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Up to now, numerous emerging methods of cancer treatment including chemodynamic therapy, pho-
tothermal therapy, photodynamic therapy, sonodynamic therapy, immunotherapy and chemotherapy have
rapidly entered a new stage of development. However, the single treatment mode is often constrained by
the complex tumor microenvironment. Recently, the nanomaterials and nanomedicine have emerged as
promising avenues to overcome the limitation in cancer theranostics. Especially, metal-organic frame-
works (MOFs) have gained considerable interests in cancer therapy because of their customizable mor-
phologies, easy functionalization, large specific surface area, and good biocompatibility. Among these
MOFs, iron-based MOFs (Fe-MOFs) are particularly promising for cancer treatment due to their properties
as nano-photosensitizers, peroxidase-like activity, bioimaging contrast capabilities, and biodegradability.
Utilizing their structural regularity and synthetic tunability, Fe-MOFs can be engineered to incorporate
organic molecules or other inorganic nanoparticles, thereby creating multifunctional nanoplatforms for
single or combined theranostic modes. Herein, the minireview focuses on the recent advancements of
the Fe-MOFs-based nanoplatforms for self-enhanced imaging and treatment at tumor sites. Furthermore,
the clinical research development of Fe-MOFs-based nanoplatforms is discussed, addressing key chal-
lenges and innovations for the future. Our review aims to provide novice researchers with a foundational
understanding of advanced cancer theranostic modes and promote their clinical applications through the

modification of Fe-MOFs.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

1. Introduction

vironment (TME). In addition, CDT is limited by low concentra-
tion of tumor H,0, and reduced glutathione (GSH). Hence, re-

Cancer, a kind of high fatality rate disease, has been rapidly
becoming the main cause of human death worldwide. Therefore,
the development of effective cancer theranostic methods is a very
urgent task at present. To date, novel therapeutic methods in-
cluding chemodynamic therapy (CDT), photothermal therapy (PTT),
photodynamic therapy (PDT), sonodynamic therapy (SDT) and im-
munotherapy with advantages of noninvasive and safe, have been
broadly innovated to meet the increasing demands of clinical treat-
ment [1-6]. However, these therapeutic approaches still encounter
substantial challenges in cancer treatment. For instance, PDT faces
challenges such as poor stability of photosensitizers and a high
dependency on oxygen consumption within the tumor microen-
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searchers devote themselves to explore suitable methods for im-
proving cancer therapeutic outcomes. In recent decades, various
advanced functional materials exhibiting multiple enzyme-like ac-
tivities and other beneficial properties have been employed for
cancer theranostics, aiming to achieve negligible side effects and
high biosafety [7,8].

In the field of nanomedicine, metal-organic frameworks (MOFs)
are extensively investigated for applications in drug delivery, de-
tection of hazardous substances, bioimaging, biosensing, and can-
cer therapy [9-15]. The interests stem from their customizable
morphology, adjustable specific surface areas, and advantageous
physicochemical properties [16-19]. Due to inherent characteris-
tics, including adjustable structure, biocompatibility, and electro-
chemical features suitable for cancer detection, MOFs have become
a highly promising candidate for cancer therapy [20-22]. Diverse
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MOF-based nanoplatforms have been developed and built to sat-
isfy the various needs of cancer therapy. For example, porphyrin-
based MOF, a type of photosensitizers, possess intrinsic capacity
for generating singlet oxygen ('0,) for PDT. In view of the di-
versity of inorganic metal ions and organic ligands, great oppor-
tunities are provided for the further functionalization of MOFs.
By means of pre-functionalizing and post-synthetically altering the
linkers and metal nodes of MOFs using organic molecule [23], in-
organic nanoparticles (NPs) [24] and other active substances [25],
it becomes possible to significantly enhance their anticancer ef-
ficiency. Moreover, tumor site can be targeted by MOFs because
the size-related enhanced permeability and retention (EPR) ef-
fect. To enhance targeting efficiency and responsiveness in cancer
therapy, MOFs are functionalized with specialized entities such as
active targeting molecules, supramolecular nanovalves, biomacro-
molecules, and cell membranes. The achievement stems from the
coordinated effect of metal nodes and the covalent coupling of
organic ligands carrying functional groups (such as -NH, and -
COOH) on the surface of MOFs [26-28]. Further, MOFs possess
the ability to degrade in acidic TME, and ultimately be eliminated
from the body, indicating their enormous promise in the field of
biomedicine [29].

Among numerous MOFs, iron-based MOFs (Fe-MOFs) have re-
ceived extensive attention from researchers due to their photosen-
sitizer properties, peroxidase (POD)-like capability, imaging perfor-
mance and good degradability [30,31]. Moreover, the low toxicity
has further broadened the biological applications of Fe-MOFs. Fe-
MOFs have Fe unsaturated metal centers with dense energy, which
encouraged the oxygen atoms to establish coordination bonds with
Fe!ll. The stability and biocompatibility of Fe-MOFs attribute to the
Fe'll acting as Lewis acid and the organic ligands acting as Lewis
base [32,33]. However, they also possess inherent defects, such as
the single treatment mode, limited electron transfer rate, insuffi-
cient cycle of Fell/Fel'. To our knowledge, new chemical and phys-
ical properties of Fe-MOFs can be induced by the synergistic effect
of integrating various materials, which provide additional active
sites to significantly surpass the performance of pristine Fe-MOFs
[34]. Recently, Fe-MOFs have been investigated as host matrices for
integrating other nanohybrids, including various nanoparticles, or-
ganic compounds, metallic oxides, and polymers, thereby endow-
ing Fe-MOFs with new properties [35-38]. These derived materials
from Fe-MOFs significantly enhance capability of cancer theranos-
tics and improve the biocompatibility of pristine Fe-MOFs [39].

