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A B S T R A C T

Cardiovascular diseases are projected to account for over 40 % of global mortality by 2030, with current 
pharmaceutical treatments limited by poor pharmacokinetics, suboptimal biocompatibility, and concerns 
regarding long-term safety. Nanoparticles, including organic soft and inorganic hard nanoparticles, have shown 
promise as drug delivery systems, but face challenges to sufficient loading capacity and surface functionalization. 
Metal-organic frameworks (MOFs), an emerging class of inorganic-organic hybrid porous coordination solids, 
have emerged as transformative materials in modern engineering medicine, overcoming these limitations due to 
their high specific surface areas, tunable porosity, and flexibility in design. These properties, which can be 
tailored by selecting appropriate organic linkers and metal-containing nodes, enable MOFs to excel in drug 
loading and targeted delivery while maintaining favorable biocompatibility, thereby offering significant po
tential in cardiovascular treatment. Despite being cataloged in over 90,000 structures, the translation of MOFs 
from basic research to preclinical evaluation and eventual clinical applications remains underexplored. This 
review aims to bridge this gap by focusing on the design of MOFs tailored for cardiovascular therapeutic ap
plications. It discusses the structure and properties of MOFs, including their metal and ligand selection, cargo 
loading and encapsulation capabilities, functionalization strategies and carbonization techniques, while high
lighting their potential in the treatment of cardiovascular diseases such as atherosclerosis, thrombosis, 
myocardial infarction, and critical limb ischemia. We also discuss the challenges and limitations associated with 
MOFs, including structural validation, reproducibility, scalability and toxicity concerns, along with their 
translational potential. By connecting the fundamental design principles of MOFs to their preclinical cardio
vascular applications, this review aims to inspire further research into the translation of MOFs into effective 
treatment for cardiovascular disease.

1. Introduction

Cardiovascular diseases (CVDs) remain the leading cause of 
morbidity and mortality worldwide and are projected to account for 
over 40 % of global deaths by 2030 [1]. CVD encompasses a broad 
spectrum of conditions affecting the heart and blood vessels. A primary 
contributing factor is the accumulation of lipid-rich atherosclerotic 
plaques within arterial walls, which impairs blood flow and significantly 
increases the risk of acute ischemic events [2]. If left untreated, this 

progression can lead to complications such as myocardial infarction and 
critical limb ischemia [3]. These conditions are chronic in nature and 
often require long-term management to control symptoms, prevent 
progression, and reduce the risk of life-threatening complications. 
Despite advancements in cardiovascular treatments, the current phar
maceutical interventions face significant challenges, such as rapid 
clearance from circulation, poor tissue penetration, and off-target 
toxicity. This negatively affects treatment compliance, reduces drug 
efficacy, and increases side effects. Nanoparticles have emerged as a 
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promising approach for overcoming these challenges in cardiovascular 
treatment, due to their nanoscale size, tunable physicochemical prop
erties, and ability to integrate therapeutic agents, enabling controlled 
release and enhancing targeted delivery [4]. Currently, nanoparticle 
delivery systems used for cardiovascular treatment [5] can be broadly 
categorized into organic soft nanoparticles, such as polymer- and lipid- 
based nanoparticles [6], and hard inorganic nanoparticles, including 
silica, carbon-based nanoparticles, and metallic nanoparticles [7].

A novel category of drug delivery carriers, hybrid porous coordina
tion solids known as metal-organic frameworks (MOFs), built from a 
combination of inorganic and organic components, has emerged as a 
transformative class of materials in modern engineering medicine [8]. 
MOFs, constructed from inorganic metal-containing nodes connected by 
multitopic organic linkers [9,10], offer exceptional design flexibility 
through precise tuning of these two components [11,12]. MOFs, due to 
their functional pore walls, well-defined porosity, high specific surface 
areas, and multiple coordination sites, offer extensive opportunities for 
functionalization, efficient loading and site-specific delivery of both 
hydrophobic and hydrophilic drugs via host-guest interactions [13–16]. 
Over the course of their development, MOFs have demonstrated broad 
therapeutic potential across various biomedical applications, including 
cancer treatment [17], immunotherapy [18], gene therapy [19], and the 
management of metabolic and CVDs [20]. The historical timeline 
highlights significant milestones, starting from early developments in 
drug delivery and imaging (MIL-series MOFs, 2010) [21], progressing 
through clinical trials for cancer therapies (2018) [22], advances in gene 
editing [23] and targeted gene silencing (2020) [24], and recent in
novations in therapies for cardiovascular and metabolic disorders 
(2022− 2023) [20]. Most recently, AI/ML-guided MOFs have been 
designed to enhance treatment strategies for pancreatic cancer (2025) 
[25].(Fig. 1) This progression underscores the versatility, adaptability, 
and increasing promise of MOFs across diverse therapeutic areas. These 
attributes underscore MOFs’ potential for advancing cardiovascular 
treatments. While MOFs are gaining increasing attention in cardiovas
cular research, a significant gap remains in translating them from basic 
research to clinical applications. Despite over 90,000 MOF structures 
being cataloged [26], most research remains at the stage of structural 
design. The assessment of the translational potential of MOFs via 
rigorous evaluation of their biocompatibility, toxicity, and stability in 
biological fluids is still pending [27]. Bridging this gap is crucial for 
realizing the full potential of MOFs in preclinical cardiovascular 
nanomedicine.

This review aims to bridge the gap between fundamental MOF 
properties and their practical use in cardiovascular treatment, empha
sizing the need for MOF design tailored to the demands of preclinical 
and translational medicine. Previous reviews have highlighted MOF 
applications in cardiovascular biomarker detection [41,42] (e.g., 
Troponin I, Cardiac Troponin T, C-reactive Protein, Creatine Kinase-MB 
and others), and MOFs as drug loading carriers [43–45], nanozymes 
[46], host matrices for nanocomposites [11], and MOF functionalized 
with polymers [47] and cell membranes [48]. This review focuses on 
summarizing MOF structures and their corresponding properties 
tailored for preclinical cardiovascular studies to advance future car
diovascular therapies. This review will first introduce the properties of 
MOFs, including their metal and ligand selection, cargo loading and 
encapsulation capabilities, functionalization strategies and carboniza
tion techniques. Subsequently, it will follow to discuss the application of 
MOFs in preclinical cardiovascular treatment, such as atherosclerosis, 
thrombosis, myocardial infarction, critical limb ischemia, and vascular 
implants. The overall aim of this review is to provide a clear framework 
to inspire researchers to consider the fundamental design of MOF 
structures with a clear path toward preclinical validation and eventual 
clinical application in cardiovascular treatment.

2. The emergence of MOFs as a novel nanomedicine for CVDs

MOFs leverage the complementary benefits of soft organic systems, 
which enable good biocompatibility and clearance, and hard inorganic 
systems, which offer high loading capacity. This unique combination 
makes MOFs well suited for biomedical applications, particularly in 
cardiovascular treatment [16]. To highlight these differences, Table 1
compares drug-loading efficiencies, common surface-functionalization 
approaches, and clinical potential across three major nanoparticle cat
egories: MOFs, organic soft nanoparticles, and inorganic hard 
nanoparticles.

The advantages of MOF in cardiovascular therapy can be summa
rized from the perspective of its structure and composition. First, MOF 
ligands and metal nodes can be strategically selected to impart thera
peutic and integrated diagnostic functions. For example, metal nodes 
including Fe, Zn, and Cu can serve as catalytic centers for reactive 
species elimination, mimicking superoxide dismutase (SOD) activity, 
allowing MOFs to act as nanozymes for scavenging reactive oxygen 
species (ROS), which play a critical role in oxidative stress-related CVDs. 
Certain organic ligands, such as porphyrins, also exhibit intrinsic 

Fig. 1. A brief historical timeline highlighting key milestones in MOF-based therapeutic applications [17–21,23–25,28–40].
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Table 1 
Comparison of drug-loading efficiencies, surface functionalization methods, and clinical potential across nanoparticle types.

Different types of nanoparticles Drug-loading efficiency Functionalization method for targeting Clinical nanoparticle therapeutics reference

MOFs Can reach up to 90 %, but depends on pore size 
and drug size

Non- 
covalent

Positively charged MOFs can absorb negatively charged 
peptides or DNA aptamers via electrostatic attraction.

RiMO-401and RiMO-301 [49]

Covalent Pendant ligand groups (e.g., amine (–NH₂), hydroxyl 
(–OH)) can be chemically modified to attach functional 
molecules without changing the MOF backbone.

Coordination Functional molecules can coordinate to unsaturated 
metal sites in the MOF framework, or to metal-binding 
groups on the organic ligands (e.g., -OH or carboxyl 
(-COOH)) not involved in maintaining the framework 
structure.

Organic soft 
nanoparticles

liposomes Active loading (using internal pH gradient): 
>95 % 
Passive loading (during formation): ~30 %

Non- 
covalent

Cationic lipids provide a positive charge to the liposome 
surface, enabling negatively charged aptamers to bind 
via electrostatic attraction; Targeting moieties are given 
a hydrophobic “tail” (e.g., cholesterol) that embeds into 
the lipid bilayer, anchoring the ligand at the surface 
without disturbing the liposome.

FDA-approved liposomal products: Doxil® (marketed as 
Caelyx® in the EU/Canada), DaunoXome®, AmBisome®, 
DepoCyt®, Visudyne®, DepoDur® (withdrawn), 
Exparel®, Marqibo®, Onivyde®, Vyxeos®, Shingrix®, 
Arikayce®. Not FDA-approved in the U.S.: Myocet®, 
Mepact®, Lipusu®.

[50–55]

Covalent Ligands are chemically bonded to lipid headgroups using 
chemical reactions such as imide, amide, disulfide, 
thiol–maleimide, hydrazone, or click reactions.

Polymetric 
nanoparticles

Solvent evaporation/extraction: 6–100 % 
Interfacial deposition: >90 % 
Nanoprecipitation/solvent displacement: 
33–77 % 
Emulsion-based methods: 48–87 % 
Double-emulsion/emulsification solvent- 
evaporation: 20–31 %

Non- 
covalent

Drugs or targeting ligands can be coupled via van der 
Waals, hydrogen bonding, or electrostatic interactions.

Clinically used platforms include polymeric micelles 
(Genexol®-PM, NK105, SP1049C, NC-6004, Nanoxel®, 
Apealea®), polymer–drug conjugates (Opaxio®, 
CRLX101), and targeted nanoparticles (BIND-014, 
CALAA-01).

[56,57]

Covalent Functionalization includes linker-mediated coupling (e. 
g., with PEG or silica), direct attachment through 
reactive groups (–NH₂, –COOH, –OH, thiol (–SH)), or 
plasma-based covalent treatment.

Inorganic hard 
nanoparticles

Silica 
nanoparticles

Mesoporous silica nanoparticles: ~60 % 
Hollow silica nanoparticles: >90 %

Non- 
covalent

Adsorption via van der Waals, hydrogen bonding, or 
electrostatic interactions (e.g., poly(ethyleneimine), 
chitosan, poly-L-lysine adsorbed onto negatively charged 
≡Si–O− )

AuroShell® nanoparticles, Cornell Dots (C-dots, such as 
124I-cRGDY–PEG–Cy5.5–C dot and 89Zr–cRGDY–Cy5–C 
dot), mesoporous silica nanoparticles (MSNs), and, as 
pharmaceutical excipients, fumed silica products like 
Aerosil® 300, Aerosil® 380, and Syloid® 224.

[58–61]

Covalent Co-condensation (incorporating organoalkoxysilanes 
during sol–gel synthesis) enables homogeneous pore- 
wall functionalization; post-synthesis grafting 
(silylation) attaches trialkoxysilanes to ≡Si—OH groups 
under anhydrous conditions to modify external or 
internal surfaces.

Metal 
nanoparticles 
(e.g., Gold 
Nanoparticles)

Solid metal nanoparticles have limited drug- 
loading capacity unless they are engineered 
with hollow architectures or surface 
functionalization (e.g., drug conjugation or 
polymer grafting).

Non- 
covalent

Biomolecules can be directly adsorbed onto citrate- 
capped gold nanoparticles via electrostatic/van der 
Waals interactions.

Clinical trials include CYT-6091, c19-A3, EMX-001 
(naNODENGUE), naNO-COVID, NU-0129, AuroShell, gold 
nanoshells, CNM-Au8®.

[62,63]

Covalent Gold–thiolate bonds can be formed by direct 
thiolate–probe coupling (e.g., DNA, peptides, 
antibodies), self-assembled monolayers of bifunctional 
thiolate linkers (HS–(CH₂)ₙ–X), ligand exchange on 
CTAB-stabilized nanorods, dual co-grafting, or enzymatic 
assembly via thiolate–DNA ligation.
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therapeutic activity, further enhancing ROS scavenging and anti- 
inflammatory effects. Additionally, metals such as Fe and Mn also 
serve as imaging agents in magnetic resonance imaging (MRI). High 
atomic number metals, such as Zr and Hf, can facilitate computed to
mography (CT) imaging and contribute to radiotherapeutic strategies 
through ROS generation. Second, the high porosity and large channels of 
MOFs allow them to act as efficient therapeutic carriers, providing high 
cargo loading capacity, stable retention, and controlled release of 
bioactive agents. Third, the tunable framework of MOFs supports the 
encapsulation of larger molecules, including vulnerable bio
macromolecules such as enzymes, proteins, and nucleic acids, preser
ving their biological activity and preventing their degradation. Fourth, 
multiple functionalities, such as targeting moieties and stimuli- 

responsive components [64], can be incorporated into MOFs through 
surface chemistry, either via covalent conjugation to the organic linker 
or coordinative functionalization at the metal sites, enabling active drug 
delivery and controlled drug release, where therapeutic payloads are 
selectively released in response to biological triggers such as pH 
changes, redox conditions, or enzymatic activity. Fifth, MOFs can serve 
as sacrificial templates for constructing mesoporous carbon or carbon- 
metal/metal oxide nanostructures with enhanced nanozyme properties 
(Fig. 2).

