Published on 23 December 2024. Downloaded on 2/21/2026 1:44:24 AM.

ChemComm

HIGHLIGHT

’ '.) Check for updates ‘

Cite this: Chem. Commun., 2025,
61, 1962

Received 11th December 2024,
Accepted 20th December 2024

DOI: 10.1039/d4cc06510g

rsc.li/chemcomm

1. Introduction

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

Immunoadjuvant-functionalized metal—organic
frameworks: synthesis and applications in tumor
immune modulation

Chen Zhao,? Weihua Song,? Jianing Wang,© Xiaoying Tang*® and Zhenqi Jiang*?

Cancer immunotherapy, which leverages the body’'s immune system to recognize and attack cancer cells,
has made significant progress, particularly in the treatment of metastatic tumors. However, challenges
such as drug stability and off-target effects still limit its clinical success. To address these issues, metal—
organic frameworks (MOFs) have emerged as promising nanocarriers in cancer immunotherapy. MOFs
have unique porous structure, excellent drug loading capacity, and tunable surface modification properties.
MOFs not only enhance drug delivery efficiency but also allow for precise control of drug release. They
reduce off-target effects and significantly improve targeting and therapy efficacy. As research deepens,
MOFs’ effectiveness as drug carriers has been refined. When combined with immunoadjuvants or
anticancer drugs, MOFs further stimulate the immune response. This improves the specificity of immune
attacks on tumors. This review provides a comprehensive overview of the applications of MOFs in cancer
immunotherapy. It focuses on synthesis, drug loading strategies, and surface modifications. It also analyzes
their role in enhancing immunotherapy effectiveness. By integrating current research, we aim to provide
insights for the future development of immunoadjuvant-functionalized MOFs, accelerating their clinical
application for safer and more effective cancer treatments.

imbalances." As the incidence and mortality rates of diverse
cancer types persistently climb worldwide, the strain on health-

Cancer continues to stand as a paramount global health
challenge, marked by irregular cell growth and metabolic
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care systems and patients intensifies. While conventional treat-
ments like chemotherapy,” radiotherapy (RT),** and surgery®
remain the prevailing methods for cancer management, there
is an evident and pressing demand for innovative technologies.
These advancements hold the promise of delivering better
therapeutic results, minimizing side effects, and elevating
the quality of life for patients.°® In this context, cancer
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immunotherapy stands out as a groundbreaking approach to
cancer treatment. By leveraging the body’s immune system to
identify and combat cancer cells, immunotherapies have
shown impressive efficacy across a range of cancer types. They
are especially promising for targeting metastatic tumors, rely-
ing on enhancing or restoring both innate and adaptive
immune responses to detect and eliminate malignant cells.’

However, tumor immunotherapy still faces challenges like
the instability of the body’s natural environment and the
potential off-target effects of vaccines or checkpoint blockade
inhibitors.'® For instance, when PD-1/PD-L1 inhibitors are
administered systemically, they can lead to immune-related
side effects and even autoimmunity, often with limited efficacy
due to the body’s clearance mechanisms.'"'> Additionally,
immune boosters like cytosine-phosphate-guanine (CpG) oli-
godeoxynucleotides (ODN) struggle to penetrate cell barriers
and are prone to degradation once inside the cell.’*** To
overcome these hurdles, nanocarriers play a crucial role by
protecting these agents from degradation and facilitating their
targeted delivery to antigen-presenting cells (APCs) for efficient
antigen presentation to T cells.

To optimize therapeutic efficacy while minimizing side
effects, significant efforts have been directed towards developing
innovative nano-platforms for controlled and intelligent drug
release systems. With advancements in nanotechnology, various
nanocarriers such as liposomes, silica nanoparticles, micelles, and
metal-organic frameworks (MOFs) have emerged.””"” Among
these, MOFs stand out as a promising class of nanomaterials due
to their unique structure, combining inorganic nodes with organic
ligands, which offer distinct advantages over other nanocarriers.
Since the initial report of MOFs by Hoskins and colleagues, this
field has undergone rapid development and extensive research.'®
MOFs have demonstrated outstanding performance not only in
areas such as gas storage,'® gas separation,”® and catalysis,*' but
also show tremendous potential in biomedical applications, parti-
cularly in drug delivery and cancer treatment.”*** With in-depth
studies on their synthesis, structure, and properties, MOFs have
become a hot research topic in the field of nanomedicine. For
instance, we previously developed H-TiO,/C-PEG nanosheets to
enhance cancer therapy through the combination of sonodynamic
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and photothermal treatments. Originating from MOFs, these
nanosheets were tailored with polyethylene glycol to enhance
tumor targeting. They demonstrated potent therapeutic effects
and improved treatment outcomes, highlighting their potential as
safe and versatile strategies for cancer treatment.>* In the field of
immunotherapy, MOFs have garnered significant attention due to
their high porosity, large surface area, and customizability. For
instance, MOF-based nanoplatforms incorporating high-Z elements
such as Hf*' serve as effective carriers for radiotherapeutic agents
in combination with immune adjuvants.> Furthermore, Chen et al.
discovered that in their self-assembled nanoparticles (MOF-CpG-
DMXAA), the loading capacity of CpG ODN in MOF-801 was
8.3 wt%, and the DMXAA loading was 1.5 wt%. This is significantly
higher than the loading capacity of poly(t-lysine)-functionalized
silica nanoparticles, which ranged from 1 to 2.25 wt%.>® As
research continues to advance, MOFs are poised to play an
increasingly important role in revolutionizing therapeutic
approaches, offering new avenues for improving patient outcomes
and quality of life. Their potential in immunotherapy holds great
promise, opening up exciting possibilities for the future of perso-
nalized medicine and targeted treatments.

Because of the widespread applications of MOFs in drug delivery
and tumor treatment, this review categorizes MOFs used for cancer
immunotherapy into groups based on their central metals: Zn-MOFs,
Zr-MOFs, Fe-MOFs, HfMOFs, A-MOFs, Eu-MOFs, Gd-MOFs, Dy-
MOFs, Mn-MOFs, and Cu-MOFs. We also provide an overview of
their synthesis methods. Subsequently, we discuss the methods of
loading adjuvants into MOFs and surface modification of MOFs. In
the applications section, we classify immunoadjuvant-functionalized
MOFs into immune cell membrane-coated MOFs, MOFs loaded with
immune factors, and metal ions for immunomodulatory MOFs, and
discuss their respective applications in cancer treatment. Finally, we
summarize and predict the application prospects of MOFs in tumor
immunotherapy, hoping to further promote the development of
MOF-mediated cancer immunotherapy (Fig. 1).

2. Synthesis of MOFs

MOFs, a type of coordination polymer (CP), are highly ordered
crystalline porous materials composed of metal ions or clusters
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Fig. 1 Schematic illustration of the synthesis, modification, and applications of immunoadjuvant-functionalized MOFs.

and multidentate organic ligands serving as linkers.””*® This
unique combination of metal ions and organic ligands gives
MOFs their hybrid material designation. Given the versatility of
available metal ions and organic ligands, the desired functional-
ities of MOFs can be achieved through the selection of appropriate
metals and the proper functionalization of ligands.>®* A major
criterion when designing MOFs is to consider the toxicity of the
metal ions, such as Zn?" and Fe*'/Fe*’. Different metals have
different applications. For example, Al-based MOFs are usually
used for local administration, while Zr-MOFs are frequently
applied in synthesizing MOFs in intravenous administration.*
As for the biological applicability of organic ligands, the choice of
metal ions and organic linkers has a direct correlation with MOF
functions and stability. For instance, the choice of ligands can
significantly affect the efficiency of photodynamic therapy (PDT).
Therefore, macrocyclic derivatives such as porphyrin®' and
chlorin®” are widely used as photosensitizers (PSs) in PDT. Given
that the temperature and pH conditions during MOF synthesis
significantly influence their morphology, reaction kinetics, and
yield, it’s crucial to tailor the synthesis conditions to the specific
properties and desired functionalities of the MOFs. For MOFs and
associated molecules sensitive to high temperatures and pres-
sures, the synthesis processes should be conducted under mild
conditions, suitable temperatures, pH level, and solvents, to
preserve their bioactivity and to prevent denaturation.*?

