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Metal-organic frameworks (MOFs) are crystalline porous materials with tunable structures, where metal
ions or clusters serve as magnetic centers and organic ligands offer spatial separation. These characteris-
tics, combined with their diverse topologies, make MOFs promising candidates for contrast agents (CAs)
in magnetic resonance imaging (MRI). Herein we synthesized four MOFs based on the same triangular
FesO clusters with different topologies: MIL-101(Fe) (moo net), MIL-100(Fe) (mtn net), MIL-59(Fe) (pcu
net), and MIL-88B(Fe) (acs net). To clarify the relationship between topologies and T, relaxivities, the
MOFs were tailored into uniform, nanoscale spherical morphologies. Notably, the value of T, relaxivity
for MIL-88B(Fe) with acs topology is nearly three times that for MIL-101(Fe) with moo topology at 7.0 T.
By comparing the magnetic properties of FesO molecular clusters and Ga-doped MIL-88B(Fe), our
analysis demonstrated the significant advantage of MOFs with fixed arrays, adjustable components and
diverse topologies in enhancing magnetic relaxation. Cellular MRI experiments further revealed that
MIL-88B(Fe) could differentiate between M1 and M2 macrophages, highlighting its potential for monitor-
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ing tumor progression. These findings offer valuable insights into how MOF topology can be strategically
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1. Introduction

Magnetic resonance imaging (MRI) has become an indispen-
sable tool in clinical research fields due to its ability to non-
invasively obtain high-resolution images of internal structures
and functions.'™ To enhance the contrast of images, particu-
larly in deep tissue imaging, the use of contrast agents (CAs) is
essential.* Early CAs were primarily molecular-based, such as
gadolinium® and iron compounds.® These agents work by
altering the relaxation times of nearby water protons, thus
improving the image quality. The magnetic resonance (MR)
signals are largely influenced by several factors, including the
molecular composition and the relaxation properties of the
agent itself.” The developments of nanotechnology have
enabled the synthesis of nanoscale molecular assemblies,
significantly improving the MRI performance by the aggrega-
tion effects from CAs.*° In addition to the aggregation effect,
the size and morphology of CAs also play a crucial role in
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utilized to enhance T, relaxivities for MRI applications.

determining the efficiency of CAs." For example, Cheon et al.
discovered that the T, relaxivity of iron oxide nanoparticles
(IONPs) shows a clear dependence on their sizes.'" Similarly,
Zhao et al. demonstrated that octapod-shaped IONPs exhibit a
T, relaxivity 5.4 times higher than that of spherical IONPs of
comparable volume."” Conceptualizing the magnetic center of
a CA as a domain, the lattice structure and domain arrange-
ment within a nanoparticle can significantly influence its MRI
properties, making the regulation of domains a critical factor in
optimizing CA performance. However, traditional dense struc-
tures based on rigid oxygen-bridges make precise control over
internal magnetic domains unfeasible. These limitations
emphasize the need for alternative materials to address the
drawbacks of conventional IONPs in MRI research.
Metal-organic frameworks (MOFs) are crystalline porous
materials constructed from organic linkers and metal ions/
clusters, exhibiting well-defined structures and exceptional
chemical tenability.">'* MOFs offer a promising platform for
the development of novel CAs with tailorable properties.*>®
Research studies on MOFs have demonstrated that relaxivity
increases in a size-dependent manner.'”'® Khoobi et al
reported that the measured proton relaxation rates and con-
trast enhancement strongly depend on the size and aspect ratio
of MIL-88B."° The nano-sized metal clusters within MOFs serve
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as magnetic centers, while the organic ligands can modify the
coordination environment and connectivity between metal
centers, allowing for precise control over the relaxivity of
CAs.”*® For example, Rathnayake et al. synthesized porous
microstructures of isoreticular Fe-based MOFs (Fe-MOFs) and
confirmed that the magnetic response is induced strictly by the
localized electron density and spin density of states on Fe;O
domains.*' Although the diverse topologies of MOFs provide a
unique opportunity to investigate how structural variation
impacts MRI performance, a comprehensive understanding of
the magnetism within MOFs for MRI research has not yet been
fully explored. Given the unique architecture, MOFs represent
an ideal platform to study and manipulate magnetic properties,
meeting the essential structural criteria for advanced MRI
applications.