The following section summarizes five key structural and composi
tional factors essential for the rational design of MOF-based diagnostic 
and therapeutic strategies for CVD treatment: metal node selection and 
organic ligand choice, pore structure for cargo loading and 

Fig. 2. (a) MOF metal nodes serving as contrast agents for MRI, CT, and as radiotracers for positron emission tomography (PET) imaging; (b) MOF metal nodes and 
ligands acting as therapeutic agents for ROS scavenging; (c) Enzyme and drug loading into MOF carriers; (d) Functionalization of MOFs through modifications at 
metal nodes and organic ligands, along with cell membrane coating on the MOF surface. The integration of drug loading and functionalization within the MOF 
structure facilitates targeted drug delivery. (e) MOFs employed as sacrificial templates for the synthesis of carbon-based materials and metal or metal oxide/carbon 
nanocomposites.
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encapsulation, functionalization potential, and carbonization capability, 
providing insights for research design and MOF selection in cardiovas
cular applications. By combining these structural features, multifunc
tional platforms can be developed to enhance therapeutic efficacy. For 
example, a recent Phase I clinical trial involved an Hf-based MOF with a 
porphyrin ligand for radiodynamic therapy and radiotherapy, serving as 
an exemplary multifunctional MOF platform. The Hf metal nodes, due to 
their heavy atomic weight, are capable of absorbing X-ray photons, 
which are then transferred to the porphyrin photosensitizer, generating 
ROS for tumor cell destruction [18,65]. This example highlights the 
potential of MOFs as multifunctional therapeutic agents, a concept that 
can be readily extended to cardiovascular treatment by leveraging 
similar design strategies, particularly through tailored ligand and metal 
node functionalization.

2.1. Metal-containing nodes in MOFs

The metal-containing nodes in MOFs can play a pivotal role in the 
treatment of CVDs, as metals are involved in essential biological pro
cesses such as enzyme activation, inflammatory responses, cellular 
behavior, and protein synthesis [66]. In addition to their direct thera
peutic effects, certain metal nodes can endow MOFs with imaging ca
pabilities that support real-time disease monitoring and treatment 
planning. For example, paramagnetic metal-based MOFs, such as those 
containing Fe, Gd, and Mn, have been used as MRI contrast agents for 
non-invasive assessment of cardiac function and vascular abnormalities 
[67,68]. Alternatively, MOFs constructed with heavy metal atoms, such 
as Hf and Zr (e.g., UiO-66) enhance X-ray absorption for radiodynamic 
and radiotherapeutic therapies, as well as for CT imaging with high 
spatial and contrast resolution [16,67,69]. MOFs incorporating isotopes 
such as 89Zr (e.g., UiO-66) and 64Cu (e.g., PCN-222) allow for PET im
aging [70], enabling dynamic imaging of biological changes at the 
cellular and subcellular dimensions during the early stages of heart 
disease [71], thereby informing future therapeutic strategies. These 
imaging-guided functions not only facilitate early diagnosis but also 
enable real-time evaluation of therapeutic responses, positioning MOFs 
as promising theranostic platforms for CVDs. The structural tunability of 
MOFs further allows for the integration of both therapeutic and diag
nostic functionalities within a single platform, advancing the precision 
and efficacy of cardiovascular treatments [72].

Beyond their role in diagnostic imaging, MOFs can be rationally 
designed with specific metal nodes to enable diverse therapeutic appli
cations. For example, MOFs containing metals such as Fe, Cu, Mn, and 
Co exhibit catalase (CAT)-mimicking activity, while those with Zn, Cu, 
Mn, or Fe can mimic SOD activity [73]. Compared to natural enzymes, 
these nanozyme-like MOFs offer higher stability and lower cost, making 
them attractive for biomedical use [74]. Acting as nanozymes, they 
demonstrate antioxidant capabilities by scavenging ROS, which is 
particularly relevant for CVD treatment. Excessive ROS critically in
fluences inflammation, irregular shear stress from disturbed blood flow, 
and vascular wall remodeling. In conditions such as thrombosis and 
myocardial infarction, elevated ROS levels can accelerate tissue damage, 
leading to worse clinical outcomes [75]. Therefore, these MOF-based 
nanozymes have great potential in managing CVDs by reducing oxida
tive stress, supporting tissue repair, and preventing complications such 
as endothelial dysfunction and thrombosis. Furthermore, MOF-based 
nanozymes exhibit higher catalytic potency than natural enzymes due 
to the tunable cavities and channels within MOF structures. These fea
tures not only mimic the hydrophobic coordination environments found 
in natural enzymes but also function as microreactors, thereby 
improving catalytic efficiency. The porous structure of MOFs facilitates 
the optimal utilization of atoms for enzyme-like catalysis, further 
improving their therapeutic potential [76,77].

Beyond their nanozyme properties, Zn- and Cu-based MOFs have 
shown significant potential in promoting vascular endothelial cell 
morphogenesis and treating ischemic diseases. Zn is an essential nutrient 

and a key regulator of vascular health and disease, playing a crucial role 
in endothelial cell function by modulating angiogenesis, inflammation, 
and blood clotting [78]. Similarly, Cu is vital for angiogenesis and 
vasculogenesis, as it stimulates endothelial cell migration and enhances 
the expression of key angiogenic growth factors. Specifically, Cu en
hances the stability of hypoxia-inducible factor 1α (HIF-1α) by sup
pressing factor-inhibiting hypoxia-inducible factor 1 (FIH-1) activity, 
leading to increased expression of pro-angiogenic growth factors such as 
vascular endothelial growth factor (VEGF). This promotes endothelial 
cell proliferation, migration, and neovascularization, supporting tissue 
regeneration and blood flow recovery in ischemic conditions [79]. 
However, excessive free Zn2+ and Cu2+ ions can lead to heightened ROS 
production and cytotoxicity [80], which can be mitigated by Zn- and Cu- 
based MOFs, as they enable controlled release of Zn2+ and Cu2+ ions 
through gradual disassembly of the MOF structure under acidic condi
tions. This approach ensures that metal ions remain at therapeutically 
effective levels while minimizing the risks associated with excessive 
metal ion exposure. Zn-based MOFs, such as those from the ZIF series, 
have demonstrated the ability to improve cardiac function and reduce 
myocardial damage caused by ischemia-reperfusion injury [81,82]. 
Likewise, Cu-based MOFs, such as HKUST-1, have been shown to sta
bilize HIF-1α for prolonged periods, thereby enhancing blood perfusion 
and promoting vascular repair [79].

Cu-based MOFs, such as HKUST-1, have also shown promise in 
catalyzing the decomposition of S-nitrosothiols (RSNOs) through a Cu- 
mediated catalytic pathway, facilitating the controlled release of nitric 
oxide (NO). The pores of HKUST-1 enhance the accessibility and diffu
sion of RSNOs, facilitating their interaction with the framework’s un
saturated Cu metal sites [83]. NO is a crucial gasotransmitter that 
regulates cardiovascular function by promoting vasodilation and 
modulating blood pressure. However, endothelial dysfunction can 
reduce NO bioavailability, leading to various cardiovascular complica
tions, including impaired endothelium-dependent vasodilation, throm
bosis, vascular inflammation, and intimal proliferation [84]. To address 
impaired endogenous NO production, various Cu-based MOFs, such as 
MOF-199 and HKUST-1, have been used as coatings on stents and 
vascular graft materials. These MOF coatings catalyze RSNOs, facili
tating NO release and improving vascular function in implant applica
tions [85–87].

2.2. MOF ligands

The selection of biomolecular ligands, including proteins, nucleo
bases, polypeptides, amino acids, cyclodextrins, and porphyrins/met
alloporphyrins, is crucial for constructing multifunctional MOFs with 
controlled drug release, biomimetic catalysis, and imaging capabilities, 
as well as for enhancing their biocompatibility. Among these ligands, 
porphyrin-based ligands, such as those in PCN-222 and PCN-224, stand 
out due to their versatile functionalities. Specifically, porphyrins serve 
as photosensitizers in photodynamic therapy (PDT) and as photo- 
absorbing agents for photothermal therapy (PTT) [44]. In PDT, 
porphyrin-based MOFs can act as photosensitizers to facilitate the gen
eration of ROS under light activation [88], which exhibit thrombolytic 
properties [32], making them promising for the treatment of athero
sclerosis and thrombosis. In addition to their role in ROS generation, 
porphyrin-based MOFs exhibit enzyme-mimicking properties, simu
lating the function of key antioxidant enzymes such as SOD and CAT to 
eliminate excess ROS. This ROS-scavenging capability is particularly 
beneficial in treating myocardial infarction, where oxidative damage 
and inflammation contribute to cardiac tissue damage [89]. Beyond 
their therapeutic potential, porphyrin-based MOFs possess intrinsic 
fluorescence, enabling non-invasive imaging and real-time biomarker 
detection in atherosclerosis diagnosis [38,90,91]. These combined 
properties highlight the potential of porphyrin-based MOFs as versatile 
platforms for both the treatment and monitoring of CVDs.

Cyclodextrin, when used as a ligand to construct MOFs, offers 
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excellent biocompatibility and low toxicity due to its unique structure, 
which features a hydrophobic cavity and a hydrophilic outer surface. 
This structural characteristic allows cyclodextrins to form inclusion 
complexes with guest molecules, making them highly suitable for the 
delivery of cardiovascular drugs [92]. Furthermore, the hydroxyl groups 
on cyclodextrin molecules can be readily modified to tailor drug release 
behavior and enhance the stability of drug delivery systems [93]. 
Cyclodextrin-based MOFs have been explored as drug carriers for tar
geted thrombolytic therapy by loading thrombolytic agents such as 
urokinase plasminogen activator (uPA) [94], and cardioprotective 
compounds like trans‑sodium crocetinate [95].

2.3. Cargo loading and encapsulation in MOFs

The pore structure of MOFs can be utilized for loading drugs and 
therapeutic agents for CVD treatment. Due to the versatility of metal- 
containing nodes and organic ligands, the pore size of MOFs [96] can 
be adjusted to accommodate the specific requirements of different 
therapeutic agents. Additionally, MOFs possess hydrophilic metal- 
containing nodes and hydrophobic organic ligands, making them suit
able for loading both hydrophilic and hydrophobic drugs, enhancing 
their applicability for a wide range of cardiovascular therapies [97].

Table 2 below summarizes the most commonly used MOFs in car
diovascular research, detailing their metal nodes and ligands, pore di
ameters estimated from pore size distribution analyses based on N2 
adsorption data at 77 K and Brunauer-Emmett-Teller (BET) surface 
areas. It is important to note that pore size distribution derived from N₂ 
adsorption provides an indirect estimation of the internal pore diameters 
and may not accurately represent the window sizes, which are critical 
for molecular diffusion and drug loading [16]. Nevertheless, this infor
mation helps researchers in selecting suitable MOFs based on drug size 
and loading capacity. Additionally, representative MOFs from the same 
structural families are also included to offer further insights into MOF 
carrier selection and design. This table serves as a reference for opti
mizing MOF applications in CVD treatment.

Some macromolecular therapeutic agents, such as enzymes, proteins, 
and RNA, are significantly larger than the pore windows of many MOFs, 
posing challenges for effective encapsulation. To address this problem, 
various techniques have been employed to incorporate these larger 
biomolecules within MOFs, including microfluidic techniques, the hard 

templating method, and the one-pot embedding method [141]. Micro
fluidic techniques, which are commonly used for synthesizing lipid 
nanoparticles [142] rely on continuous flow mixing of two solutions: an 
aqueous metal ion solution containing the target biomolecule, and an 
organic linker dissolved in an organic solvent. The mixing occurs within 
microchannels, enabling biomolecule encapsulation within MOFs [143]. 
The hard templating method utilizes calcium carbonate (CaCO₃) mi
croparticles as a structural template, which is immersed in an MOF 
precursor solution to facilitate MOF growth around it. After removal of 
the CaCO₃ template, the resulting porous structure provides sufficient 
space for the encapsulation of large biomolecules [144]. The one-pot 
method, also known as biomimetic mineralization, is widely used for 
encapsulating enzymes [141], RNA [145,133] and other biomolecules 
within MOFs. In this approach, the biomolecule acts as a nucleation 
center, guiding the self-assembly of MOF precursors under physiological 
conditions. As the metal-organic coordination progresses, the MOF 
framework gradually forms around the biomolecules, forming a pro
tective shell that not only enhances stability and preserves the biological 
activity of the encapsulated biomolecule but also shields it from 
degradation in lysosomes, thereby enhancing its bioactivity in thera
peutic applications [146].

MOFs’ cargo loading and encapsulation capabilities can be leveraged 
to embed guest species, such as metal and metal oxide nanoparticles, 
either within MOF pores or inside MOF structures using various strate
gies, including the ‘ship-in-a-bottle’ strategy, the ‘bottle-around-ship’ 
strategy, the ‘layer-by-layer’ strategy, and the ‘one-pot’ strategy 
[11,147,148]. For encapsulation within MOF pores, the pore windows 
must be compatible with the dimensions of the guest species to ensure 
proper loading. Alternatively, MOFs can act as host matrices, providing 
spatial confinement for nanoparticles due to their well-defined pore 
structures and coordination environments. This confinement prevents 
nanoparticle aggregation, thereby enhancing their intrinsic properties. 
As a result, MOF-nanoparticle composites can significantly enhance 
their functional properties and show exciting potential as multifunc
tional agents for cardiovascular treatment. For example, incorporating 
iron oxide nanoparticles into MOFs increases their magnetization, 
thereby improving relaxivity and enhancing their performance as both 
an MRI contrast agent and a magnetothermal therapy agent [103]. 
Similarly, embedding gold nanoparticles within MOFs grants peroxidase 
(POD) and CAT-mimicking activities, enabling catalytic decomposition 

Table 2 
MOF metal nodes, ligands, pore sizes and BET surface areas.