As for the synthesis methods of MOFs, they can be categorized
into the following types: (1) conventional hydro/solvothermal
synthesis, (2) reverse microemulsion method, (3) sonochemical
synthesis, (4) microwave-assisted hydrothermal/solvent-thermal
method, (5) room-temperature one-pot synthesis, (6) electroche-
mical synthesis, and (7) post-synthesis methods (Fig. 2).

2.1. Zn-MOFs

Zinc is frequently employed in the construction of MOFs for
cancer immunotherapy. In this context, the competitive inter-
action of zinc with other redox-active metals can contribute to

1964 | Chem. Commun., 2025, 61,1962-1977

oxidative stress. ZIF-8 is usually synthesized through a facile
one-pot procedure conducted at room temperature in order to
avoid damages to the biomolecules added to the solution for
encapsulation inside the nanoparticle (Fig. 3(a)). The synthesis
conditions of ZIF-8 typically involve mixing followed by strong
agitation at room temperature for less than 1 h,>*~*” sometimes
using ultrasonic assistance.***® Apart from in water solution,
ZIF-8 can also be synthesized in methanol solution.*® As for
other zinc-based MOFs, the zinc salts selected are the same as
those used to synthesize ZIF-8, while the reactions occur under
various conditions, such as under vortex,*° sonication in ice*!
apart from agitation.*> Particularly, Bai et al. synthesized Zn/
Co-MOF through stirring, and then the Zn/Co-MOF was heated
to 800 °C for 12 h to become magnetic.** For Zn-MOFs designed
to load with adjuvants, some use one-step synthesis, such as
the synthesis of DOX-MNP,>” C&H@MOF,** CO,-g-C3N,-
Au@ZIF-8,*> NV-ZIF,** PMO® and Col@ZIF-8,"” ICG@MOF*®
and LYS-NPS."

Generally, the synthesis of zinc-based MOFs is rapid and
occurs under relatively mild conditions. This makes it feasible
to load adjuvants via one-step synthesis, which is more eco-
friendly and more cost-effective.

2.2. Zr-MOFs

When constructing MOFs, zirconium ions typically form Zre
clusters, which act as secondary building units within MOF
structure. Therefore, Zr-MOFs are known for their stability and
robustness, making zirconium-based MOFs advantageous for
applications in cancer immunotherapy. Most notable examples
of zirconium-based MOFs include UiO-66, which was synthe-
sized by the Catalysis Group of the Chemistry Department of the
University of Oslo in 2008.>* UiO-66 is composed of terephthalic
acid and zirconium-base nodes, constructed from Zr** ions and
terephthalic acid serving as the linker. Similar to ZIF-8, UiO-66 is
renowned for its exceptional thermal and chemical stability and
biocompatibility,>> making it an excellent candidate for

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Approaches for MOF design, immunoadjuvant loading, and applications, focusing on a ZIF-8-based system. (a) Loading immunoadjuvants via
in situ encapsulation, covalent bonding, or electrostatic adsorption. (b) Design strategies for immunomodulatory MOFs. (c) Applications of MOFs in
cancer immunotherapy. (d) One-step synthesis of a ZIF-8-based CpG ODN delivery system. (a) Reproduced from ref. 29 with permission from Wiley-
Blackwel. (b) and (c) Reproduced from ref. 33 with permission from Wiley-VCH Verlag. (d) Reproduced from ref. 34 with permission from American
Chemical Society.

applications in adsorption and catalysis.”® Moreover, UiO-66 Zr*" within the MOF can modify the biological effect of

exhibit highly robust structure topology, allowing for various cancer vaccines, imparting properties similar to adjuvants. For

modifications of its original linker. instance, they can trigger the innate immune system,
a

\ N 6.:-(‘,&-;\:- 1

Zn* 2-MIM

g-CiN-Au @ZIF8  COg-CN,-Au CO,-g-CNAu el e
(CAZ) @ZIF-8 (CCAZ) @ZIF-8@F-127 COM MeOSC,
(CCAZF)
> NaOH
o e
b }u p 'f\\.‘\ v 1 THFIMeOH
‘ Coating ] " Eloctrostatic :g & COH  MeO,C
. . Interaction ¥ -
&”4),1 & ». %
SNPs(core) OA-SNPs(core-shell) SNPs@PAA SNPs@2zrOCl, SNPs@Zr-MOF e %3 AP A f:
NaYF:GdTb (% NaYF:GdTb@NaYF, (|  ZrOCl, &/ Tcep A ZiMOF - PAA i’*o
Aluminum Sulfate
Il. MIL88@PB
C ILPB {dual MOF) Ill. CQ-dual MOF y RuCl + xH,0

€ Ruthenium(ill) Chioride Hydrate

10h
PN g~ | 4
)
—> LK ¢ *
T & o)
IV injection ’ 3 -
2-Aminoterephthalic Acid

coatmg " N
conjugation
MIL88 (Fe) #
Bacterium-Like MOFs
Fig. 3 Synthesis process of representative (a) Zn-, (b) Zr-, (c) Fe-, (d) Hf-, and (e) Al-based MOFs. (a) Reproduced from ref. 45 with permission from
Elsevier BV. (b) Reproduced from ref. 50 with permission from John Wiley and Sons Ltd. (c) Reproduced from ref. 51 with permission from MDPI (Basel,
Switzerland). (d) Reproduced from ref. 52 with permission from American Chemical Society. (e) Reproduced from ref. 53 with permission from Wiley-
VCH Verlag.

This journal is © The Royal Society of Chemistry 2025 Chem. Commun., 2025, 61,1962-1977 | 1965


https://doi.org/10.1039/d4cc06510g

Published on 23 December 2024. Downloaded on 2/21/2026 1:44:24 AM.

ChemComm

facilitating an adaptive immune response. Additionally, Zr**
promotes the maturation of dendritic cells (DCs), which can
initiate the activation and proliferation of T lymphocytes to
combat tumors. Moreover, under irradiation, Zr** can transfer
soft X-ray energy to produce ROS efficiently within deep tumor
tissues to assist PDT (Fig. 3(b)).>°® For example, Chen et al.
synthesized MOF-CpG-DMXAA, which effectively deliver CpG
ODNs and DMXAA to cells, synergistically improving the tumor
microenvironment by reprogramming tumor-associated macro-
phages (TAMs), promoting DC maturation, and destroying
tumor blood vessels.”® Similarly, Zhao et al synthesized
SNPs@Zr-MOF-RB, which can efficiently produce ROS through
the energy transfer from SNPs to Zr-MOF under soft X-ray
irradiation.”

Generally, the inorganic substances used to synthesize
zirconium-based MOFs are ZrCl, or ZrOCl,-8H,O. In practical
applications, UiO-66 is often functionalized with amine groups
to form UiO-66-NH, which is synthesized via solvothermal
methods.>*”° The porous coordination network (PCN-n)
family represents another type of zirconium-based MOF. The
PCN-n MOFs used in tumor immunotherapy include PCN,*%°*
PCN-222°% and PCN-224.%® These MOFs utilize ZrOCl,-8H,0 as
the source of Zr**, while TCPP or H,TCPP serve as the organic
ligands. Solvothermal methods are reported for the synthesis
of PCN, PCN-222 and PCN-224. Specifically, PCN-224 has
also been synthesized via ultrasonic stirring.** Additionally,
solvothermal synthesis methods have been reported for other
zirconium-based MOFs, such as TBP-MOFs (benzoporphyrin-
based MOFs),*> MOF-801,>° MOF-525,°° pMOFs,*”” ZrMOF-
NH,*® and SNP@Zr-MOF.*°

The application of solvothermal methods in the synthesis of
Zr-MOFs suggests that a higher energy input is required for Zr**
to form MOFs with organic ligands compared to zinc.