So far, the use of nanohybrids combining with MOFs for anti-
cancer catalytic applications has been widely researched and doc-
umented [7,40-42]. Numerous reviews on MOFs composites for
bio-applications have also been published, such as drug delivery
[43,44], biomimetic catalysis [45] and imaging in vivo [46]. Differ-
ent from earlier works, the review focuses on the recent progress
of engineered Fe-MOFs derived nanoplatforms for cancer theranos-
tics (Table 1) [47-101]. The decorated organic molecules or inor-
ganic NPs could not only enhance the therapy efficiency by syn-
ergistic effect with Fe-MOFs, but also endow the derived materi-
als with imaging guidance and physical response ability. In detail,
we summarized, categorized, exemplified and discussed about how
they could be utilized in self-enhanced bioimaging and cancer cat-
alytic therapy (Fig. 1). Finally, the challenges and prospects of Fe-
MOFs-based nanoplatforms are comprehensively discussed to pro-
vide insights into their potential applications in cancer theranos-
tics.

2. Organic molecule modified Fe-MOFs
The Fe-MOFs (Fig. S1 in Supporting information), which have

got abundant attention due to their low toxicity, good biocompat-
ibility, biodegradability and pH responsiveness, are novel nanoma-
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Fig. 1. Schematic diagram of engineered Fe-MOFs-based nanoplatforms for efficient
cancer theranostics.

terials for cancer catalytic theranostics [20,102-106]. Fe-MOFs have
the ability to respond to endogenous GSH, releasing Fe!! and induc-
ing Fenton/Fenton-like reactions to produce toxic hydroxyl radicals
("OH) in TME, thereby efficiently killing tumors. More significantly,
Fe-MOFs can suppress the expression of glutathione peroxidase 4
(GPX4) and accelerate the accumulation of lipid peroxides (LPO),
thereby triggering LPO-mediated ferroptosis [107,108]. The integra-
tion of organic molecules into Fe-MOFs results in multiple modes
of tumor inhibition [16]. Therefore, Fe-MOFs may serve as robust
platforms for constructing all-in-one theranostics systems in fu-
ture.

2.1. NH,-MIL-88B(Fe)

NH,-MIL-88B(Fe) is a widely studied isoreticular MOF in
biomedicine, composed of topological trimeric secondary build-
ing units [109,110]. The trimers of w3;0-bridged Fell octahe-
dra [Fe30(COO)g] that are used to build the structure of NH,-
MIL-88B(Fe) [Fe3O(solvent)s;CI[NH,CgH3(COO),|3-msolvent]. These
trimers are further coupled by 2-aminoterephtalic acid (NH,-BDC)
ligands [111,112]. NH,-MIL-88B(Fe), with intrinsic POD-like perfor-
mance and well-known flexibility, has been chosen as a fundamen-
tal nano-catalytic therapeutic agent to initiate the entire therapeu-
tic procedure [113,114].

In 2023, Qin and colleagues synthesized NH,-MIL-88B(Fe),
which was etched using thiamine pyrophosphate (TPP) and modi-
fied by autophagy agonist-chitosan oligosaccharides (COS) for cre-
ating COS@MOF [2]. Initially, the therapeutic technique was shown
in Fig. 2a that employed disrupting intracellular iron homeostasis
for tumor catalytic treatment in conjunction with ferroptosis. In
the synthetic process, TPP, as an organic weak acid, slowly released
abundant protons to etch the unprotected surface of MOF via de-
stroying coordination bonds. The unique hollow structure exposes
more active sites, facilitating the adsorption of overexpressed H,0,
in the TME and enhancing POD-like activity for reactive oxygen
species (ROS) generation. Fig. 2b illustrates the octahedral shape
and uniform size of the MOF, as observed by transmission electron
microscopy (TEM). When the molar mass ratio of MOF to TPP was
1:2.5 (designated as COS@MOF (1:2.5)), the most pronounced cav-
ity structure was revealed, prompting its use in a series of studies
(Fig. 2c).

Autophagy and ferroptosis-related proteins were further iden-
tified by western blotting (Fig. 2d). The COS@MOF (1:2.5) group
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Table 1
Examples of Fe-MOF-based nanoplatforms for combination cancer therapy, including bimodal and multimodal therapy.