In this work, we focus on the design and synthesis of MOFs
featuring triangular Fe;O clusters as magnetic lattices. These metal-
oxo clusters, characterized by spin-canted magnetic interactions,
are highly sensitive to structural changes, making them
ideal candidates for studying topology-dependent effects on
MR properties.>>** Four Fe-MOFs with distinct topologies,
MIL-101(Fe) (moo net), MIL-100(Fe) (mtn net), MIL-59(Fe) (pcu
net), and MIL-88B(Fe) (acs net), were successfully synthesized.>* >
To minimize the influence of crystal face variations and magnetic
anisotropy on T), relaxivities, we regulated the morphologies of four
Fe-MOFs into isotropic spherical nanoparticles. From MIL-101(Fe)
to MIL-88B(Fe), as the Fe;O cluster density increased, we observed
a gradual rise in both saturation magnetization and T, relaxivity.
The value of T, relaxivity for MIL-88B(Fe) with acs topology is
nearly three times that for MIL-101(Fe) with moo topology in 7.0 T.
We further characterized the magnetic properties of Fe;O molecu-
lar clusters and Ga-doped MIL-88B(Fe) for comparison. The results
demonstrated the significant advantage of MOFs with fixed
arrays, adjustable components and diverse topologies in enhancing
magnetic relaxation. Finally, we demonstrated that MIL-88B(Fe)
effectively distinguishes between M1 and M2 macrophages,
highlighting its potential for monitoring tumor progression and
showcasing its promise as a CA in MRI applications.

. MIL-100(Fe)
5 mtn net

<% MIL-101(Fe)
moo net

Scheme 1
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2. Results and discussion

2.1. Synthesis and characterization of four Fe-MOFs

Four Fe-MOFs were synthesized based on previously reported
methods. Scheme 1 illustrates the distinct structures and
topologies of these four Fe-MOFs constructed from the same
Fe;O cluster. As shown in Fig. 1a, the powder X-ray diffraction
(PXRD) patterns matched well with the simulated patterns of
MIL-101(Fe), MIL-100(Fe), MIL-59(Fe), and MIL-88B(Fe), con-
firming their high crystallinity and phase purity. Thermogravi-
metric curves of all four Fe-MOFs (Fig. S1, ESIT) exhibited three
main weight loss stages: an initial 10% loss of around 100 °C,
likely due to surface moisture; a second 40% loss between 100
and 500 °C, attributed to the decarboxylation of organic linkers,
leading to framework collapse; and a final loss from 550 to
650 °C, marking complete framework decomposition. The
nitrogen adsorption isotherms of MIL-101(Fe), MIL-100(Fe),
MIL-59(Fe), and MIL-88B(Fe) are presented in Fig. 1b, with
Brunauer-Emmett-Teller (BET) surface areas calculated as
2040, 1219, 300 and 37 m* g~ ', respectively. These adsorption
results are consistent with previous reports, showing that
MIL-101(Fe) and MIL-100(Fe) exhibit well-defined large micro-
pores, while MIL-59(Fe) and MIL-88B(Fe) exhibit dense, non-
porous structures. Additionally, the FT-IR spectra of all four
Fe-MOFs displayed a characteristic C—=O stretching vibration
peak in the range of 1600-1700 cm ™', indicating the presence
of carboxylate-containing organic ligands (Fig. S2, ESIT).

X-ray photoelectron spectroscopy (XPS) survey spectra, along
with the corresponding binding energy spectra, of each element
in four Fe-MOFs, are shown in Fig. 1c and d. These spectra
provided further evidence for the successful synthesis of four
Fe-MOFs, with iron existing in a trivalent oxidation state within
the Fe;O clusters. The XPS data clearly demonstrate the
presence of Fe, C, and O, in agreement with the expected
composition. These results confirm the successful incorpora-
tion of iron(m) into the MOF structure, along with high purity
and structural integrity.

To eliminate the effects of crystal faces and magnetic
anisotropy, we regulated all four Fe-MOFs into uniform
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Schematic illustration of the FezO cluster and Fe-MOFs with different topologies.
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Fig. 1 (a) PXRD patterns, (b) N, adsorption—desorption isotherms at 77 K,

(c) XPS spectra of Fe 2p levels, and (d) XPS spectra of MIL-101(Fe),
MIL-100(Fe), MIL-59(Fe), and MIL-88B(Fe).

spherical nanoparticles of similar sizes. The morphology of
four Fe-MOFs was thoroughly confirmed using scanning elec-
tron microscopy (SEM) and transmission electron microscopy
(TEM). As shown in Fig. S3 (ESIt), the SEM images reveal that
all four Fe-MOFs exhibited highly uniform particle sizes of
approximately 150 nm, maintaining a well-defined spherical
shape. TEM images also confirmed the spherical, uniform
particle morphology, as shown in Fig. 2. TEM-EDS mapping
displayed the homogeneous distribution of key elements,
including Fe, C, and O, across the entire surface of the Fe-
MOFs. This even dispersion suggests stable frameworks and
further supports the successful formation of four Fe-MOFs with
desired structural integrity. Collectively, all characterization
techniques confirm the successful synthesis of four Fe-MOFs
with distinct topologies, well-defined crystallinity and a uni-
form spherical morphology with consistent nanoparticle sizes.