2.3. Fe-MOFs

Fe-MOFs play a crucial role in cancer treatment due to their
magnetic and catalytic properties. For instance, iron ions can
catalyze hydrogen peroxide to produce hydroxyl radicals, gen-
erating ROS that can inactivate the organelles and proteins of
tumor cells, leading to the aberrant accumulation necessary for
Fenton reactions. This process further conduct chemodynamic
therapy (CDT).*® Additionally, the acidification of the extra-
cellular pH can trigger the intracellular degradation of iron-
based MOFs, releasing iron that leads to cell death and lysis, a
process known as pyroptosis.”® For example, Yalamandala et al.
designed a dual MOF composed of NH,-MIL-88B and (PB)MOF
in a core-shell structure (Fig. 4(c)). Fe*" in NH,-MIL-88B
ensures the generation of an adequate amount of *OH radicals,
while Fe®" in prussian blue (PB) exhibits catalytic activity in
reducing H,0,. This dual MOF not only induces cancer cell
death through ROS generation but also promotes the recruit-
ment of T lymphocytes, potentially enhancing the immune
response.’”

Most notable example of iron-based MOFs include the MIL-n
series, which are types of porous metal carboxylates designed
by Férey et al.”* MIL-n are constructed from Fe*" clusters and an

1966 | Chem. Commun., 2025, 61,1962-1977
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aromatic dicarboxylic acid as a linker (terephthalic acid), leading
to a very porous structure*® and high capacity for drug loading.”*

The synthesis of iron-based MOFs, such as MIL-n, typically
requires high temperature and high pressure, sometimes with the
use of microwave irradiation, while the solvent used is usually DMF
or water, similar to that of Zr-MOFs. For MIL-88, the synthesis of
MIL-88A77® and NH,-MIL-88B>' has been reported to require
solvothermal methods. The synthesis of MIL-89 and MIL-53
requires a solvothermal reaction in an autoclave.”” Following a
similar approach, Horcajada et al. synthesized MIL-100(Fe), while
other reported methods to synthesize MIL-100(Fe) are involve
solvothermal reactions under microwave conditions,>®’%”%7778
which is similar to the synthesis of MIL-101.”>7°"

Synthesis of other types of iron-based MOFs has been reported.
Solvothermal methods have been employed in the synthesis of Fe-
TBP* and PB MOF.** Specifically, Yalamandala et al. coated NH,-
MIL-88B synthesized previously with PB MOF to form dual MOFs.
FeCl;-6H,0 and porphyrin can also serve as bridging ligands to
form Fe-MOFs, as demonstrated in the synthesis of Fe-MOFs,*’
FeTCPP-OMe,* iron-based composite nanoparticles®® and PCN-
224(Fe).¥” Additionally, Huang et al synthesized MTO@PA/
Fe**MOF using Na,FeCl;, PA and MTO via ultrasonicating.®

Compared to the synthesis of zirconium-based MOFs, the
synthesis of iron-based MOFs requires an autoclave to provide
high pressure and microwave assistance during solvothermal
reactions. This demonstrates that more time and energy are
needed for the construction of Fe-MOFs.

2.4. Hf-MOFs

Hafnium-based MOFs are constructed from Hf*" ions, which form
robust Hfg clusters upon coordination with organic linkers, leading
to exceptionally stable structures. Notable Hf-MOFs include TBC-Hf,
where TBC is a chlorin-based ligand 5,10,15,20-tetra(p-benzo-
ato)chlorin, porphyrin-based MOFs DBP-Hf (5,15-di(p-benzoato)-
porphyrin linker), and TBP-Hf (5,10,15,20-tetra(p-benzoato)porp-
hyrin linker).”> Hf-MOFs show great promise in cancer immu-
notherapy when combined with radiation and checkpoint blockade.
The Hf clusters within HfMOFs can efficiently absorb X-ray
photons, leading to RT (via the production of *OH radicals) and
RDT (by exciting the photosensitizers to generate 0,),>> making Hf-

This journal is © The Royal Society of Chemistry 2025
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MOFs effective radio enhancers.®” For an example, Lu et al
designed IDOI@DBP-Hf, where Hf ions within the MOF can
efficiently eradicate several different types of cancer cells using
extremely low doses of Xrays, and IDOi (indoleamine 2,3-
dioxygenase) can reverse immunosuppression and control tumor
growth. Combining together, it can overcome immunosuppression
and elicit a systemic immune response against distant tumors.>

Hf-MOFs are classified according to its bridging ligands, including
Hf-DBP, Hf-DBA, Hf-TBC, and Hf*TBP, which are constructed starting
with  H,DBP(5,15-di(p-benzoato)-porphyrin),>>*°  H,DBA(2,5-di(p-
benzoato)aniline),”>*  H,TBC(5,10,15,20-tetra(p-benzoato)chlorin),”
and H,TBP(5,10,15,20-tetrabenzoatoporphyrin),>>*>°" along
with HfCl,. Choi et al. also used 1,4-BDC and HfCl, to synthe-
size Hf-MOFs.*” Their synthesis typically involves solvothermal
reactions in DMF or an oil bath (Fig. 3(d)).

2.5. Al-MOFs

Aluminum is a functional metal ion that can act as an immune
adjuvant to enhance immune responses against cancers.”® Due
to their excellent clinical safety profile, Al salts are frequently
used to recruit and activate APCs and to stimulate the prolif-
eration and activation of T cells. When integrated into MOFs,
AP’" can form MIL-100(Al), IL-57(Al)-NH,MOF(2-aminotereph-
thalic as acid linker),”® among others, which have exhibit the
immune adjuvant properties mentioned above. Despite the
non-redox character of Al compounds, Hidalgo et al. synthesized
MIL-100(Al), which has proven to be a powerful prooxidant in vitro
and in vivo due to the AP** in the MOF promoting both iron auto-
oxidation and ROS formation through their binding with super-
oxide radical anions.*

The solvothermal method is commonly used in synthesizing
aluminum-based MOF, such as solvothermal synthesis of MIL-
100(Al)*° and AI-TCPP®* in DMF and that of bacterium-liked
MOF*? in water (Fig. 3(e)).

2.6. Eu-MOFs, Gd-MOFs and Dy-MOFs

Several MOFs based on lanthanides have been reported, includ-
ing europium, gadolinium, and dysprosium. Among them,
studies show that Eu-MOFs can be used to deliver adjuvants
and antigens for cancer immunotherapy.?® Phosphatidylserine
(PS) acts as a resistance against antitumor immunity, while
Gd*" has stronger binding affinity than Ca®", which can reduce
TMEM16F activity through competitive binding, inhibiting PS
externalization. For example, Dai et al. synthesized Gd-MOF-5,
where Gd*" inhibits PS externalization via inhibiting the activity
of scramblase, an enzyme that transfers PS to the outer leaflet
of the plasma membrane, and Zn** overload activates endo-
plasmic reticulum stress for ICD induction. In combination
with an immune checkpoint inhibitor, Gd-MOF-5 activated
potent immune response and effectively inhibited primary
and distal tumor growth.®®

In magnetic resonance imaging (MRI) applications, gadoli-
nium can provide T1 MRI contrast, such that it is commonly
used for the clinical diagnosis of bleeding-related and neoplas-
tic diseases. For instance, Wang et al. synthesized Gd/Fe-MOF,
where Gd and Fe ions can provide MRI contrast,”® while

