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Biomedical Metal–Organic Framework Materials:
Perspectives and Challenges

Alec Wang, Madeline Walden, Romy Ettlinger, Fabian Kiessling, Jeremiah J. Gassensmith,
Twan Lammers, Stefan Wuttke, and Quim Peña*

Metal–organic framework (MOF) materials are gaining significant interest in
biomedical research, owing to their high porosity, crystallinity, and structural
and compositional diversity. Their versatile hybrid organic/inorganic
chemistry endows MOFs with the capacity to retain organic (drug) molecules,
metals, and gases, to effectively channel electrons and photons, to survive
harsh physiological conditions such as low pH, and even to protect sensitive
biomolecules. Extensive preclinical research has been carried out with MOFs
to treat several pathologies and, recently, their integration with other
biomedical materials such as stents and implants has demonstrated
promising performance in regenerative medicine. However, there remains a
significant gap between MOF preclinical research and translation into
clinically and societally relevant medicinal products. Here, the intrinsic
features of MOFs are outlined and their suitability to specific biomedical
applications such as detoxification, drug and gas delivery, or as (combination)
therapy platforms is discussed. Furthermore, relevant examples of how
MOFs have been engineered and evaluated in different medical indications,
including cancer, microbial, and inflammatory diseases is described. Finally,
the challenges facing their translation into the clinic are critically examined,
with the goal of establishing promising research directions and more realistic
approaches that can bridge the translational gap of MOFs and
MOF-containing (nano)materials.

1. Introduction

Porous materials are increasingly relevant in biomedicine. Poros-
ity is an important feature employed in medical implants and
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tissue scaffolds, and porous materials have
already been used as adsorbents to remove
toxins and treat (drug) overdose.[1–3] Since
the first reports on aluminosilicates (1930s),
microporous carbons (1945s), and synthetic
zeolites (1950s), a vast array of different or-
ganic, inorganic, and hybrid porous struc-
tures have been developed.[3–6] Among all of
them, metal–organic frameworks (MOFs),
a relatively new class of porous coordina-
tion polymers (1990s),[7,8] have grown par-
ticularly popular in biomedical research in
the last decade, with the field representing
about 10% of all the publications on MOFs
(Figure 1a).[9–14] This interest is reflected
by the exponential increase in the number
of related publications per year with regard
to biomedical applications, both for therapy
and diagnosis: from a few hundred to over
a thousand each year (Figure 1a).

This growth has also been mirrored by
the increasing diversity of metals and or-
ganic ligands that can be used to design
MOFs and, consequently, by the breadth
of achieved topologies and structures.[15]

Since the first reports of MOFs in the
1990s,[16] more than 100000 different struc-
tures have been published, highlighting the

structural and chemical diversity of these materials. Fe (MOF-
74, MIL-88, MIL-100 and MIL-101), Zn (ZIF-8, MOF-74), Cu
(HKUST-1), and Zr (UiO-66 and UiO-67) are among the most
common metals and families of MOF structures explored in
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Figure 1. Publication record for metal–organic frameworks in biomedicine. a) Proportion of all metal-organic framework (MOF) publications for biomed-
ical applications as compared to all other applications (left), and their growth (right). b) The most prominent MOF families explored in biomedical re-
search. c) Most common metals used in MOF biomedical research (this includes metal nodes in the framework, metals doped into the framework, and
metals which are part of other materials that have been explored in combination with MOFs). d) Distribution of MOF papers by therapeutic application,
showing the total number of publications as well as the growth of each major application since 2010. e) Publication numbers of MOFs for drug delivery,
showing the significant proportion of MOFs used as drug carriers. f) Proportion (left) and growth (right) of MOF research in anticancer drug delivery
since 2015, as compared to other carrier (nano)materials. Data, comprising the period 2010–2022 (except for panel f, which comprises 2015–2022), was
obtained by systematic search of the SCOPUS database of journal publication[22] (NB: details of search terms are also provided in the corresponding
reference 22).

MOF biomedical research (Figure 1b,c), most notably for can-
cer, microbial infections, and inflammatory diseases (Figure 1d).
In general, and particularly in oncology, MOFs have been exten-
sively studied for drug delivery (Figure 1e), with a research in-
terest that has been drastically accelerated in the last five years.
Although lipid- and polymer-based materials are still playing ma-
jor roles in drug delivery (Figure 1f, left), MOF-related publica-
tions for anticancer drug delivery are growing at a much faster
rate than conventional drug delivery systems like liposomes, mi-
celles, and/or hydrogels (Figure 1f, right).

Significant progress in MOFs and MOF-based chemistry has
been made in both academic and industrial settings.[17] Ad-
vanced methods to prepare and scale-up these materials for
industrial production have been developed, including strate-
gies to control their synthesis and specific properties. These re-
search achievements have already resulted in the foundation of
more than 30 companies aiming to commercialize MOFs for
gas storage,[18] catalysis,[19] environmental remediation,[20] and
even atmospheric water harvesting.[17,21] Despite their bench-
top success in multiple areas of application, and although there
have been many reports on the biomedical potential and clinical

promise of MOFs, only one MOF platform has reached clinical
trials (NCT05838729 and NCT03444714), highlighting the wide
gap between their preclinical performance and clinical feasibility.

In this review, we summarize the distinctive multifunctional
features of MOFs and MOF-containing (nano)materials for
biomedical applications and critically analyze the potential of
these features to address current medical needs. We furthermore
discuss the challenges and translational barriers MOFs face and
finally (re)define therapeutic opportunities for MOFs to gener-
ate clinical impact. By identifying current research gaps and fu-
ture directions, we aim to contribute to the rational design of
MOF-based materials with enhanced translational and societal
value.

2. Properties of Metal–Organic Frameworks for
Biomedical Applications

MOFs are crystalline porous structures constructed by connect-
ing metal-containing clusters and organic linkers via coordi-
nation bonds. The inorganic and organic building units act
as “nodes” and “struts” that form extended 1D, 2D, and 3D
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Figure 2. Metal–organic framework properties for biomedical applications. The high porosity, surface area and metal–organic composition endows
metal–organic frameworks (MOFs) with potential use as detoxifying agents, drug and gas carriers, and as active therapeutic platforms. a) The adsorptive
capacity of the framework can be exploited to capture harmful substances such as radioisotopes and excess drugs, facilitating removal from the body.
b) The high porosity and structural versatility of MOFs allow them to load a wide variety of drug cargoes, from low molecular weight compounds to
biomacromolecules. c) Gases are a therapeutic cargo that MOFs have demonstrated a unique ability to load and deliver with high efficiency. They can
be catalytically generated by the MOF or directly loaded into the structure. d) Both the metal and the organic linker of the framework can act as active
therapeutic entities, often in response to endogenous (e.g., pH and enzyme) or exogenous stimuli (e.g., light, radiation and ultrasound), and potentially
in combination with other treatment strategies.

periodic crystalline networks with molecularly-defined direc-
tionality. One of the most unique and useful properties of
MOFs is their ultra-high porosity. They boast among the high-
est porosity ever measured in synthetic materials to date (up to
10400 m2/g),[23] with remarkable adsorption capacities. Possess-
ing the ability to adsorb more than 2 870 mg of CO2 per gram of
MOF,[23] they clearly outperform the CO2 adsorption capacities of
zeolites (up to 310 mg/g),[24] or ultra-microporous graphitic car-
bon (345 mg/g).[25] The structural rigidity of the building units
and robust network connectivity ensures permanent porosity and
prevents the framework from collapsing during functionalization
or guest exchange.

The chemistry of MOFs is highly versatile. Structures can
be made with almost any combination of organic linkers, in-

cluding macro- and bio-molecules, and metal nodes (or even
multiple metal nodes),[26,27] to produce a wide range of pore
dimensions in structures of myriad topologies. The porous
structure provides MOFs, particularly nanoscale MOFs, with
distinctive functional properties that are useful in diverse
biomedical applications. These functional features allow MOFs
to be used as: a) detoxifying/capturing agents, b) drug car-
riers, c) gas delivery systems, and d) (bio)active platforms
(Figure 2).

a) Detoxifying/capturing agent. Porous materials such as char-
coal (activated carbon) have been used as detoxifying agents
for thousands of years.[3] The ultra-high porosity, large specific
surface area, and the polar/non-polar nature of metal-organic
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constituents endow MOFs with the capacity to capture and store
large amounts of chemically diverse substrates,[26] including
(small molecule) drugs, toxic metals, and gases (Figure 2a). The
mechanism of substrate uptake, which varies among MOFs, are
primarily chemisorption (e.g., via coordination bonds),[31] ph-
ysisorption (via Van der Waals interactions),[30] physicochemical
phenomena such as size exclusion of the adsorbate, and com-
binations of these mechanisms.[32] The pore size of the frame-
work can, in principle, be tailored to accommodate targeted com-
pounds, as illustrated in a landmark study where a series of
MOF-74 derivatives were made with pores ranging in size from
14 to 98 Å by using a series of linkers of increasing length.[28]

Many MOFs have already been successfully used in environmen-
tal studies to capture analytes from complex matrices, exem-
plifying their adsorptive capacity. Environmental chemists have
shown that MOFs are capable of capturing heavy metals in het-
erogenous samples,[29] pharmaceuticals in wastewater,[30,31] ra-
dioactive species in runoff,[32] and many other pollutants.[20,33]

Although there are many hurdles to adapting a material de-
signed for large-scale filtration to be a small-scale pharmaceuti-
cal, there is already a solid foundation for using MOFs as detoxi-
fying/capturing agents.