MOFs Metal nodes Ligands Pore Diameter (nm) BET surface areas (m2 g− 1) Refs

HKUST-1 Cu(NO3)2⋅2.5H2O benzene-1,3,5-tricarboxylic acid ~0.4 1486 [98]
MOF-199 Cu(NO3)2⋅3H2O benzene-1,3,5-tricarboxylic acid 0.52 1459 [99]
UiO-66 ZrCl4 Terephthalic acid 0.85 and 1.3 1580 [100]
UiO-67 ZrCl4 biphenyl-4,4′-dicarboxylate 1.15 and 2.3 2500
UiO-66(Hf) HfCl4 Terephthalic acid 0.6 and 0.8 655 [101,102]
UiO-66-NH2 ZrCl4 2-aminoterephthalic acid 0.7 and 1.5 1202 [103]
UiO-66(Ce) Ce(NH4)2(NO3)6 Terephthalic acid 0.8 and 1.3 1282 [104,105]
MIL-88Ba FeCl3⋅6H2O Terephthalic acid <0.38 8 [106]
MIL-53a FeCl3⋅6H2O Terephthalic acid 0.6b 5 [107]
MIL-100 FeCl₂ benzene-1,3,5-tricarboxylic acid 1.84 and 2.23 2028 [108]
MIL-101 FeCl3⋅6H2O terephthalic acid ~1.2 and ~ 2.7 3124 [109]
MIL-101-NH2 FeCl3⋅H2O 2-aminoterephthalic acid ~1.5 and ~ 2.4 1652 [110]
ZIF-8 Zn(NO3)2⋅6H2O 2-methylimidazole ~1.0 1630 [111,112]
ZIF-90 Zn(NO3)2⋅4H2O Imidazolate-2-carboxyaldehyde 1.87 897 [113,114]
PCN-222 ZrCl4 H2TCPP ~1.2 and 3.19 2223 [115]
PCN-222(Mn) ZrCl4 MnTCPPCl ~1.2 and 2.97 2046
PCN-222(Fe) ZrCl4 FeTCPPCl ~1.3 and 3.2 2220
PCN-222(Co) ZrCl4 CoTCPP ~1.3 and 3 1864
PCN-222(Zn) ZrCl4+ ZnCl2 H2TCPP ~1.3 and 3 1906
PCN-222(Cu) ZrCl4 CuTCPP ~1.2 and 3.1 2312
PCN-224 ZrCl4 H2TCPP 1.9 2600 [116,117]
γ-cyclodextrin-MOF (CD-MOF) K2CO3 γ-cyclodextrin ~1 1220 [118]

TCPP: 5,10, 15, 20-Tetrakis (4-carboxyphenyl)porphyrin.
a means breathing MOF.
b means pore size is determined based on CO2 adsorption data at 273 K.

X. Ge et al.                                                                                                                                                                                                                                       Coordination Chemistry Reviews 544 (2025) 216971 

6 



of hydrogen peroxide (H2O2), and introduces a localized surface plas
mon resonance effect, which can enhance the nanocomposite’s potential 
for PTT. Incorporating platinum nanoparticles [149] into MOFs further 
expands their therapeutic potential by providing SOD-, POD-, and CAT- 
like enzymatic activities, enabling enhanced antioxidative and catalytic 
effects. Additionally, encapsulating upconversion nanoparticles within 
MOFs enables the conversion of near-infrared (NIR) light into visible 
light, which can be leveraged for PDT [11]. Although few of these 
nanoparticle@MOF composites have been created and validated in vivo 
for CVD, we present them as a guide. By choosing the appropriate 
nanoparticles to incorporate, researchers can design MOF-based nano
composites that combine multiple catalytic effects. For example, incor
porating Se nanoparticles [150] into MOFs further endows the 
nanocomposites with glutathione peroxidase (GPx)-like activity and 
antisenescence properties, which may prevent the onset and progression 
of atherosclerosis [122].

2.4. Functionalization of MOFs

Functionalization of MOFs is essential to overcome their intrinsic 
instability and to preserve the structural integrity of the framework 
under physiological conditions. Introducing specific functional groups 
allows MOFs to be tailored for enhanced water dispersibility, reduced 
plasma protein binding, evasion of the reticuloendothelial system, and 
incorporation of affinity molecules for targeted drug delivery. These 
modifications improve the stability, performance, and precision of MOFs 
while reducing their toxicity in cardiovascular treatment [151]. MOF 
functionalization strategies primarily involve covalent and coordinate 
covalent modifications. Covalent modification involves the chemical 
alteration of pendant functional groups (e.g., amines, alcohols) on MOF 
ligands. These accessible groups, which do not contribute to the 
framework’s backbone, act as reactive sites for attaching functional 
molecules. Coordinate covalent modification functionalizes the metal- 
containing nodes of MOFs without disrupting the framework topology. 
This modification can be achieved via two approaches: (1) binding to 
unsaturated metal sites, where external functional molecules coordinate 
to accessible metal-containing nodes in the MOF framework; and (2) 
metallation of organic ligands, where metal-binding groups (e.g., -OH or 
-COOH), which are present on the MOF ligands but not involved in 
maintaining the framework structure, coordinate with additional metal 
centers [152]. (Fig. 3a) When functionalizing MOFs with large molec
ular dimensions, steric hindrance must be considered. In such cases, 
functionalization is usually limited to the outer surface or the entrances 
of the pores to prevent clogging and ensure that the internal structure 
remains open for efficient drug loading and release [16].

Functionalizing MOFs with polymers enhances their biomedical 
performance by improving stability, biocompatibility, and targeting 
capabilities [47]. This enhancement is particularly important during 
systemic circulation, where phosphate ions, naturally present in the 
blood, may compete with organic linkers for coordination at metal sites 
of the MOF, potentially leading to MOF dissociation. Phosphate ions, as 
a hard base according to Pearson’s hard and soft acids and bases theory 
[158], preferentially form stable coordination bonds with hard metals, 
which can interfere with the MOF structure. Therefore, polyethylene 
glycol (PEG) functionalization has emerged as a robust strategy. PEGy
lation not only stabilizes the MOF structure by shielding it from 
phosphate-induced degradation but also prevents premature drug 
release. Moreover, PEG chains on the MOF surface reduce recognition by 
the mononuclear phagocyte system and minimize protein adsorption 
during circulation, thereby enhancing circulation time and biocompat
ibility [159]. Recent approaches to PEGylating MOF surfaces primarily 
involve covalent modifications, such as using Cu-catalyzed azide-alkyne 
cycloaddition (CuAAC) (Fig. 3b) [153] to covalently attach PEG to the 
MOF ligand or employing radical-induced polymerization to covalently 
attach PEG on the MOF surface [154].(Fig. 3c) Additionally, phosphate- 
functionalized PEG can be incorporated into the MOF structure through 

coordination covalent binding with metal-containing nodes, leveraging 
the hard base properties of phosphate ions to form stable interactions 
with the metal sites [155] (Fig. 3d).

Beyond improving stability and circulation time, polymer function
alization also enables targeted delivery, enhancing the precision and 
efficacy of MOF-based cardiovascular therapies. For example, the 
functionalization of dextran, a naturally derived polysaccharide, facili
tates macrophage targeting via receptor-mediated endocytosis. Key re
ceptors involved in this process include the scavenger receptor A (SR-A), 
cluster of differentiation (CD)36, and the dextran receptor, which 
facilitate efficient internalization and cellular uptake, leading to the 
accumulation of dextran-functionalized MOFs in macrophage-rich re
gions, such as atherosclerotic plaques [160]. Several strategies have 
been developed to functionalize MOF surfaces with dextran. For 
example, phosphate-functionalized dextran can coordinate with metal 
sites in MIL-100 [157].(Fig. 3f) In another approach, spermine-modified 
acetalated dextran shells can be functionalized on the surface of ZIF-90 
using a microfluidic method [156].(Fig. 3e) Additionally, dextran sul
fate, when coated on PCN-222 through electrostatic adsorption, can 
target macrophages in atherosclerotic plaques by binding to SR-A, which 
is overexpressed on the surface of macrophages in these lesions. These 
strategies highlight the potential of dextran-coated MOFs as targeted 
therapeutic agents for cardiovascular treatment [68]. Alternatively, 
hyaluronic acid (HA), a key component of the extracellular matrix, can 
also be leveraged for macrophage targeting, as HA selectively binds to 
the CD44 receptors, which are overexpressed on activated macrophages 
under inflammatory conditions such as atherosclerotic plaques. HA can 
be coordinately functionalized with the metal sites in the ZIF-8 frame
work through its carboxyl groups [161]. This functionalization enables 
HA-functionalized MOFs to effectively bind to CD44 receptors on mac
rophages, promoting receptor-mediated endocytosis and thereby 
enhancing the targeted delivery of MOFs to macrophage-rich regions 
[162].

Peptides are short sequences of amino acids, generally comprising 
fewer than 50 residues, and are frequently stabilized by disulfide bonds. 
They are rationally engineered to selectively bind to and influence 
specific protein-protein interactions [163]. In addition to being use as 
organic ligands to construct MOFs, peptides possess reactive terminal 
groups (–NH2 and –COOH) that can be functionalized on MOFs by 
coordinating with metal sites or attaching to MOF ligands [164]. For 
example, a peptide dimer (Di-peptide(WQPDTAHHWATL)-PEG2000- 
COOH) with a C-terminus was attached to the surface of ZIF-8 through 
charge interactions [165]. The F3 peptide (KDEPQRRSARLSAKPAPPK
PEPKPKKAPAKK), known for its selective binding to the activated 
endothelial cell surface, was conjugated to UiO-66 through a combina
tion of thiol-maleimide reaction and surface charge interaction. First, a 
cysteine residue incorporated at the C-terminus of the F3 peptide reacted 
with the maleimide group on pyrene-PEG-maleimide via a thiol- 
maleimide reaction. The resulting functional molecular conjugate was 
then attached to the UiO-66 surface through surface charge interaction 
[70]. A breast tumor-targeting peptide was attached to poly
ethyleneimine [166], which was subsequently coated onto the surface of 
ZIF-8 through electrostatic interactions [167]. Moreover, peptide- 
targeting strategies have also shown promise in peripheral artery dis
ease. For example, two peptides, an endothelial cell-targeting peptides 
and a mitochondria-localizing sequence peptides, were attached to ZIF- 
90 through a Schiff-base reaction, in which the N-terminus of the pep
tide reacts with an aldehyde group on ZIF-90. This peptide functional
ization enabled ZIF-90 to target both vascular endothelial cells and 
mitochondria, thereby reducing the required dosage of Zn to stimulate 
mitochondrial production of ROS under ischemic conditions to activate 
the phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt)/endothe
lial nitric oxide synthase (eNOS) pathway, promoting NO production, 
which supports endothelial cell growth, migration, and vascularization 
to treat ischemia in peripheral artery disease [36].

In addition to conventional coatings such as PEG, polymers, and 
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Fig. 3. (a) MOF functionalization strategies; (b) Surface modification of UiO-66 with alkanes; [153] Reproduced with permission. Copyright 2017, Chem. (c) 
Schematic of the GraftFast reaction and the preparation of MIL-100@PEG nanoparticles via GraftFast; [154] Reproduced with permission. Copyright 2018, Small. (d) 
Schematic of the postsynthetic modification of nanoMOFs with phosphate-functionalized methoxy polyethylene glycol (mPEG) groups. [155] Reproduced with 
permission. Copyright 2021, J. Am. Chem. Soc. (e) Schematic of a MOF coated with a spermine-modified acetalated dextran shell via a microfluidics-based self- 
assembly route. [156] Reproduced with permission. Copyright 2020, ACS Appl. Mater. Interfaces. (f) Schematic representation of the preparation of dextran- 
alendronate-PEG coated on nanoMOFs. [157] Reproduced with permission. Copyright 2023, Carbohydr. Polym.
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peptides, cell membrane coating offers a biomimetic strategy to over
come nonspecific targeting and clearance limitations. These biomimetic 
MOF materials retain the physicochemical characteristics and biological 
functionalities of their source cells, enabling targeted delivery to 
diseased tissues while evading immune system recognition and clear
ance, ultimately prolonging circulation times through their natural 
camouflage. Cell membranes used to functionalize MOFs have been 
derived from a variety of sources, including blood-circulating cells such 
as red blood cells, platelets, neutrophils, macrophages and dendritic 
cells, as well as cancer cells and fused cells [48]. The cell membrane 
coating method for MOFs typically involves co-extrusion and ultrasonic 
techniques. The interaction between the cell membrane and the MOF is 
primarily charge-based, as MOFs have a positive charge due to the metal 
component, while cell membranes are negatively charged. Furthermore, 
terminal groups such as –NH2 and –COOH can attach to the metal or 
ligands of the MOF structure, similar to the interaction between peptides 
and MOFs [168,169]. Recently, neutrophil membrane-coated MOFs 
have been utilized to treat atherosclerosis, leveraging the ability of 
neutrophil membranes to target inflamed endothelial cells at athero
sclerotic sites via the interaction between the endothelial cell protein 
intercellular adhesion molecule 1 (ICAM-1) on endothelial cells and 
CD18 on the neutrophil-derived nanoparticle surface [123].