This journal is © The Royal Society of Chemistry 2025
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dysprosium in Dy-TCPP that Jiang et al. synthesized shows an
excellent candidate element for 72-weighted contrast agents.’”
Among the lanthanides, the one-step synthesis methods of
europium-based MOFs are reported where EuCl;-6H,0, GMP,
and OVA (ovalbumin) construct Eu-MOF through self-assembly
in solution by stirring the mixture.’®°® Apart from that, synth-
esis of Gd-MOF and Dy-MOF via solvothermal methods, such as
the synthesis of Gd/M'*® and Dy-TCPP,”” are reported. Besides,
gadolinium is reported to construct MOFs combining with
other metal ions via solvothermal methods, such as using
GdCl; and Zn(NO3),-6H,0 to synthesize Gd-MOF-5°> and using
Gd(NO,),-6H,0 and FeCl;-6H,0 to synthesize Gd/Fe-MOF."®

2.7. Mn-MOFs

Mn-MOFs can be used as immunotherapeutic vehicles in terms
of cancer treatment and the organic linker can act as the
adjuvant to assist with antigen cross-presentation.>® Recent
studies have revealed that Mn>" can activate the cGAS-STING
pathway to induce cells to produce type I interferon (IFN) and
inflammatory cytokines to promote DC maturation and elicit
an antitumor immune response and infiltration of CTLs.”"'!
For example, Xu et al. synthesized RBC@Mn-MOF/PPI which
can release Mn>" and PPI to work synergistically to enhance the
cGAS/STING-mediated immune responses. Besides, Mn*" can
help transform cold tumors into “hot” ones by activating
immune cells, as evidenced via DC maturation, cytotoxic T
lymphocyte infiltration, and natural killer cell recruitment,
thereby targeting primary and abscopal tumors and lung meta-
static nodules (Fig. 4(a)).”" Specially, Mn-based nanomaterials
also have photothermal conversion performance and Fenton
catalysis ability, which indicate the huge advantages of granular
Mn as a stimulator for cancer immunotherapy.

The synthesis of Mn-MOFs has been reported using various
methods. MnCl,-4H,0 has been employed in solvothermal
methods in solvents like water, ethanol, and DMF.'°>1%% Alter-
natively, milder conditions involving ultrasonicating or simple
mixing and stirring have also been reported.””'*" Zhan et al.
reported the solvothermal synthesis of Mn-MOF starting with
ZrOCl,, Mn-TCPP and BA in DMF.'® Mn also can form MOFs
with other metal ions for example, Liu et al. synthesized Mn/Zr-
MOF via solvothermal methods and cation exchange
reactions,'®® while Wu et al. synthesized Mn/Ca-MOF via mix-
ing and stirring in double distilled water.'%°

2.8. Cu-MOFs

The synthesis methods for copper-based MOFs primarily
include solvothermal, ultrasonic, and room temperature stir-
ring approaches (Fig. 4(b)). The solvothermal approach is used
for the synthesis of MOF-199 (Chiang et al.),”> while the room
temperature stirring method is employed in the synthesis of
CuTpyp (Zhang et al.)."”” Cu can also form MOFs with other
metal ions. Zeng et al. synthesized TBP-MOF(Cu) based on Cu-
TBP using ZrOCly,, BA, and acetic acid via solvothermal meth-
ods in DMF.® For Cu doping in MOFs formed with other metal
ions, Hu et al. synthesized PCu-MOFs based on PCN-224(Fe) via
solvothermal methods and stirring,®” while Chen et al
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synthesized Cu-TCPP(Al) based on Al-TCPP through solvother-
mal methods."*®

2.9. Other MOFs

The reported synthesis approaches of cobalt-based MOFs
include synthesizing ZIF-67 via stirring at room
temperature,'®” Co-Fc MOF through ultrasonicating
methods,"'® and constructing Ni/Co-MOF'"' and Zn/Co-
MOF* with Ni and Zn. Potassium can also be applied in
constructing MOFs, known as y-CD-MOF, which is reported
to be synthesized via incubating in water and methanol'** or
vaporizing the water of the solution under methanol.'™* Ni et al.
reported the synthesis of W-TBP and Bi-TBP via solvothermal
methods where cationic W-TBP efficiently adsorbs anionic
CpGs, the drug loaded with W-TBP, can facilitate their inter-
nalization by DCs to promote DC maturation."** Tantalum is
used as a contrast agent for computed tomography (CT) in
clinics owing to its superb biocompatibility, which is reported
to construct TZM nanoparticles, a kind of Ta/Zr-MOF, via
solvothermal reaction as radiosensitizers."*® Titanium-based
MOFs can be used as the sonosensitizer in sonodynamic
therapy (SDT). MIL-125-BA, a kind of Ti-MOF, was reported to
be synthesized by a solvothermal method starting with TTIP in
DMF to achieve enhanced sono-immunotherapy against both
primary tumors and metastatic tumors.'*°

In summary, among all the metal ions that MOFs based on,
those based on zinc, potassium, and europium are synthesized
under relatively mild, one-step and ‘“green” conditions. In
contrast, those based on zirconium, iron, and copper are
synthesized under higher temperature, pressure, and micro-
wave conditions, requiring more energy. Thus, it is more
convenient for the former to load biomolecules and adjuvants,
while the latter usually load adjuvants via post-synthesis
approaches, or in a few cases, they are applied in cancer
immunotherapy as adjuvants themselves. We summarized the
key features and details of immunoadjuvant-functionalized
metal-organic frameworks in Table 1.

3 Application of immunoadjuvant-
functionalized MOFs
3.1. Immune cell membrane-coated MOFs

The immune cell membrane is a thin film extracted from
immune cells. It retains the key proteins and biomolecules
naturally present on the cell surface.'® The extraction process
includes mechanical disruption, hypotonic treatment, and
differential ultracentrifugation. Nanoscale vesicles are formed
through extrusion."”” Compared to traditional biomimetic
membranes, immune cell membrane-coated MOFs offer sig-
nificant advantages as a new generation of therapeutic agents
and drug delivery systems.'*® Due to their natural origin, they
can trigger specific immune responses, effectively masquerade
as targets for inflammation and tumors, and directly deliver
antigens to immune cells. The interaction between positively
charged MOFs and negatively charged cell membranes
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facilitates the self-assembly of membrane fragments and
drug-loaded cores, ultimately resulting in the formation of
polydisperse aggregates through electrostatic attraction. More-
over, these coated MOFs can efficiently release their drug
components, such as metal ions or other therapeutic agents,
to achieve therapeutic effects. These characteristics make
immune cell membrane-coated MOFs promising candidates
for targeted drug delivery and immunotherapy, providing more
effective and personalized treatment options for various dis-
eases, including cancer and inflammatory conditions."*’

By leveraging immune cell membranes, which naturally
elicit autoimmunity and possess surface markers for tumor
recognition, MOFs can be effectively cloaked to achieve targeted
delivery to sites of inflammation and tumors. This cloaking
mechanism not only prolongs circulation in vivo and enhances
biocompatibility but also facilitates key immune processes
such as antigen presentation, T-cell activation, and modulation
of cytokines. Immune cell membranes, rich in selectins and
integrins, enable MOFs to mimic immune cell adhesion, roll-
ing, and transmigration through endothelial barriers, guided
by chemokines. This process allows membrane-coated MOFs to
traverse the blood-brain barrier and accumulate at inflamma-
tion and tumor sites, utilizing immune signaling pathways to
ensure precise delivery. Furthermore, MOFs’ high drug-loading
capacity and function as nano-sensitizers amplify their ther-
apeutic potential across modalities like PTT, PDT, CDT, and
RT. By combining immune-mimicking properties with their
intrinsic versatility, MOFs emerge as a powerful platform for
orchestrating multimodal treatment strategies, addressing a
wide spectrum of diseases efficiently and effectively.

3.1.1. Macrophage membrane-coated MOFs. Macrophages
are specialized immune cells with a sophisticated arsenal of
surface membrane receptors.’*® These receptors are highly
versatile, allowing macrophages to recognize and bind to a
wide range of molecules, including both endogenous compo-
nents produced within the host and exogenous substances
from the external environment."*’ This capability enables
macrophages to engage with the host’s natural self-
components, ensuring immune homeostasis and tolerance,
while also responding to foreign invaders like bacteria,'**
viruses,"* and other pathogens.”>® When macrophages
encounter these different ligands, the membrane receptors
play a crucial role in initiating specific cellular responses.
Depending on the nature of the interaction, macrophages can
phagocytose pathogens, release cytokines to signal other
immune cells, or even induce programmed cell death to
eliminate infected or damaged cells. This dynamic and multi-
faceted interaction makes macrophages central players in both
innate and adaptive immunity, contributing to the body’s
defense mechanisms against infections, cancer, and other
diseases.