The removal of toxins from organisms is important in multi-
ple clinical indications, and it is particularly crucial when endoge-
nous mechanisms and organs cannot detoxify and excrete harm-
ful compounds. These include not only exogenous toxins (e.g.,
excess or off-target accumulation of drugs and poisonous gases)
but also endogenous toxins (e.g., ammonia, bilirubin, or ure-
mic toxins) left in circulation in certain metabolic conditions like
hyperammonemia or upon kidney and liver dysfunction.[34,35]

A handful of MOFs have been exploited for their porous na-
ture in this regard. Some studies have shown the intrinsic ca-
pacity of MOFs to adsorb (and potentially remove) endogenous
toxins from blood. These include uremic toxins (e.g., Zr-MOFs
such as NU-901(Zr) and NU-1000(Zr)),[36] which often accu-
mulate in patients with kidney failure, or bilirubin (e.g., PCN-
333(Al)), which is found at harmful levels in the blood of pa-
tients suffering from acute liver failure.[37] Substantial preclini-
cal evidence has already demonstrated that different MOF struc-
tures can adsorb a variety of exogenous toxins, including drugs
such as aspirin (e.g., MIL-127(Fe)[38] and MIL-125-NH2(Ti)),[39] or
radioactive substances such as uranium (e.g., UiO-66-(COOH)4-
180(Zr));[40] and remove them from the body in the event of
acute drug overdose or radiation exposure. MOFs have also been
used to capture external toxins when embedded in protective
equipment. There are several examples of masks impregnated
with MOFs to protect against chemical warfare agents (e.g., UiO-
66-NH2(Zr))[41,42] and microbial diseases (e.g., ZIF-8(Zn)).[43,44]

MOFs (and related porous frameworks)[45] are highly chemi-
cally versatile and can therefore be designed to be more sen-
sitive and selective removal platforms than other existing ma-
terials. But despite this intrinsic advantage, their translational
value will depend on whether they can improve the balance be-
tween detoxification efficacy and innate toxicity as compared to
current treatments (such as sodium bicarbonate for the treat-
ment of aspirin overdose[46] or chelating agents like diethylen-
etriamine pentaacetate (DTPA) for the treatment of uranium
exposure).[47]

b) Drug carrier. This is by far one of the most explored ap-
plications of (nano)porous materials, including MOFs, and there
are several comprehensive reviews on this topic.[9,48,49,50] As in
other drug delivery systems, drug encapsulation in MOFs can
improve drug solubility[51] and/or alter pharmacokinetics and
pharmacodynamics.[52] The high surface area and porous struc-
ture of MOFs make them suitable to encapsulate and trans-
port drugs, either i) entrapped within the pores (i.e., inner sur-
face area adsorption), ii) through external surface adsorption,
or iii) chemically bound to the metal nodes (via coordination
bonds) or organic linkers (via covalent bonds) (Figure 2b). Several
MOF structures, such as ZIF-8(Zn),[53–56] MIL-100(Fe),[57–59] NU-
1000(Zr),[60,61] and MIL-125(Ti)[62] have reportedly encapsulated
a variety of different therapeutics, including biologics. The tun-
ability and the amphiphilic nature of the pores, where the met-
als and organic linkers can be tailored to modify the degree of
hydrophobicity of the inner framework cavities, enable the load-
ing of a variety of polar and non-polar compounds. These car-
goes traditionally encompass small molecule drugs such as anti-
cancer agents (e.g., doxorubicin,[63] paclitaxel,[64] pemetrexed,[65]

zoledronate,[66] and methotrexate)[67] and antimicrobial agents
(e.g., favipiravir[57] and acriflavine),[61] among others.

More recently, several reports have demonstrated suc-
cessful encapsulation and stabilization of larger functional
biomolecules, including nucleic acids like siRNA[68] or GFP
plasmid;[55] as well as proteins such as bovine serum albumin,[69]

myoglobin,[70] insulin,[71] Cas9/sgRNA ribonucleoproteins,[69]

and even enzymes like DNAzymes,[54] urease,[72] and horseradish
peroxidase.[69,72] Because (bio)macromolecules are relatively
large cargoes, they can be encapsulated through biomineraliza-
tion: a process that builds a MOF around the biotherapeutic
agent.[55,73] Biomacromolecules tend to be highly sensitive to
specific biological conditions and, therefore, at risk of degra-
dation in the body before reaching their intended target, so
encapsulation is used to protect and stabilize them.[74] For
example, ZIF-8(Zn) has successfully encapsulated the enzyme
horseradish peroxidase, increasing its shelf-life and preserving
the structure even after boiling in DMF.[72] Another study
found that ZIF-8(Zn) could be loaded with the gene-editing
CRISPR/Cas9 plasmid through biomimetic mineralization,
facilitating endosomal escape of the cargo and improving thera-
peutic efficacy.[53,75] Interestingly, a sustained release system for
proteins, DNA, and RNA was created using ZIF-8(Zn) which
could be transdermally delivered via needle-free administration
approaches (e.g., biolistic delivery).[76,77] This approach used a
gas propellant which enabled drug administration and could
control the rate of payload release from the MOF. While the use
of CO2 gas caused local acidity that drove rapid MOF degradation
and payload release, compressed air (i.e., ≈80% N2 and 20% O2
gas) allowed for over one week of sustained release.

Many MOF structures for drug delivery applications are de-
signed to be responsive to stimuli, potentially allowing for con-
trolled release under endogenous triggers such as pH, shear
stress, or enzymes, and exogenous triggers such as ultrasound,
magnetism, and radiation.[56,78,79] This feature has been demon-
strated in many different MOFs, including UiO-66-NH2(Zr),[80]

MIL-100(Fe),[81] and ZIF-8(Zn),[56,82] which have been designed
to be responsive to light, glutathione/ATP, and radiation or pH,
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respectively. Developing biomedical materials that can respond
to specific cues has the potential to produce targeted and au-
tonomous medicines. For instance, a recent study reported a Zn-
based MOF loaded with either insulin or the aptamer VEGF for
treating diabetes.[83] The framework was selectively able to re-
lease its cargo in the presence of high glucose levels by incorpo-
rating a glucose oxidase “gatekeeper”, paving the way towards the
design of alternative treatments to the regular insulin injections
used by diabetics. But designing stimuli-responsive materials can
add additional layers of complexity to production, increase man-
ufacturing costs, and complicate clinical procedures.[84] This is
especially true in the case of nano-therapeutics that respond to
external stimuli and are systemically administered (e.g., via in-
travenous, subcutaneous, and oral routes). In these cases, the ex-
ternal stimulus controls targeted drug release and must therefore
be applied with high spatiotemporal accuracy. To illustrate this,
no externally triggered drug-loaded anticancer nanomedicine has
been approved to date, despite more than 30 years of intensive
preclinical and clinical research.[85,86]

c) Gas delivery system. Gases like nitric oxide (NO), hydro-
gen sulfide (H2S), carbon monoxide (CO), and oxygen (O2) play
pivotal roles as signaling molecules (gasotransmitters), regu-
lating many physiological and pathological processes.[87] There
is mounting evidence that they can have therapeutic effects
in treating many diseases. They have shown anticancer,[88–90]

wound healing,[91,92] and antimicrobial properties,[93–95] and can
also support vasodilation,[14] reduce inflammation,[96] overcome
drug resistance in combination therapies,[97] and treat radiation
damage.[96] However, their clinical potential has been limited by
the difficulty of safe and controlled delivery. Unlike solid or even
liquid medications, gases are notoriously challenging to encap-
sulate and selectively release. Besides having a short half-life un-
der physiological conditions,[98,99] gases such as H2S, CO, and
NO are known to be highly toxic if released off-target, producing
side effects such as pulmonary edema, convulsions, loss of con-
sciousness, and even death.[100–102] While several gas-releasing
(organometallic) compounds (e.g., MnBr(CO)5) have been loaded
in nanocarriers for improved gas transport, the gas-carrying ca-
pacity of the compounds is limited by their structural and spatial
constraints, as well as their chemical compatibility with different
gases. In short, there is still a clear medical need and transla-
tional opportunity for gas-entrapping materials that can perform
safe and efficient gas delivery.[96]

Porous materials like MOFs not only have high porosities
and surface areas but also incorporate multiple functionalities
within the framework that make them attractive materials for
gas delivery[14] (Figure 2c). MOFs deliver gases mostly by two
different mechanisms: catalytic gas generation (indirect delivery)
or non-catalytic release (direct delivery). In indirect delivery, the
metals of the framework[103] (and occasionally metals doped into
the framework)[104] can trigger the generation of gas after reacting
with substrates present in tissues. For example, Cu can be used
to catalyze the production of NO gas from S-nitrosoglutathione
or S-nitrosocysteine either when introduced as the constituent
metal of the frameworks HKUST-1(Cu)[103] or CuBTTri(Cu),[105]

or as Cu(II) ions doped into ZIF-8(Zn).[104] In direct gas deliv-
ery, the framework is loaded with gas, transports it into the body,
and eventually releases it at the target site. MOFs are typically

loaded by direct adsorption of gases at high pressure, taking ad-
vantage of their extremely large surface area. They can be fur-
ther optimized to better entrap and retain gases by engineering
the pore size and MOF morphology[106] in order to maximize
MOF-gas interaction.[107] Non- or under-coordinated metals em-
bedded within the framework and chemical functional groups
(e.g., amino groups) in the pores are especially useful for coor-
dinating and adsorbing gases, features not as readily available to
other porous materials such as zeolites and/or mesoporous silica
particles.[24,108,109] Several MOF structures (e.g., MOF-74(Co,[110]

Ni,[110] Mg,[111] or Zn)[111] and ZIF-8(Zn))[112–114] have been used
for direct gas delivery. For example, H2S gas has been delivered
non-catalytically by MOF-74(Ni) to promote vasodilation,[115] as
has NO by PCN-223(Zr) in preclinical anticancer research.[116]

While it is usually complicated to control the delivery of the gas,
some MOFs, such as PCN-223(Zr), have been shown to release
NO via a near-infrared (NIR) light trigger, which cleaves the NO-
sulfur bond holding it inside the framework, freeing the gas to
inhibit tumor growth.[116] Even though the control over gas deliv-
ery and the translational obstacles associated with complex deliv-
ery materials remain unaddressed, MOFs show promise for these
applications.

d) (Bio)active platform. Unlike other (bio)material classes,
MOFs do not need to be loaded with active pharmaceutical in-
gredients, and the framework itself can be therapeutically ac-
tive. Their metallic nature and the metal-organic interplay offers
unique (electronic) properties and (re)activity.[117–120] By tailoring
the metal type, oxidation state, and nature of the linker, MOFs
can be engineered to trigger certain reactions in several (sub-)
cellular targets, alter metabolic pathways, and/or react to exoge-
nous or endogenous stimuli (Figure 2d). Exploiting the (re)active
nature of metals for therapeutic purposes has already shown
success in other clinically approved inorganic (nano)materials,
such as Hensify (Hf-based radiosensitizing nanoparticles),[121]

NanoTherm (magnetically activated Fe-oxide nanoparticles)[122]

or AGuIX (Gd-based ultrasmall nanoparticles for radiosensitiza-
tion) for cancer therapy;[123] Thermazene (Silvadene or silver sul-
fadiazine, an antibiotic containing Ag nanoparticles) for antimi-
crobial purposes;[124,125] and Alum (Al sulfate salt particles) as a
vaccine adjuvant.[126,127] They all exploit the electronic or thera-
peutic properties of metals like Hf, Fe, Gd, Ag, and Al to perform
specific activities that otherwise may not be easily achieved via
purely organic entities.