2.2. T, relaxivities, T,-weighted imaging in vitro

The T, relaxivities of four Fe-MOFs with distinct topologies
were measured under two different magnetic field strengths at

TEM Fe Merge

MIL-101(Fe)
MIL-100(Fe)
MIL-59(Fe)

MIL-88B(Fe)

HAADF

ﬂ
O

Fig.2 TEM, HAADF-STEM, and EDX mapping images of MIL-101(Fe),
MIL-100(Fe), MIL-59(Fe), and MIL-88B(Fe).
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3.0 Tand 7.0 T, respectively (Fig. 3a and b). Transverse relaxivity
(7,) was determined by fitting the relaxation rate as a function
of concentration. At 3.0 T, the r, values of MIL-101(Fe),
MIL-100(Fe), MIL-59(Fe), and MIL- 88B(Fe) were calculated as
1.51mLmg ‘s, 274mLmg " s, 6.04 mLmg 's ', and
8.76 mL mg ' s !, respectively. These values show that
MIL-88B(Fe) with acs topology exhibits the highest T, relaxivity
among the four Fe-MOFs at this field strength, suggesting a
strong influence of topology on magnetic resonance properties.
To further investigate the impact of magnetic field strength,
measurements were repeated at 7.0 T. The r, values at this field
were significantly increased to 16.43 mL mg ' s~ " for MIL-
101(Fe), 28.51 mL mg " s~ " for MIL-100(Fe), 35.03 mL mg s "
for MIL-59(Fe), and 40.28 mL mg ' s~ for MIL-88B(Fe), respec-
tively. The markable r, value increases at 7.0 T indicating a
pronounced sensitivity of 7, relaxivity to magnetic field
strength.” Moreover, the consistent upward trend in r, values
across the series, from MIL-101(Fe) to MIL-88B(Fe) at both 3.0 T
and 7.0 T, highlights the critical role of MOF topology in
influencing their relaxometric behavior under various magnetic
fields.

As shown in Fig. 3¢ and d, the T, contrast effects of the four
Fe-MOFs were also evaluated at both 3.0 T and 7.0 T, revealing a
strong correlation between their topologies and MRI perfor-
mance. Generally, Fe-MOFs with large pore sizes and surface
areas, such as MIL-101(Fe) and MIL-100(Fe), exhibited relatively
weak T, contrast effects. This may be attributed to the reduced
efficiency of signal attenuation at low iron concentrations,
suggesting that their porous structures limit sensitivity in 7,-
weighted imaging. In contrast, Fe-MOFs with small pore sizes
and dense iron contents, such as MIL-59(Fe), demonstrate a
significantly enhanced T, contrast effect, likely due to more
efficient magnetic interactions. MIL-88B(Fe), with the densest
iron content, displayed the strongest T, contrast effect among
the four Fe-MOFs. Notably, even at a low concentration of

10]F MIL10T(Fe) r, = 151 B MIL-101(Fe) r, = 16.43

MIL-100(Fe) r, = 2.74 0] MIL100(Fe) r, = 28.51
g]* MIL-59(Fe)r, = 6.04 MIL-59(Fe) r, = 35.03
v MIL-88B(Fe) r, = 8.76 30 v MIL-88B(Fe) r,=40.28
At7.0T /

261At3.0T 2
g £'20
e = .

/7 , 10 /

A o] E
0
00 02 04 06 08 10 00 02 04 06 08 1.0
(c) Fe concentration (mg-m L'1) (d) Fe concentration (mg-mL")

)
\\? At7.0T

Fe concentration (mg-mL-) S

Fig. 3 T, relaxivities plot of MIL-101(Fe), MIL-100(Fe), MIL-59(Fe), and
MIL-88B(Fe) at (a) a 3.0 T MR system and (b) a 7.0 T MR system. (c)
T>-Weighted MR images of MIL-101(Fe), MIL-100(Fe), MIL-59(Fe), and
MIL-88B(Fe) aqueous solution at (c) a 3.0 T MR system and (d) a
7.0 T MR system.

Fe concentration (mg-mL-1)
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0.0625 mg mL™ " at 7.0 T, MIL-88B(Fe) produced a distinctly
dark signal, underscoring its potential for high-sensitivity MRI
and precise diagnostic applications.

To further investigate the role of MOF framework in enhan-
cing T, relaxivity, a discrete molecular Fe;O cluster structure,
[Fe30(0,CPh)¢(H,0);]-ClO,, which contains the same Fe;O core
as the Fe-MOFs, was synthesized and characterized (Fig. S4,
ESIf). An in vitro MRI study revealed a r, value of only
9.48 mL mg ' s ' at 7.0 T, significantly lower than all four
Fe-MOFs. This result suggests that the well-defined arrangement
of Fe;O clusters within the MOF framework does enhance the T,
relaxivity, likely due to the structural effects of an extended network,
which promote more effective magnetic relaxation.