Given the pivotal role of macrophage membrane receptors
in immune responses, nanoparticles coated with macrophage
membranes have garnered significant interest in biomedical
research.'®”"*>'3¢ These biomimetic nanoparticles can mimic
the natural interactions and functions of macrophages, offering

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4cc06510g

View Article Online

ChemComm

Highlight

UOT}2103S dUN|03AD

‘v 32 1T pue s1911 H3[ o1y1oads-uadnue Y31y aonpul VAO
IM0I13 J0WNY

JIqIYUI pue sasuodsar sunww I0WnIue

(494

1P 3211 adeydoioewr asorduwr JJIS3s/6SeD pUE XO'T
Kempred

YIeap [[90 SISOINE SIONPUI UIY)I WSIUBYIIUL

T 9SUJOP-J[3S [[20 12dURD oNPal OD ‘S[[3D
dueryDd  190URD UT UONBIAUAS SOY owoid JOW UL

1-dd-nue jo

s309p30 onnadelayy a3 aroxdwil pue @D 2onpur
odD ‘s1owny orxodAY U $3993F9 1S 3U0IIS 38T
-uad pue erxodAy rown) sjeIorowe JON YL
$9)Is I0WINY JO

TIN 1Y31om-¢ [ ureiqo pue LAS 9zI[ed1 JON o3
4, 1P 32 Suel[ ‘s[[9d 10wny ul uoissaidxa 1I-Ad 99npa1 suot 4q
S[[92 I Jo A[Iqe Iown}-iue 2duByUd T-qd-©
{S[[90 I0wWN} JO Yreap druadounwiwil dNpuUl pue
I PoOoUBUS-ISBIIUOD 10§ Pasn ST JON YL
sasuodsar 2140

-oyduwA] I, 91X030340 +8(@D doueyUL SNAO HdD

Lz 1P 72 UBRYZ

ootze 1P #2 10O

26 v 32 uenq

sazod
S IO UO PazI[Iqoww]

HONW

a3 apisur pajensdeouy
SUOIORINUI

-1 p1a 3eJINS S A0N

a3 uo pajednfuod :vq
‘sa1od s, IO UI papeo] :0D

uondiosqe o11eIS013[H

sa1od s, JOIN UI papeoT]

20BJINS S, JOIN UO papeo]

VAO

XO'T + d91S3s/65eD

vd + 0D

SNAo 5dD

T-ad-»

SNAo DdD

duneqnoug

"1°d 36 Sunoeay

SPOUIoW [BUWLISYIOA[OS

duruns
+ SPOU}oW [BULIOYIOA[OS

SPOY19W [BWIAYIOA[OS

SPOUIoW [BULIOYIOA[OS
Ly e

Zurms sisoyyuis dais-auQ

aviLD ad-+

9[0ZePIWIAYIIN-T

dAd DLA-S‘€‘T

vd ddDL

ddD.L

proe d1jAxoqIesrn)
-G‘g‘T-ouazuaq
pioe ourewing

dIND

AOW-AD-+

£9-d1Z

66T-TIN

(31) wnisselod

(00) eq0D

(np) 12ddop

AOW-UIN (UN) 9souedueN

dddi-4a (Aa) wnrurjosia

AOW-PH (POH) wniuropen

(ng) wnidoing

610 32 uonewIoy SO pue pIoe d1esawLn
OS[EPIH  UOREPIXO-0INE uoll jowoid JOW 3y ur , [V — — SPOYIoW [BWIAYIOA[OS -G T-ApmuunL, - (V)ooT-1IN - ([v) wnurunyy
oz 1P 12 1 — — — SPOYIOW [BULIOYIOA[OS vd d9.LvH d9lJH  (JH) wniuyeq
uonerpel Aei-X 9S0p-mo[ Y3m 190Ued d1xodAy
061?72 IN Jo Adeiays [800] 9A130a7S djeIpawW JON YL V/N spuedry (m)ag SPOY3IaW [BWISYIOA[OS dgdcH d9aJH  (JH) wnruyeH
SJUSWIINIOAI [[9D I, 9dUBYUD
D12 pue yieap [[99 190URDd jende JON °O°H (sanssaxd y3ry)
B[EPUBWE[EX JO UOHONPAI Y3 10§ AIANOE dNA[EIRd smoys |, o4 — — SPOY39W [BWISYIOA[OS dAd ad (o4) woir
spuedi|
oruedio s, JOW pue HdD
o, P 32 SueyZ 9suodsal sunwuwil padUBYUS dNPUl SNAO HAD  U9amIaq SUORIRINUI L-L SNao 95dD SPOY3IaUI [BWISYIOA[OS Dagd-+'1 TOT-TIN (o4) woir
ABMOIOTUI
SISE)SEIOW JOWN) JIqIYUI pue S[[99 Jown) + (o1nssaxd y3y)
¢, IP 72 IN  T[PI 03 S[9 L +8AD PUB +FdD 9SB210UI OLN V/N OLN SPOYIOW [BULIOYIOA[OS DLA-S€'T 00T-TIN (o4) worr
I90UBD UBLIBAO uonoeIANUI J1IeISoI)
op1 1P 72 OBRUZ ur renuajod Afeonnaderdayy smoys YNA DN -99[2 pue areydsoyd-[eraw VNAd DN SPOYIoW [EWISYIOA[OS proe olrewing V88-TIN (24) uoir
uonenuaIayIp pue uonerdyioid [[90
I, a3owoxd pue asuodsal sunwIwil SISBIIIUT UL sazod
g1 1P 72 ueLL, -Aweder {1dd 91eIpawo} SOY 9onpoid $2¢-NDd SJOW dU3 ul paje[nsdeaug vSA®VAvd Suneosruosenn + SULLns vd ddD.LcH ¥2¢-NDd  (1Z) wintuooaarz
931IS I0WIN} 9y} UI S[[3D proe
¢, TP 32 1T 1 91X030340 JO UOLBN[YUI Y3 2OUBYUD JOW YL — — SPOYI9W [BWISYIOA[OS D1IIOBOIOIYIIP ddDL TCC-NDd  (1Z) wnruooaarz
saiod S, IO 93 Ul paje[
dnipoid -nsdeous :6T6-D7IN ‘UONOE
onnaderdyiowayd St 41D ‘AIALL 2a1ssaxd -I9JUl [O1Y3)-NY y3noay proe
L 1P 728Ul -dns 9510491 03 14108 OdI ssa1ddns 6T69IN SANNV UO0 pajesn(uod :g10 6T69IN + 91D SPOY3IoW [BULISYIOA[OS D10ZU]OPIZe-F DA 99-0In  (1Z) wniuood1z
ymoid
Iowiny JIqIYUI pue FALLI 9Y3 3e[npowt 03 DI saxzod
op TP 72 SUBM 20NPUI VXO $93830%] PaWuNsuod A[[eani[ered xoT s J0W 2U3 Ul pajeinsdeoug VXO + XO'T "1°g e SUILINS + X9}OA NIIN-C — (uz) ourz
uonoeIAUI
siowny O138ISO1OI[d VI 90BJINS
1P 72 Suoyz VAO-£54 30 ymoi1d ay3 3qryur SNao Hdp S A0 93 UO Paydeny sSNao 9dd "L e Sunung WIN-T 8-A1Z (uz) ourz
‘704 suoneorddy Zurpeo| syuean[peounuwrwug SpPoOYIoW SISAYIYAS spued[ oTuedIQ SOWEU JON SIUSWI[D [EIN

sjueAn[peounwwit Jo skepy

uoneINPOW aunwiwli Jowny ul suoniedldde pue ‘SISSYIUAS ‘Syusuoduwod JIdy} JO SIS} Ul SHOW Pazljeuonidunj-jueAnpeounwiwl Jo Alewwns T d)gel

"WV v2:¥P:T 9202/T¢/¢ U0 pepeojumoq 7¢0¢ equwedsd £¢ Uo pauslidnd

1969

Chem. Commun., 2025, 61,1962-1977

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4cc06510g

Published on 23 December 2024. Downloaded on 2/21/2026 1:44:24 AM.