The metals and organic ligands in MOFs can serve as ther-
apeutic entities, alone or as part of combination therapies, and
there are numerous reports of MOFs that reliably decompose in
biological environments and release therapeutic metal ions. An
example of this is the release of Cu(II) or Fe(II/III) ions[58,128–133]

to catalyze Fenton-like and other similar redox reactions, thereby
increasing levels of cytotoxic reactive oxygen species (ROS) at
pathological sites (e.g., tumors). Other metals like Zn (in ZIF-
8 frameworks) have been used to sterilize wound sites and re-
duce inflammation by disrupting bacterial membranes and in-
hibiting nucleic acid expression.[134] Metal ions play a crucial
role in the modulation of the immune system and consequently
in the prognosis of multiple diseases.[135–137] Many recent stud-
ies have explored the use of metal and metal-containing ma-
terials in immunotherapy and combination immunotherapy, a
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concept dubbed metalloimmunotherapy. Metals have already
been used in vivo to activate immune responses and boost ther-
apeutic outcomes. For example, Mn, a known adjuvant, acts as a
damage-associated molecular pattern (DAMP), and it is com-
monly explored as a STING pathway activator, promoting
interferon I production for improved antitumor immune
response.[119,138] Other metals (such as Zn, Mg or Al) impact spe-
cific and non-specific immune responses, including T cell de-
velopment and activation.[127,136,139,140] The chemical versatility of
MOFs can tailor metal-induced immune system pathways, which
can be exploited to generate therapeutic benefits.[141] Fe-MOFs
such as MIL-100(Fe) have been used to induce Fe-mediated
immunogenic cell-death pathways like ferroptosis or pyropto-
sis, which can boost responses to immunotherapy.[81] Therefore,
MOFs can be exploited as a platform for metalloimmunotherapy,
including in combination therapy (e.g., adjuvant metals can be
embedded in the framework and active therapeutic agents such
as gases loaded within).

In addition to directly acting as a therapeutic entity them-
selves, MOFs can mediate and amplify the therapeutic responses
of other treatments, for example by acting as radiosensitizing
agents. Metals such as Hf (as in Hensify),[121] have proven
to be excellent radiation therapy enhancers, and consequently
Hf-MOFs (e.g., Hf-BPY-Fe,[131] Hf6-DBA,[142] and Hf12-DBA)[142]

have been preclinically and clinically evaluated in tandem with
radio- and radio-dynamic therapy. Many studies have shown how
MOF structures can be used to mediate photodynamic therapy
(PDT, which uses a light-activated drug that in the presence of
O2 produces ROS). Porphyrin-based MOFs have been extensively
explored for PDT because porphyrin is a photosensitizer that can
be used as the organic linker of the MOF (often also loaded with
other therapeutic agents).[143,144]

Finally, MOFs have also been thoroughly investigated for imag-
ing using imaging-active metals or ligands. Fe-based MOFs
have, for instance, been used in magnetic resonance imag-
ing (MRI),[130,145–147] and UiO-66(Zr) has been used as a radi-
ation source for in vivo positron emission tomography (PET)
by labeling the MOF structure with 89Zr.[148] While substan-
tial research has been carried out for both diagnostic and
theranostic purposes, the translational success rate of MOFs
or any other nanoparticle as diagnostic agents has thus far
been scarce, often because of the availability, clinical feasibil-
ity, and cost-effectiveness of other existing imaging probes and
protocols.[149–151]

Collectively, MOFs have been highly exploited for drug deliv-
ery, largely because their structures have the capacity to encap-
sulate a wide variety of different compounds within their pores.
However, their metallic nature can increase toxicity[152] and de-
crease tolerability compared to other more conventional drug de-
livery systems in clinical use such as liposomes, lipid nanopar-
ticles, or hydrogels, which are constituted of biomolecules (e.g.,
lipids and cholesterol) or of other materials already proven to be
biocompatible (e.g., PLGA polymers). Toxicity, production diffi-
culties, and colloidal/drug stability issues, further discussed in
Section 4, are some of the challenges that make it difficult for
these materials to compete against clinically approved carrier
materials;[153–155] thereby widening the translational gap and nar-
rowing the market niche for MOFs in drug delivery. Instead,

emphasizing (pre)clinical work that exploits the unique prop-
erties of MOFs and MOF-based chemistry may reveal opportu-
nities beyond what is offered by other (nano)materials. Thus,
works that focus on leveraging the porosity and active nature of
MOFs (alone and/or integrated into other materials to potenti-
ate their properties) for gas delivery, detoxification applications,
direct (immuno)therapy, and even non-systemic/local (biomacro-
molecule) delivery, hold increased translational potential, as well
as opportunities to find niches in the market gaps left by current
(nano)materials and treatment strategies.

3. Metal–Organic Framework Formulation and
Therapeutic Applications

With an understanding of the intrinsic functionalities that make
MOFs applicable as (nano-)medicinal platforms, they have conse-
quently seen significant preclinical development. Building upon
these functionalities, we explore in this section the biomedical
application of MOFs with a focus on post-synthetic modifications
and the formulation methods to make their administration possi-
ble. We then provide an overview of the main medical indications
and contexts for which MOFs have been therapeutically assessed,
thus far, mostly preclinically (Figure 3).

3.1. Post-Synthetic Modifications, Formulation and
Administration

Translation of (nano)therapeutics requires control over the re-
producibility, stability, administrability and safety of the formu-
lation, while also ensuring improved efficacy (often by reaching
and engaging with the key target(s)).[156] In addition, the metal-
lic structure and active nature of MOFs can result in strong in-
teractions with biological systems such as serum proteins,[157]

the immune system and tissues. Furthermore, their stability and
properties can be altered by physiological conditions such as
changes in pH, temperature and presence of ions and compet-
itive (bio)molecules with coordinating capacity.[152,157] Therefore,
control over these parameters and over the interactions at the
material-biological interface are key to maximize therapeutic per-
formance and streamline pharmaceutical development.[158]

While there have been many different MOF structures re-
ported, their translational success is limited by the complica-
tions encountered when transforming lab-scale crystalline pow-
ders into administrable formulations. MOFs in biomedical re-
search have been mostly formulated at the nanoscale (nanopar-
ticles) with varying compositions, particle and pore sizes, to
which different functionalities can be embedded to tailor physic-
ochemical and pharmaceutical attributes (Figure 3a). In some
cases, MOFs have also been added onto or integrated into
other (nano)materials in order to achieve synergistic perfor-
mances by exploiting the properties of both. For example, cen-
tral nervous system (CNS)-directed antioxidant CeO2 nanopar-
ticles were coated with ZIF-8(Zn) MOFs, allowing for greater
control over size, surface charge and shape, and hence prolong-
ing blood circulation and optimizing delivery upon intravenous
administration.[159] Other examples include the use of MOF coat-
ings for various medical implants such as stents[160] and bone
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Figure 3. Metal–organic framework formulation, administration, and therapeutic applications. a) Metal–organic framework (MOF) formulation and
post-synthetic strategies used to enable and enhance preclinical and clinical application of MOFs. b) Main routes of administration of MOF formulations,
the major formulation requirements for each form of administration and examples of MOFs that have been shown to be compatible with each route.
c) Four of the most common therapeutic applications of MOFs showing different treatment approaches and how the intrinsic functionalities of MOFs
are applied for that indication. Microscopy images for gel/emulsion and surface-embedding (panel 3a) were reproduced with permission (Copyright
2019, Royal Society of Chemistry;[210] and Copyright 2021, Elsevier).[211]

replacements[161] in regenerative medicine, to improve biocom-
patibility and inhibit post-implantation infection. Pushing the
boundaries of MOF application, biohybrid materials have also
been formed by constructing MOF shells around living cells,
such as red blood cells, protecting them from extreme condi-
tions and cryopreserving them.[162–164] While there are other pro-
cedures to cryopreserve cells, the possibility of achieving similar
performances with MOFs is remarkable, at least from a material
engineering perspective. In a similar vein, liposomes were encap-
sulated by ZIF-8(Zn) nano-shells, which protected the liposomes
from thermal and shear stresses. This enabled needle-free biolis-
tic vaccine delivery by firing the nanoparticles at high velocities
through the skin,[77] an application that could be useful to de-
velop safer, more accepted and more suitable global immuniza-
tion practices, especially in under-developed countries.[165]

However, in order to prepare administrable MOF formula-
tions, post-synthetic modifications that tailor the properties of
the MOF platform are often needed (Figure 3a). These modifi-
cations can include surface conjugation, embedding or encapsu-

lating the MOF in protective materials and even loading them
into living microorganisms. In addition, some of these modifi-
cations have been used to address compatibility issues, improve
pharmaceutical properties (e.g., loading of active pharmaceutical
ingredients), increase long-term stability, enable administration
and/or enhance biological targeting, among others.

a) Biocompatibility and (bio)stability. The external surface of
nanoparticles (including nano-MOFs) plays a large role in de-
termining their biological interactions, and therefore influences
the final pharmacokinetic and pharmacodynamic properties.[166]