Furthermore, the inherent spin frustration in Fe-MOFs can
significantly limit their magnetic properties and reduce their
effectiveness in magnetic resonance applications. To mitigate
this issue, we selected MIL-88B(Fe) as a representative model
and strategically substituted a portion of Fe** ions with non-
magnetic Ga>" ions. PXRD patterns as shown in Fig. 4a confirm
that the crystalline structure and phase purity of MIL-88B
remain intact across different Ga** doping levels. This substitu-
tion disrupts the spin-frustrated state by aligning the remain-
ing two Fe*' ions in an antiparallel configuration, thereby
achieving a lower energy state. However, while this modifica-
tion reduces spin frustration, it also partially cancels the
material’s magnetic properties due to the opposing spin orien-
tations of the iron ions. Interestingly, when two Fe** ions are
replaced by Ga®" ions, leaving only one magnetic Fe** ion per
cluster, the resulting structure exhibits the highest magnetic
moment, as illustrated in Fig. 4b. This suggests that fine-tuning
the doping ratio can optimize the magnetic properties by
minimizing spin frustration while preserving or enhancing
the overall magnetic moment. We then evaluated the T, relax-
ivities of MIL-88B(Fe), MIL-88B(Fe,Ga), and MIL-88B(FeGa,) at
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?
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3 t—1| t—1
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Fe concentration (mg-mL"") 8
Fig. 4 (a) PXRD patterns of MIL-88B(Fe), MIL-88B(Fe,Ga), and MIL-
88B(FeGay). (b) Schematic illustration of MIL-88B with different metal
doping ratios. (c) T, relaxivities plot, and (d) T,-weighted MR images of
MIL-88B(Fe), MIL-88B(Fe,Ga), and MIL-88B(FeGay).
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7.0 T to assess the impact of Ga®" doping on their magnetic
resonance properties. As shown in Fig. 4c, the r, values
increased progressively with higher gallium content, from
40.28 mL mg ' s ' for MIL-88B(Fe), 46.58 mL mg ' s~ ' for
MIL-88B(Fe,Ga) to 53.18 mL mg ™' s~ for MIL-88B(FeGa,). The
T,-weighted MR images in Fig. 4d further support these find-
ings. As the Ga®" concentration increases, the signal intensity
decreases, consistent with stronger 7, contrast effects. Partial
Ga®" doping in Fe-MOFs suggests that the modified electronic
environment around Fe®" ions promotes more efficient mag-
netic relaxation, thus improving the material’s performance as
an MRI CA.

2.3. Magnetic properties

To further validate the magnetic properties of the four
Fe-MOFs, magnetic hysteresis (M-H) measurements were con-
ducted at 300 K (Fig. 5a), revealing their superparamagnetic
behaviors. Notably, the saturation magnetization values exhib-
ited a clear trend, increasing from 0.066 emu g ' in
MIL-101(Fe) to 0.27 emu g~ in MIL-88B(Fe) (Fig. 5b). To better
understand these magnetic properties, it is essential to analyze
the electronic structures of four Fe-MOFs. The insulating
behavior of Fe-MOFs arises from the limited overlap between
the d-orbitals of the metal centers and the p, orbitals of the
organic ligands, which restricts electron delocalization. As a
result, the electron density remains localized within the Fe;O
clusters, forming isolated magnetic domains within the MOF
crystal structure.”>*® In the absence of an external magnetic
field, thermal fluctuations cause random orientations of the
Fe;0 clusters, yielding no net magnetism. However, under an
applied magnetic field, the Fe;O clusters align, producing a
collective magnetic response. The topology of Fe-MOFs predo-
minantly governs this alignment, thereby shaping their mag-
netic properties. With topologies that accommodate higher
Fe;O0 cluster densities, the magnetic moment increases, leading
to a higher saturation magnetization. Herein, we defined the
Fe;O0 cluster density as the number of Fe;O clusters per 1000 A3
providing a quantitative foundation for subsequent calcula-
tions. As summarized in Table S2 (ESIf), the Fe;O cluster
densities for MIL-101(Fe), MIL-100(Fe), MIL-59(Fe), and
MIL-88B(Fe) were calculated as 0.3989, 0.7098, 1.115, and
1.347 per 1000 A%, respectively, reflecting a progressive increase

(a) (b)
1.0 At300K MIL-88B(Fe)
o o
305 - MIL-59(Fe)
H N
=
-% 0.0 MIL-100(Fe)
S
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2 — —MIL-100(Fe) /
z., —_MIL-59(Fe)
o ——MIL-88B(Fe)
20000 -10000 O 10000 20000 03989 _ 07098 1115 1.347

Density of Fe;O clusters

Magnetic field (Oe) in each MOF (x10° A%)

Fig.5 (a) M-H loops of MIL-101(Fe), MIL-100(Fe), MIL-59(Fe), and
MIL-88B(Fe) at 300 K. (b) T, relaxivities and saturation magnetization
versus the density of FesO clusters.
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across four Fe-MOFs. In line with this observation, XPS analysis
confirms that MIL-88B(Fe) has the highest concentration of Fe
atoms (Table S3, ESIY), reinforcing the relationship between
Fe;0 cluster density and magnetic properties. Fig. 5b shows the
relationship between increasing Fe;O cluster density and
enhanced saturation magnetization values. This tendency is
also consistent between the Fe;O cluster density and 7, relax-
ivity values.