2.5. MOF-derived carbon materials

Mesoporous carbon materials derived from MOFs can be prepared 
using MOFs as sacrificial templates, offering enhanced stability through 
high-temperature pyrolysis. This process addresses the intrinsic insta
bility of MOFs while retaining key advantages of their precursors, such 
as highly interconnected three-dimensional porosity and large surface 
area, thereby broadening their potential applications [77]. Upon 
carbonization, the metal centers within the MOF framework contribute 
to the functional enhancement of the resulting carbon materials [170]. 
This feature is particularly beneficial for the synthesis of heteroatom- 
doped carbon structures, such as single-atom catalysts featuring the 
widely applicable M-N-C site (where M represents a single metal atom). 
These single-atom nanomaterials can function as highly promising 
nanozymes due to their unsaturated coordination sites and distinctive 
electronic properties. Additionally, their controlled pore channels and 
cavity sizes facilitate the effective exposure of active sites, promote 
unobstructed diffusion pathways, and provide ample buffer space to 
accommodate structural changes during catalytic reactions [77,171]. 
These properties make them highly attractive for various applications, 
including cardiovascular medicine. MOF-derived nanoparticles have 
been extensively explored for thrombus therapy due to their multi
functional properties. For instance, mesoporous silica-coated ZIF-8- 
derived mesoporous carbon nanospheres containing porphyrin-like 
metal centers have demonstrated efficacy in PDT for thrombolysis 
[32]. MIL-101(Fe)-derived carbon nanoparticles, containing Fe ele
ments from the MIL-101(Fe) precursor, have been investigated for 
magnetothermal and photothermal dual therapy in thrombus dissolu
tion [127].

3. Applications for MOFs in CVD treatment

MOFs are gaining attention for treating CVDs due to their distinctive 
features, including high porosity, tunable structures, and multi
functionality. Their precise composition and surface control enable the 
development of tailored systems for specific therapeutic needs. Beyond 
serving as conventional drug carriers, the modular architecture of MOFs 
offers multifunctional capabilities by combining therapy, targeting, and 
diagnosis, which opens the door to integrated and personalized treat
ment for CVDs. This flexibility also allows for rational adaptation to 
diverse pathological environments, ranging from vascular repair to anti- 
inflammatory interventions. The following section will systematically 
summarize how the structural and compositional advantages of MOFs 

can be translated into functional outcomes across various preclinical 
CVD models, including atherosclerosis, thrombosis, myocardial infarc
tion, critical limb ischemia, and vascular implants. By bridging the gap 
between materials science and the cardiovascular field, we will discuss 
each treatment approach, starting from the fundamental design princi
ples and properties of MOFs to their evaluation in preclinical studies. 
The goal is to inspire researchers to integrate treatment mechanisms 
with intrinsic material design for more effective therapeutic strategies.

3.1. Atherosclerosis

Atherosclerosis is a chronic inflammatory condition primarily initi
ated by lipid accumulation and endothelial dysfunction. During the 
progression of atherosclerosis, foam cells, which secrete proin
flammatory cytokines (e.g., tumor necrosis factor-alpha (TNF-α), 
interleukin-6 (IL-6), interleukin-1 beta (IL-1β))—mainly lipid-laden 
macrophages or vascular smooth muscle cells (VSMCs) that have 
engulfed oxidized low-density lipoprotein (oxLDL)—play a crucial role 
in the amplification of inflammation within the arterial walls and the 
formation of atherosclerotic plaques [172,173]. During disease pro
gression, elevated ROS production significantly contributes to the 
proatherogenic processes in vasculature, resulting in lipid and DNA 
oxidation, endothelial dysfunction, and inflammation, all of which 
accelerate plaque progression [174]. Meanwhile, impaired autophagy in 
macrophages and foam cells disrupts cholesterol efflux, exacerbating 
lipid accumulation [175,176]. Additionally, the nucleotide-binding 
oligomerization domain-like receptor family pyrin domain containing 
3 (NLRP3) inflammasome is also activated in response to cholesterol 
crystals and oxLDL, amplifying inflammatory cascades through 
increased IL-1β production [177]. Over time, this cycle of lipid deposi
tion, oxidative stress, and inflammation leads to plaque growth, calci
fication, and the potential for plaque rupture, which can result in acute 
CVDs such as myocardial infarction or stroke [178].

MOFs, characterized by their high porosity, can serve as carriers of 
anti-ROS and anti-inflammation drugs. Sheng et al. reported the first 
MOF-based approach for treating atherosclerosis using an in-situ method 
to encapsulate losartan potassium within the ZIF-8 framework. The ZIF- 
8 framework, known for its pH sensitivity, allows the acidic environ
ment within atherosclerotic plaques to disrupt its coordination struc
ture, resulting in the controlled release of losartan potassium. As an 
angiotensin II receptor blocker, losartan potassium inhibits angiotensin 
II-induced ROS production and the secretion of proinflammatory cyto
kines, such as IL-6, IL-1β, and TNF-α, all of which contribute to plaque 
formation. Additionally, ZIF-8 has been shown to induce autophagy in 
foam cells, promoting reverse cholesterol transport and thereby pre
venting or reversing lipid accumulation within atherosclerotic plaques. 
The effectiveness of this design was validated using an ApoE− /− mouse 
model [37].

During atherosclerosis development, antioxidant enzymes, including 
SOD and GPx, are often found to be deficient, contributing to oxidative 
stress and further accelerating disease progression. MOF-based nano
zymes with ROS-scavenging activity can be directly applied in treating 
atherosclerosis. Liu et al. synthesized MIL-53(Fe)-X@Se nanozymes (X 
= NH2, F, OH, NO2, H) using a one-pot synthesis method, incorporating 
varying amounts of selenium (Se) nanoparticles into the MOF precursor. 
The resulting nanozymes possess anti-senescence and antioxidant 
properties, as Fe-MOF exhibits SOD-like activity and Se nanoparticle 
exhibits GPx-like activity, both of which effectively scavenge ROS. By 
removing ROS, the nanozyme protects endothelial cells from oxidative- 
stress-induced senescence; it reduces DNA damage, as indicated by 
lower phosphorylated H2A histone family member X levels (γ-H2AX) 
and downregulates the senescence marker p16INK4a, thereby attenuating 
cellular aging. Moreover, its GPx-like activity prevented LDL oxidation 
and foam cell formation in atherosclerosis. After intravenous adminis
tration, the designed nanozymes effectively prevented the progression of 
atherosclerosis in ApoE-/- mice by attenuating senescent cell 
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accumulation and reducing oxidative stress and inflammation within 
atherosclerotic plaques [122].

Combining the targeting properties with the drug-loading capabil
ities of MOFs is crucial for more precise treatment. The Li and Lu group 
reported the use of UiO-66-NH2 as a loading and functional MOF due to 
its exceptional stability in water and degradability in phosphate- 
buffered solution, making it highly suitable for biomedical applica
tions. To enable fluorescence tracking, they functionalized the UiO-66- 
NH2 by attaching 5-carboxyfluorescein (5-FAM) via the amino group on 
the MOF’s ligand. Rapamycin, a potent immunosuppressant and mTOR 
pathway inhibitor used in the treatment of atherosclerosis, was then 
loaded into the UiO-66-NH2 framework. Subsequently, the interleukin-1 
receptor antagonist (IL-1Ra) was conjugated to the rapamycin-loaded 
MOF. IL-1Ra targets interleukin-1 receptor type I (IL-1RI), blocking its 
interaction with proinflammatory IL-1, thereby suppressing classically 
activated (M1) macrophages and promoting tissue repair by inducing 
alternatively activated (M2) macrophages. In the release medium, 
phosphate ions exchange with the ligand in UiO-66-NH2, disrupting the 
MOF structure and triggering the controlled release of rapamycin. 
However, rapamycin alone has limitations as a monotherapy due to its 
tendency to promote M1 macrophage polarization, which can exacer
bate inflammation. By combining rapamycin with IL-1Ra, this approach 
mitigates the pro-inflammatory response induced by rapamycin, while 
simultaneously promoting M2 macrophage polarization. This synergis
tic strategy shows significant potential for enhancing atherosclerosis 
treatment by effectively suppressing inflammation and promoting tissue 
regeneration [124].(Fig. 4A) Later, they reported using ZIF-8 as a drug 
carrier to load thiamine pyrophosphate, a known antagonist of the 
macrophage-overexpressed P2Y6 receptor, which contributes to lipid 
uptake during the progression of atherosclerosis. The controlled release 
of thiamine pyrophosphate from ZIF-8 inhibited macrophage lipid up
take and disrupted lipid metabolism via the PI3K/AKT pathway, 
demonstrating a strong anti-atherosclerotic effect [125]. Liu et al. 
employed a one-pot synthesis method to encapsulate anti-miR155 
within ZIF-8 and coat it with neutrophil membranes, which contain 
CD18. The neutrophil membrane coating facilitates targeted delivery of 
anti-microRNA-155 (anti-miR-155) loaded ZIF-8 nanoparticles to 
endothelial cells in atherosclerotic lesions via the specific binding of 
CD18 on the nanoparticle surface to ICAM-1 expressed on endothelial 
cells. Upon cell uptake, the designed nanoparticles were transported into 
the acidic environment of endosomes and lysosomes, where the coor
dination bonds in ZIF-8 were broken, resulting in the release of anti- 
miR155 into the cytoplasm. Therefore, there was a decrease in the 
levels of miR-155, a crucial regulator of inflammation in atherosclerosis, 
leading to the restored expression of its target gene, B-cell lymphoma 6 
(BCL6). This restoration subsequently suppressed the expression of 
RELA, a pro-inflammatory component of nuclear factor kappa B (NF- 
κB), along with its downstream inflammatory targets, ICAM-1 and C–C 
motif chemokine ligand 2 (CCL2), in endothelial cells [123] (Fig. 4B).

Tang’s group developed a series of atherosclerosis diagnostic nano
sensors based on PCN-224, utilizing their two-photon fluorescence im
aging capability. This approach benefits from reduced biological 
background interference and enhanced tissue penetration, providing a 
new way to evaluate early-stage atherosclerosis progression in mice. The 
fluorescence nanosensor is designed to detect changes in protein phos
phorylation levels, as the porphyrin ligand in PCN-224 can be replaced 
by phosphate. This substitution occurs due to the strong coordination 
interaction between the hard base of phosphate and the hard metal Zr in 
accordance with Pearson’s hard and soft acids and bases principle [158]. 
As the phosphorylation level increases in the atherosclerotic model, 
more porphyrin ligands are exchanged, and phosphate disrupts the 
charge transfer between the Zr metal ion and the porphyrin molecules 
within the PCN-224 structure. This disruption causes fluorescence 
quenching at 507 nm, while a strong fluorescence enhancement occurs 
at 645 nm due to the restoration of porphyrin fluorescence when excited 
at 415 nm [38]. In their subsequent work, a dual molecular detection 

system was developed by attaching a pH-sensitive piperazine moiety 
(NP-HPZ) to the exterior surface of PCN-224 to simultaneously detect 
pH and protein phosphorylation levels [91]. Later, they also incorpo
rated iodine (I3− )-rhodamine B (RhB) into the PCN-224 structure to 
measure glucose and protein phosphorylation levels together in the 
atherosclerotic mice [90]. The PCN-224-NP-HPZ dual detection system 
demonstrated decreased blood and tissue pH levels and significantly 
elevated phosphate and phosphorylation levels during the early stages 
of atherosclerosis compared to healthy mice. Furthermore, their I3− - 
RhB@PCN-224 dual detection system indicated that protein phosphor
ylation and glucose levels in the blood were elevated in early-stage 
atherosclerotic mice compared to normal mice.

MOF-based theranostic agents that integrate nanozyme activity, 
drug-loading capacity, targeting ability, and diagnostic functionality are 
considered promising solutions for the treatment of atherosclerosis. Lv 
et al. developed such a system by loading curcumin (Cur), an anti- 
atherosclerosis agent into PCN-222(Mn) and subsequently functional
izing the PCN-222 with dextran sulfate, which can bind to SR-A on the 
surface of macrophage, particularly those in atherosclerotic plaques. 
The Mn-based PCN-222 exhibited both SOD- and POD-like nanozyme 
activities, as confirmed by electron spin resonance (ESR) analysis, 
effectively enabling the neutralization of superoxide anions and hy
droxyl radicals (⋅OH). When Cur/PCN-222@dextran sulfate was taken 
up by lipopolysaccharide (LPS)-activated RAW264.7 macrophages in 
vitro, its SOD-like function rapidly depleted intracellular superoxide, 
and the resulting H2O2 was further reduced—either by the MOF’s POD- 
like activity or by Cur’s GPx-mimetic activity—thereby lowering overall 
ROS levels. Lower ROS levels shifted macrophages from a proin
flammatory M1 phenotype to an M2 phenotype. This repolarization 
suppressed redox-dependent transcription of TNF-α, monocyte chemo
attractant protein-1 (MCP-1), and IL-1β, reducing oxidative stress- 
induced apoptosis and downstream inflammatory signaling. In addi
tion, with ROS elimination, the Liver X receptor alpha (LXRα)/ATP- 
binding cassette transporter A1 (ABCA1) pathway was reactivated, 
autophagy was restored, and oxLDL-driven foam-cell formation was 
prevented. Because dextran sulfate targets SR-A, both the MOF carrier 
and the curcumin payload were efficiently delivered to the plaque sites. 
The nanozyme activity, combined with the controlled release of curcu
min, resulted in enhanced ROS scavenging, thereby reducing inflam
mation and lipid accumulation, ultimately leading to a reduction in 
plaque area. Additionally, the integration of Mn as the metal node in the 
MOF’s framework endowed the platform with MRI contrast capabilities 
as a T1 contrast agent, enhancing imaging on both 3 T and 1 T MRI 
machines, with longitudinal relaxation rates of 33.71 mmol L− 1 s− 1 at 3 
T and 7.01 mmol L− 1 s− 1 at 1 T. As a result, brighter imaging of the aorta 
was observed in ApoE− /− mice 30 min after injection of Cur/MOF@
dextran sulfate (Fig. 4C) [68]. Li et al. also developed a combined 
theranostic agent by loading NLRP3 counteracted siRNA (siNLRP3) into 
MIL MOF (MIL-53(Fe) and MIL-100(Fe)), followed by post-synthetic 
functionalization with a multifunctional, custom-designed polymer, 
poly(butyl methacrylate-co-methacrylic acid) branched phosphorylated 
β-glucan (PBMMA-PG). The hydroxy groups in PBMMA-PG were coor
dinated to the open metal sites within the MOF structure, while the 
β-glucan component was utilized to target Dectin-1+ macrophages, and 
PBMMA was incorporated to enhance endosomal escape for efficient 
gene delivery. The released siNLRP3 effectively suppressed NLRP3 
expression and subsequent inflammasome activation, leading to a 
decreased production of IL-1β. The Fe in the MOF structure was 
demonstrated to exhibit T1 contrast properties in 7 T MRI machine. The 
highest imaging enhancement was observed six-hour post-injection, 
with lower contrast levels recorded in the control group and at 24 h post- 
injection. Additionally, Fe in the MOF structure acted as a POD-like 
nanozyme and exhibited ROS scavenging activity as shown by 2′,7′- 
dichlorodihydrofluorescein diacetate (DCFH-DA) assays in LPS- 
activated RAW264.7 macrophages and by dihydroethidium (DHE) 
staining in aortic root cross-sections, thereby contributing to the 
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reduction of oxidative stress associated with atherosclerosis [126]. 
(Fig. 4D).