For example, Fe-MOFs based on MIL-101 family have been
shown to readily hydrolyze, often making them unstable in
biological conditions without modification.[167,168] Thus, MOFs
are usually coated with another material, typically biomolecules
like lipids[81,169] (e.g., DOPC) and biocompatible polymers (e.g.,
polyethylene glycol (PEG)), to increase biocompatibility and
biostability. PEG and other alternative (stealth) polymers (e.g.,
polyoxazoline)[170] are commonly used to modify the surface of
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the nanoparticles, enabling superior water solubility, decreased
protein adsorption[171] and thus reduced clearance by circulating
immune cells (i.e., longer circulation time). Likewise, several
groups have explored PEGylation with MOFs, improving
physicochemical and colloidal stability, preventing
aggregation[172] and providing further sites for additional
functionalization (e.g., with targeting ligands).[147] Integration of
MOFs into other materials has also achieved similar outcomes,
as illustrated by a study where a HKUST-1(Cu)-based wound-
dressing was developed by embedding MOF nanoparticles into
a PEG-coated isopropylacrylamide-based hydrogel to control the
release of Cu(II) ions. This allowed for greater stability within
the wound, reducing toxicity and improving wound closure over
free MOF particles.[173]

b) Drug formulation/payload control. MOFs can also be
coated with different polymers[12,147] (including hydrogels) and
lipids[169,174] to improve the loading efficiency of the payload and
its retention in the framework. For example, ZIF-8(Zn) particles
were coated with polyethyleneimine (PEI) to increase the load-
ing of plasmid DNA, while also enabling pH sensitive release.[175]

This coating was demonstrated to significantly increase plasmid
expression and transfection efficiency due to improved cell up-
take and endosomal escape. Meanwhile, a nucleic acid-based
hydrogel was used to control the release of doxorubicin from
UiO-68(Zr). The hydrogel included an ATP-responsive aptamer
which caused MOF degradation upon ATP exposure, liberating
doxorubicin.[79] Lipid coatings have been used to cap drug-loaded
MOFs, reducing passive drug leakage[176] and allowing for trig-
gered release of the drug payload under endogenous and exoge-
nous stimuli such as pH and ultrasound.[177] Lipid coatings de-
rived from cells (including exosomes) have similarly been applied
to cap MOFs and control the release of the loaded cargo,[169] al-
though these incur additional translational barriers such as up-
scaling limitations, more complex manufacturing, and purifica-
tion over synthetic lipid coatings.[178]

c) Administration. Formulation and post-synthetic modifica-
tions of MOFs are also used to enable their administration
through different routes. The route of administration determines
the barriers and interfaces that a therapeutic agent will encounter
en route to the target,[158] with MOFs being explored for, e.g., intra-
venous, subcutaneous, oral, nasal, and dermal administration[10]

(Figure 3b and Table 1). Thus, various strategies have been taken
to adapt MOF micro- and nano-scale particles accordingly. The
physicochemical properties of the particles play a strong role in
determining their administrability through any given route.[154]

For inhaled nanoparticles, it has been previously demonstrated
that particle sizes below 1 μm achieve superior alveolar deposi-
tion, while sub-20 nm particles tend to rapidly enter the blood
stream rather than be retained in the lung tissue.[179] For oral
administration, nanoparticle uptake and transport across the in-
testinal cells was improved as particle size decreased (1 μm –
50 nm).[180] Similarly, in subcutaneous and transdermal admin-
istration smaller nanoparticles (≈25 nm) tended to travel more
efficiently from the injection site compared to larger particles
(≈100 nm).[181] Once in circulation, size also impacts the biodis-
tribution and tissue uptake of the nanoparticles, with particles be-
low 5–10 nm size showing clearance by the kidneys, and larger

particles (> 200 nm) being predominantly accumulated in the
liver, spleen and lungs.[154,182] Therefore, nanoparticles around
100 nm have been found to exhibit longer circulation times and
increased specific tissue accumulation, particularly when the en-
hanced permeability and retention (EPR) effect can be exploited.
Despite being highly heterogenous,[183] this phenomenon has
been generally found to occur in inflamed (pathological) tissues,
such as tumors, where the increased vascular leakiness and im-
paired lymphatic drainage result in an increased nanoparticle ac-
cumulation and retention. Other physicochemical properties like
shape have also been shown to be a critical factor in biodistribu-
tion, with non-spherical particles being found to tumble in cir-
culation, thereby increasing the interaction with the vessel walls
and improving extravasation into the tissue. Likewise, nanopar-
ticle surface charge modulates the interaction with bloodstream
proteins and circulating cells. As a general trend, nanoparticles
with neutral or slightly negative surface charge show reduced
protein interactions and are known to exhibit longer blood cir-
culation times than strongly (positively) charged particles.[184]

As described above, PEGylation is commonly used to im-
prove water solubility and is thus often employed to enable par-
enteral (e.g., intravenous or subcutaneous) administration of
MOF nanoparticles. Many nano-MOFs are intrinsically unsta-
ble in physiological conditions, where they tend to collapse into
large aggregates in biological media.[185] These aggregates can
lead to serious health risks like emboli, and as such, solubiliz-
ing coatings are critical to safe and effective systemic admin-
istration. While intravenous administration has been an exten-
sive research focus for MOFs, oral delivery is often the preferred
route due to increased patient compliance and lower invasive-
ness. It requires that the platform survives the harsh conditions
of the digestive system, including wide pH swings, enzymatic
degradation,[186] and liver filtration.[187] For example, UiO-66(Zr)
was coated with hydroxypropylmethylcellulose acetate succinate
(HPMCAS) using microfluidics to produce an orally available for-
mulation that protects the MOF core from the acidic conditions
in the stomach.[188] In other cases, pH-responsive polymer-coated
gelatin capsules or zwitterionic N-isopropylacrylamide-based hy-
droxide (NIPAM-MPDMSA) coatings were employed to protect
the MOF nanomaterial and/or ensure bioavailability upon oral
administration.[189] MOFs have also enabled long-lasting sus-
tained drug delivery systems for local application, such as the case
with the corticosteroid dexamethasone in ZIF-8(Zn).[190]

d) Biological targeting. Targeting moieties have also been
added to MOFs, allowing therapeutic entities to more selectively
direct them towards tissues that overexpress a specific marker.
This decreases off-target accumulation (and thereby toxicity) and
improves on-target dosing by increasing the number of MOF par-
ticles that reach the target site. As in other biomedical nanopar-
ticles, multiple targeting ligands have been explored with MOFs,
including folate,[66,191] hyaluronic acid,[192] mannan,[193] RGD
peptides,[194] and antibodies.[195] The benefit of actively targeting
nanoparticles by adding ligands on the surface remains contro-
versial, however. While it has found some success, particularly
in the targeting of the immune system,[196,197] it has also been
shown to promote protein corona formation or interaction with
macrophages that might result in faster clearance from the body,
and hence, does not always lead to improved therapeutic efficacy
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Table 1. Selected examples of preclinical therapeutic metal–organic frameworks for different indications.

Indication Routea) Mb) MOF Formulationc) Functiond) Refs.

Cancer IV Cu Nano-CuTz-1 Pluronic F-127 coating Gas delivery (O2), Catalysis (ROS),
Depletion (GSH), PDT

[212]

Zr Nano-PCN-224 4T1 breast cancer cell
membrane coating

Drug delivery (tirapazamine), PDT [201]

Fe Nano-MIL-101 Shewanella oneidensis
bacteria loaded

Drug delivery (Dox), Catalysis (ROS),
Depletion (lactate, P-gp)

[59]

Hf Nano-PCN-224 PEGylation Radiotherapy, PDT [172]

Zr Nano-PCN-223, Mn doped S-nitrosothiol conjugate Imaging (MRI), Gas delivery (NO), PTT [116]

Zn Nano-ZIF-8 Hyaluronic acid ligand PTT (ICG photosensitizer) [193]

Mannan targeting ligand Vaccine (imiquimod and 1-MT ICI)

Zn Nano-ZIF-8 HeLa cervical cancer cell
coating

Protein delivery (catalase), PDT
(phthalocyanine photosensitizer)

[252]

SC Zn Nano-ZIF-8 – Vaccine (ovalbumin antigen, CpG ODN) [219]

IT Hf Nano-di(p-benzoato)
aniline

– Radiotherapy, Immunotherapy (ICD) [142]

Hf Nano-PCN-222 – Radiotherapy, Immunotherapy (epacadostat
ICI)

[218]

Nano-tetra(p-
benzoato)porphyrin

– Radiotherapy, Immunotherapy (ICD)

Hf Nano-di(4-benzoato)-
bipyridine

Ir doped Radiotherapy, Immunotherapy (ICD),
Vaccine (adjuvant)

[253]

Microbial Diseases IV Fe Nano-MIL-100 Pluronic-127 coating Drug delivery (3-azido-D-alanine) [227]

Topical Zn Nano-ZIF-8 Carbonized MOF, Ag
nanoparticle coating

PTT, Antimicrobial metal
(Zn2+, Ag+)

[225]

IP Zn Nano-ZIF-8 Hyaluronic acid ligand Tetracycline [192]

(in vitro) Ni Micro-MOF-74 MOF embedded in
polyurethane film

Gas delivery (NO) [229]

Implant Mg, Zn MOF-74 MOF-coated Ti implant Bone regeneration, Antimicrobial metal
(Zn2+, Mg2+)

[228]

Tissue/Bone Injury Implant Zn Nano-ZIF-8 MOF embedded in
PCL-dicalcium phosphate

dihydrate scaffold

Bone regeneration [237]

Topical/Transdermal Cu Nano-HKUST-1 MOF embedded in PPCN
hydrogel

Diabetic wound healing (Cu2+) [173]

Implant Cu Nano-HKUST-1 Polydopamine coating,
MOF-coated Ti stent

Anti-thrombosis, Anti-restenosis [160]

SC V Nano-MIL-47 – Catalysis (H2O2 reduction),
Anti-inflammatory

[230]

Inflammation Oral Zr Nano-UiO-66 HPMCAS polymer coating Gas scavenging (H2S), Imaging
(fluorescence)

[188]

Fe Nano-MIL-101-NH2 Gelatin capsule,
NIPAM-MPDMSA
Hydrogel coating

Protein delivery (exendin-4) [189]

Diabetes SC Zn Nano-ZIF-8 – Protein (insulin and GOx) [247]

Oral Fe Nano-MIL-100 SDS ligand, mPEG-PLLA
microsphere loaded

Protein (insulin) [246]

Cardiovascular
Diseases

IV Zn Nano-ZIF-8 Carbon nanosphere loaded,
RGD ligand

PTT, PDT (thrombolysis) [194]

CNS Diseases IV Zn Nano-ZIF-8 MOF-coated CeO2

nanoparticles
Antioxidant, neuroprotection (ischemic

stroke)
[159]

Pulmonary Diseases Nasal Zr Nano-UiO-66 – Drug delivery (dexamethasone and
rhodamine B)

[249]

(Continued)

Adv. Funct. Mater. 2023, 2308589 2308589 (9 of 22) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH



www.advancedsciencenews.com www.afm-journal.de

Table 1. (Continued).