According to the traditional quantum mechanical outer-
sphere theory, materials with consistent spherical morphology
and elevated saturation magnetization will exhibit higher T,
relaxivity.>*' The equation for relaxivity (r,) is expressed as

1y = (256m%y%/405)kM*r,/D(1 + L/r) (1)

where M, and r are saturation magnetization and effective
radius of the magnetic nanostructure, respectively; D is the
diffusivity of water molecules; L is the thickness of an imperme-
able surface coating, and x is the conversion factor.>” This
equation highlights how saturation magnetization (M) and
Fe;O cluster distribution directly impact T, relaxivity. The
topology of MOFs, which specifically controls the distribution
and density of Fe;O clusters, plays a key role in optimizing both
magnetic properties and relaxivity. MOFs with defined topology
ensure an orderly and oriented distribution of clusters, which is
essential for enhancing the vector sum of magnetic moments
and, in turn, boosting the material’s 7, relaxivity, in line with
the theoretical framework. In contrast, when molecular Fe;O
clusters are dispersed in a solvent, their spatial arrangement is
disrupted, leading to a significant reduction in magnetic inter-
actions and, consequently, lower T, relaxivity. Consequently,
the fixed arrangement of Fe;O clusters within MOFs, which can
be further fine-tuned through topological control, provides a
superior advantage in enhancing magnetic relaxivity.

2.4. Cellular MRI

In subsequent experiments, a model was developed to investi-
gate the impact of different macrophage types on the MR
properties of MIL-88B(Fe). M1 and M2 macrophages exhibit
distinct biochemical profiles: M1 macrophages are typically in
an inflammatory state with elevated hydrogen peroxide (H,0,)
levels, while M2 macrophages are associated with anti-
inflammatory responses, characterized by high glutathione
(GSH) levels.”® To simulate these conditions, MIL-88B(Fe) was
exposed separately to H,O, and GSH in solution. As illustrated
in Fig. 6a and described by chemical eqn (2) and (3), MIL-
88B(Fe) undergoes redox cycling between Fe(ur) and Fe(u) when
exposed to H,O,, facilitated by the oxidizing environment. This
process generates a stable negative contrast effect in 7T),-
weighted MR images over time (Fig. 6b). Conversely, when
MIL-88B(Fe) is exposed to GSH, the reductive environment
gradually reduces Fe(ur) to Fe(u), which possesses a lower
magnetic moment and fewer unpaired electrons. This
reduction progressively weakens the negative contrast effect,
as described by eqn (4) and observed in the MR images. The
reduction of Fe(m) to Fe(u) was further confirmed by XPS
(Fig. 6¢ and Fig. S5, S6, ESIt). After treatment with H,0,, the

This journal is © The Royal Society of Chemistry 2025
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Fe 2p spectra exhibited peaks at approximately 711 eV and
725 eV, corresponding to the Fe(m) 2ps, and Fe(m) 2pi/
binding energies, respectively. A satellite peak characteristic
of Fe(u) appeared at 715.9 eV, indicating that following the
reaction with H,0,, a portion of Fe(m) was reduced to Fe(u). For
MIL-88B(Fe)-GSH, the binding energies of Fe 2ps/, and Fe 2p,,
shifted obviously to lower values following the reduction, with
peaks at 709 eV and 722.4 eV corresponding to Fe(u). The
satellite peak associated appeared at 715.1 eV, corresponding
to the satellite peak of Fe(n). All Fe(m) nodes were reduced to
Fe(n) due to the addition of an excess amount of GSH. These
results provide direct evidence of the valence state change
induced by GSH. Additionally, the M-H plot (Fig. 6d) demon-
strated a significant decrease in saturation magnetization,
further indicating that the magnetic properties of MIL-
88B(Fe) were diminished after reduction by GSH.

Fe(n)-MIL-88B(Fe) + H,0, — Fe(n)-MIL-88B(Fe) + O, + H
(2)
Fe(u)-MIL-88B(Fe) + H,0, — Fe(m)-MIL-88B(Fe) + *OH + H,0
)
GSH + Fe(mn)-MIL-88B(Fe) — GSSG + Fe(u)-MIL-88B(Fe)

4)