3.2. Thrombosis

Thrombosis and its associated complications account for nearly 30 % 
of annual deaths [128]. Arterial thrombosis can partially or fully block 
blood vessels, making it a leading cause of life-threatening conditions 
such as ischemic stroke, mesenteric ischemia, and myocardial infarction. 
Thrombus therapy primarily focuses on the removal of clots to restore 
normal blood flow [179]. Zheng et al. reported a targeted dual-modality 
photothermal/photodynamic thrombolysis strategy using a carbonized 
ZIF-8@mSiO2 core-shell structure to produce porphyrin-like meso
porous carbon nanospheres. These nanospheres were functionalized 
with Arg-Gly-Asp (RGD)-vitamin E–poly(ethylene glycol)–COOH (RGD- 
PMCS). The RGD peptide enables selective targeting of glycoprotein IIb/ 
IIIa receptors on the surface of activated platelets, minimizing the 
bleeding risks associated with systemic fibrinolytic therapy. PDT is 
facilitated by the generation of ROS from the porphyrin moiety of the 
nanocomposite under NIR laser irradiation. It damages platelet factor 3, 
through inducing lipid peroxidation, thereby inhibiting thrombus 
recurrence. Combining PDT and PTT under NIR laser irradiation en
hances the thrombus-clearing efficiency [32]. (Fig. 5A) Zhang et al. also 
reported the carbonization of MIL-101(Fe) to produce carbon nano
particles, with Fe metal node from the MIL-101 combined with oxygen 
atoms in the atmosphere, resulting in the formation of magnetic iron 
oxide. This magnetic iron oxide nanoparticle enables magnetothermal 
thrombosis treatment under an alternating magnetic field, while the 
carbon nanoparticles formed during carbonization are used for photo
thermal thrombolysis under NIR radiation. uPA, a thrombolytic agent, 
can be electrostatically absorbed onto the surface and within the pores 
of the carbonized nanoparticles. This dual system, combining NIR- 
triggered uPA release with the magnetothermal effect, demonstrated 
thrombolytic efficiency six times higher than that achieved by NIR 
treatment alone [127].

Chiang et al. reported a targeted combined therapy for thrombus 
treatment that integrate phototaxis, photosynthesis, and magneto
thermal therapy. Iron oxide nanoparticles were encapsulated within 
MIL-101, and uPA was loaded inside the MOF pores. Fucoidan (F) and 
glycol chitosan (GCS) were attached to the outer surface of the MOFs. 
The resulting nanoparticles were taken up by Chlamydomonas reinhardtii 
(CHL), a microalga capable of phototactic targeting of thrombi under a 
522 nm laser and generating oxygen via photosynthesis when exposed to 
a 632 nm laser. The iron oxide nanoparticles inside the MOF enable 
magnetothermal therapy by increasing the temperature under an 
alternating magnetic field, thereby enhancing the release of uPA [129]. 
Yuan et al. also reported the use of a targeted bioMOF therapeutic agent 
for thrombolysis, where CD-MOFs serve as the shell to coat CaCO₃/ 
polydopamine (CP) nanoparticles, called CaCO3/PDA@CD-MOFs (MC). 
The RGD peptide is attached to the outer surface of the MOF to enable 
selective targeting of glycoprotein IIb/IIIa receptors on activated 
platelets. UPA and acetylsalicylic acid (ASA), an anti-inflammatory 
drug, both used in the treatment or prevention of venous thromboem
bolism, were co-loaded into the core-shell structure. The authors 
claimed that the macromolecule uPA can be safely adsorbed within the 

MOF’s pore structure, while the smaller ASA molecule is loaded into the 
cyclodextrin cavity in the shell. The CP nanoparticle is pH-responsive 
and undergoes decomposition in the ischemic inflammatory environ
ment, leading to the disintegration of MC. This rapid disintegration fa
cilitates the quick release of uPA, enabling effective thrombolysis. 
Meanwhile, ASA is gradually released to inhibit platelet aggregation and 
alleviate inflammation, contributing to sustained anti-thrombotic effects 
(Fig. 5B) [94].

Cao et al. reported a pioneering approach utilizing piezoelectric 
materials for thrombosis theranostics, integrating piezoelectrodynamic 
therapy, Fenton reactions, chemiluminescence-excited PDT, and 
thrombus targeting. They first modified tetragonal barium titanate (tBT) 
nanoparticles with carboxyl groups to facilitate encapsulation. These 
surface-functionalized nanoparticles were then introduced into a solu
tion containing MOF precursors, FeCl3 and benzene-1,3,5-tricarboxylic 
acid, forming a core-shell tBT@MOF structure. Chlorin e6 (Ce6)-lumi
nol conjugates (Ce6-Lum) were loaded into the MOF pores, and the 
surface of the MOF was functionalized with heparin to form the 
tBT@MOFCL/Hep nanoparticle. The heparin on the surface spontane
ously targeted thrombi, promoting nanoparticle accumulation and 
exerting an anticoagulant effect. Thrombosis generates significantly 
higher endogenous shear stresses, which increase cubically as the vessel 
diameter decreases. The tBT@MOFCL/Hep nanoparticles were stretched 
or torn by shear stress in vascular stenosis. As a result, the tBT nano
particles in the tBT@MOFCL/Hep structure converted mechanical en
ergy into chemical energy by transferring electrons, which react with 
surrounding water and oxygen to produce ROS. This electron transfer 
reduces Fe3+ in the MOF structure to Fe2+, facilitating the Fenton re
action, where Fe2+ catalyzes the H2O2 to generate additional ROS. This 
process leads to the breakdown of the MOF structure, releasing Ce6- 
Lum, while the luminol is oxidized by ROS to emit blue light. The 
emitted blue light excites Ce6, generating red fluorescence to enable 
thrombus detection. The generated ROS could be used for thrombolysis 
(Fig. 5C) [128].

The above studies by Zheng [32] and Cao [128] primarily focus on 
generating ROS for thrombolysis. However, the amount of ROS gener
ated at the thrombus site by damaged endothelial cells and activated 
platelets is approximately double that of healthy vessels. This elevated 
ROS level exacerbates vascular injury and heightens the risk of throm
botic complications by promoting platelet aggregation and accelerating 
thrombus formation. This underscores the importance of integrating 
ROS-scavenging approaches into the thrombus microenvironment to 
enhance the efficacy of thrombolytic treatment. To address this, Shan 
et al. reported a CAT nanozyme, Ce-UiO-66, designed specifically to 
scavenge ROS. The MOF was coated with mesenchymal stem cell (MSC) 
membranes expressing CD18 molecules. Since CD18 specifically binds to 
ICAM-1, which is highly expressed on inflamed or thrombotic endo
thelial cells, the MSC membrane coating enabled targeted accumulation 
of the nanozyme at inflammatory endothelial sites. Upon successful 
targeting, the coexistence of Ce (III) and Ce (IV) in the Ce-UiO-66 
structure provides catalytic activity, facilitating the decomposition of 
H2O2 to generate oxygen, thereby exhibiting CAT-like activity. With the 
assistance of ultrasound, this system achieves rapid and precise throm
bolytic therapy. The authors also highlight that the MOF’s porous 
structure enables the generation of electron holes, which act as micro- 

Fig. 4. (A) (a) Schematic of the Rapa@UiO-66-NH-FAM-IL-1Ra (RUFI) preparation process and the potential mechanism of anti-atherosclerosis therapy; (b) Powder 
X-ray diffraction (PXRD) patterns of a series of as-synthesized materials; (c) N2 adsorption isotherms for the as-synthesized UiO-66-NH2 [124]. Reproduced with 
permission. Copyright 2023, J. Controlled Release. (B) (a) Schematic illustration of the anti-atherosclerosis targeted treatment by using neutrophil-membrane-coated 
anti-miR-155-loaded ZIF-8 nanoparticles (AM@ZIF@NM NPs); (b) PXRD patterns of simulated ZIF-8, pure ZIF-8 and AM@ZIF; (c) TEM images of AM@ZIF@NM 
[123]. Reproduced with permission. Copyright 2023, ACS Nano. (C) (a) Schematic illustration of Cur/MOF@dextran sulfate for treatment and enhanced MRI of 
atherosclerosis; (b) ESR spectroscopy detection of the scavenging ability of MOF for ⋅OH and superoxide anions; (c) Functional relationship between the Mn con
centration and 1/T of MOF; (d) T1-weighted MRI of the aorta before and after tail vein injection of Cur/MOF@DS after 30 min. The areas shown in the circle were 
contrast-enhanced regions of atherosclerotic plaque on MRI [68]. Reproduced with permission. Copyright 2024, Adv. Sci. (D) (a) Conceptual schematic of the 
nanoparticle fabrication and therapeutic principle underlying its design; (b) PXRD analysis to characterize the crystalline structures of Fe-based MOF; (c) Repre
sentative MRI images and quantified signal intensity post GAMMA-53 nanoparticles injection [126]. Reproduced with permission. Copyright 2025, Bioact. Mater.
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Fig. 5. (A) (a) The synthesis process of PMCS and mesoporous carbon nanospheres [180] and RGD-PMCS synthesis; (b) Schematic illustration of RGD-PMCS- 
mediated site-specific photothermal/photodynamic thrombus therapy [32]. Reproduced with permission. Copyright 2018, Adv. Mater., and Copyright 2019, Adv. 
Sci. (B) Design of CaCO3/PDA@CD-MOFs-RGD/uPA/ASA for venous thromboembolism [94]. Reproduced with permission. Copyright 2024, Carbohydr. Polym. (C) (a) 
Schematic illustration of the preparation process and thrombolysis mechanism of tBT@MOFCL/Hep; (b) PXRD patterns of tBT, tBT-COOH, tBT@MOF and 
tBT@MOFCL/Hep; (c) the qualified thrombolytic rates after treatment with different nanoparticles; (d) visual and doppler ultrasound images for in vivo thrombus 
imaging and thrombolysis evaluation [128]. Reproduced with permission. Copyright 2023, Adv. Funct. Mater. (D) (a) Schematic illustration of the synthesis of Ce- 
UiO-cell membrane and its application in thrombolytic therapy in combination with ultrasound; (b) N2 sorption isotherm of Ce-UiO-66.; (c) the corresponding pore 
size distribution of Ce-UiO-66 was calculated by the DFT method; (d) PXRD patterns of simulated Ce-UiO-66 and as-synthesized Ce-UiO-66; (e) the magnified Ce 3d 
X-ray photoelectron spectroscopy (XPS) spectrum of Ce-UiO-66 [130]. Reproduced with permission. Copyright 2024, Adv. Sci.
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reactors to further enhance its ROS-scavenging activity (Fig. 5D) [130].