Indication Routea) Mb) MOF Formulationc) Functiond) Refs.

Other Oral Fe MIL-127 – Overdose detoxification (aspirin) [38]

SC Zn Nano-ZIF-8 MOF-coated tobacco mosaic
virus

Viral vector (vaccination) [254]

SC Zn ZIF-8 MOF-coated bacteria Whole-cell bacteria (vaccination against
Urinary Tract Infection)

[251]

a)
Abbreviations: SC – Subcutaneous; IT – Intratumoral; IV – Intravenous; IP – intraperitoneal;

b)
M refers to metal;

c)
Abbreviations: PCL – Polycaprolactone; PPCN –

Poly-(polyethylene glycol citrate-co-N-isopropylacrylamide); HPMCAS – Hydroxypropylmethylcellulose acetate succinate; NIPAM – N-isopropylacrylamide; MPDMSA – [3-
(methacryloylamino)propyl]dimethyl(3-sulfopropyl)ammonium hydroxide; SDS – Sodium dodecyl sulfate; mPEG-PLLA – Methoxy poly(ethylene glycol)-block-poly(L-lactide);
RGD – Arginylglycylaspartic acid;

d)
Abbreviations: 1-MT – 1-Methyl Tryptophan; CpG ODN – CpG Oligodeoxynucleotide; Dox – Doxorubicin; P-gp – P-glycoprotein 1; GOx –

Glucose Oxidase; GSH – Glutathione; ICD – Immunogenic Cell Death; ICG – Indocyanine Green; ICI – Immune Checkpoint Inhibitor; MRI – Magnetic Resonance Imaging;
NO – Nitric Oxide; PDT – Photodynamic Therapy; PTT – Photothermal Therapy; ROS – Reactive Oxygen Species.

(as is the case of active tumor targeting strategies).[198–200] There-
fore, the addition of targeting ligands requires careful consider-
ation of the intended target and the potential side interactions.
Finally, biological coatings have also been explored for targeting
purposes, such as cancer cell membranes, taking advantage of
the natural biocompatibility of lipids and the specific tropisms
of the biological coating to increase stability, circulation time
and cancer cell specificity. Examples of this include 4T1 breast
and HeLa cervical cancer cells[201] or dental pulp mesenchymal
stem cells,[202] where the targeting moieties naturally expressed
by the cancer cells trafficked cell membrane-coated MOFs to-
wards other cancer cells while also inhibiting uptake by circu-
lating immune cells. Interestingly, doxorubicin-containing MIL-
101(Fe) nanoparticles were stably loaded into the bacteria She-
wanella oneidensis to exploit its tumor tropism and metabolism.
The bacterial metabolism of lactate triggered the degradation of
the scaffold in the tumor, resulting in release of the drug doxoru-
bicin, combined with the oxidative stress induced by the Fe(II)
ions generated upon reduction of the Fe(III) of the MOF.[59]

3.2. Medical Indications for Therapeutic Metal–Organic
Frameworks

MOFs and their properties have been explored for several med-
ical indications, particularly cancer and microbial infections
(as shown in Figure 1). Many platforms have entered preclin-
ical (and very few clinical) development, with an emphasis on
nanoscale MOFs for therapeutic and diagnostic applications.[11]

While MOFs hold potential for therapeutic applications, diag-
nostic nanoparticles, including nano-MOFs, face several chal-
lenges in clinical translation due to stiff competition from tra-
ditional probes and methods that are already available.[13,203]

Yet, MOFs have shown promise for biosensing purposes.[204,205]

Various molecules (mostly gases) have been detected using
MOFs, including acetone vapors,[206] oxygen gas,[207] and hydro-
gen sulfide,[208] as have biologics like miRNA.[209] By modulating
the electronic properties of the structure, MOFs can enhance an-
alyte adsorption affinity, pre-concentrate it, and thereby increase
sensing performance. Interactions between the substrate and any
component of the MOF (metal, ligand, or assorted functional
groups) can create or amplify signals, so alterations in the struc-
ture can tune the sensitivity to or selectivity of the analyte.[206]

In this section, we do not aim to comprehensively analyze
MOF research on every therapeutic application, but instead to
overview and illustrate some examples of the recent research
carried out with therapeutic MOFs (mostly MOF nanoparti-
cles) for some medical indications, starting with cancer (the
most widely studied disease), but also beyond (Figure 3c and
Table 1).

a) Cancer. As for nearly all nanomaterials, cancer is the most
common indication targeted by MOFs in clinical and preclinical
research. MOFs have most commonly been used as multifunc-
tional and multimodal anticancer drug (and gas) carriers while
frequently exploiting combination therapies with the intrinsic
activity of the platform, often derived from the reactivity of the
metals. The intrinsic activity of MOFs presents a distinctive fea-
ture over other nanocarriers, as exemplified by a Cu-based tria-
zolate MOF (CuTz-1) loaded with O2 gas for photodynamic ther-
apy (PDT). Under near-infrared (NIR) light, the MOF triggered
the formation of toxic reactive oxygen species (ROS), killing can-
cer cells through oxidative stress. Additionally, the MOF adsorbed
the overexpressed enzyme glutathione (GSH) and alleviated tu-
mor hypoxia through O2 delivery, potentiating the effects of the
PDT.[212] In another work, camptothecin-loaded Zr-TCCP MOF
was coated onto Au nanorods. The Au nanorods acted as a pho-
tosensitizer to enable localized tissue heating, called photother-
mal therapy (PTT), combined with MOF-catalyzed PDT and con-
trolled release of the chemotherapeutic under NIR light.[213] Sim-
ilarly, the enzymes glucose oxidase (GOx) and catalase were deliv-
ered in combination with PDT, enhanced by the intrinsic photo-
sensitizing effect of the PCN-224(Zr) MOF, generating ROS over-
load and starving the tumor of glucose.[214] PTT was used also as
a trigger along with its therapeutic effect, to induce the release
of NO gas from PCN-223(Zr/Mn) loaded with the heat-sensitive
NO-donor S-nitrosothiol.[116] The active gas potentiated the anti-
tumor effects of the PTT in vivo. Overall, these works show that
much attention has been focused on MOFs as multifunctional
phototherapy systems, in no small part due to the effectiveness
of phototherapies in vitro and in vivo animal models. However,
besides the increased engineering complexity of the system, cau-
tion should be taken regarding their translational value as, while
light penetrates with sufficient energy to stimulate phototherapy
in small animal models such as mice, it is much less effective
(and more challenging) in large systems like the human body,
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where there is a much greater mass of tissue that hinders effec-
tive light penetration.[215]

Immunotherapy has become a cornerstone of modern cancer
therapy, and MOFs have also been developed to potentiate
(chemo-)immunotherapy.[142,216–218] For example, a model
cancer antigen, ovalbumin, was co-loaded with cytosine-
phosphate-guanine oligodeoxynucleotide (CpG ODN) TLR9
agonist in a ZIF-8(Zn) MOF to produce a cancer vaccine.[219]

As previously discussed in Section 2d, metalloimmunotherapy
approaches have also been recently exploited, for example, in
an Fe-based dithiodiglycolic acid MOF loaded with doxorubicin
and glucose oxidase (GOx). Fe(II) ions from the MOF catalyzed
ROS generation, amplified by glutathione depletion and GOx,
and induced ferroptosis in cancer cells, which, combined with
the doxorubicin-induced immunogenic cell death (ICD), lead
to a strong anticancer immune response.[220] In another study,
a complex dual MOF platform injected a tumor-targeted and
dye-loaded ZIF-8(Zn) for PTT, which induced ICD and generated
damage-associated molecular patterns (DAMPs), boosting im-
mune responses.[193] This was followed by a second injection of
a dendritic cell targeted ZIF-8(Zn) that was loaded with the adju-
vant imiquimod and 1-methyl-D-tryptophan (1-MT), an inhibitor
of the immune checkpoint indoleamine 2,3-dioxygenase (IDO),
to stimulate a robust immune response against the previously
generated DAMPs. Similarly, a mesoporous silica nanoparticle
was coated with ZIF-8(Zn) and co-loaded with the tumor antigen
ovalbumin and polyinosinic-polycytidylic acid as an adjuvant.
The MOF acted to control the release of the payload and increase
delivery to antigen presenting cells and the lymph nodes. The re-
sulting platform boosted chemo-immunotherapeutic outcomes
upon combination with PD-1 checkpoint inhibition.[216]

One of the most notable MOF works in cancer therapy is
the development of MOFs for radiosensitization and cancer im-
munotherapy. Leveraging the radiation-enhancing properties of
Hf, Hf-based MOFs are used to absorb low dose X-rays and
then generate ROS and O2, potentiating the oxidative damage
to DNA caused by the X-rays. Notably, the MOF is not used
for drug-loading, but for its intrinsic properties as a therapeutic
instead. This also solves the key issue with phototherapies de-
scribed above, as high-energy radiation does not suffer the same
attenuation when passing through human tissue, allowing for
much greater penetration in the body. This Hf-MOF was com-
bined with immune checkpoint inhibitors to exploit the produc-
tion of immunogenic DAMPs from the initial radiotherapy and
potentiate antitumor efficacy. This (or an equivalent) Hf-MOF
platform is, to the best of our knowledge, the only known MOF
to proceed beyond preclinical development into Phase 1 clinical
trials (NCT03444714 and NCT05838729), under the name RiMO-
301.[221,222]

b) Non-cancer. Beyond cancer, MOFs have been explored as
therapeutics to treat several other indications including i) micro-
bial diseases, ii) inflammation, iii) bone and tissue injury, iv) dia-
betes and v) other diseases; with microbial diseases being among
the most popular non-cancer indications, as shown previously
in Figure 1. In the following, we illustrate the potential versa-
tility of MOFs, particularly the intrinsic properties highlighted
in Section 2, being applied to a wide range of different medical
conditions.