ChemComm

(continued)

Table 1

1970

Ways of immunoadjuvants

2 <+
ol a
S 5
sls S
& |z psi
o
Ex2
2928
Ecao 1
S o= =)
2L s
$25 9
= o L
208 3
coE =
ERE B
=20 ¢ I
Sz &
‘“_9_%’
§8E E
E:HS <
HNE O
g &= =
S5 g
SAE_5
w |2 Y B8 o
£ |[E8ETE
g mEcam
5|08=EQ
529.2‘382
S |log S & @
ale 2 5 =i
<|EIBRSE

on

£

Bz

S |z \

3

g

>

=)

’§m

B

=

5 |0

£ |2

E 5 \
W w)
=] el
] o

@ g S

8@ (5]

< | E g

2 = —
] <

g g £

218 b5y

3 |s <
-~ =

< |9 o

= |2 2

7|3 3

wn)

o

[=}

[

K=

Q

.-—1Q_‘

S (= <%

5| & &

2 O

o |T =]

w

()

g

<

-

=%

S |E S

=B E

2 —
~ <

QE»B e

Ko S g

o |38 =
w

= & =

o E

g = &

Chem. Commun.,

expression via the cGAS-STING pathway

Yang et al.'*®

suppressive TME and enhance immunogenic

The MOF enhance SDT, relieve the immuno-
cell death

N/A

PFOB

Solvothermal methods

MIL-125-BA BA

Titanium (Ti)

2025, 61,1962-1977

View Article Online

Highlight

promising avenues for targeted drug delivery, vaccine develop-
ment, and immunotherapy. By harnessing the unique proper-
ties of macrophage membranes, these nanoparticles hold great
potential for enhancing therapeutic efficacy while minimizing
side effects, thereby revolutionizing approaches to disease
treatment and prevention.

Yao et al. presents a macrophage membrane-coated MOF-
based nanoplatform (AP@ZIF-Mem) that targets glucose meta-
bolism in triple-negative breast cancer (TNBC). By combining
atorvastatin (a glycolysis inhibitor) and polydatin (a PPP inhi-
bitor), this system effectively disrupts tumor glucose metabo-
lism, inducing acidosis, oxidative stress, and redox imbalance.
Leveraging the tumor-specific targeting and immune-evasive
properties of macrophage membranes, AP@ZIF-Mem demon-
strated enhanced tumor accumulation, reduced tumor growth,
and inhibited metastasis. This dual-targeting approach under-
scores the potential of biomimetic nanoplatforms in tackling
TNBC’s metabolic vulnerabilities (Fig. 5(a)~(d))."*” Cheng et al.
subsequently employed a cobalt-based MOF to load anethole
trithione into its pores using a one-pot method. Subsequently,
they coated the MOF surface with a macrophage membrane.
Utilizing integrin targeting, the biomimetic nanoplatform con-
centrates in the tumor microenvironment. The macrophage
membrane serves as camouflage, enhancing the biocompat-
ibility of the MOF and reducing the phagocytosis of the
nanoplatform by immune cells."*®

In another study, Cheng et al. developed a platform combin-
ing the Fenton reaction and PTT based on MOF nanoparticles.
These nanoparticles, termed PPy-CTD@MIL-100@MPCM
(PCMM NPs), are designed to target and accumulate in tumor
tissues due to their encapsulation with macrophage cell mem-
branes. The photothermal agent, polypyrrole (PPy), within the
nanoparticles accelerates the release of the therapeutic agent,
cantharidin (CTD), and iron ions upon irradiation, enhancing
the efficiency of both PTT and the Fenton reaction. CTD, acting
as an inhibitor of the heat shock response in tumor cells,
improves the therapeutic effect of PTT. The Fenton reaction,
promoted by the released iron ions, helps consume excessive
H,0, in tumor tissues, generating hydroxyl radicals that kill
tumor cells and improve the tumor microenvironment.'*! The
tumor-targeted combination therapy mediated by PCMM pro-
vides a promising approach for cancer treatment.

3.1.2. Neutrophil membrane-coated MOFs. Neutrophils serve
as the body’s initial defense against infections and respond to a
range of inflammatory stimuli, including those associated with
cancer.'*? One of the key features of neutrophils is their capacity to
travel to inflammatory sites. This migration is orchestrated by
chemokines, danger-associated molecular patterns, lipid metabo-
lites, and various other signaling molecules."*'** However, the
exact role of neutrophils in the tumor microenvironment remains
controversial. Recent studies have confirmed the involvement of
neutrophils in tumor cell migration and dissemination."*> Addi-
tionally, neutrophils have been shown to regulate tumor cell
proliferation.'*® Nevertheless, as research progresses, it has been
demonstrated that human neutrophils can mediate antibody-
dependent, cell-mediated cytotoxicity against tumor cells.**’

This journal is © The Royal Society of Chemistry 2025
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Elsevier. (e) Reproduced from ref. 139 with permission from Elsevier BV. (f) Reproduced from ref. 140 with permission from Springer Nature.

Zhang et al. constructed a nanoplatform, termed PAM,
designed to achieve on-demand release of metal ions through
near-infrared (NIR) light-induced PDT for precise and efficient
disease treatment. PAM integrates silver nanoparticles (AgNPs),
the porphyrinic PCN, and the neutrophil membrane (NM). The
inflammatory targeting ability of NM enables selective accumula-
tion of PAM at tumor sites. Under NIR irradiation, PCN generates
singlet oxygen (10,), activating AgNPs to release cytotoxic Ag" ions
(Fig. 5(e))."*° This interaction provides precise control over disease
treatment while reducing side effects. This strategy holds promise
for offering a safer and more effective tumor therapeutic
approach. In another study, Cui et al. developed a ferric porphyrin
MOF sensitive to high levels of glutathione and combined it with
the immune factor porcine pancreatic elastase (PPE). They further
encapsulated this combination with a neutrophil membrane to
achieve specific targeting of tumors. Upon reaching the tumor
site, the MOF releases MOF and PPE. During this process, PPE
mimics the function of neutrophils, leading to the release of
histone H1 and selectively killing cancer cells. Simultaneously, the
MOF serves as an in situ 'O, generator, inducing DNA double-
strand breaks under laser irradiation, further enhancing the
translocation of histone H1 from the nucleus to the cytoplasm,
thereby promoting the elimination of cancer cells."*® This precise
therapeutic approach not only effectively eradicates cancer cells
but also activates an adaptive immune response, exerting inhibi-
tory effects on both primary and distant tumors.

Building on the aforementioned advantages, different
types of immune cell membranes offer specific therapeutic
mechanisms, further enriching the applications in this
field. Next, we will delve into the characteristics and potential
applications of Macrophage membrane-coated MOFs, Neutrophil

This journal is © The Royal Society of Chemistry 2025

membrane-coated MOFs, and Dendritic cell membrane-
coated MOFs.