3.3. Myocardial infarction

Myocardial infarction, caused by the occlusion of a coronary artery, 
represents the most severe form of CVD [181]. Reduced blood flow to 
the heart triggers ischemia, hypoxia, and irreversible myocardial cell 
death, which in turn triggers an intense inflammatory response and 
excessive ROS production, further amplifying injury to the infarcted 
myocardium [182]. The involvement of ROS in myocardial infarction 
spans both early and late stages, initiating apoptosis and necrosis during 
the acute phase and facilitating oxidative stress-mediated fibrosis and 

ventricular remodeling in the chronic phase. These excessive ROS 
mediate inflammatory and pro-apoptotic signaling, as well as extracel
lular matrix remodeling, exacerbating myocardial injury [183]. Conse
quently, the elimination of excess ROS is widely acknowledged as an 
effective strategy for protecting the myocardium. Guo et al. used UiO-66 
to immobilize natural SOD on its surface, applying it for efficient ROS 
scavenging. They were the first group to use a MOF-based approach in 
the therapy of acute myocardial infarction [35]. Xiang et al. reported a 
bimetallic MOF nanozyme (Cu-TCPP-Mn) by incorporating Mn2+ to 
replace partially Cu2+ in the Cu-TCPP MOF, forming a two-metal MOF 
structure. The nanozyme mimics SOD and CAT activities, converting 
oxygen radicals into H2O2 through SOD mimicry, followed by CAT 

Fig. 6. (A) (a) Schematic illustration of the design and synthesis of Cu-TCPP-Mn nanozyme for myocardial injury treatment; (b) XPS spectra of Cu-TCPP and Cu- 
TCPP-Mn; (c) PXRD patterns of the TCPP, Cu-TCPP and Cu-TCPP-Mn [89]. Reproduced with permission. Copyright 2023, Theranostics. (B) (a) Schematic illustra
tion of the inflammation-targeting Que@MOF/Man nanoparticles for antioxidant and anti-inflammatory treatment against myocardial infarction injury: (b) PXRD 
patterns of Que@MOF/Man, Que@MOF, and ZIF-8; (c) zeta potential and particle size for Que@MOF/Man, Que@MOF, and ZIF-8 measured using dynamic light 
scattering [134]. Reproduced with permission. Copyright 2024, Adv. Sci. (C) (a) Schematic illustration of the design and synthesis of ALG-(ZIF-8) nanozyme hydrogel 
for myocardial infarction treatment [82]. Reproduced with permission. Copyright 2024, Acta Biomater. (D) (a) A conductive microneedle patch and miR-30d 
nanodelivery system are integrated to alleviate myocardial ischemia− reperfusion injury; (b) digital photograph of the entire conductive microneedle patch, 
microscopic images of the patch, and fluorescence microscopy images of the conductive microneedle [133]. Reproduced with permission. Copyright 2024, ACS Nano.
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mimicry to catalyze the conversion of H2O2 into oxygen and water. 
Consequently, Cu-TCPP-Mn reduced proinflammatory cytokines (IL-1β, 
TNF-α) while increasing the anti-inflammatory cytokine IL-10 in LPS- 
stimulated RAW 264.7 macrophages. It also significantly reduced 
intracellular ROS levels in H9C2 (rat cardiomyocytes) and improved cell 
viability after H2O2 exposure, demonstrating strong antioxidant and 
cytoprotective effects in vitro through ROS scavenging. Similarly, Cu- 
TCPP-Mn treatment rescued infarcted myocardium from ROS-induced 
apoptosis, as shown by terminal deoxynucleotidyl transferase dUTP 
nick-end labeling (TUNEL) staining, and promoted long-term ventricu
lar remodeling, enhancing cardiac function and mitigating myocardial 
damage in preclinical models of myocardial infarction and ischemia- 
reperfusion injury (Fig. 6A) [89]. Zhong et al. developed a nanozyme 
that mimicked CAT and SOD by encapsulating ZIF-8 nanoparticles 
within a sodium alginate hydrogel (ALG). This construction scavenged 
ROS and repolarized macrophages toward the anti-inflammatory M2 
phenotype, thereby neutralizing inflammatory cytokines and promoting 
vascularization within the infarcted region. Upon hydrogel degradation, 
Zn2+ ions, originating from the ZIF-8 structure were gradually released 
and subsequently cross-linked with the negatively charged carboxyl 
groups of ALG. This cross-linking mechanism effectively maintained the 
Zn2+ release concentration below 30 μg/mL, preventing excessive ion 
release and associated cytotoxicity. Consequently, this controlled, low- 
dose Zn2+ release promoted vascularization and reduced maladaptive 
ventricular remodeling in the myocardial infarction area (Fig. 6C) [82]. 
Hu et al. reported a targeted ROS scavenger by loading quercetin (Que) 
into the ZIF-8 framework and electrostatically attaching mannan (man) 
to the surface of the MOF. This functionalization enables the designed 
structure to bind to the carbohydrate recognition domains of mannose 
receptors, which are highly expressed on macrophages at inflammation 
sites, thereby promoting nanoparticle endocytosis into the macrophages 
rather than cardiomyocytes, enhancing targeted therapeutic delivery. 
Compared to free quercetin, Que@MOF/Man dramatically lowered 
intracellular ROS levels (as shown by DCFH-DA assays), prevented lipid 
peroxidation (indicated by decreased malondialdehyde levels), restored 
SOD activity, and repolarized macrophages to an anti-inflammatory M2 
phenotype. This was evidenced by decreased levels of M1 markers (e.g., 
CD86, inducible nitric oxide synthase (iNOS), IL-1β, IL-6, and TNF-α) 
and increased levels of M2 markers (e.g., CD206, arginase-1 (Arg-1), and 
IL-10) at both the transcriptional and protein levels. Que@MOF/Man 
more effectively created a microenvironment conducive to cardiac 
repair after myocardial infarction than free quercetin. Consequently, it 
promoted cardiac repair after myocardial infarction, reduced car
diomyocyte apoptosis, increased proliferation of cTnT+ cardiomyocytes, 
promoted angiogenesis, and preserved cardiac function in a rat model 
(Fig. 6B) [134].

Blood reperfusion may exacerbate myocardial injury by inducing 
secondary cardiomyocyte death and fibrosis, a process referred to as 
myocardial ischemia− reperfusion injury. MicroRNAs (miRNAs), a class 
of small RNAs, can regulate mRNA via binding to the complementary 
sequences to influence the cardiovascular system, playing a crucial role 
in cardiac repair and regeneration. Chen et al. developed a conductive 
microneedle patch incorporating ZIF-8-encapsulated miR-30d and gold 
nanoparticles, enabling localized and sustained delivery of miR-30d to 
cardiomyocytes. This method ensures deeper penetration into necrotic 
tissue without being washed away by blood circulation. The gold 
nanoparticles released from the microneedles enhance electrical con
ductivity in the infarcted area, promoting the restoration of synchronous 
contraction and relaxation of the heart muscle. Additionally, ZIF-8 
serves as a transfection agent for miR-30d, utilizing the proton sponge 
effect to facilitate miR-30d’s escape from endosomes. This protects the 
miRNA from degradation and enables successful expression in the 
myocardium, thereby offering protection against heart failure (Fig. 6D) 
[133].

3.4. Critical limb ischemia

Critical limb ischemia, the most advanced stage of peripheral artery 
disease, is primarily caused by atherosclerosis, which leads to significant 
blood flow reduction in the limbs. Critical limb ischemia is associated 
with poor functional outcomes, a high risk of amputations, and a 5-year 
mortality rate of up to 60 %, making it a significant public health issue 
[184,185]. Approximately 40 % of critical limb ischemia patients are 
not eligible for open or endovascular revascularization procedures due 
to factors such as severe comorbidities, poor vascular anatomy, in
fections, and non-healing ulcers [186]. Therefore, therapeutic angio
genesis has been widely applied to improve blood perfusion in affected 
limbs by promoting the development of new blood vessels or by 
restoring balance in the ischemic microenvironment through the alle
viation of excessive inflammation and oxidative stress [187,188]. Feng’s 
group has reported a series of significant studies utilizing Zn-based 
MOFs (ZIF-8 and ZIF-90) as effective, facile, and cost-effective agents 
for therapeutic angiogenesis. Zn2+ plays a crucial role in supporting the 
generation of redox signaling molecules, such as H2O2 and O2

− ⋅, by 
mitochondria under ischemic conditions, which is important for sur
vival, proliferation, and migration, critical processes for blood vessel 
formation [189]. In their initial work, to improve Zn2+ availability and 
reduce the required dose, they attached two targeting peptides, an 
endothelial-targeting peptide and a mitochondria-localizing-sequence 
peptide, to the surface of ZIF-90 through a Schiff-base reaction to 
construct EM-Z90. The endothelial-targeting peptide facilitates ZIF-90 
entry into endothelial cells, while the mitochondria-localizing peptide 
ensures ZIF-90 accumulates in mitochondria. These peptides enable 
efficient entry and accumulation of ZIF-90 at a very low dosage (0.05 
μg/mL), enhancing the expression of key pro-angiogenic regulators such 
as HIF-1α, VEGF and eNOS, while promoting NO production to support 
endothelial cell morphogenesis. In a critical limb ischemia mouse model, 
a superlow dosage of 4.4 μg/kg of EM-Z90, which is approximately an 
order of magnitude lower than previously reported minimum effective 
doses, effectively augmented local vascularization in ischemic limbs 
without causing muscle injury or toxicity (Fig. 7A) [36]. In their sub
sequent work, they aimed to enhance the intercellular signaling between 
endothelial cells and macrophages to further promote therapeutic 
angiogenesis. They developed a one-pot synthesis strategy to load 
Mn2(CO)10 into the ZIF-8 framework, followed by functionalization with 
HA-CAG peptide (CAG peptide: amino acid sequence: -NH2-Cys-Ala-Gly- 
COOH) via electrostatic interactions. In this process, the carboxyl group 
of HA reacts with the amino group at the N-terminus of the CAG peptide 
to form stable HA-CAG peptide. HA binds to the CD44 on macrophages, 
inducing phagocytosis, while the CAG peptide has high affinity for 
vascular endothelial cells. Upon intracellular uptake, CO is released 
from Mn2(CO)10 and Zn2+ is released from ZIF-8. These combined re
leases modulated macrophage polarization toward the anti- 
inflammatory M2 type and promoted vascular endothelial cell 
morphogenesis during angiogenesis in ischemic tissues [135]. In their 
third study, they loaded diallyl trisulfide (DATS), as an H2S donor into 
ZIF-8 and functionalized the ZIF-8 surface with HA-PEG-CLS (choles
terol) through electrostatic interactions. After intramuscular injection 
into the gastrocnemius muscle, the HA-PEG-CLS@ZIF@DATS nano
particles were phagocytized by macrophages. Due to the lipophilicity of 
CLS, the nanoparticles interact with the lipid-rich cell membranes of 
capillary endothelial cells, facilitating their entry. Once inside the cells, 
the ZIF-8 framework degrades, controlling and slowing the release of 
H2S produced from DATS by reacting with cellular thiols, such as 
glutathione and cysteine. The released H2S promotes endothelial 
morphogenesis and macrophage polarization to the M2 phenotype, 
exhibiting pro-healing, pro-angiogenic, antioxidant, and anti- 
inflammatory properties [136]. Building on the importance of H2S in 
critical limb ischemia treatment, Hu et al. reported that the H2S- 
releasing donor GYY4137 (morpholin-4-ium 4-methoxyphenyl(morpho
lino)phosphinodithioate), a sulfide salt, could be co-encapsulated with 
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bone morphogenetic protein 6 (BMP6), an angiogenesis-inducing pro
tein, within the UiO-66-NH2 framework. Following intraperitoneal in
jection of the designed nanoparticles, H2S was released in a controlled 
and sustained manner from the MOF, preventing overproduction of ROS 
by downregulating the phosphorylation of tumor protein p53 and 
cyclin-dependent kinase inhibitor 1A (p21). The released BMP6 could 
enhance therapeutic efficacy by promoting angiogenesis and reducing 
oxidative stress, enabling effective treatment even at lower doses of 
GYY4137. This is achieved through the upregulation of phosphorylated 
Yes-associated protein (YAP)/transcriptional coactivator with PDZ- 
binding motif (TAZ) and transcription factor AP-1 (Jun) in endothelial 
cells (Fig. 7B) [137].

Similar to the work by Feng’s group, which used ZIF as a controlled 
and slow-release carrier for Zn2+, Cheng et al. utilized HKUST-1 as a 
controlled and slow-release carrier for Cu2+ for long-term treatment. 
They employed a one-pot method to encapsulate folic acid into HKUST- 
1, which was then further encapsulated into a thermoresponsive 
hydrogel. After injection into the hindlimb muscle, the slow release of 
Cu2+ increased HIF-1α stability by inactivating HIF-1, thereby promot
ing angiogenesis under ischemic conditions. Since Cu2+ can generate 
ROS, the incorporation of antioxidant folic acid neutralized free radicals 
and helped mitigate these toxic effects. Folic acid in HKUST-1 reduced 
ROS levels by approximately 30.3 % in a time-independent manner, 
ultimately enhancing blood perfusion while minimizing toxicity [79]. 
Table 3 summarizes recent developments in MOF-based materials for 
treating various cardiovascular diseases, highlighting synthesis 
methods, key features, targeted functions, and preclinical evaluations.

3.5. Vascular implants

Vascular implants, such as stents and grafts, have been developed 
with NO-releasing nanomaterials to treat cardiovascular conditions, 
including hypertension, atherosclerosis, myocardial ische
mia–reperfusion injury, and for applications in cardiac tissue engineer
ing [84]. Cu-based MOFs are widely used in the development of these 
vascular implant materials due to their ability to catalyze the decom
position of RSNOs to produce NO. This catalytic efficiency is attributed 
to the well-organized metal-containing nodes in the MOF structure and 
the pore characteristics of Cu-based MOFs, as summarized in Section 
2.1. These MOF-based materials have demonstrated sustained release of 
NO and Cu ions, while maintaining long-term catalytic performance. NO 
was catalytically released from nano Cu-MOFs at a physiological flux 
(0.5—4 × 10− 10 mol cm− 2⋅min− 1), closely mimicking the endogenous 
NO secretion by endothelial cells. This localized NO release effectively 
stimulated soluble guanylate cyclase (sGC) in platelets, leading to 
increased intracellular cyclic guanosine monophosphate (cGMP) levels, 
which in turn inhibited platelet activation and aggregation [190], 
thereby reducing the thrombogenic potential on the stent surface. 
Furthermore, under oxidative stress conditions simulated by H2O2 
exposure, NO exhibited a protective effect on endothelial cells by 
attenuating ROS-induced apoptosis and reducing the formation of per
oxynitrite (ONOO− ), which is generated by the reaction between excess 
NO and free radicals released by activated platelets. This protective ef
fect promoted endothelial cell survival, adhesion, and migration. In 
addition, Cu ions released from the Cu-MOFs may support endogenous 
Cu/Zn-SOD activity, contributing to free radical elimination and 
enhancing endothelial cell viability under oxidative conditions [85]. As 
a result, these NO-releasing Cu-MOF-based implants exhibit 

Fig. 7. (A) (a) Illustration of the preparation of EM-Z90 nanomaterial and its comprehensive advantages as an advanced critical limb ischemia drug agent, including 
superlow dosage, therapeutic efficacy, safety, and suitability for mass production; (b) Inferred working mechanism of Zn-MOFs in intrinsically promoting vascu
larization [36]. Reproduced with permission. Copyright 2022, ACS Nano. (B) (a) Schematic illustration of antioxidant and pro-angiogenic effects and the mechanism 
of UiO-66-NH2@GYY4137@BMP6 in treating hindlimb ischemia; (b) PXRD patterns; (c) N2 adsorption-desorption isotherms [137]. Reproduced with permission. 
Copyright 2023, Adv. Healthcare Mater.
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Table 3 
Summary of recent MOF applications in CVDs.