Pristine Fe-MOF Name of nanoplatform Application[s] In vivo model Refs.
NH,-MIL-88B(Fe) COS@MOF CDT/ferroptosis CT26 tumor-bearing mice [2]
NH,-MIL-88B(Fe) CGMOF@CA@HA CDT/PDT, MRI U14 tumor-bearing mice [47]
NH,-MIL-88B(Fe) MPG CDT/SDT/starvation therapy 4T1 tumor-bearing mice [48]
NH,-MIL-88B(Fe) D-/L-Cux OS@Fe-MOFs CDT/ferroptosis/cuproptosis 4T1 tumor-bearing mice [49]
NH,-MIL-88B(Fe) MOF(Fe)+CQ CDT/autophagy inhibition Hela tumor-bearing mice [50]
NH,-MIL-88B(Fe) DOX@MOF-COD@CS CDT/chemotherapy MCF-7 tumor-bearing mice [51]
NH,-MIL-88B(Fe) 125]-MIL-88B(Fe) CDT Panc-1 tumor-bearing mice [52]
MIL-88B(Fe) MIL-88-ICG@ZIF-8DOX Chemotherapy/PDT/PTT; FLI 4T1 tumor-bearing mice [53]
MIL-88B(Fe) UMP CDT/PDT U87MG tumor-bearing mice [54]
MIL-88A(Fe) Au@MIL-88A(Fe) CTI/MRI/PAI U87 MG-subcutaneous tumor-bearing mice  [55]
MIL-100(Fe) AMP NRs CDT/PTT; PAI 4T1 tumor-bearing mice [35]
MIL-100(Fe) IMF CDT/PDT/ferroptosis, PAI and FLI 4T1 tumor-bearing mice [38]
MIL-100(Fe) NMIL-100@GOx@C CDT/chemo-/starvation therapy/ferroptosis; FLI ~ 4T1 tumor-bearing mice [56]
MIL-100(Fe) MOF@HA®@ICG CDT/PTT, PAI/MRI/FLI MCF7 tumor-bearing mice [57]
MIL-100(Fe) 0xa@MIL-PDA-PEGTK Chemotherapy/CDT/PTT, PTI PRF/5 tumor-bearing mice [58]
MIL-100(Fe) PPy@MIL-100-DOX Chemotherapy/PTT — [59]
MIL-100(Fe) OIMH Chemo-/immuno-therapy/PTT, PAI CT26 tumor-bearing mice [60]
MIL-100(Fe) DMH Chemotherapy/CDT MCF7 tumor-bearing mice [61]
MIL-100(Fe) MCM@PEG-CO-DOX Chemo-/immuno-therapy/PTT, PAI, MRI HCT116 tumor bearing mice [62]
MIL-100(Fe) PCMGH CDT/PTT/starvation therapy U87 tumor-bearing mice [63]
MIL-100(Fe) MGH CDT/PTT/starvation therapy, PAI 4T1 tumor-bearing mice [64]
MIL-100(Fe) MMC Chemotherapy/CDT, FLI JEG-3 tumor-bearing mice [65]
MIL-100(Fe) CMH CDT/PDT, FLI 4T1 tumor-bearing mice [66]
MIL-100(Fe) FMG CDT/starvation therapy 4T1 tumor-bearing mice [67]
MIL-100(Fe) Z/D@MOF@MN Chemotherapy/PDT, PTI 4T1 tumor-bearing mice [68]
MIL-100(Fe) FMUP CDT/PDT, CTI/UCLI U14 tumor-bearing mice [69]
MIL-100(Fe) UCNPs@MIL-100(Fe)@DOX  CDT/PTT/chemotherapy, UCLI/CTI/MRI U14 tumor-bearing mice [70]
MIL-100(Fe) FMUP CDT, MRI/UCLI Hela tumor-bearing mice [71]
NH,-MIL-101(Fe) GDMCN2 SDT/ferroptosis/chemo, FLI PANC-1 tumor-bearing mice [37]
NH,-MIL-101(Fe) ICG-CpG@MOF CDT/PDT/PTT/immunotherapy, FLI/PAI/PTI/MRI 4T1 tumor-bearing mice [72]
NH,-MIL-101(Fe) FeOA CDT/immunotherapy B16 tumor-bearing mice [73]
NH,-MIL-101(Fe) NH,-MIL-101(Fe)/CPT-11 Chemotherapy/CDT MCF7 tumor-bearing mice [74]
NH,-MIL-101(Fe) HG-MIL@PDANPs CDT/PTT, FLI, PTI MDA-231 tumor-bearing mice [75]
NH,-MIL-101(Fe) MOF-Pt(IV)@GOx Chemo-/starvation therapy/ferroptosis/CDT 4T1 tumor-bearing mice [76]
NH,-MIL-101(Fe) DOX@MIL-LOX@AL CDT/chemo-/immunotherapy, FLI 4T1 tumor-bearing mice [77]
NH,-MIL-101(Fe) P@M CDT/PTT HepG2 tumor-bearing mice [78]
NH,-MIL-101(Fe) MNMCF CDT/PDT 4T1 tumor-bearing mice [79]
NH,-MIL-101(Fe) CPMP CDT/SDT/ferroptosis 4T1 tumor-bearing mice [80]
NH,-MIL-101(Fe) UMP-FA UCLI/MRI KB tumor-bearing mice [81]
NH,-MIL-101(Fe) BQ-MIL@cat-MIL PTT/PDT HeLa tumor-bearing mice [82]
MIL-101(Fe) MIL-101(Fe)@BSA-AuNCs MTT/MEDT, MR, FLI H22 tumor-bearing mice [83]
MIL-101(Fe) MCDP@Bif Chemotherapy/CDT 4T1 tumor-bearing mice [84]
MIL-101(Fe) Se/Ru@MIL-101 Chemotherapy MCF7 tumor-bearing mice [85]
MIL-53(Fe) MIL-53@CM-272 CDT/SDT/ferroptosis/immunotherapy MB49 tumor-bearing mice [36]
MIL-53(Fe) MIL-53@F-@M CDT/chemotherapy H22 tumor-bearing mice [86]
MIL-53(Fe) FCSDG CDT/chemo-/starvation therapy 4T1 tumor-bearing mice [87]
MIL-53(Fe) Tb-MOF-on-Fe-MOF Biosensor - [88]
PCN-600(Fe) CaP@Fe-MOFs CDT/immunotherapy 4T1 tumor-bearing mice [89]
PCN-600(Fe) PCN-DOX@PDA PDT/PTT/chemotherapy, MRI 4T1 tumor-bearing mice [90]
PCN-222(Fe) UPFB CDT/PDT/SDT, MRI U14 tumor-bearing mice [91]
PCN-222(Fe) UMOFs@Au CDT/PDT/starvation therapy U87MG tumor-bearing mice [92]
PCN-224(Fe) DFMSL CDT/SDT/ferroptosis, UCLI/MRI C6 tumor-bearing mice [93]
Fe-GA UCNP@GA-Fe'll PTT/ferroptosis, MRI/UCLI Colorecta tumor-bearing mice [94]
Fe-tannic acid SFT-MB PDT/CDT/ferroptosis 4T1 tumor-bearing mice [95]
Fe-epigallocatechin-3 gallate ~ PTCG CDT/chemotherapy HepG2 tumor-bearing mice [96]
Fe-artemisinin Fe(III)-ART CDT, MRI A549 tumor-bearing mice [97]
Fe-gossypol PFGs PDT/immunotherapy, FLI 4T1 tumor-bearing mice [98]
Fe-anthocyanins FeAP-NPs PTT, MRI/PAI MCF7 tumor-bearing mice [99]
Fe-ellagic acid Fe-EA NPs PTT, MRI 4T1 tumor-bearing mice [100]
Fe-dopamine PtH@FeP CDT/ferroptosis, MRI/FLI 4T1 tumor-bearing mice [101]

showed the lowest GPX4 expression among all groups, attribut-
ing to overexpressed the autophagy of ferritin and inducing fer-
roptosis [115]. CT26 tumor-bearing mice were used to assess the
therapeutic capacity of COS@MOF (1:2.5) in vivo. Among the four
experimental groups, tumor growth was significantly inhibited in
the COS@MOF-treated group. In contrast to the control group,
mice injected with COS and MOF showed only slight decrease in
tumor growth (Fig. 2e). Overall, COS@MOF holds great promise
for engineering Fe-MOFs in the treatment of colorectal cancers,
leveraging highly effective synergistic nanocatalytic/ferroptosis
therapy.

