invasiveness, radiation, and
depth limitations.

Results
Production of MOF nanoparticles

MOFs with similar structures were solvothermally prepared by
mixing carboxylate benzene organic links with metallic node
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zinc ions and the stabilizing reagent polyvinyl pyrrolidone (PVP)
in dimethylformamide (DMF)/ethanol. Their pore sizes were
regulated with expanded link lengths. We introduced 1,4-ben-
zenedicarboxylic acid, 2,6-naphthalenedicarboxylic acid, and
biphenyl-4,4’-dicarboxylic acid as the organic links, and the
produced MOFs were named IRMOF-1, IRMOF-8, and IRMOF-
10, respectively. As shown in the transmission electron
microscopy (TEM) and scanning electron microscopy (SEM)
(Fig. 1) images, the spherical nanoparticles indicated the
morphology and structural features of the as-prepared IRMOF-
1, IRMOF-8, and IRMOF-10 nanoparticles. When the visual field
was further enlarged (Fig. S1-S371), obvious lattice structures
were observed (Fig. S4-S61), and numerous small nanoparticles
(~10 nm) accumulated and formed IRMOF nanospheres. By
counting the particle sizes in the TEM images, the IRMOF
nanoparticles showed diameters of approximately 110 nm
(Table S1t), while the dynamic light scattering (DLS) results
showed particles that were ~40 nm larger (Table S21). The
fabrication of these structures might be induced by a surface-
energy-driven mechanism.®® The X-ray diffraction (XRD)
(Fig. S13-S15%) and Fourier transform infrared (FTIR) spec-
troscopy (Fig. S16-S187) results further revealed the successful
formation of IRMOF nanoparticles.

Modification of the MOF pore structure to achieve different
cages for '*’Xe hosting

The free volume in crystals in the MOF could be varied by
regulating the molecular linkers, and the produced MOFs
would provide different pores as hosts for small molecules. In
the present study, the free volume was expanded with extended
benzene links, and the free diameters of pores in IRMOF-1,
IRMOF-8, and IRMOF-10 were 7.93, 9.17, and 12.15 A,

IRMOF-1

IRMOF-8

IRMOF-10

Fig.1 Characterization of the morphology of the MOF nanoparticles. (a) TEM and (b) SEM images of IRMOF-1, IRMOF-8, and IRMOF-10 showed
spherical structures and relatively uniform size distributions. Scale bar, 100 nm.
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respectively.®® The nanoscale pores may offer cavities for '*°Xe
atom hosting and then produce various MR signals due to the
diverse microenvironments provided by the different-sized
pores in each MOF. To investigate their potential as host
cages to capture '*°Xe atoms and produce new signals, we
performed NMR studies of the designed MOFs with a 9.4 T
spectrometer with a homemade '*°Xe hyperpolarizer. In
a typical CEST procedure, a series of RF irradiations was applied
to saturate the MR signal of "*°Xe in the cage, and the dissolved
29Xe signal was decreased when the free '>°Xe atom was thrust
and exchanged. As hypothesized, the *°Xe atom in each MOF
produced an MR signal at its unique chemical shift; IRMOF-1,
IRMOF-8, and IRMOF-10 were saturated at 48, 17, and
26 ppm, respectively (Fig. 2a). These irradiation differences
were large enough to excite the signal from only one MOF under
its particular frequency. For example, under 13 pT RF saturation
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at 48 ppm, IRMOF-1 produced sufficient contrast in ultrasen-
sitive MRI (Fig. 2b), whereas signals from IRMOF-8 and IRMOF-
10 samples remained silent. This phenomenon occurred
because the RF at 48 ppm could only saturate the MR signal
from ?°Xe in IRMOF-1, and one irradiation at a defined
chemical shift corresponded to one specific **Xe cage. Simul-
taneously, ultrasensitive ***Xe MRI could be further colored by
IRMOF-8 and IRMOF-10 with RF irradiation at 17 and 26 ppm,
respectively. The MRI results showed that the three signals from
the designed MOFs could be excited separately (Fig. 2b).