Before proceeding with cellular MRI experiments, hyaluro-
nic acid (HA) was conjugated onto MIL-88B(Fe) to enhance its
biocompatibility. Zeta potential measurements in DI water
confirmed successful HA conjugation, as the zeta potential
shifted from +26.8 mV for MIL-88B(Fe) to —24.1 mV for
MIL-88B(Fe)@HA (Fig. S7, ESIt). To further evaluate the colloi-
dal stability of MIL-88B(Fe)@HA under biologically relevant
conditions, dynamic light scattering (DLS) measurements were
performed in different media. The hydrodynamic diameter was
220.2 nm in deionized water, whereas in physiological saline, it
increased to 255.2 nm. This size increase can be attributed to
the presence of Na* and CI~ in saline, which compress the
electrical double layer and weaken electrostatic repulsion
between particles, leading to slight aggregation (Fig. S8, ESIT).
To assess the cytotoxicity, MIL-88B(Fe)@HA was incubated with
RAW264.7 macrophages, and cell viability was measured using
the Cell Counting Kit-8 (CCK-8) assay. The cell viability results
indicated that over 80% of cells remained viable at concentra-
tions of up to 100 pg mL™ " after 24 hours of incubation,
suggesting that MIL-88B(Fe)@HA exhibits low cytotoxicity
(Fig. S9, ESIf). Subsequently, RAW264.7 cells were polarized
into M1 and M2 macrophages using LPS and IL-4 stimulation,
respectively (Fig. S10, ESIt). After incubation of these macro-
phages with MIL-88B(Fe)@HA over various time points (0, 4, 6,
8, 12, and 24 h), the T, contrast effects were evaluated using a
7.0 T MRI system. As shown in Fig. 6e, MIL-88B(Fe)@HA
accumulated progressively within both M1 and M2 macro-
phages, leading to a gradual decrease in T, signal intensity.
However, M2 macrophages exhibited a less pronounced nega-
tive contrast effect compared to M1 macrophages. This differ-
ence is attributed to the high GSH levels in M2 cells, which
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Fig. 6 (a) Schematic illustration of the polarization of MO macrophages into M1 and M2 macrophages, as well as the chemical reactions occurring during

the co-incubation of M1 and M2 macrophages with MIL-88B(Fe)@HA. (b) T>,-Weighted MR images of GSH mediated reduction of MIL-88B(Fe), alongside
the simultaneous oxidation and reduction of MIL-88B(Fe) induced by H,O, in solution at 0 h, 4 h, 6 h, 8 h, 12 h, and 24 h. (c) XPS spectra of Fe 2p levels,
and (d) M—H loops at 300 K of MIL-88B(Fe) reduced by GSH. (e) T»-Weighted MR images of M1 and M2 macrophages incubated with 50 pg mL™ MIL-
88B(Fe)@HA for 0 h, 4 h, 6 h, 8 h, 12 h, and 24 h. (f) T,-Weighted MR images of the mixed solution of M1 and M2 macrophages incubated with 50 ug mL~*

MIL-88B(Fe)@HA for 24 h.

reduced Fe(m) to Fe(u), thereby weakening the magnetic
response. Moreover, as demonstrated in Fig. 6f, after mixing
the solution of M1 and M2 macrophages incubated with
MIL-88B(Fe)@HA for 24 hours, a clear differentiation between
the two macrophage types was observed under a 7.0 T MRI
system. This outcome aligns with the results from the solution-
based model experiments, further demonstrating the ability of
MIL-88B(Fe) to distinguish between M1 and M2 macrophages
based on their distinct biochemical environments. Given that
M1 and M2 macrophages coexist in the tumor microenviron-
ment, with M1 macrophages directly attacking tumor cells and
contributing to an immune-active environment, the transition
from M2 to M1 macrophages is considered crucial for inhibit-
ing tumor progression.***® The successful validation of this
model underscores the potential of Fe-MOFs, such as MIL-
88B(Fe), as CAs for monitoring macrophage activity in tumors.
Unlike previous studies that rely on cellular uptake to differ-
entiate between M1 and M2 macrophages,®” MIL-88B(Fe) offers
a novel and promising approach by exploiting the intrinsic
redox-sensitive MRI contrast properties to distinguish macro-
phage subtypes. This advancement offers a promising appro-
ach to cancer diagnosis and therapeutic monitoring.

5526 | J Mater. Chem. B, 2025, 13, 5521-5529

3. Conclusions

In summary, we systematically investigated the relationship
between topology and T, relaxivities in four Fe-MOFs based on
Fe;O clusters with similar spherical morphologies and nano-
scale sizes. Our results indicate that the acs topology, which has
a higher density of Fe;O clusters, exhibits optimal T, relaxivity.
In addition, we demonstrated the potential of MIL-88B(Fe) as a
promising T, CA for monitoring tumor progression, specifically
its ability to distinguish between M1 and M2 macrophages.
These results provide valuable insights into the design of MOFs
with enhanced magnetic properties and offer important guide-
lines for the development of T, CAs in MRI applications.

4. Experimental

4.1. General methods

All materials used in this study were purchased from commer-
cial channels without further purification. Ethylene glycol (EG,
99%), N,N-dimethylformamide (DMF, 99.9%), ferric chloride
(FeCl;, 99%), and ethanol (99.5%) were purchased from

This journal is © The Royal Society of Chemistry 2025
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Sinopharm Chemical Reagent Co., Ltd. All other reagents were
purchased from Aladdin.