In our recent report [47], a nano-photosensitizer was fabricated
by incorporating Cu?* and gallic acid (GA) into the biodegrad-
able NH,-MIL-88B(Fe) (CGMOF) to create Fe-O(GA)-Cu ligand-to-
metal charge transfer (LMCT) bridge bond, which effectively inhib-
ited the recombination of electron/hole (e~/h*) pairs during PDT
under 650nm laser irradiation and accelerated the Fe!l/Fe!l re-
dox cycles for CDT. Cinnamaldehyde (CA) was grafted onto CGMOF
for tumor-responsive hydrogen peroxide self-supply (CGMOF@CA).
Subsequently, hyaluronic acid (HA) was surface-modified (CG-
MOF@CA@HA) to achieve the targeted delivery (Fig. 3a). The TEM
images displayed in Fig. 3b indicated that the size of CGMOF was
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Fig. 2. (a) Schematic diagram of an engineered MOF with amplifying autophagy to enhance ferroptosis for nanocatalytic tumor therapy. (b, c) TEM images of MOF [NH,-MIL-
88B(Fe)] and COS@MOF with different proportions of TPP (1:2.5) (Scale bar: 50 nm). (d) Western blot of autophagy and ferroptosis-related proteins in CT26 cells. (e) Tumor
volume of dissected tumors of CT26-bearing nude mice after different treatments, including PBS, COS, MOF, and COS@MOF. Reproduced with permission [2]. Copyright 2023,

Wiley-VCH GmbH.
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Fig. 3. (a) Schematic illustration of the synthetic procedures and the therapy mechanism of the CGMOF@CA@HA. (b) TEM image of CGMOF. (c) Mott-Schottky plots of NH;-
MIL-88B(Fe) and CGMOFE. In vivo T,-weighted MRI of tumor-bearing mice before (d) and after (e) injection of CGMOF@CA@HA. (f) Relative tumor volume changes of U14
tumor-bearing mice with different treatments. Reproduced with permission [47]. Copyright 2024, Elsevier Inc.

approximately 225nm. To demonstrate the role of the Fe-O(GA)-
Cu LMCT bridge bond, electrochemical tests were performed to
assess the carrier density of CGMOF. Importantly, Mott-Schottky
curves obtained at 1000Hz revealed that the carrier density of
CGMOF was 2.74 times higher than that of MOF, confirming that
CGMOF exhibited enhanced efficiency in the separation of e~/h*
pairs (Fig. 3c). In vivo experiments using U14 tumor-bearing mice
were conducted to investigate the distribution of CGMOF@CA@HA
within a living organism. The T,-weighted magnetic resonance

imaging (MRI) signal was noticeably increased at the tumor site
following the injection of CGMOF@CA@HA into U14 tumor bear-
ing mice, providing realtime information for cancer theranostics
(Figs. 3d and e). Furthermore, both PDT and CDT performance of
the CGMOF@CA@HA were evaluated (Fig. 3f). In the six groups,
the tumors were successfully suppressed in mice treated with CG-
MOF@CA@HA plus 650 nm laser irradiation, whereas tumor growth
in mice injected with CGMOF@CA@HA without laser irradiation
was only minimally suppressed compared to the control group.
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In addition to the works mentioned above, there are other re-
search studies on modifying NH,-MIL-88B(Fe) or MIL-88B(Fe) for
enhancing cancer theranostics [48-54]. NH,-MIL-88B(Fe) and MIL-
88B(Fe) possess inherent POD-like performance and visible light
responsiveness, making it a compelling candidate for the devel-
opment of novel cancer theranostics agents in the foreseeable
future.

2.2. MIL-100(Fe)

MIL-100(Fe) ([Fe3O(H,0),(OH)(BTC),]), another type of Fe-
MOFs, was widely studied in field of antitumor [116]. MIL-100(Fe)
consists with oxo-centered trimer unit that coordinates with two
unsaturated metal sites, which could be applied for CDT ow-
ing to its intrinsic POD-like performance [117-119]. In 2019,
Chen et al. designed a nanoplatform by loading 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) into MIL-100(Fe) [35].
Subsequently, poly(vinylpyrrolidone) (PVP) and cancer cell mem-
branes were coated onto ABTS@MIL-100 to fabricate activatable
ABTS@MIL-100/PVP nanoreactors (AMP NRs), enabling integration
of photoacoustic imaging (PAI) combined CDT with PTT (Figs. 4a
and b). 4T1 tumor-bearing mice were intravenously injected with
AMP NRs to confirm that PA signal of in tumor sites existed H,0,
concentration dependent behavior (Fig. 4c). Furthermore, as shown

in Fig. 4d, the tumor mass graphs demonstrated the good antitu-
mor performance of AMP NRs in vivo.

In addition, Tang et al. constructed MIL-100(Fe) that loaded
with glucose oxidase (GOx), which was further coated with can-
cer cell membrane to form a cascade catalysis nanoreactor (NMIL-
100@GOx@C), which integrated the function of CDT, ferroptosis
and starvation therapy [56]. Such nanoreactor degrade in response
to overexpressed GSH at tumor region, thus the released GOx to
catalyze the oxidation of glucose for H,0, generation in situ, mak-
ing up for the lack of H,0, to accelerate Fe cycle and facilitate
*‘OH production (Fig. 4e). The TEM images of corresponding sam-
ples were displayed in Fig. 4f, exhibiting that the outer surface
of NMIL-100@GOx was coated cancer cell membranes. To assess
the glucose decomposition capability, changes in O, content were
measured during the catalytic reaction of GOx using a portable dis-
solved oxygen meter in vitro. As shown in Fig. 4g, when NMIL-
100@GOx@C and glucose existed in the system, the concentration
of O, reduced rapidly. These results not only validated that GOx
was indeed a potent glucose disintegrant in NMIL-100@GOx@C, but
they also showed that NMIL-100@GOx@C could be used to starve
cancer cells for starvation therapy. Moreover, in vivo antitumor
studies demonstrated that the NMIL-100@GOx@C group exhibited
great antitumor performance, markedly inhibiting tumor growth
(Fig. 4h). Other good works using MIL-100(Fe) to construct ther-
anostics nanoarchitectures have also been reported [38,57-68].
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2.3. NH,-MIL-101(Fe)

MIL-101  [Fe3(u3—-0O)CI(H,0),(BDC)3], with  the  three-
dimensional structure of two holes cage, have been first syn-
thesized by Ferey team in 2005 using terephthalic acid (H,BDC)
ligand [120]. Other researchers have successfully prepared abun-
dant MOF materials, such as MIL-101(Fe), MIL-101(Al), MIL-101(Ti)
and MIL-101(V) through replacement of metal elements in subse-
quent research work [121]. Notably, MIL-101(Fe) has active valence
conversion of Fell/Fell and the excellent ligand-metal charge
transfer capability, thus it has well application prospect in CDT
and PDT [122-125].