i) Microbial Diseases. In this area, MOFs have also been primar-
ily used as drug delivery systems. For example, ZIF-8(Zn) was
used to control the delivery of ceftazidime for therapy against
gram-negative bacteria.[223] However, metals and metal-based
compounds are increasingly gaining relevance as potent antimi-
crobial agents.[124,224] Hence, a Ag-doped carbonized ZIF-8(Zn)
MOF was used in phototherapy and light-stimulated release of
bactericidal Zn(II) and Ag(I) ions.[225] Another formulation in-
stead aimed to starve bacteria of glucose and induce toxic oxida-
tive stress by delivering the enzyme glucose oxidase via Cu(II)-
doped ZIF-8(Zn). The enzyme consumed glucose to produce
H2O2, which was then converted to toxic ROS via Cu(II) cat-
alyzed Fenton-like reactions, killing the bacteria.[226] Compared
to other nanoparticles, MOFs can be more readily engineered
for phototherapies like PTT or PDT, therapies also explored for
the treatment of cancer. One particularly intricate system loaded
MIL-100(Fe) MOFs with 3-azido-d-alanine, which was taken up
by bacteria and expressed on their outer membrane. A photo-
sensitizing nanoparticle functionalized to bind to the exposed
3-azido-d-alanine was subsequently injected, allowing for highly
selective PDT of bacteria.[227] MOFs are also explored as antibac-
terial coatings on medical devices such as bone implants[228] or
catheters,[229] as illustrated by a hybrid Mg/Zn MOF-74 that was
coated onto the Ti-surface of a bone implant to prevent bacte-
rial infection and promote new bone formation. Under the acidic
conditions produced by the bacteria, the MOF layer degraded into
free metal ions, which enhanced osteogenesis, and into the or-
ganic ligand 2,5-dihydroxyterephthalic acid, which raised local
pH to levels that are toxic for bacteria.[228]

ii) Inflammation. MOFs have also seen considerable devel-
opment in inflammatory diseases such as neuron damage af-
ter ischemic stroke, mostly by taking advantage of the redox
and catalytic activity of the metal and linkers. For instance, a
ZIF-8(Zn) MOF was used to cap CeO2 nanoparticles, provid-
ing not only enhanced physicochemical properties and penetra-
tion across the blood brain barrier but also enhanced therapeutic
benefit. The degradation products of the MOFs acted synergis-
tically with CeO2 to scavenge ROS and suppress inflammation
in brain tissue after an ischemic stroke.[159] Another study found
that MIL-47(V) derivatives could be used as a replacement for the
enzyme glutathione peroxidase to suppress harmful ROS such
as H2O2, thereby alleviating inflammation.[230] This approach
was also taken with Pt nanoparticle-functionalized PCN222(Mn)
for ulcerative colitis and Crohn’s disease, using the superox-
ide dismutase-like activity of Mn(II) and the catalase-like activ-
ity of the Pt nanoparticles to scavenge ROS.[231] Early preclinical
work has also been done on using MOFs for enzyme delivery or
replacement. An example was already discussed previously for
GSH replacement as part of cancer treatment;[212] however, other
examples include PCN-333(Al) as a platform for enzyme (super-
oxide dismutase and catalase) delivery to treat inflammation[232]

where the MOFs notably enhanced uptake of the enzyme com-
pared to the free protein.

iii) Bone and Tissue Injury. In the field of regenerative medicine,
again, the role of metal ions interacting with biological pro-
cesses is essential, along with the high porosity of MOFs, both
of which enhance cell engagement.[233] MOFs are frequently
studied as coatings for bone implants, both to prevent post-
implantation infection[228] and to promote osteointegration and
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tissue regeneration.[234] Ti-bone implants were also modified
with ZIF-8(Zn) MOFs and loaded with the corticosteroid dex-
amethasone, forming a long-release drug depot that promoted
osteointegration,[190] while further modifications with hyaluronic
acid prolonged drug release to four weeks.[235] Likewise, a
ZIF-8(Zn) MOF-reinforced PLLA scaffold was designed to pro-
mote bone regeneration.[236] It was found that cell proliferation
and maturation were enhanced by the scaffold due to its high
porosity and the release of Zn(II) ions as it was degraded. Simi-
lar results were also reported with another ZIF-8(Zn) coated poly-
mer scaffold,[237] while other groups have reported MOF coatings
such as the Zn-based bio-MOF-1.[238] MOFs have also found po-
tential applications in wound healing,[239] utilizing many of the
same principles as bone regeneration. Here, HKUST-1(Cu) was
used to promote diabetic wound healing through the release of
Cu(II) ions,[173,240] stimulating critical processes such as angio-
genesis, collagen deposition, and cellular integration and migra-
tion. In this regard, Mg(II) delivery by Mg-based MOFs has been
suggested as a potentially less toxic alternative to Cu for dia-
betic wound healing. For instance, Mg-based MOF microspheres
were embedded into a hydrogel, which was then coated onto a
graphene oxide-Ag nanocomposite microneedle array.[241] When
applied dermally to the wounded tissue, the release of Mg(II) ions
promoted cellular regeneration, supported by antioxidant activ-
ity from the gallic acid linker and antimicrobial activity of the Ag
layer, while being less cytotoxic than equivalent Cu(II)-MOFs.

iv) Diabetes. Efficient protein delivery has been a long-standing
challenge in the treatment of many metabolic diseases.[242]

Presently, insulin is administered via intramuscular injections,
often performed by the patients themselves, or via implanted
(closed loop) insulin pumps. While these approaches, especially
the latter, have overcome significant obstacles in the delivery
of insulin, they still pose certain risks to patients[243] and are
less tolerable and convenient than oral formulations could be.
The robustness of MOF structures hold potential for protein
delivery,[244] and they have been shown to enable oral insulin ad-
ministration by using their porosity to load and protect biomacro-
molecules. For instance, an acid-resistant NU-1000(Zr) MOF was
loaded with insulin to create an orally available formulation of
the sensitive protein.[245] Similarly, insulin-loaded MIL-100(Fe)
was made orally available by encapsulating the MOF nanopar-
ticles in mPEG-PLLA microspheres, with the formulation be-
ing shown to enhance delivery over the free protein.[246] Alterna-
tively, MOFs could be used to improve the quality of insulin injec-
tions, as shown by a long-lasting ZIF-8(Zn) MOF that was loaded
with glucose oxidase and insulin to create a glucose-responsive
biosensing and therapy platform. The activity of glucose oxidase
induced a pH-dependent degradation of the MOF, triggering the
release of the drug to promote glucose regulation up to 72 h af-
ter injection.[247] Interestingly, glucose oxidase and insulin were
also loaded into Co-doped ZIF-8(Zn) microneedles that could
penetrate the skin and release the payload under glucose expo-
sure, allowing for prolonged diabetes management via topical
administration.[248] A similar strategy was taken with a ZIF-8(Zn)
loading a VEGF aptamer to inhibit glucose-driven angiogenesis
in the eye.[83]

v) Other Diseases. While not as deeply explored, MOFs have also
been evaluated for other indications, including drug overdose,
vaccines against infectious diseases, and respiratory and car-

diovascular diseases. MIL-127(Ti) MOFs were used to scavenge
acetylsalicylic acid from blood[38] in drug overdose, and an inhal-
able UiO-66(Zr) MOF formulation was explored for pulmonary
diseases, delivering the corticosteroid dexamethasone.[249] UiO-
66(Zr) MOFs demonstrated prolonged localization in the lungs,
and interestingly, it was shown that linker defects could be used
to control the aerodynamic size of the MOFs but did not af-
fect drug delivery performance. Other groups have also worked
on NO delivery in various diseases, studying direct gas storage
and delivery in HKUST-1(Cu) to inhibit platelet aggregation.[250]

Recently, MOFs have also shown preclinical promise as adju-
vants in vaccine formulations, putatively by better preserving
antigen structure and providing a slow-release depot, which pro-
motes B-cell development in the local lymph nodes. In one ex-
ample, ZIF-8(Zn) was biomimetically grown over the surface of
the uropathogenic E. coli bacteria.[251] This MOF coating served
the dual purpose of protecting the surface antigens of the bacte-
ria from denaturation while also inactivating it, making it safe
for vaccine use. The ZIF-coated bacteria formulation resulted
in a significant increase of antigen-specific antibody production,
specifically IgG, and protected 90% of the mice against a lethal
sepsis challenge. In comparison, traditional, heat-inactivated or
formalin-fixed whole-cell bacteria formulations showed only 0–
10% of protection. In cardiovascular therapy, a nanoparticle
HKUST-1(Cu) was coated with a polydopamine matrix, allowing
it to be bound onto the Ti-surface of cardiovascular stents, pre-
venting restenosis by releasing Cu(II) ions during degradation
and catalyzing NO gas generation[160] from local NO-donor bio-
logical species.

In summary, MOF research has been highly focused on can-
cer, particularly using the framework as a drug delivery sys-
tem. However, MOFs and MOF-nanoparticle formulations face
strong competition from other already approved drug deliv-
ery materials[255] with proven safety and therapeutic benefit.
Many MOF formulations under preclinical investigation are en-
gineered to be multifunctional, multimodal therapeutics aiming
to combine multiple properties in one scaffold to achieve syner-
gistic therapeutic effects. However, these often lead to the need
for complex materials, thereby increasing the cost and risk to
develop the platform, including larger and more costly preclin-
ical testing to convincingly demonstrate the added value over the
standard-of-care. By comparison, and to the best of our knowl-
edge, only one MOF platform has entered clinical trials, the Hf-
MOF RiMO-301 for cancer radio-immunotherapy. This MOF is
not used for drug delivery but rather exploits the intrinsic re-
activity of the framework. Indeed, platforms that can potentiate
(metallo-)immunotherapies and rational combination therapies
(particularly in synergy with therapeutic gases or protein deple-
tion/replacement) can provide a unique value over other existing
biomedical (nano)materials.