CVDs MOF Synthesis Methods Targeting or 
functional polymer

Drug or 
encapsulated 
material inside

Key design features Preclinical model Ref

Atherosclerosis ZIF-8 One-pot synthesis 
at room 
temperature under 
stirring [119]

None Losartan potassium pH-triggered release; 
autophagy induction

Male ApoE-/-  

mice
[37]

PCN-224 Solvothermal 
synthesis in a 
Teflon-lined 
autoclave at 120 ◦C 
[120]

Wool-balls None Two-photon imaging for 
protein phosphorylation 
detection

Male Wistar mice; 
intraperitoneal injection of 
vitamin D3; and high-fat 
diet

[38]

PCN-224 pH-sensitive 
piperazine group

None Dual molecular detection 
(pH, protein 
phosphorylation levels) 
using two-photon 
fluorescence imaging

Male Wistar mice; 
intraperitoneal injection of 
vitamin D3; and high-fat 
diet

[91]

PCN-224 None iodine-rhodamine 
B

Dual molecular detection 
(glucose, protein 
phosphorylation levels) 
using two-photon 
fluorescence imaging

Male Wistar rate; 
intraperitoneal injection of 
vitamin D3; and high-fat 
diet

[90]

MIL-53(Fe)-X 
(X = NH₂, F, 
OH, NO₂, H)

Solvothermal 
synthesis in a 
Teflon-lined 
autoclave at 150 ◦C 
[121]

None Se nanoparticle Nanozyme (SOD-like and 
GPx-like activity)

Male ApoE-/- 

mice
[122]

ZIF-8 One-pot, room- 
temperature 
incubation with 
stirring

Neutrophil 
membrane

anti-miR155 Endothelial cell targeting; 
reduces miR-155 levels, a 
key inflammation regulator 
in atherosclerosis

Male ApoE-/- 

mice
[123]

UiO-66-NH2 Solvothermal 
synthesis at 90 ◦C 
in a sealed vial

IL-1Ra Rapamycin Targeted rapamycin release 
with IL-1Ra for M2 
macrophage induction and 
M1 macrophage suppression

Male ApoE-/- 

mice
[124]

PCN-222(Mn) Solvothermal 
synthesis at 120 ◦C 
in an oil bath

Dextran sulfate Curcumin Targeting curcumin release 
to macrophages; Mn in the 
MOF as T1-weighted MRI 
contrast agents

Male ApoE-/- 

mice
[68]

ZIF-8 One-pot synthesis 
at room 
temperature under 
stirring

None Thiamine 
pyrophosphate

Controlled thiamine 
pyrophosphate release 
inhibits macrophage lipid 
uptake and reduces PI3K/ 
AKT pathway activation

Male ApoE-/- 

mice
[125]

MIL-53(Fe) 
and MIL-100 
(Fe)

Solvothermal 
synthesis in a 
Teflon-lined 
autoclave at 150 ◦C 
for MIL-53 [107] 
and 200 ◦C for 
MIL-100 [21, 185]

PBMMA-PG siNLRP3 Targeting gene delivery to 
Dectin-1+ macrophages; 
siNLRP3 release inhibits 
NLRP3 inflammasome 
activation and reduces IL- 
1β; Fe in MOF as T1- 
weighted MRI contrast 
agent.

Male ApoE-/- 

mice
[126]

Thrombosis MOF-derived 
porphyrin-like 
mesoporous 
Carbon 
Nanospheres

Pyrolysis of ZIF- 
8@mSiO₂ at 800 ◦C 
under nitrogen

RGD attached 
vitamin E–poly 
(ethylene glycol)– 
COOH

None Targeting glycoprotein IIb/ 
IIIa receptors on the surface 
of platelets; ROS generated 
under NIR laser; combining 
PDT and PTT with NIR laser

Thrombosis 
rat model (Male Sprague- 
Dawley)

[32]

Carbonized 
MOFs (Fe)

Carbonization of 
Fe-MOF at 700 ◦C 
under argon

None uPA Photothermal thrombolysis 
under NIR radiation; 
magnetothermal effects 
under an alternating 
magnetic field; drug release

Thrombosis 
rat model (Sprague−
Dawley)

[127]

Fe-MOF Solvothermal 
synthesis in a 
Teflon-lined 
autoclave at 120 ◦C

Heparin Tetragonal barium 
titanate 
nanoparticles and 
Chlorin e6-luminol 
conjugates

Heparin on the surface 
targeted thrombi; 
Piezoelectrodynamic 
therapy; Fenton reaction; 
chemiluminescence-excited 
PDT and thrombus targeting

Thrombosis 
rat model (Sprague−
Dawley)

[128]

Fe3O4@MIL- 
100

Microwave- 
assisted synthesis 
at 150 ◦C

Glycol chitosan, 
fucoidan and 
Chlamydomonas 
Reinhardtii 
micromotors

uPA Targeting of thrombi; 
phototactic under a 522 nm 
laser; generates oxygen via 
photosynthesis when 
exposed to a 632 nm laser; 
magnetocaloric therapy.

Carrageenan-induced 
thrombus in mice

[129]

(continued on next page)
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Table 3 (continued )

CVDs MOF Synthesis Methods Targeting or 
functional polymer 

Drug or 
encapsulated 
material inside 

Key design features Preclinical model Ref

Ce-UiO-66 Solvothermal 
synthesis at 80 ◦C

Mesenchymal stem 
cell membranes

None Nanozyme, targeting ICAM- 
1 vascular endothelium in 
the thrombosis area, 
ultrasound therapy

Thrombosis 
rat model (Sprague- 
Dawley)

[130]

CD-MOF Methanol vapor- 
diffusion 
crystallization at 
room temperature, 
then ethylene 
glycol diglycidyl 
ether crosslinking 
in ethanol at 65 ◦C 
[131]

RGD uPA and 
acetylsalicylic acid

Controlled release; targeting 
glycoprotein IIb/IIIa 
receptors on the surface of 
platelets

FeCl3-induced thrombus 
model in male Kunming 
mice

[94]

Myocardial 
infarction

ZIF-8 One-pot synthesis 
at room 
temperature under 
shaking

Silk fibroin 
assembled into 
quercetin

None pH-responsive quercetin 
release

Myocardial infarction rat 
model (Sprague-Dawley 
rats)

[132]

Zr-MOF Solvothermal 
synthesis at 120 ◦C

None SOD Reduces ROS-induced 
damage caused by hypoxia

Myocardial infarction 
mouse model (C57BL/6)

[35]

Cu, Mn- TCPP 
MOF

Solvothermal 
synthesis at 90 ◦C 
in an oil bath, 
followed by metal 
exchange to 
partially replace 
Cu with Mn

None None Mimics SOD and CAT Myocardial infarction mice 
model (C57BL/6) and rat 
myocardial 
ischemia− reperfusion 
injury model

[89]

ZIF-8 One-pot synthesis 
at room 
temperature under 
stirring

none miR-30d MOF as a protection and 
transfection agent for miR- 
30d

Mice reperfusion injury 
model (C57BL/6)

[133]

ZIF-8 One-pot synthesis 
at room 
temperature under 
stirring

Mannan Quercetin Targeting macrophages at 
inflammation sites, 
quercetin-controlled 
release.

Myocardial infarction rat 
model (Sprague-Dawley 
rats)

[134]

ZIF-8 One-pot synthesis 
at room 
temperature under 
stirring

ALG None Mimics SOD and CAT and 
Zn2+-controlled release

Myocardial infarction 
model in Sprague-Dawley 
rats

[82]

CD-MOF One-pot assembly 
of γ-cyclodextrin 
/KOH in water at 
60 ◦C, followed by 
the addition of 
PEG20000/MeOH 
under stirring

Trans‑sodium 
crocetinate

None Oral delivery system Beagle dogs and chronic 
heart failure rats with 
reduced ejection fraction 
(male Sprague-Dawley rats)

[95]

Critical limb 
ischemia

ZIF-90 One-pot synthesis 
at room 
temperature under 
stirring

Endothelial cells- 
targeting peptide and 
mitochondria- 
localizing-sequence 
peptide

None ROS are generated under 
ischemic conditions; NO 
production; Zn2+-controlled 
release

Critical limb ischemia 
mouse model (C57BL/6)

[36]

ZIF-8 One-pot synthesis 
at room 
temperature under 
stirring

HA-CAG Mn2(CO)10 CO and Zn2+ release and 
targeting macrophages

Critical limb ischemia 
mouse model

[135]

ZIF-8 One-pot synthesis 
at room 
temperature under 
stirring

HA-PEG-CLS DATS H2S and Zn2+ release and 
targeting macrophages

Critical limb ischemia 
mouse model 
(male Balb/c)

[136]

UiO-66-NH2 Solvothermal 
synthesis at 90 ◦C 
in the vial

None GYY4137 and 
BMP6

H2S controlled release; 
BMP6 promotes 
angiogenesis and reduces 
oxidative stress

Critical limb ischemia 
mouse model (C57BL/6)

[137]

HKUST-1 Room-temperature 
one-pot reaction in 
DMSO/EtOH/H₂O 
(2:1:1 v/v/v)

Thermoresponsive 
hydrogel

Folic acid Cu2+ release promotes 
angiogenesis under ischemic 
conditions and folic acid for 
ROS scavenging

Unilateral hindlimb 
ischemia mouse model 
(Male C57BL/6 mice)

[79]

(continued on next page)
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antithrombotic effects, promote endothelial cell growth, and reduce 
neointimal hyperplasia. This makes them promising candidates for 
addressing major challenges in cardiovascular applications, such as 
thrombosis, restenosis, and poor endothelialization. The following 
Table 4 summarizes the design of numerous studies using MOFs as 
vascular implants in CVDs.

4. Challenges and limitations

Although MOF-based cardiovascular treatments have already been 
explored successfully with promising results, several limitations remain.

4.1. Structural validation

One major limitation is the need for a deeper understanding of MOF 
synthesis and structure, which is crucial for advancing the translational 
potential. Many MOF studies in CVD lack rigorous structural validation, 
such as PXRD analysis, to confirm that the synthesized MOFs align with 
the calculated structures. Additionally, even when using the same MOF 

precursors (such as the MIL series, as shown in Table 2), variations in 
synthesis conditions like temperature can lead to different MOF struc
tures. PXRD data are essential to verify that the structure corresponds to 
the intended design, which is essential for advancing MOF-based car
diovascular therapeutics toward clinical application. Furthermore, some 
ligands, such as epigallocatechin gallate (EGCG) [191,192] and penta
galloyl glucose (PGG) [193] may potentially form MOF structures. 
However, PXRD analysis is required to confirm whether these ligands 
truly form crystalline MOF structure. Crystalline MOFs typically display 
sharp, well-defined peaks at specific 2θ values, corresponding to their 
characteristic periodic atomic arrangements. The absence of clear peaks 
may indicate an amorphous coordination polymer or hybrid material 
rather than a true MOF. Verifying the MOF structure is critical for 
conducting toxicology and pharmacokinetic studies in vivo, as an 
unvalidated structure may represent mixtures of MOF precursors or 
amorphous coordination polymers rather than true MOF structures, 
potentially introducing toxicity from these components. Furthermore, 
the absence of clear PXRD peaks typically indicates reduced or absent 
porosity, significantly impairing drug loading capacities. 

Table 3 (continued )

CVDs MOF Synthesis Methods Targeting or 
functional polymer 

Drug or 
encapsulated 
material inside 

Key design features Preclinical model Ref

Heart defect 
prevention

Defective UiO- 
66

Solvothermal 
synthesis at 220 ◦C 
in an oil bath with 
concentrated HCl 
added for defect 
structure

None Chloroquine 
diphosphate

Chloroquine diphosphate 
release from defective UiO- 
66

Danio rerio Model Organism [138]

Hypertension MIL-88B One-pot synthesis 
at room 
temperature under 
stirring

None NO-releasing 
complex [Fe2(μ- 
SCH2CH2COOH) 2 

(NO)4] (DNIC-2)

When orally administered, 
the 1,4-benzenedicarboxy
late MOF ligand in the 
DNIC@MOF structure 
becomes protonated in 
gastric fluid, triggering its 
transformation and 
controlled release of NO in 
the intestine.