Beginning with iron, Bauer et al. pioneered research that ef-
fectively synthesized amino-functionalized MIL-101(Fe) (NH,-MIL-
101(Fe)) [110]. Afterwards, Liao et al. employed NH,-MIL-101(Fe) as
a key carrier to construct cancer photoimmunotherapy nanoplat-
form with multimodal imaging function [72]. The donors of flu-
orescent signal (indocyanine green, ICG) and immune adjuvants
(cytosine-phosphate-guanine sequence, CpG) were co-loaded into
the framework of NH,-MIL-101(Fe) (named as ICG-CpG@MOF).
Such nanocarriers could passively accumulate at the lesion sites via
the EPR effect, enabling multimodal tumor imaging. Under 808 nm
laser irradiation, cancer immunotherapy combining PDT and PTT
were achieved (Figs. 5a and b).

A clear fluorescence imaging (FLI) signal was observed at the
tumor site, reaching its peak intensity 3 h after intravenous injec-
tion and showing a significant decrease after 24 h (Fig. 5c¢). More-
over, MRI (Fig. 5d), photothermal imaging (PTI) (Fig. 5e), and PAI
(Fig. 5f) were notably enhanced in the tumor region upon injec-
tion of ICG-CpG@MOF. Benefiting from its outstanding multimodal
imaging capabilities, in vivo antitumor assays were conducted to
evaluate the PTT, PDT and photoimmunotherapy performance of
ICG-CpG@MOF. After 21 days treatment, the tumor volume in the
group of ICG-CpG@MOF was obviously inhibited compared to other
groups (Fig. 5g). In conclusion, the combination of CpG, ICG, and
Fe-MOFs not only released tumor-related antigens to stimulate the

immune system, enhancing tumor cytotoxicity, but also enabled
multimodal imaging, thereby achieving high cure rates. Numerous
other nanostructures based on NH,-MIL-101(Fe) have been fabri-
cated and extensively investigated for applications in cancer ther-
anostics [73-80,83]. For future anticancer research work, a possi-
ble avenue to design novel nanoplatforms might modify NH,-MIL-
101(Fe) using organic molecules.

2.4. MIL-53(Fe)

MIL-53(Fe), a kind of three-dimensional porous Fe-MOFs, is
construct by infinite one-dimensional linkage of -Fe-O-O-Fe-O-Fe-
from H,BDC ligands and Fe'' [126]. MIL-53(Fe), which exhibits
intrinsic catalase (CAT)-like and sonosensitizer properties, en-
hances the efficiency of SDT by catalyzing the generation of
oxygen. Additionally, the Fe-MOF boasts a remarkably large sur-
face area and biodegradable in response to TME, making it ideal
for loading chemotherapy drugs. In 2023, Yang and colleagues
designed a nanoplatform (MIL-53@CM-272) with triple antitumor
functions-ferroptosis, apoptosis, and immunogenic cell death (ICD)
for bladder cancer therapy. The nanoplatform was constructed by
loading the chemotherapy drug (CM-272) into MIL-53(Fe) (Figs. 6a
and b) [36].

TEM image demonstrated the fusiform morphology of MIL-53
with a consistent size of ~100nm (Fig. 6¢). Further, the energy
band structure of MIL-53@CM-272 was analyzed to elucidate the
mechanism for serving as a sonosensitizer to generate ROS. Ini-
tially, the bandgap (Eg) was calculated to be 2.72eV by Tauc plot
(Fig. 6d), and the valence band potential (Eyg) of MIL-53@CM-
272 was measured to be 2.25eV via XPS valence band spectrum
(Fig. 6e). Therefore, conduction band potential (Ecg) was confirmed
as —0.47eV according to the formula Ecg =Eyg —Eg. The Eyg of
MIL-53@CM-272 was more positive than E? (H,0/°OH, +2.01eV),
indicating that hole have ability to convert H,0 into “OH under ul-
trasound (US) irradiation (Fig. 6f). In addition, Ecg of MIL-53@CM-
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272 was less than E? (0,/°0,~, —0.33 eV), revealing that superoxide
radicals (*0O,~) can be produced by this path. Therefore, the apop-
tosis can be occurred owing to the generation of ROS.

According to previous study, the accumulation of LPO and
the expression reduction of GPX4 can induce ferroptosis [127].
Western blot analysis was used to evaluate expression of GPX4
in MB49 cells (Fig. 6g). In the MIL-53@CM-272 +US group, the
lowest GPX4 expression among all groups was clearly exhibited,
indicating that MIL-53@CM-272 was a good agent for ferroptosis.
Furthermore, compared to the other groups, the MIL-53@CM-
272+ US group also demonstrated the greatest ability to reduce
the expression of hypoxia-inducible factor-1a (HIF-1«), confirming
that MIL-53@CM-272 +US can alleviate hypoxic conditions and
enhance SDT in the TME.

ICD process was triggered by releasing danger signals includ-
ing high-mobility group box 1 (HMGB1) and calreticulin (CRT),
which can improve antitumor immune responses. As shown in
Fig. 6h, the expression of HMGB1 and CRT after different treat-
ments were confirmed using Western blot. When MB49 cells were
treated with MIL-53@CM-272 + US, the level of HMGB1 signifi-
cantly decreased compared to the CM-272 or MIL-53 alone groups.
Conversely, the level of CRT was increased, suggesting that MIL-
53@CM-272 +US enhanced ICD by synergistically inducing ferrop-
tosis in an oxygen-sufficient environment. Excitingly, MB49 tumor-

bearing mice treated with MIL-53@CM-272 +US exhibited signif-
icant tumor suppression, attributing to the combined therapeu-
tic effects of apoptosis, ferroptosis, and ICD (Fig. 6i). Addition-
ally, other materials derived from MIL-53(Fe) were successfully de-
veloped by enclosing the organic molecules for enhancing cancer
theranostics [86-88].