Additionally, much like cancer, the translational potential of
MOFs as drug carriers in other diseases is limited because of the
existence of other established and approved delivery systems. In-
stead, using metals for tissue regeneration and to combat antimi-
crobial resistance has become increasingly relevant,[124] and are
potential niches for both nano-MOFs and MOF-containing (im-
plantable) medical devices. MOFs may even find a niche in the
delivery of large macromolecules such as proteins, particularly
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Figure 4. Challenges in metal-organic framework pharmaceutical development and clinical translation. The perspective on metal–organic frameworks
(MOFs) in biomedicine and the translational challenges that remain. MOFs hold promise in niche areas where their properties have the potential
to allow them to outperform current therapeutic materials; most notably for gas delivery, detoxification purposes and as active (immuno)therapeutic
entities. However, MOF-based materials face considerable difficulty in attracting interest from stakeholders outside of academia, such as clinicians
and the pharmaceutical industry. This is, in part, due to strong competition from currently used biomedical materials, but also due to the lack of
rigorous preclinical data, challenging manufacturing protocols, and non-standardized characterization and quality control. Addressing these challenges
is expected to help drive MOFs across the bench-to-bedside gap in the right indications.

through non-parenteral routes of administration. Similarly, while
diabetes is usually treated with already approved insulin formula-
tions and dietary and lifestyle management, the treatment of dia-
betic wound healing[256] remains underserved by current technol-
ogy, demanding innovative solutions that can address this high
medical need. Even in tissue regeneration, MOFs see strong com-
petition from hydrogel wound dressings[257] and various regen-
erative scaffolds.[258] However, synergistic properties could arise
from combining these materials with MOFs, albeit taking into ac-
count the associated production challenges and increased costs
of complex pharmaceuticals. Finally, exploiting MOFs to make
formulations that can be administered via more convenient and
less burdensome routes, such as oral or nasal, could increase the
value and attractiveness of MOF-based platforms to stakehold-
ers. In this context, MOF-based drug delivery systems have been
further expanded into long-lasting, local drug depots designed
to sustain clinically relevant levels of therapeutics. Such systems
may enable more effective and patient-friendly therapy, requiring
fewer hospital visits.[259]

4. Challenges and Translational Barriers of
Metal–Organic Frameworks

As discussed above, MOFs have the potential to find a market
niche and distinguish themselves from their competitors, es-
pecially when exploiting their intrinsic and more unique fea-
tures such as porosity and framework reactivity. However, their
design, production, and translation still face several challenges
(Figure 4).[260] In recent years, significant strides have been
made in MOF design and property control, including the de-
velopment of simpler and more robust synthetic and char-
acterization methods,[261,262] improved drug loading strategies,
and post-synthetic modifications to process MOFs for medici-
nal applications. While research efforts devoted to the design
and synthesis of such (complex) multifunctional systems have
provided valuable knowledge for fundamental reticular (nano-
)chemistry[263,264] and biomedical engineering, there is a risk of
overfocusing on the chemical and materials science aspects and,

hence, ignoring practical concerns related to market, disease
pathology, and patient needs.

a) Low clinical and/or pharmaceutical interest. One of the first
aspects to consider when developing any therapeutic/diagnostic
material, including MOFs, is to identify the medical, societal,
and economic value over currently available solutions for the
same medical indication (i.e., potential competitors). Porous
materials, coordination polymers, and particularly MOFs are
highly attractive from a chemical and material science per-
spective, and they have already been shown as useful in-
dustrial solutions for applications such as gas storage, catal-
ysis, and water harvesting.[17,265–268] MOFs belong to a rela-
tively young field of research and have yet to demonstrate
a clear medical benefit over approved materials, so clinicians
and pharmaceutical partners are hesitant to invest in their
development.

Many justifications exist for this apparently low pharmaceu-
tical and clinical interest, including sub-optimal preclinical de-
sign and unrealistic target applications. As evidenced by the pub-
lication numbers (Figure 1), a significant proportion of MOF re-
search has focused on their use as drug delivery systems and of-
ten as multimodal, multifunctional all-in-one materials or com-
bined with other treatments. Beyond the increase in complex-
ity of material production (discussed in detail below), carefully
implementing the treatment regimen in routine clinical prac-
tice (both from the medical and patient perspective) is costly
and challenging.[269–271] Thus, robust and solid evidence of ther-
apeutic benefit is required to attract the interest needed for
new (and sometimes more complex) materials to be translated.
Many claim that MOFs hold great biomedical promise, espe-
cially for drug delivery, because of their “high chemical versatil-
ity, pore tunability, drug loading capacities and stimuli/controlled
drug release”. While these could definitely be valuable proper-
ties in concrete medical applications, we should first ask our-
selves whether such features are really the key attributes driv-
ing clinical translation of (nano)medicines.[155,272,273] As stated
above, to eventually use MOFs for drug delivery, these need to
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outperform (and generate higher market interest over) already
clinically used materials.[274,275] Approved formulations like the
protein-based paclitaxel nanoparticle Abraxane (cancer), the lipo-
somal doxorubicin Doxil (cancer), the mRNA-LNP based COVID-
19 vaccines Comirnaty/Spikevax (viral infections) or the liposo-
mal amphotericin B (fungal infections), to name a few, have not
been approved because of their high drug loading capacities or
high tunability, but rather because of their improved administra-
bility, safety and/or therapeutic performance over the standard of
care at the time. It is important, therefore, to identify the distinct
features of reticular porous materials, and specifically MOFs, that
hold the potential to address current medical and societal needs
and that cannot be covered by existing materials.

b) Poor clinical performance predictability. Safety, toxi-
cology, and efficacy can be only partly evaluated in pre-
clinical animal models. In addition to the poor animal-to-
human data correlation,[276–278] preclinical evaluation of many
(nano)medicinal products is mostly confined to lab-specific ex-
perimental conditions, which hinder adequate assessment of real
clinical potential. Owing to the novelty and chemical richness
of MOFs, many structures have been reported in the last years,
whose therapeutic and safety profiles have “only” been evalu-
ated in relatively simple animal models, usually immunocom-
promised or non-humanized rodents, and hardly ever against
adequate standard-of-care controls. While it is obvious that ex-
haustive assessment in multiple relevant animal models is not
realistic or feasible in early-stage research, focus on fewer, bet-
ter models along with critical and realistic claims, rather than
publication-driven overstatements, would more accurately repre-
sent the added clinical value of MOFs.

MOF toxicity. More concretely, safety is one of the pivotal as-
pects evaluated in clinical trials, specifically in phase I clinical
trials.[155] The preclinical models used to predict patient toler-
ability are still limited, and toxicological profiles of MOFs and
other materials cannot be accurately evaluated at the preclinical
stage.[279] Preclinical toxicity assessments, particularly for novel
materials, tend to be limited to a few parameters such as body
weight loss and histopathological analysis of tissue damage, typ-
ically in the liver, heart, and kidneys. Extensive histopathological
analysis at different doses and with different dosage schedules,
as well as hypersensitivity reactions and other immunological
side-effects are not commonly evaluated at early stages, which
can limit projections of human safety. Unlike approved lipid-
or polymer-based constructs, metal-containing (nano)materials
are not as inert, and they have been shown to actively engage
with different cells and proteins, resulting in ancillary effects
and unpredictable toxicity profiles.[117] While the reactive nature
of metal-based (nano)materials can be exploited to create stand-
alone therapeutics, metal/organic-biomolecule interactions can
also induce side effects, thereby lowering tolerability and com-
plicating translation. A remarkable case is the MOF ZIF-8(Zn).
Despite being wildly popular in MOF biomedical research, espe-
cially for drug delivery due to its chemical versatility and flexible
drug loading, its associated toxicity remains controversial.[152,280]

Metal–dependent cytotoxicity has been illustrated by MOF-74, in-
creasing in cytotoxicity from Co to Mg to Ni to Cu to Mn.[152]

The use of biocompatible building blocks (e.g., in bio-MOFs)
can partly contribute to decreased toxicity after framework degra-

dation, although materials constituted by biologically-friendly
components can still trigger undesired long-term (immune) re-
sponses (as, e.g., PEGylation does).[281] Additionally, other fac-
tors such as topology, phase, crystallinity, particle size, pore size,
external coating, and many other physicochemical and formula-
tion parameters have proven crucial to defining the interaction
of these materials with the body, including their tolerability in
humans.[152]

c) Upscaling and manufacturing issues. Establishing optimal
large-scale production and manufacturing protocols that ensure
control over batch-to-batch reproducibility is key to pharmaceu-
tical development. This is particularly true for MOFs, whose
properties are strongly linked to their structure, crystallinity, and
physicochemical attributes. Procedures to scale-up MOF synthe-
sis are still being optimized, and although there are some pro-
tocols explored for other applications,[282–284] methods developed
to date for biomedical MOFs are still expensive and tend to result
in MOF amorphization, loss of functionality, and physiological
instability.[167,168] Maximizing processability while ensuring op-
timal performance requires technology and manufacturing pro-
tocols that integrate both bottom-up and top-down strategies.[285]

Several fabrication methods, such as laser writing,[286] have been
developed in recent years, but they are still sub-optimal and have
limited applicability. More recently, significant improvements
have also been made regarding continuous production of MOFs
using micro- and milli-fluidic platforms,[287–289] enhancing con-
trol over batch-to-batch reproducibility and, therefore, over their
properties.