3.1.3. Dendritic cell membrane-coated MOFs. DCs play a
crucial role as APCs within the immune system."**'*° Upon
antigen invasion, DCs located in tissues like the skin, intestines,
lungs, and lymphoid organs become activated, initiating an
immune response. These cells identify and capture antigens
through various mechanisms, subsequently presenting them to
T cells. Given their central role in immune responses, dendritic
cells have become essential targets in both biomedical research
and immunotherapy.”>' Coating nanoparticles with DCs preserves
the cancer cell membrane’s homotypic targeting ability, while also
facilitating the concurrent expression of tumor antigens and
immunological costimulatory molecules.'”* This strategy enhances
the dendritic cell-mediated activation of both CD4+ and CD8+ T
cells with antigen-specific responses.'”® For example, Ma et al.
developed a nanoplatform termed aDCM@PLGA/RAPA, which
integrates the activated mature dendritic cell membrane (aDCM)
with rapamycin-loaded poly(lactic-co-glycolic acid) (PLGA) nano-
particles. This innovative platform is designed to efficiently
traverse the blood-brain barrier (BBB) and precisely modulate
the immune microenvironment. Their research introduces a
promising therapeutic strategy for glioma, a brain tumor with
a challenging prognosis, largely attributed to the BBB and the
immunosuppressive nature of the tumor microenvironment.">*

Building on the versatility of DCs in nanoparticle applica-
tions, researchers have expanded their use to include the
incorporation of various functional agents. In this context,
MOFs have emerged as a promising material for therapeutic
delivery due to their high loading capacity and controlled
release properties. When combined with the capabilities of

Chem. Commun., 2025, 61,1962-1977 | 1971
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DCs, MOFs offer a novel approach to enhance immune
responses and target-specific therapeutic delivery. For example,
Liu et al. utilized biologically reprogrammed cell membranes
(FM) derived from fused DCs and cancer cells (Fig. 5(f))."*° They
incorporated fluorescent MOFs for imaging to prepare
MOF®@FM nanoparticles capable of eliciting anti-tumor immune
responses. MOF@FM is anticipated to provide both the antigen-
presenting capabilities typical of APCs, and a sustained supply of
endogenous tumor antigens sourced from fragments of the
cancer cell membrane. These fragments can be recognized by
DCs, stimulating their maturation and subsequently inducing T
cell activation.

3.1.4. Other cell membrane-coated MOFs. Although red
blood cell membranes (RMs), platelet membranes (PMs), and
bacterial membranes (BMs) are not considered immune cell mem-
branes, they possess certain immune-related functions and are
widely used in cancer therapy and other drug delivery systems.'>*
Combining these cell membranes with MOFs not only improves
the system’s safety and efficacy but also significantly enhances
targeted therapy and immune regulation capabilities.’**™*® RMs
have the ability to circulate for extended periods, a property
attributed to specific surface markers such as CD58, CD59, and
CD47, along with their inherent physiological traits. These char-
acteristics provide RMs with immune evasion capabilities, flexibil-
ity, and excellent biocompatibility."® Xu et al. introduces a RMs-
coated manganese-based MOF (RBC@Mn-MOF/PPI) that activates
the cGAS/STING pathway.”' Peng develops a RMs-camouflaged
iron-based MOF nanoplatform for combined ferroptosis-
apoptosis therapy, effectively overcoming multidrug resistance by
depleting glutathione, amplifying oxidative stress, and downregu-
lating P-glycoprotein expression."®

PMs exhibit unique properties that make them suitable
for tumor targeting and immune evasion.'®* Overexpressed
P-selectin on platelet membranes specifically binds to the upre-
gulated CD44 receptors on cancer cells, enabling active targeting
of tumors and circulating tumor cells. Additionally, CD47 mole-
cules on platelet membranes prevent macrophage-mediated
clearance of platelet membrane-coated nanoparticles.'®> Zhuang
et al. synthesized a PMs-coated MOF nanodelivery platform for
targeted siRNA delivery in vivo, demonstrating high silencing
efficiency, antitumor efficacy, and potential for expanding siRNA
applications in various diseases.'®® Liu et al developed PM-
camouflaged silver MOF nanoparticles (PM@MOF-Ag NPs) with
enhanced targeting, immune evasion, and antitumor efficacy
for triple-negative breast cancer, demonstrating effective tumor
apoptosis induction and minimal organ toxicity.'®* Guo et al.
developed a magnetic MOF nanoplatform coated with
platelet membranes (PmMMN@OmM&As). It combines immune
escape, dual-targeting, and controlled drug release. The system
enhances tumor-infiltrating lymphocyte activity and synergizes
with PD-1 inhibitors. This approach achieves improved antitu-
mor efficacy in hepatocellular carcinoma.'®®

Bacteria membrane-modified nanocarriers exhibit charac-
teristics such as immune stimulation, prolonged circulation
time, and tumor imaging capabilities.'®*'°® Zhang et al. devel-
oped a bacterial outer membrane vesicle (OMV)-modified MOF
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nanoplatform for breast cancer treatment, combining sonody-
namic therapy and immunotherapy to enhance tumor target-
ing, immune activation, and therapeutic efficacy.'®® Chen et al.
designed a photothermal bacterium (PTB)-based therapeutic
platform, combining Pd nanoparticle-biomineralized bacteria
with ZIF-90/MB to enhance tumor-targeted photothermal
therapy and overcome challenges in tumor targeting and heat
tolerance.'”®

3.2. MOFs loaded with immune factors

Antigens, adjuvants, vaccines, immune checkpoint inhibitors,
biologics, and other immunogens play significant roles in
immunology and clinical medicine. However, they still have
some drawbacks. Some antigens may exhibit poor immuno-
genicity, adjuvants may trigger allergic or toxic reactions, and
vaccine efficacy may decrease over time. Additionally, immune
checkpoint inhibitors may lead to immune-related adverse
events, and biologics face challenges in preparation and quality
control. Fortunately, advancements in nanotechnology offer
hope in addressing these challenges. One promising approach
involves utilizing MOFs to encapsulate immunogens. MOFs
possess highly porous structures, tunable properties, and excel-
lent stability and biocompatibility, providing an ideal platform
for controlled release and targeted delivery of immunogens.
For example, Lin et al. encapsulated a small-molecule immu-
notherapy agent inhibiting indoleamine 2,3-dioxygenase (IDOi)
within a chlorin-based nanoscale metal-organic framework
(TBC-Hf) using the co-mixing method. IDOi@TBC-Hf leverages
the PDT effect of TBC-Hf and the enhanced immune response
of IDOIi, which can effectively generate systemic anti-tumor
immune effects. Notably, IDOi@TBC-Hf demonstrated tumor
inhibitory effects in both primary and distant tumor models
of colorectal cancer.>® Using the foundation of TBC-Hf MOF, Lin
et al. engineered Hf-TBP/COD nanomaterials. This innovation
facilitated synergistic anti-cancer effects by inducing cholesterol
depletion through COD and generating ROS via Hf-TBP. This
approach not only locally suppressed tumor growth but also
stimulated systemic anti-tumor immune responses. In subcuta-
neous models of triple-negative breast cancer and colon cancer,
Hf-TBP/COD demonstrated a remarkable tumor growth inhibi-
tion rate of 95%.°" Lin et al. also utilized MOFs synthesized from
metal-oxo clusters and functional organic ligands as a novel
carrier for cancer vaccines. Through X-ray activation, they
released activated damage-associated molecular patterns and
tumor antigens, while delivering CpG as pathogen-associated
molecular patterns to APCs for personalized vaccine administra-
tion. This personalized vaccine has been demonstrated to
expand cytotoxic T cells in tumor-draining lymph nodes, not
only locally inhibiting tumor growth but also eliciting systemic
anti-tumor immune responses (Fig. 6(a) and (b))."”*
Traditional immunotherapy often targets specific cell types
like DCs or T cells, which can limit its effectiveness. To overcome
this limitation, Luan et al. developed a dual tailor-made MOF
based on ZIF-8 that synergistically releases various therapeutic
agents, including the photothermal agent IR820, the adjuvant
R837, and the immunomodulator 1-methyl-p-tryptophan (1-MT).