2.5. Fe-porphyrin MOFs

Iron and tetrakis(4-carboxyphenyl)porphyrin (TCPP) act respec-
tively as the active site and heme-like ligand in constructing
Fe-porphyrin MOFs, thereby maximizing their catalytic potential
[89,104,128]. PCN-600(Fe) (PCN stands for porous coordination
network) is known for its large porosity, frequently utilized by re-
searchers for loading chemotherapy drug [1,129,130]. Zhang et al.
developed the nanoplatform (PCN-DOX@PDA), constructed using
PCN-600(Fe) as a carrier for transporting polydopamine (PDA) and
chemotherapy drugs. PDA was used as photothermal agent of
PTT by near-infrared laser irradiation, and TCPP was employed as
agent of generating '0, under 633 nm laser irradiation. Addition-
ally, since the central ion of PCN is Fe'l and ligand of TCPP, PCN-
DOX@PDA realized MRI-mediated CDT, PDT and PTT at tumors re-
gion (Fig. 7a) [90]. To assess the degradability under TME, the
TEM images of PCN-DOX@PDA at pH 7.4 and 5.4 were displayed in
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[90]. Copyright 2023, American Chemical Society.

Figs. 7b and c, respectively. These results revealed that Fe'll can be
released from PCN-DOX@PDA at pH 5.4, causing electron spin di-
rection rearrangement of Fe!l and enhancing the T,-weighted MRI
performance.

The distribution of PCN-DOX@PDA in living organisms was in-
vestigated in 4T1 tumor-bearing mice. MRI revealed significant
darkening at the tumor site (Fig. 7d). In Fig. 7e, the r, value in-
creased approximately fourfold following the PDA coating, demon-
strating the enhanced MR contrast capacity of PCN-DOX@PDA.
Subsequently, the in vivo infrared thermography ability of PCN-
DOX@PDA was investigated in living mice (Fig. 7f). Compared to
PCN-DOX@PDA group, the temperature in the phosphate buffered
saline (PBS) group increased negligibly at tumor region. Finally,
in vivo antitumor assays were conducted on 4T1 tumor-bearing
mice after intravenous injections of PCN-DOX@PDA. Following a
14-day treatment period, the tumor growth curves demonstrated a
clear inhibition of tumor growth in mice treated by PCN-DOX@PDA
(Fig. 7g).

3. Inorganic NPs modified Fe-MOFs

Fe-MOFs have been widely explored as basics to integrate var-
ious inorganic NPs for enhancing performance of catalytic ther-
apy [131]. These emerging nanomaterials including upconversion
nanoparticles (UCNPs) [94], metallic oxides [38,84,103], Au NPs
[55], covalent organic framework (COF) [37], quantum dots (QDs)

[132] and the structure of MOF-on-MOF [133-135] serve as guest
NPs to incorporate additional functionalities into Fe-MOFs, which
will be discussed in present section.

3.1. UCNPs

The most commonly researched ligands of Fe-MOFs are “bioin-
ert”, which poses challenges in creating highly biocompatible treat-
ment systems [136]. Building completely functional bio-MOFs with
active natural polyphenols ligands acting as anticancer nanoma-
terials have a lot of potential [137-139]. For instance, GA, a type
of natural polyphenol, exhibits a strong coordination chelating ef-
fect with certain transition metal ions [140-143]. Additionally, the
electronic d-d transition between GA and Fe'' causes GA-Fell com-
plexes to exhibit broad absorption in the near-infrared region, re-
sulting in clear photothermal effects [144-146]. In 2019, Gao et al.
developed that the complex of GA-Felll coated UCNP (named as
UCNP@GA-Fe') to integrate PTT, MRI and upconversion lumines-
cence imaging (UCLI) [94]. Owing to the introduction of an unsat-
urated coordination structure, Fell in the nanoprobe can be selec-
tively released only in the TME in response to the slightly acidic
pH. UCLI was employed to quantitatively visualize the release of
Fell' in vivo, whilst the release resultant serves as a photothermal
agent to integrate the diagnosis and treatment (Fig. 8a).

To validate the tumor accumulation ability, UCNP@GA-Felll
NPs were intravenously injected into human colorectal cancer
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xenografts to BALB/c nude-bearing mice. UCNP@GA-Fe!!! probe ex-
hibited stronger ability for targeting tumor sites compared to con-
trol group (Fig. 8b). As shown in Fig. 8c, the UCL through the
802 nm channel appeared at the tumor site 2h post-injection of
the UCNP@GA-Fe'l probes. The emission intensity steadily rose un-
til it reached a plateau between 4h and 8h post-injection, fol-
lowed by a slight decline upon extended observation. The UCL sig-
nal at 475nm showed a similar trend, although the overall signal
intensities of the UCNP@GA-Fe! probes were significantly stronger
than those recorded from the control (UCNP-GA). The results again
demonstrated that apart from the EPR effect, the unsaturated
transferrin-mediated recognition contributed to the UCNP@GA-Felll
probe target tumor more effective in vivo. Importantly, after 20
days of treatment, the size of tumor was significantly reduced or
eliminated with the use of the probes and laser (Fig. 8d). The del-
icate design of the probe offered a novel platform for monitoring
the release of exogenous Felll jons for theranostics applications.

Lin et al. reported on the activation of UCNPs@PCN-224(Fe)
(UPFB) heterodimer nanocomposites, which were responsive to
both 808 nm laser and ultrasound. The dual activation mecha-
nism facilitated the performance of both PDT and SDT [91]. Fe!l
ions coordinated within TCPP can act as CAT-like nanozymes. The
nanocomposites not only catalyzed the conversion of H,0, to pro-
duce O,, thereby alleviating hypoxia in the tumor microenviron-
ment, but also effectively consumed intracellular GSH to mitigate
the impact of ROS generation for CDT. Biotin was utilized to func-
tionalize the surface of the nanocomposites, enabling their rapid
accumulation in tumor regions to augment theranostics effective-
ness. After 14 days of synergetic treatment, U14 tumor-bearing
mice exhibited nearly no tumor growth, indicating the substan-
tial therapeutic performance of the nanocomposites. Other studies
on employing Fe-MOFs to coat UCNPs have been reported [54,69-
71,81,92,93], confirmed the advantages of combing UCNPs with Fe-
MOFs in constructing multifunctional nanocomposites for cancer
theranostics applications.