Fourier-transform infrared (FT-IR) spectra were recorded
using a Thermo Fisher Nicolet iS10 FT-IR spectrometer. Powder
X-ray diffraction (PXRD) data were recorded using a Bruker D8
Advance diffractometer at 40 kV and 40 mA with Cu-Ko radia-
tion (A = 1.5406 A). Thermogravimetric (TGA) analyses were
performed with a Mettler Toledo TGA/SDTA 851 analyzer under
N, flow from room temperature to 800 °C with a heating rate of
10 °C min~"'. Nitrogen sorption was measured using an ASAP
2020 gas adsorption instrument (Micromeritics) at 77 K. Before
gas absorption, the samples were degassed in a vacuum at
100 °C for 24 h. Scanning electron microscopy (SEM) images
were taken using a field emission scanning electron micro-
scope (FE-SEM, Ultra55, ZEISS). Transmission electron micro-
scopy (TEM) measurements were conducted using a JEM-2100
microscope (JEOL, Japan) operated at 200 kV. High-resolution
TEM (HRTEM) was carried out using an FEI Tecnai F20 micro-
scope. X-ray photoelectron spectroscopy (XPS) spectra were
recorded using a PerkinElmer PHI 5000C ESCA system (Perki-
nElmer, USA). Surface charge was measured using a Zetasizer
NanoZS size analyzer (Malvern Instruments, Malvern, UK).
Magnetic measurement was carried out using an MPMS
(SQUID) VSM magnetometer equipped with a 7.0 T magnet.
The magnetization isotherms were collected at 300 K between
—2.0 and 2.0 T. Inductively coupled plasma atomic emission
spectroscopy (ICP-AES) spectra were recorded using a PerkinEl-
mer Avio 200 optical emission spectrometer. In vitro magnetic
resonance imaging (MRI) was carried out using a 3.0 T clinical
MRI instrument (Discovery MR 750, GE Medical Systems,
Milwaukee, WI, USA) and a 7.0 T MR scanner (Novila, Shanghai
Chenguang Medical Technology Co., Ltd).

4.2. Preparation of MOFs and Fe;O cluster

4.2.1. Synthesis of MIL-101(Fe). The synthesis of MIL-
101(Fe) was performed according to the procedure reported
previously with minor modifications.”> 9 mg of anhydrous
ferric chloride (0.055 mmol) was dissolved in 3 mL of ethylene
glycol (EG), and 15 mg of terephthalic acid (0.09 mmol) was
dissolved in 1 mL of N,N-dimethylformamide (DMF). The two
solutions were mixed together and stirred at room temperature
for 3 hours. The resulting mixture was then transferred to a
20 mL autoclave and reacted at 120 °C for 12 hours, followed by
slow cooling down to room temperature. The precipitate was
collected by centrifugation, washed sequentially with DMF and
ethanol, and dried overnight at 60 °C. The as-made samples
were treated with 10 mL of dichloromethane three times and
degassed at 150 °C overnight before further analysis. Unless
otherwise specified, the post-synthesis procedures for subse-
quent methods are the same as those described here.

4.2.2. Synthesis of MIL-100(Fe). The synthesis of
MIL-100(Fe) was performed according to the procedure
reported previously with minor modifications.>® 12 mg of
anhydrous ferric chloride (0.074 mmol) was dissolved in 3 mL
of EG, and 19 mg of trimesic acid (0.09 mmol) was dissolved in
1 mL of DMF. The two solutions were mixed together and
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stirred at room temperature for 3 hours. The resulting mixture
was then transferred to a 20 mL autoclave and reacted at 120 °C
for 2 hours, followed by slow cooling down to room
temperature.

4.2.3. Synthesis of MIL-59(Fe). The synthesis of MIL-59(Fe)
was performed according to the procedure reported previously
with minor modifications.** 27 mg of anhydrous ferric chloride
(0.166 mmol) was dissolved in 3 mL of EG, and 16 mg of
isophthalic acid (0.096 mmol) was dissolved in 1 mL of DMF.
The two solutions were mixed together and stirred at room
temperature for 3 hours. The resulting mixture was then
transferred to a 20 mL autoclave and reacted at 120 °C
for 12 hours, followed by slow cooling down to room
temperature.

4.2.4. Synthesis of MIL-88B(Fe). The synthesis of
MIL-88B(Fe) was performed according to the procedure
reported previously with minor modifications.”” 21 mg of
anhydrous ferric chloride (0.129 mmol) was dissolved in 3 mL
of EG, and 10 mg of terephthalic acid (0.06 mmol) was
dissolved in 1 mL of DMF. The two solutions were mixed
together and stirred at room temperature for 3 hours. The
resulting mixture was then transferred to a 20 mL autoclave and
reacted at 120 °C for 2 hours, followed by slow cooling down to
room temperature.