This journal is © The Royal Society of Chemistry 2025
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The IR820@ZIF-8 nanoparticles, modified with hyaluronic acid,
are designed to target tumor cells, facilitating tumor-specific PTT
and the subsequent release of tumor antigens. Conversely, the
(R837 + 1-MT)@ZIF-8 nanoparticles, modified with mannan,
aim to target DCs, thereby enhancing the immune response.
By integrating targeted treatment of tumor cells with DC-focused
immunomodulation, this approach addresses two key chal-
lenges in immunotherapy: inadequate immune activation and
immune evasion. The goal of this research is to develop a more
effective immunotherapeutic nanoplatform capable of modulating
the functions of multiple cell types simultaneously (Fig. 6(c))."”>
Similarly, they employed ZIF-8 to load HYD and MIT, aiming
to induce ferroptosis in tumor cells while eliminating T cell
paralysis.*® In summary, the encapsulation of immunogens by
MOFs offers a promising solution to the challenges encountered in
traditional applications. This advancement not only revitalizes the
field of immunology but also opens up new avenues for disease
prevention and treatment.

3.3. Metal ions for immunomodulatory MOFs

Functional metal ions, such as aluminum, copper, and iron,
serve as immunoadjuvants that can be incorporated into MOFs.
This integration enhances the immune response against
cancer. By leveraging the properties of MOFs, including their
high surface area, tunable pore size, and capacity for high
loading, the inclusion of these metal ions aims to potentiate
the immune system’s response to cancer cells. This approach
capitalizes on the unique features of MOFs, making them
promising candidates for drug delivery and immunotherapy.
In these metal ions, Copper ions play a crucial role in the
activities and regulation of various immune cells, including
macrophages, dendritic cells, and T lymphocytes. They interact
with proteins, thereby regulating essential immune functions
such as cell signaling pathways, apoptosis, and cell proliferation.
Additionally, divalent copper ions possess strong oxidizing

This journal is © The Royal Society of Chemistry 2025

properties, which facilitate the generation of oxygen radicals
during immune responses. This oxidative environment
enhances the clearance of pathogens by immune cells.
Furthermore, the production of oxygen radicals activates
immune cells, amplifying their activity and promoting the
initiation and reinforcement of immune responses. Recently,
Tsvetkov et al discovered that Copper-induced cell death
occurs via direct interaction between copper and lipoylated
components of the tricarboxylic acid (TCA) cycle. This inter-
action initiates the aggregation of lipoylated proteins, leading
to the subsequent loss of iron-sulfur cluster proteins. As a
result, this mechanism induces proteotoxic stress, ultimately
resulting in cell death.'”® Yu et al. deposited cuprous oxide on
the surface of ZIF-8 for loading DNAzyme.'”* The Cu” generated
from cuprous oxide triggers a Fenton-like reaction to produce
ROS. Simultaneously, Cu”" produced from the Fenton-like
reaction induces copper-induced cell death, while consuming
intracellular glutathione (GSH) and transforming into Cu" for
further action. Cu' not only induces CDT but also leads to
copper-induced apoptosis. Additionally, DNA and Zn>* com-
bine to form a DNAzyme, which cleaves catalase-associated
RNA, resulting in the accumulation of hydrogen peroxide and
further enhancing combination therapy. Huang et al. employed
MOF-199 to load buthionine-sulfoximine (BSO), catalase (CAT),
and the absorption enhancer Dodecyl-beta-p-maltoside from an
FDA-approved nasal formulation.'”® This approach was utilized
to facilitate cuproptosis and subsequently enhance immu-
notherapy for glioblastoma. Chen et al. utilized Cu®" as the
active center and tetrakis(4-carboxyphenyl) porphyrin (TCPP) as
ligands to construct Cu-TCPP(Al). Platinum was deposited on
the surface of the MOF and modified with NH,-PEG-FA. This
nanomedicine achieves dual-enhanced PDT, triggering immu-
notherapy and reprogramming the immune-suppressive TME,
thus enhancing the anti-tumor effect.®® In previous studies,

" has typically been employed as a CDT agent to initiate
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Fenton reactions. However, one of the primary obstacles to CDT
is the overexpression of glutathione in cancer cells, which may
lead to drug resistance. In light of this, Jiang et al. reported a
catalytic antigen-capture sponge (CAS) containing catechol-
functionalized copper-based MOFs and chloroquine (CQ) for
programming T cell infiltration. In this system, CAS serves as a
programmed peroxide mimic in cancer cells, inducing sustained
ROS generation and promoting cell death. Additionally, CQ inhi-
bits autophagy by regulating autophagic flux and disrupting cancer
cell self-defense mechanisms, thereby enhancing the efficacy of
CDT. Furthermore, CAS facilitates the release of tumor-associated
antigens, which are then immobilized on the sponge via catechol
groups, leading to immunogenic cell death and potentially enhan-
cing the effectiveness of cancer immunotherapy. Taking iron ions
as an example, Feng et al. constructed a bimetal-organic frame-
work nanosystem comprising iron and manganese, carrying the
immune adjuvant R848, to achieve combined therapy of pyroptosis
and enhanced immunotherapy (Fig. 7(a)-(c))."”® An et al. devel-
oped a novel nanoplatform utilizing ultrafine copper nanoparticles
and MIL-101(Fe) as a drug delivery system (Fig. 7(d))."”” This
platform was loaded with both cisplatin (Pt) and 1-MT drugs,
along with the photosensitizer (TCPP). External coating with
polydopamine (PDA) linked to CaO, facilitated enhanced thera-
peutic effect. By combining CDT, PTT, chemotherapy and immu-
notherapy, this platform effectively induced Fenton reactions,
augmented PDT, and stimulated immune responses within the
tumor microenvironment, thus achieving comprehensive and
efficient tumor treatment.

4. Conclusions and outlook

Based on the extensive discussion and analysis presented in this
review, it is evident that MOFs hold great promise in revolutioniz-
ing cancer immunotherapy. The application of MOFs in drug
delivery and tumor treatment represents a significant advance-
ment in the field of nanomedicine. Firstly, MOFs have demon-
strated exceptional potential as carriers for immunoadjuvants and
therapeutic agents in cancer immunotherapy. Their high porosity,
large surface area, and customizability make them ideal candi-
dates for targeted drug delivery and controlled release systems.

1974 | Chem. Commun., 2025, 61,1962-1977

The unique structure of MOFs, combining inorganic nodes with
organic ligands, offers distinct advantages over traditional nano-
carriers, such as liposomes and silica nanoparticles. However, the
toxicity of immunoadjuvant-functionalized metal-organic frame-
works, presents a significant bottleneck in their clinical translation
for cancer immunotherapy. While MOFs offer advantages like
high loading capacities and controlled release, their potential
toxicity needs thorough investigation. Addressing this issue
requires comprehensive preclinical and clinical studies to assess
biocompatibility and long-term effects. Modifications to MOF
properties may help mitigate toxicity while preserving therapeutic
efficacy. Despite effective transportation or encapsulation of drugs
by MOFs, there remains a risk of drug leakage. Moreover, the
toxicity of MOFs themselves, including their organic structures
and metal centers, can exacerbate toxicity as they may not be
efficiently eliminated from the body during prolonged circulation,
adding to the challenge of managing toxicity concerns in clinical
applications. Resolving these concerns is crucial for realizing the
full potential of MOFs in cancer treatment.

Looking ahead, the prospects of MOFs in tumor immunother-
apy are highly promising. As research continues to advance, MOFs
are expected to play an increasingly important role in personalized
medicine and targeted cancer treatments. Future studies should
focus on further optimizing MOF-based drug delivery systems,
exploring novel immunomodulatory MOFs, and investigating
their potential applications in combination therapy.

In conclusion, the development of MOF-mediated cancer
immunotherapy represents a significant step forward in the
fight against cancer. With their unique properties and versatile
applications, MOFs offer exciting possibilities for improving
patient outcomes and advancing the field of oncology. Con-
tinued research and innovation in this area will undoubtedly
lead to groundbreaking discoveries and new treatment mod-
alities for cancer patients.
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