3.2. Metallic oxides

Fe;04 was introduced into Fe-MOF structures to amplify cat-
alytic characteristics, while also remained the features deriving
from the flexible crystalline and porous architectures [147,148].

Pu et al. reported the IR-780 FLI agent decorated, GSH-depleting
Fe;04@MIL-100 (IFM) nanocomposite for catalytic tumor ther-
apy [38]. The nanocomposite integrated the function of self-
supplement of tumoral H,0, using B-lapachone for CDT and lo-
calized hyperthermia under near infrared light irradiation (Fig. 9a).
As depicted in the TEM image in Fig. 9b, IFM showed a nearly
spherical core-shell structure. To evaluate the potential of IFM for
tumors-specific PAI, 4T1-bearing mice were intratumorally injected
with IFM. As shown in Fig. 9c, a peak in PA signal was observed
after 24 h injection of IFM, providing spatiotemporal information
at tumor sites essential for precise cancer therapy. According to
the findings of PAI, the strongest FL signal in tumor region was
seen after 24 h the injection (Fig. 9d). These results confirmed that
both PAI and FLI could clearly distinguish the tumor sites from the
surrounding background tissues. Therefore, the photothermal con-
version in vivo was conducted under 808 nm laser (1.0 W/cm?) ir-
radiation for after 24h injection of IFM, and the tumor tempera-
tures were measured using a thermal imager. Among all groups,
the highest temperature of 58.1 °C was obtained in the IFM plus
808 nm laser group after 5min irradiation (Fig. 9e). In vivo anti-
tumor assays were conducted to evaluate the combined CDT and
PTT effects of the IFM. Fig. 9f confirmed that combination of IFM,
B-lapachone and 808 nm laser irradiation produced the best thera-
peutic effect. Within 14 days of treatment, the weight of mice in all
groups showed an incremental tendency, indicating that the sam-
ple had good biosafety (Fig. 9g).

3.3. MOF-on-MOF

Owing to distinct topology and adjustable pore structure of
MOFs, constructing composite MOF materials is a creative con-
cept that expands the functionality of single MOF materials. A
special structure is referred as MOF-on-MOF hybrid, which has
the ability to integrate the properties of two MOFs [149-151].
MOF-on-MOF hybrids have been used in the field of antitumor
due to their synergistic effects of components [152,153], and dual
enzyme-mimic performance enhancing the function of cascade cat-
alytic [88,154,155]. For example, Du et al. designed bimetallic core-
shell Fe-MOF-on-Tb-MOF nanoplatform with the method of MOF-
on-MOF, employing it as transducer materials for aptasensors [88].
The aptasensors demonstrated excellent sensing capabilities for
monitoring a tumor marker of ovarian cancer: carbohydrate anti-
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gen (CA) 125 and living MCF-7 cells. Bimetallic TbFe-MOF hy-
brid structure combined strong anchoring to the Fe-MOFs aptamer
strand with FLI activity of Tb-MOF, which showed higher stability
for forming G-quadruplex between aptamer and CA125 to achieve
good sensing performance compared with other aptasensors
[156].

3.4. Au NPs

Au NPs exhibit multiple enzyme-like performance, making
them widely applicable in the field of biological catalysis [157,158].

Researchers are increasingly interested in employing Au NPs to
mimic natural enzymes due to their demonstrated catalytic ef-
ficiency when supported by zeolites and mesoporous materials
[159]. Similarly, Fe-MOFs offer crucial benefits as platforms for
incorporating Au NPs, producing the effect of cascade catalysis
[160,161]. Tian et al. constructed the Au@MIL-88A(Fe) nanostars for
multimodality diagnoses of glioma, including computed tomogra-
phy imaging (CTI), PAI and MRI (Figs. 10a and b) [55]. TEM image
showed that the morphology of high monodispersity and homo-
geneity for Au@MIL-88A(Fe) (Fig. 10c). The in vivo imaging abil-
ity of the nanostars were studied on U87 MG-orthotopic-tumor-
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bearing mice. Figs. 10d-g displayed images that 24 h after intra-
venous injection with Au@MIL-88(Fe), and the white dots in tu-
mor region were observed for 8h post-injection (Fig. 10e), con-
firming the good computed tomography imaging contrast ability
of Au@MIL-88(Fe) in vivo as well as sufficient accumulation of
Au@MIL-88(Fe) occurred in tumor site. T,-weighted images were
obtained from U87MG-bearing mice to assay the MRI nature of
Au@MIL-88(Fe). As depicted in Fig. 10g, T,-weighted signals were
observed in the tumor region 8h postinjection with Au@MIL-
88(Fe). Additionally, the in vivo PAI capability of the Au@MIL-
88(Fe) was examined using the tumor bearing mice. Compared
to the weak signal before 12h intravenous injection (Fig. 10h),
a clear contrast was observed, revealing the good PAI nature of
Au@MIL-88(Fe) (Fig. 10i). Overall, the trimodal imaging capabili-
ties of Au@MIL-88(Fe) inspire the design of nanoplatforms with
enhanced spatial and temporal resolution for glioma imaging.

1

3.5. Other heterostructure into Fe-MOFs

3.5.1. QDs

Black phosphorus QDs (BQ) displays optical properties due to
the quantum confinement and edge effects, which have nature
for generation of 10, and good photothermal conversion efficiency
for PTT [162,163]. Lei et al. developed that the BQ and CAT were
precisely encapsulated into the inner and outer layers of Fe-MOF
(BQ-MIL@cat-MIL), respectively, through a stepwise in situ growth
method [82]. The BQ-MIL@cat-MIL can be regarded as a tandem
catalyst to generate O, by catalyzing H,0, to compensate hy-
poxic condition in TME for enhancing PDT. The extra oxygen sup-
ply could alleviate the hypoxia condition and improve the genera-
tion of 10, efficiency in TME. As a result, the apoptotic efficiency
of the system was 8.7-fold higher compared to that without CAT
(Fig. 11a). In summary, the stepwise growth of the Fe-MOF hybrid
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created two confined regions that allowed for precise assembly of
individual components, resulting in enhanced activities and estab-
lishing a rational tandem for their performance.