In addition to manufacturing issues, translating optimized
protocols to industrial scales is another key challenge.[290,291] The
economics of MOF manufacturing is another important con-
sideration for their commercialization, and is primarily driven
by the cost of raw materials as well as the complexity and
duration of synthesis. The manufacturing scale is also a ma-
jor concern. Larger scale production generally reduces the cost
per unit weight, while the comparatively small quantities de-
manded by medical applications are likely to raise the cost per
kg considerably.[290] Most of the optimized lab-scale synthetic
protocols do not account for production time, cost, or environ-
mental and safety risks, instead prioritizing high yield and crys-
tallinity. Consequently, established lab-scale procedures can in-
clude the use of solvents (e.g., hydrocarbons or amide-based like
N,N-dimethylformamide, DMF), as well as reaction conditions
(e.g., high pressure and/or temperature) that pose safety, pro-
duction, economic, and regulatory limitations at larger-scales. Ef-
forts to establish scalable synthetic protocols (e.g., with “safer”
solvents) without significantly reducing product quality should
be more seriously considered at early research stages.[292]

MOF (in)stability. Notably, instability is a prevalent issue for
many MOF structures, not only in manufacturing/long-term
storage but also physiologically.[293] Controlling MOF disintegra-
tion and release of metals and/or organic ligands could pro-
vide beneficial therapeutic effects, but the lack of stability control
is often a key obstacle in pharmaceutical development. A rele-
vant example is the MIL-101 MOF family, in which some of the
Fe-based MOFs tend to be chemically and colloidally unstable
and, therefore, require functionalization to be used in physiolog-
ical conditions.[294] In other cases, different MOF structures and
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metals have shown pH-dependent stability (e.g., ZIF-8(Zn) is
unstable below pH 6, while UiO-66(Zr) is stable, even be-
low pH 4).[152] Formulating MOF-based (nano)medicines en-
tails more than accurately controlling and customizing the
framework structure (with/without the drug), but rather also
preparing them for manufacturing and administration. As
with many other drug formulations, using excipients to in-
crease colloidal stability and preserve their properties for long-
term storage, and/or to enable administration (e.g., increase
water solubility and reduce local injection toxicity) is often
needed.[295] Particularly for MOFs, structural and colloidal in-
stability is usually addressed via post-synthetic modifications
such as external functionalization and/or coating with lipids
and polymers.[147,296] These minimize aggregation and side re-
actions such as blood vessel clogging upon injection. How-
ever, it is important to note that all these post-synthetic and
formulation processing steps increase material complexity, and
thus production risks, safety risks, and costs, indirectly decreas-
ing the appetite of industry partners. Careful choice of such mod-
ifications at early stages can minimize risks in subsequent phar-
maceutical and translational phases.[297]

d) Lack of standardized synthetic and characterization pro-
tocols. Most synthetic procedures are tailored for each specific
MOF structure, size and topology. Hence, developing and op-
timizing more robust and translatable (green) synthesis proto-
cols in mild conditions can substantially facilitate transferring
them into large-scale production. Additionally, the lack of stan-
dardized protocols, which results from the fast-growing research
interest and endeavors in the multidisciplinary field of MOFs,
has also led to a high diversity of characterization methods and
has complicated data standardization, trend analysis, and even-
tual structure-property-performance correlations. Implementing
synthetic characterization standards and guidelines[261] will make
the data more robust, improve lab-to-lab reproducibility, and in-
crease value of published data, which collectively promote more
efficient and realistic assessment of technological and pharma-
ceutical potential. Besides establishing general guidelines for
MOF production and structural characterization, it is crucial to
define specific guidelines and minimum reporting information
for each application that (far from becoming a publication re-
quirement) should guide the field to maximal impact.[298,299] This
can also lay the foundation for the use of data mining approaches
and machine learning-assisted methods to tabulate, unify and
distill relevant information and structure-performance trends
among the enormous amount of reported data.[300–302]

5. Outlook

The chemistry of MOFs has revolutionized material science in
the last three decades, with breakthrough research advances,
such as the capacity to efficiently store gas or to harvest water
from air, which promise to impact society in the coming years.
Many different structures with intrinsic potential to be used for
many different applications, including medicine, have been re-
ported. The hybrid organic-inorganic crystalline structures can be
tailor-made to integrate various properties such as high surface
area, tuneable pore openings and sizes, accessible binding sites
with the desired and required chemical stability, and responsivity

to selected stimuli. These features have propelled the research of
MOFs as potential detoxifying agents, drug and gas delivery sys-
tems, as well as (therapeutically) active platforms for a wide range
of medical indications, especially cancer and microbial diseases.
In particular, enormous research effort has been invested in pro-
moting the use of MOFs for anticancer drug delivery, sometimes
at the risk of overlooking medical and patient needs as well as
market interests.

To date, only one MOF platform has managed to cross the
bench-to-bedside gap into early Phase I clinical trials. The transla-
tion of new therapeutic platforms is an extremely slow and costly
endeavour, making the support of academia, industry, financers,
regulatory agencies, and society (including end-user acceptance)
indispensable. Key stakeholders are much more likely to invest
in platforms that target unmet needs and that generate societal
and economical benefit. Liposomes, lipid nanoparticles, hydro-
gels, and polymers are drug delivery platforms that are already
approved and used in clinical practice, and therefore, stand as
translational barriers. These can only be overcome by MOFs if
they compile strong preclinical evidence in addressing medical
needs that cannot be covered by existing materials. Additionally,
issues related to scaling up MOFs from the benchtop to an indus-
trial scale, as well as to efficient and cost-effective manufacturing,
need to be solved to ensure MOFs’ pharmaceutical development
as marketable products.

While the chemistry of MOFs is rich and attractive, and
promises (theoretically) unlimited structural opportunities, the
field needs to start approaching MOF research from a more
disease-driven perspective, and exploit the unique properties of-
fered by MOFs to treat diseases that cannot be addressed by
the current medical toolset. These can include their high ad-
sorption capacities for detoxification purposes, their ability to
efficiently load and deliver gases, and their intrinsic metallo-
(immuno)therapeutic activity, either alone, in combination ther-
apy, or even synergistically integrated into other materials to po-
tentiate their performances. In addition, more rigorous charac-
terization of MOF safety and toxicity at the preclinical stage,
as well as standardization of protocols, guidelines, and data re-
porting are crucial to ensure high-quality data that promotes
MOF technology transfer; a process which can be streamlined
with emerging methodologies and technologies such as data
mining and machine learning. After more than three decades
of MOF research, there is already a significant body of em-
pirical and preclinical evidence collected on the performance
of these materials. We believe that it is hence time to start
(re)thinking and (re)defining the future directions of MOF re-
search while embracing a more holistic approach that con-
tributes to unlocking their true biomedical potential; together
with more realistic aims and claims that help bridge the bench-to-
bedside gap for MOF materials and, indirectly, for other porous
(nano)materials.

Acknowledgements
A.W. and M.W. contributed equally to this work. The authors gratefully
acknowledge financial support from the German Research Foundation
(DFG: LA2937/4-1; SH1223/1-1; SFB 1066; GRK/RTG 2735 (project num-
ber 331065168)), the German Federal Ministry of Research and Education
(BMBF: Gezielter Wirkstofftransport, PP-TNBC, Project No. 16GW0319K)

Adv. Funct. Mater. 2023, 2308589 2308589 (15 of 22) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH



www.advancedsciencenews.com www.afm-journal.de

and the European Research Council (ERC: Meta-Targeting (864121)).
The financial support from Welch Foundation (AT-1989-20220331) and
from the Human Frontier Science Program (HFSP, within the project
RGP0047/2022) are also acknowledged. The authors thank the European
Union (European Cooperation in Science and Technology) for the COST
Action EU4MOFs (CA22147). Figures were created using BioRender.com.

Open access funding enabled and organized by Projekt DEAL.

Conflict of Interest
The authors declare no conflict of interest.

Keywords
biomedicine, metal–organic frameworks, metallotherapy, nanoparticles,
porous materials

Received: July 24, 2023
Revised: September 22, 2023

Published online:

[1] P. Horcajada, T. Chalati, C. Serre, B. Gillet, C. Sebrie, T. Baati, J. F.
Eubank, D. Heurtaux, P. Clayette, C. Kreuz, J. S. Chang, Y. K. Hwang,
V. Marsaud, P. N. Bories, L. Cynober, S. Gil, G. Férey, P. Couvreur,
R. Gref, Nat. Mater. 2010, 9, 172.

[2] J. L. Hernandez, K. A. Woodrow, Adv. Healthcare Mater. 2022, 11,
2102087.

[3] G. S. Day, H. F. Drake, H.-C. Zhou, M. R. Ryder, Commun Chem
2021, 4, 114.

[4] T. D. Bennett, F.-X. Coudert, S. L. James, A. I. Cooper, Nat. Mater.
2021, 20, 1179.

[5] M. E. Davis, Nature 2002, 417, 813.
[6] N. Huang, P. Wang, D. Jiang, Nat. Rev. Mater. 2016, 1, 16068.
[7] H. Li, M. Eddaoudi, M. O’Keeffe, O. M. Yaghi, Nature 1999, 402,

276.
[8] H. Li, M. Eddaoudi, T. L. Groy, O. M. Yaghi, J. Am. Chem. Soc. 1998,

120, 8571.
[9] S. Wuttke, M. Lismont, A. Escudero, B. Rungtaweevoranit, W. J.

Parak, Biomaterials 2017, 123, 172.
[10] P. Horcajada, R. Gref, T. Baati, P. K. Allan, G. Maurin, P. Couvreur,

G. Férey, R. E. Morris, C. Serre, Chem. Rev. 2012, 112, 1232.
[11] M. Giménez-Marqués, T. Hidalgo, C. Serre, P. Horcajada, Coord.

Chem. Rev. 2016, 307, 342.
[12] D.-Y. Fu, X. Liu, X. Zheng, M. Zhou, W. Wang, G. Su, T. Liu, L. Wang,

Z. Xie, Coord. Chem. Rev. 2022, 456, 214393.
[13] Y. Zhao, H. Zeng, X.-W. Zhu, W. Lu, D. Li, Chem. Soc. Rev. 2021, 50,

4484.
[14] Y. Zhou, T. Yang, K. Liang, R. Chandrawati, Adv. Drug Delivery Rev.

2021, 171, 199.
[15] S. M. Moosavi, A. Nandy, K. M. Jablonka, D. Ongari, J. P. Janet, P.

G. Boyd, Y. Lee, B. Smit, H. J. Kulik, Nat. Commun. 2020, 11, 4068.
[16] R. Freund, S. Canossa, S. M. Cohen, W. Yan, H. Deng, V. Guillerm,

M. Eddaoudi, D. G. Madden, D. Fairen-Jimenez, H. Lyu, L. K.
Macreadie, Z. Ji, Y. Zhang, B. Wang, F. Haase, C. Wöll, O. Zaremba,
J. Andreo, S. Wuttke, C. S. Diercks, Angew. Chem., Int. Ed. 2021, 60,
23946.

[17] R. Freund, O. Zaremba, G. Arnauts, R. Ameloot, G. Skorupskii,
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