Spontaneously 
Hypertensive rats

[139]

Abdominal 
aortic 
aneurysm 
therapy

Mn2+ doping 
UiO-66-NH2

Solvothermal 
synthesis at 90 ◦C 
in the vial followed 
by metal exchange 
to partially replace 
Zr with Mn at 85 ◦C 
under stirring

None Hyaluronate 
tetrasaccharide

Hyaluronate tetrasaccharide 
was loaded into the MOF 
framework to promote 
vascular smooth muscle cell 
repair and extracellular 
matrix remodeling by 
enhancing contractility and 
lysyl oxidase activity, while 
Mn2+ in the MOF 
framework inhibited matrix 
metalloproteinases, 
preventing extracellular 
matrix degradation, and 
supporting tissue repair

Abdominal aortic aneurysm 
therapy mouse model using 
ApoE− /− mice with 
surgical implantation of a 
micro-osmotic pump to 
deliver angiotensin II 
continuously over 28 days

[140]

Table 4 
Summary of MOF-based vascular implants for CVD treatment.

CVDs MOF Functional materials Encapsulated or 
Loaded materials

Designed structure and concept Preclinical model Ref

Stent Cu-MOF 
(MOF- 
199)

Polydopamine film- 
coated titanium

RSNOs Cu-MOFs are uniformly distributed as a coating material on the 
polydopamine-coated titanium substrate (316L SS stents).

Male Sprague-Dawley rats; 
adult New Zealand white 
rabbits

[85]

Cu-MOF Hydroxylated titanium 
surface

RSNOs The hydroxylated titanium foil was alternately immersed in Cu 
acetate and MOF ligand solutions for multiple cycles using a 
layer-by-layer deposition process.

Male Sprague-Dawley rats 
and adult New Zealand 
white rabbits

[86]

Graft MOF-199 Polycaprolactone fibers RSNOs Vascular scaffolds were electrospun from 10 % (w/v) 
polycaprolactone and MOF nanoparticles.

Sprague-Dawley rats [87]
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Functionalization attempts may also fail to anchor effectively within a 
structurally undefined material, resulting in poor targeted delivery and 
reduced therapeutic efficacy. Thus, establishing a structurally validated 
MOF is essential for consistent and reproducible drug delivery applica
tions. A notable example provided by Serre’s group [194] demonstrates 
that MIL-100(Fe) synthesized using different green methods exhibits 
subtle differences in PXRD patterns, which in turn are associated with 
substantial variations in drug release profiles, stability in biological 
fluids, and distinct in vitro toxicological and inflammatory responses. 
Consequently, if synthesized materials fail to display distinct PXRD 
patterns consistent with calculated MOF structures, their reliability for 
clinical translation and reproducibility is severely compromised. 
Therefore, rigorous structural validation through PXRD is essential for 
confirming MOF identity and purity, directly impacting the reliability, 
reproducibility, and clinical translatability of MOF-based cardiovascular 
treatments.

4.2. Batch-to-batch reproducibility

MOF synthesis is highly sensitive to various parameters, including 
solvent composition, temperature, pH, precursor concentrations, and 
reaction duration. Even minor deviations in these factors can signifi
cantly influence critical material properties such as particle size, surface 
area, porosity, and crystallinity, which directly impact drug loading 
efficiency, release kinetics, and biological performance. The absence of 
standardized synthesis and characterization protocols further compli
cates reproducibility, resulting in notable variability among reportedly 
identical MOF batches. This variability poses substantial challenges for 
quality control, limiting the clinical translation of MOFs. For example, 
the above discussion of variations in the synthesis method of MIL-100 
(Fe) has demonstrated significant differences in biological applications 
[194]. Additionally, a recent cross-laboratory study investigating the 
synthesis of PCN-222(Zr) revealed substantial reproducibility issues, 
with only one research group successfully replicating the pure-phase 
MOF from validated protocols [195]. Likewise, a recent comparative 
analysis by the Forgan group reviewed ten different publications from 
2023 on UiO-66 synthesis intended for biomedical applications [196]. 
Although these studies used the same synthesis solvent (N, N-dime
thylformamide), the same metal node (ZrCI4), and the same ligand 
(terephthalic acid), differences in reaction time, modulators, and reac
tion temperatures resulted in significant structural and functional vari
ations. Those structural differences translated directly into inconsistent 
drug loading and release behavior. Reported drug loading efficiencies 
across the ten studies varied widely, ranging from about 10 % up to over 
60 %. The studies examined loading with drugs ranging from small 
molecules, such as 5-fluorouracil [197] and minoxidil [198] to large 
molecules such as doxorubicin [199]. These findings highlight the 
importance of matching the MOF’s pore size (as shown in Table 2) in 
relation to the size of the drug or biomolecule to be loaded. If the drug is 
too large to fit inside the MOF pores, alternative methods, such as one- 
pot synthesis or biomimetic mineralization, should be considered. 
Failure to consider pore size may lead to functional site blockage by 
drugs attached to the surface, potentially resulting in undesirable 
outcomes.

4.3. Scale-up

The scalability of MOF-based systems for clinical applications pre
sents several inherent challenges that must be explicitly addressed to 
ensure effective translation from laboratory to clinical settings. As dis
cussed previously, factors such as variations in crystallinity (PXRD) and 
batch-to-batch reproducibility significantly complicate scale-up efforts. 
Although some MOFs have already reached industrial commercializa
tion in adsorption applications and can achieve production costs below 
€20/kg on a ton scale with space-time yields of up to 10,000 kg MOF m- 

3⋅d− 1 [200], the clinical-grade synthesis required for therapeutic use 

introduces additional constraints. The primary constraints include the 
high cost of ligands, extensive solvent consumption, and limitations of 
current synthesis methods. Many laboratory-scale MOF syntheses rely 
on solvothermal or hydrothermal methods characterized by high pres
sure and long reaction times, which are conditions that are inherently 
challenging to scale up. Additionally, scaling up reactions can signifi
cantly alter MOF nucleation and growth kinetics compared to small- 
scale syntheses, resulting in inconsistent product quality and repro
ducibility. To address these challenges, alternative techniques such as 
microwave and ultrasound irradiation have been developed, enabling 
rapid and uniform heating that accelerates reaction kinetics [16]. For 
instance, microwave-assisted hydrothermal synthesis significantly re
duces reaction times to just minutes, maintaining high phase purity and 
yield, making it a promising method for scalable and cost-efficient MOF 
production. Continuous-flow synthesis methods also offer advantages, 
such as improved control over nanoparticle size and shape. However, 
their applicability remains somewhat system-specific, necessitating 
extensive optimization [171]. Drawing parallels from clinically suc
cessful nanoparticles like Doxil liposomes, MOF systems intended for 
clinical use must comply strictly with Good Manufacturing Practice 
standards. Compliance involves rigorous protocols for solvent removal, 
endotoxin clearance, and strict batch-release standards, including 
structural verification, particle-size distribution control, and compre
hensive impurity profiling [53]. Moreover, for MOF-based CVD thera
pies specifically, identifying suitable MOFs for clinical translation is 
equally critical, alongside overcoming scaling issues. Over 90,000 MOF 
structures have been explored, highlighting the structural flexibility of 
MOFs achieved by selecting different metal nodes and organic ligands. 
Recently, more targeted functionalization strategies have emerged, 
further expanding MOF applications. The availability of large-scale 
synthesis data has enabled researchers to integrate machine learning 
(ML) and artificial intelligence (AI) into MOF synthesis and functional
ization processes [201]. ML algorithms and computational models 
enable researchers to efficiently predict optimal synthesis pathways and 
tailor material properties. In the future, as MOFs continue to develop as 
promising theranostic agents, they can be customized according to dis
ease models and clinical features. ML algorithms will play a crucial role 
in selecting appropriate metals, ligands, and functionalization strategies 
to design multifunctional agents tailored to cardiovascular therapeutic 
needs.

4.4. Biocompatibility and long-term toxicity

Many CVDs require lifelong management, and any treatment, 
including MOF-based therapies, must be evaluated for its long-term ef
fects on patient health. This raises important concerns about the acute 
and chronic toxicities of both the MOFs [202] themselves and the drug 
cargos they carry. While drug-loaded MOFs have the potential to reduce 
the overall toxicity of harmful drugs by controlling their release and 
targeting specific sites of action, MOFs, like many nanomaterials, may 
introduce toxicity due to their composition, structure, or surface prop
erties. To address these concerns, we summarize below the known 
toxicity profiles of commonly studied MOFs and highlight key mitiga
tion strategies. These include surface functionalization and the use of 
biomolecular ligands, which have been discussed in detail in Sections 
2.2 and 2.4.

Metal-containing nodes: The choice of metal significantly in
fluences the overall toxicity of MOFs [203]. For example, Fe-based 
MOFs such as MIL-100(Fe) are generally considered biocompatible at 
low doses, but high concentrations may induce oxidative stress via 
Fenton chemistry [204]. Zn-based MOFs like ZIF-8 rapidly degrade in 
acidic environments, releasing Zn ions that can disrupt vascular cell 
function and elevate CVD risk [205,206]. Co-based MOFs (ZIF-67) are 
particularly hemolytic due to superoxide anion and ⋅OH production, 
resulting in erythrocyte damage [207]. Additionally, non-endogenous 
metals (Zr, Ni, Co) may accumulate due to poor clearance, with 
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zirconium-based MOFs such as UiO-66 being associated with potential 
liver and serum oxidative toxicity [208].

Ligands: Ligands with hydrophobic groups, such as terephthalic acid 
derivatives bearing methyl or nitro functionalities, exhibit higher 
toxicity compared to hydrophilic ligands like benzene-1,3,5- 
tricarboxylic acid, which are readily excreted, reducing their cytotoxic 
potential [209]. For example, UiO-64 (fumaric acid ligand) is notably 
more toxic compared to UiO-66 (terephthalic acid ligand), highlighting 
the ligand’s significant role in determining MOF toxicity [210].

Surface charge and particle size: MOFs with positively charged or 
hydrophobic surfaces are more likely to interact with plasma proteins 
and cell membranes, raising the risk of inflammation and cytotoxicity. 
Surface modifications, such as introducing amino groups to ZIF-90, in
crease its positive charge and cytotoxic effects compared to carboxylated 
or thiolated analogues [211]. Additionally, particle size plays a crucial 
role in biomedical safety, with nanoscale MOFs (e.g., 250–350 nm Mg- 
MOF-74) showing better biocompatibility and promoting tissue growth 
compared to larger particles [166].

Mitigation strategies: As detailed in Section 2.4, a range of func
tionalization strategies—including polymer coatings (e.g., PEG, dextran, 
hyaluronic acid), peptide conjugation, and biomimetic cell membrane 
coatings—have already been discussed in depth for their roles in 
enhancing MOF stability, circulation, and biocompatibility [47]. These 
approaches are also critical for mitigating toxicity. Functionalization 
reduces inflammatory responses, prevents premature degradation, and 
facilitates targeted delivery. Cell membrane coatings also present a 
biomimetic strategy, minimizing immune recognition and improving 
targeted delivery, thus reducing toxicity [48]. Moreover, employing 
biomolecular ligands such as amino acids, peptides, or cyclodextrins as 
described in Section 2.2, is an effective strategy, as they are inherently 
biodegradable and less toxic, which further mitigates adverse effects 
[212].

While MOFs hold significant promise for advancing CVD diagnosis 
and therapy, a comprehensive understanding of their biocompatibility 
and long-term toxicity within cardiovascular systems remains insuffi
cient. Addressing these gaps through focused toxicological studies and 
the development of safer, more biodegradable MOF platforms is critical. 
Such efforts will pave the way for the responsible integration of MOFs 
into clinical cardiovascular applications, maximizing therapeutic bene
fits while minimizing potential risks.

5. Conclusion

In this review, we first introduced the basic properties of MOFs and 
how these properties are applied in the cardiovascular field. We then 
summarized recent preclinical studies in CVD treatment to explore MOF 
design principles for achieving therapeutic goals, highlighting their 
multifunctionality, including drug loading, targeting, and nanozyme 
capabilities. By bridging the gap between MOF design principles and 
their preclinical research applications, this review aims to provide a 
foundational overview for biomedical scientists designing MOF mate
rials from fundamental principles and to assist MOF material scientists 
in understanding in vivo evaluation and biocompatibility assessment 
through these preclinical studies and biological evaluations. Further
more, we identified key challenges and limitations associated with MOF- 
based cardiovascular treatments, particularly in terms of toxicity, 
reproducibility, and scalability. Addressing these issues requires stan
dardized protocols for synthesis, surface modification, and biological 
evaluation to improve consistency and reliability across studies. Over
coming these translational barriers will also demand close interdisci
plinary collaboration between material scientists and clinicians to 
bridge the gap between bench-top innovation and clinical application.

MOFs demonstrate great promise in translational research, as evi
denced by the first clinical trial of a MOF-based radioenhancer for solid 
tumors: RiMO-301 (Phase II: NCT05838729) [65] for metastatic head 
and neck cancer and RiMO-401 (Phase I: NCT06182579), which started 

in 2024 for advanced tumors in combination with radiation therapy. 
Both trials aim to evaluate the safety, tolerability, and preliminary ef
ficacy of MOFs in combination with radiotherapy. Although these 
studies do not target CVDs, they serve as proof of concept for the clinical 
viability of MOF-based nanomedicines. The clinical translation of MOFs 
requires overcoming key challenges, including biocompatibility, 
biodegradability, toxicity, pharmacokinetics, and manufacturing scal
ability. Current clinical trials provide valuable insights into addressing 
these barriers. Although the use of MOFs in CVDs remains limited, 
promising preclinical data, particularly for applications such as NO 
delivery, oxidative stress modulation, and anti-inflammatory therapies, 
underscore their potential for clinical translation [213]. Continued ef
forts are essential to optimize their design, ensure scalable synthesis, and 
conduct early-phase safety studies to enable their successful clinical 
adoption. As more researchers focus on MOF-based cardiovascular 
therapies, their potential as powerful therapeutic agents for CVDs will 
continue to grow, offering new hope for treating conditions with high 
mortality rates.
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