3.5.2. Selenium/ruthenium (Se/Ru) NPs

Se/Ru NPs are known for antitumor activity and low toxicity,
drawing extending focus by researchers in recent years [164,165].
For example, Liu et al. reported that Se/Ru NPs modified MIL-
101(Fe), which could deliver pooled small interfering RNAs (siR-
NAs) to MCF-7/T (Taxol-resistant) cells to disrupt microtubule dy-
namics and silence genes associated with multidrug resistance to
improve the effectiveness of therapy (Fig. 11b) [85]. In conclu-
sion, the unsaturated metal sites of MIL-101(Fe) can chelate with
cysteine, facilitating the reduction of selenite and ruthenium to
form Se/Ru@MIL-101 NPs. The high porosity of MIL-101(Fe) and the
modification with Se/Ru NPs resulted in Se/Ru@MIL-101 enhancing
the protection of siRNAs against nuclease degradation. This mod-
ification also increased cellular uptake for siRNAs, leading to en-
hanced cytotoxicity through the induction of apoptosis.

3.5.3. COF

COFs, a new class of organic crystalline polymers, are renowned
for the adjustable porosity and well-defined molecular shape. COFs
have been reported to exhibit remarkable biodegradability, result-
ing in drug release responsive to TME [166]. For example, Luo et al.
designed a Fe-MOF nanocage encased in a COF and further modi-
fied with the pancreatic cancer-specific antibody, NRP2 and mon-
oclonal antibody (GDMCN2), to generate multiple ROS while re-
leased chemotherapeutics via under US irradiation to realize SDT
(Fig. 11c). Owing to the function of Fe-MOFs induce LPO accumula-
tion and GPX4 decrease resulting in ferroptosis, GDMCN2 nanocage
have prospect to combine apoptosis with ferroptosis for clinical
elimination pancreatic cancer in future.

4. Conclusion and outlook

In conclusion, we have summarized the recent advances in en-
gineered Fe-MOFs nanoplatforms, which are endowed multifunc-
tional theranostics modes via integrating inorganic NPs or organic
molecules into the single framework. Additionally, the EPR effects
of Fe-MOFs provide a reliable mechanism to facilitate catalytic
therapy at tumor sites. In this review, the nanoplatforms are cate-
gorized based on various Fe-MOFs to guide future research for ef-
ficient combined theranostics.

Nevertheless, there are certain challenges as follows that re-
quire further attention to achieve optimal clinical translation
of Fe-MOFs. (1) The synthesis of multifunctional Fe-MOFs-based
nanoplatforms often involves laborious procedures during func-
tionalization processes, which greatly restricts their large-scale
applicability. Indeed, building Fe-MOFs-based nanoplatforms with
straightforward structures and versatile function is crucial for can-
cer treatment. (2) While numerous works have studied the toxic-
ity of Fe-MOFs-based nanoplatforms in vitro and in vivo, most of
the investigations have focused on their short-term toxicity, often
neglecting the assessment of acute and long-term toxicity. (3) Ex-
tensive research has been conducted on the stability of Fe-MOFs-
based nanoplatforms in PBS and simulated physiological environ-
ments. However, it is important to consider the complexities of
natural physiological environments when assessing the stability of
Fe-MOFs-based nanoplatforms. (4) While Fe-MOFs-based nanoplat-
forms have demonstrated potent anticancer effects in mice and
other animal models, more research is needed to understand their
impact on humans. (5) The ferroptosis properties of Fe-MOFs-
based nanoplatforms have emerged as a promising mechanism
for inducing apoptosis in tumor cells [2,50]. (6) The development
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of metal doping in Fe-MOFs can enhance their structural stabil-
ity, as well as modulate their pore structure and specific surface
area, thereby improving their performance in loading chemother-
apy drugs within complex TME [167-177]. (7) Regulating Fe-MOFs-
mediated catalytic therapy for anticancer research through metal
doping is a promising approach [47,178-181].

In the future, the design of anticancer nanoplatforms can fo-
cus on combining ferroptosis and imaging-mediated CDT, PDT,
SDT, PTT as well as immunotherapy. Besides, exploring additional
metal cations to assess their effects on the structure and func-
tion of Fe-MOFs, which may result in the development of Fe-
MOFs with improved performance for specific applications Note-
worthy, natural forestry-derived polyphenols can be selected as or-
ganic ligands for constructing Fe-MOFs, offering a cost-effective
and environmentally friendly alternative to many traditional Fe-
MOFs ligands. Benefiting to the abundant active groups of natu-
ral polyphenols, metal-oxygen coordination bonds exhibit robust
forces that lie between typical non-covalent interactions and co-
valent bonds, thereby imparting kinetic stability to metal chelates
[182,183]. Other natural polyphenols such as tannic acid [95],
epigallocatechin-3 gallate [96], artemisinin [97], gossypol [98], an-
thocyanins [99], ellagic acid [100] and dopamine [101] also show
significant anticancer effects in cancer treatment after coordinat-
ing with various ion ions.

Consequently, the circulation time of the developed natural
polyphenol-based Fe-MOFs in the bloodstream can be extended,
thereby enhancing treatment efficiency by promoting tumor accu-
mulation. Significantly, the high-valued application of natural prod-
ucts in cancer therapy can be realized.

Overall, despite facing numerous obstacles for cancer theranos-
tics, the tremendous advancements in Fe-MOFs-based nanoplat-
forms have facilitated their further practical applications. Thought-
ful design of multifunctional Fe-MOFs-based nanoplatforms will
continuously provide assistant to cancer theranostics. In this re-
gard, based on published studies, Fe-MOFs-based nanoplatforms,
represent a feasible option to achieve the worthy objective of ef-
ficient cancer theranostics and improve the quality of human life
in future.
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