The pore size determines the exchange rate

We evaluated the interaction of '*Xe atoms with MOFs by
quantitative Hyper-CEST analysis. A series of full Hyper-CEST
spectra were obtained by saturating '*°Xe in MOFs under the

(b) 48 ppm 26 ppm 17 ppm
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Fig. 2 Manipulation of the MOF pore structure to produce unique 2*Xe MR signals. (a) Frequency-dependent saturation spectra of IRMOF-1,
IRMOF-8, and IRMOF-10. To eliminate the influence of solvent, chemical shifts were referenced to the dissolved free 2°Xe atom. (b) Coloring
ultrasensitive MRI with three types of MOF nanoparticles. Each MOF is saturated at its unique chemical shift, thus enabling discrimination from
others in ultrasensitive MRI. (c) Calculating the charge in an edge of an MOF pore. Charge numbers contribute to the differences in chemical
shifts. (d) A mixture containing IRMOF-1, IRMOF-8, and IRMOF-10 showed separated signals. (€) MOF nanoparticles provide diverse contrast
agents for complex mixture imaging. The MOF mixture showing ultrasensitive MRI in three colors, thus enabling the labeling of three different

targets in a single sample.
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Table 1 !2°Xe-host interaction parameters obtained from quantitative Hyper-CEST. The free diameter of MOF pores was expanded as the
organic length was extended from IRMOF-1 to IRMOF-10. The exchange rate of the 2°Xe atom in the MOF increased with the expanding MOF
pore diameter. The exchange rate of 2°Xe in the MOF was considerably smaller than that in gas vesicles and larger than that in supermolecular

cryptophane-A due to the intermediate pore space for Xe hosting

Interior pore diameter

Xenon host Particle diameter/nm for Xe hosting/A 129%e exchange rate/s "
IRMOF-1 106.3 7.93 429 + 152

IRMOF-8 105.2 9.17 1176 £ 937

IRMOF-10 116.6 12.15 2496 + 548

Gas vesicle”’ 519 — 19 300 + 1800
Cryptophane-a®”*® — 5.4 16 + 3

B, field at 16, 13, 10, 6.5, and 3.5 uT (Fig. S25-S277). After fitting,
the exchange rates of '*Xe atoms in IRMOF-1, IRMOF-8, and
IRMOF-10 were 428.57 + 152.04, 1175.74 4 936.60, and 2495.64
+547.81s ' (Table 1), respectively. The increased exchange rate
along with the expanding pore diameter indicated that the
increased size in the free “void volume” led to faster exchange of
129%e atoms, and this result was consistent with our
expectation.

Moreover, the exchange rate of *°Xe atoms in MOFs was
considerably smaller than that in other nanocages (Table 1).*
According to previous research, the increase in particle size
slowed the effective xenon exchange rate because diffusion
limited the Xe residence times.** As a result, the reported
nanocages whose diameters were smaller than 200 nm had no
detectable signal in ultrasensitive '>**Xe NMR.*" In this study, we
fabricated MOFs with a diameter of approximately 110 nm and
achieved remarkable signals that were diverse and distin-
guishable. These favorable results may be attributed to the
uniform, precise, and sub-nano/nanosized pore structure. The
exchange process of xenon in MOFs was closer to that of
supramolecular cryptophane than to diffusion in other nanoc-
ages. It was also notable that nanoparticles with smaller
diameters were better to maximize the uptake rate and intra-
cellular concentration.®® Compared with the reported cages,
these MOF nanoparticles are advantageous for intracellular and
in vivo analyses.

Charge numbers contribute to the differences in chemical
shifts

Interestingly, the irradiation frequency (at a specific chemical
shift) that saturates >Xe in a nanocage was not related only to
the pore size.*~* The pore size gradually expanded from
IRMOF-1 to IRMOF-10. The "*°Xe atoms in the smallest pore of
IRMOF-1 had the largest chemical shift difference compared
with free '*°Xe atoms (0 ppm). While the corresponding
frequency of '*°Xe in the other two MOFs did not behave as
expected, the chemical shift of *Xe in IRMOF-8 was 9 ppm
smaller than that of IRMOF-10. We considered that the linker
structure, length, and chemical composition might collectively
influence the interaction between xenon and the cages.

To explain the disorder phenomenon, we further investigated
the effect of electron clouds based on the IRMOF pore structures.
We took one triangle and three edges in one lattice of IRMOF and
then placed one xenon in them (Fig. S287). R was defined as the

4304 | Chem. Sci,, 2021, 12, 4300-4308

distance from the xenon to the vertex of the lattice, and it was
stretched along the diagonal line of the lattice to calculate the
Mulliken charge change. As shown in Fig. $29,7 the calculated
chemical shift of '**Xe decreased in the order of IRMOF-1,
IRMOF-10, and IRMOF-8 under the same R value. This trend
fits well with the Hyper-CEST results (Fig. 2a). Then, the charge of
each atom in the three systems was studied along with different R
values. The atoms with charge root mean square changes larger
than 0.01 in the three structures are shown in Fig. 2c, and the
charges of these atoms with R = 1.8, 2.4, and 2.8 A are presented
in Table S4.f Those atoms in IRMOF-1 were close to those in
IRMOF-10 due to the similar geometric structures of the edges.
However, IRMOF-8 had fewer effective atoms than IRMOF-1 and
IRMOF-10. We also noted that the absolute values of the charges
on Zn and O for IRMOF-8 were smaller than those of IRMOF-1
and IRMOF-10; this led to a smaller interaction between
IRMOF-8 and xenon than that between IRMOF-1 and IRMOF-10
with xenon. The charge on Zn, O, C, and H for IRMOF-1 was
larger than that for IRMOF-10, and the pore size of IRMOF-1 was
smaller than that of IRMOF-10. Thus, xenon has a higher prob-
ability of being close to the edges and the triangle in IRMOF-1. All
these factors resulted in dispersed chemical shifts, that is,
IRMOF-1 > IRMOF-10 > IRMOF-8.