4.2.5. Synthesis of [Fe;0(0,CPh)s(H,0);]-ClO,. [Fe;0(0,CPh)s
(H20);]-ClO, (Fe;O cluster in short) was prepared as previously
reported.®® Solid NaO,CPh (1.15 g, 8 mmol) was added to a solution
of Fe(ClO,);-9H,0 (2.06 g, 4 mmol) in MeCN (30 mL). The solution
changed from light orange to dark brown-red and was left for slow
evaporation. Brown-red crystals formed after a few days, which were
filtered off and dried in vacuo.

4.2.6. Synthesis of MIL-88B(Fe,Ga). 14 mg of anhydrous
ferric chloride (0.08 mmol) and 7.6 mg of gallium trichloride
(0.04 mmol) were dissolved in 3 mL of EG, and 10 mg of
terephthalic acid (0.06 mmol) was dissolved in 1 mL of DMF.
The two solutions were mixed together and stirred at room
temperature for 3 hours. The resulting mixture was then
transferred to a 20 mL autoclave and reacted at 120 °C for
2 hours, followed by slow cooling down to room temperature.

4.2.7. Synthesis of MIL-88B(FeGa,). MIL-88B(FeGa,) was
prepared by the same method as MIL-88B(Fe,Ga) except repla-
cing anhydrous ferric chloride (14 mg, 0.08 mmol) and gallium
trichloride (7.6 mg, 0.04 mmol) with anhydrous ferric chloride
(7 mg, 0.04 mmol) and gallium trichloride (15 mg, 0.08 mmol).

4.2.8. Preparation of MIL-88B(Fe)@HA. MIL-88B(Fe) was
conjugated with hyaluronic acid (HA) by mixing MIL-88B(Fe)
with HA at a weight ratio of 5:1 in an aqueous solution for
24 h.*°

4.3. Reaction of MIL-88B(Fe) with glutathione (GSH) and
hydrogen peroxide (H,0,) in solution

0.2 g L™ MIL-88B(Fe) was added to the GSH or H,0, solution
(6 mmol L7")." After being ultrasonically dispersed, the
solution was taken at 0 h, 4 h, 6 h, 8 h, 12 h, and 24 h for
detecting the MRI signal intensity.
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4.4. Polarization of MO macrophages into M1 and M2
macrophages in vitro

RAW264.7 cells were seeded in 6-well plates and stimulated
with 20 ng mL ™" interleukin 4 (IL-4) and 100 ng mL~" lipopo-
lysaccharide (LPS) for 24 h to polarize them into M2 and M1
macrophages.

4.5. Cell cytotoxicity

The cytotoxicity of MIL-88B@HA on RAW264.7 cells was eval-
uated using the Cell Counting Kit-8 (CCK-8) assay. RAW264.7
cells were harvested by trypsinization and seeded in a 96-well
cell culture plate at 1 x 10" cells per well and incubated for 24 h
at 37 °C under 5% CO,. Then, the RAW264.7 cells were
cocultured with 12.5-200 ug mL™~ ' MIL-88B(Fe)@HA for 24 h.
The CCK-8 solution was then (10 uL per well) added to each
well, and incubated at 37 °C for 2 h. Absorbance at 450 nm was
measured using a multi-well spectrophotometer (BioTek Instru-
ments, Inc., mit Hauptsitz in Winooski, VT, USA).

4.6. In vitro MRI assay

In vitro MRI measurements were performed at 3.0 T and 7.0 T.
T, testing and T,-weighted MR images were performed under
the following parameters: TR/TE = 2.5 s/15.69 ms, 128 x 128
matrices, 45 x 45 mm?® fields of view, sweep width (SW) =
20 kHz, a slice thickness of 800 um. Samples were dispersed in
xanthan gel (0.2 wt%) at various iron concentrations, while the
xanthan gel was used as a control. The specific relaxivity values
of r, were calculated through the curve fitting of 1/T, (s™') vs.
concentration of Fe (mg mL ™).

4.7. Cellular MRI

50 ug mL~' MIL-88B(Fe)@HA nanoparticles were incubated
with M2 and M1 macrophages for 0 h, 4 h, 6 h, 8 h, 12 h, and
24 h. After that, the cells were washed three times with PBS.
Cellular MRI experiments were performed on sample aqueous
solution (8 x 10° cells) in 2.5 wt% agarose gel (2 mL).
T,-Weighted MR images were acquired under the following
parameters: TR/TE = 2.5 s/15.69 ms, 128 x 128 matrices,
45 x 45 mm” fields of view, sweep width (SW) = 20 kHz, and
a slice thickness of 800 um. For preparing a mixed solution of
M2 and M1 macrophages, first M1 macrophages were dis-
persed in 1 mL of agarose solution and cooled down to room
temperature. Then M2 macrophages dispersed in 1 mL of
agarose solution were added into the above solution.
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