Analysis of an MOF mixture by ultrasensitive MRI

Next, we studied the possibility of analyzing complex samples
by ultrasensitive MRI. The prepared IRMOF-1, IRMOF-8, and
IRMOF-10 nanoparticles were mixed and dispersed in an NMR
tube; RF irradiation from —20 ppm to 60 ppm was performed
within an interval of 1 ppm. The results illustrated that the
peaks at 48, 17, and 26 ppm had no overlap and could be
completely separated (Fig. 2d). The signals from the three
IRMOFs were totally independent and did not influence each
other. This phenomenon indicated that the introduced MOF
nanoparticles may serve as three labels to test complex mixtures
with hyperpolarized '*°Xe. Further MRI experiments showed all
three colored signals at 48, 17, and 26 ppm (Fig. 2e), demon-
strating the existence of the three MOFs in the mixed sample.

Quantitative measurements of the IRMOF nanoparticles by
ultra-sensitive MRI

Taking IRMOF-1 nanoparticles as a model, the Hyper-CEST
effect was enhanced with increasing concentrations (Fig. 3a).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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A linear response was obtained over the concentration range
from 0.05 mg mL ™" to 1 mg mL ™" (Fig. 3b). The corresponding
ultrasensitive MRI also showed a concentration-dependent
intensity (Fig. 3c). Hence, the exploited MOF nanoparticles
could be used as ultrasensitive MRI stains with diverse colors,
making it possible to analyze complex samples qualitatively and
quantitatively in the future.

Conclusions

In this study, a complex mixture was first distinguished by color
differentiation in ultrasensitive MRI, which was achieved by the
introduction of MOF nanoparticles as contrast agents.
Compared to other hard-to-obtain '*°Xe cages, MOF nano-
particles with uniform pores could be easily fabricated by
altering the length of the starting organic links. The produced
MOF nanoparticles provided three types of pore spaces with
different chemical microenvironments to capture the signal
source of "*’Xe atoms. As the '*°Xe atom was extremely sensitive
to the surrounding environment, the designed MOF nano-
particles produced distinct '**Xe MR signals under three irra-
diation frequencies, resulting in three colors for ultrasensitive
MRI stains. These colors could be completely separated because
the *°Xe chemical shift differentiation between any two MOFs
was over 9 ppm.

We carefully investigated the relationship between the MOF
pore structure and the resulting '>Xe MR signals, expecting to
find laws that might help us explore more types of ultrasensitive
MRI contrast agents. The pore size was expected to be one of the
important factors that considerably affect the exchange rate of
129Xe atoms. As anticipated, the exchange rates of '*°Xe in
IRMOF-1, IRMOF-8, and IRMOF-10 increased with increasing
pore size. However, the variation in relevant chemical shifts did
not show a similar trend. The pore structure was mimicked, and

© 2021 The Author(s). Published by the Royal Society of Chemistry

the charge of the system was calculated. The results showed that
the geometric structure and the number of atoms combined to
act on the charge of each atom, which led to dispersed chemical
shifts (IRMOF-1 > IRMOF-10 > IRMOF-8).

In conclusion, we successfully explored a new type of nano-
cage that circumvents the difficulty of fabricating '*°Xe host
cages and can be used as an ultrasensitive MRI stain with three
individual colors. This approach may serve as a new strategy to
analyze complex mixtures by combining the advantages of
modifiable MOFs and ultrasensitive MRI without depth limi-
tations. Numerous studies are expected to be conducted in the
future, and they include but are not limited to the following. (1)
Additional pore structures can be designed and fabricated by
replacing organic links and/or metals, which may provide
additional colors for ultrasensitive MRI. (2) The designed MOFs
produced MR signals upfield of soluble free >Xe atoms; other
types of MOFs, which may lead to signals downfield, could be
explored by utilizing the shielding electron effect. (3) The
ultrasensitive MRI signal may be enhanced by improving the
dispersity of MOF nanoparticles. (4) Real biological samples
could be detected by introducing targeting groups. (5) Insoluble
MOFs could be prepared in the form of spray and then inhaled
for lung imaging.
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