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MOF magic: zirconium-based frameworks in
theranostic and bio-imaging applications
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Over the past two decades, metal–organic frameworks (MOFs) have garnered substantial scientific inter-

est across diverse fields, spanning gas storage, catalysis, biotechnology, and more. Zirconium, abundant

in nature and biologically relevant, offers an appealing combination of high content and low toxicity.

Consequently, Zr-based MOFs have emerged as promising materials with significant potential in

biomedical applications. These MOFs serve as effective nanocarriers for controlled drug delivery,

particularly for challenging antitumor and retroviral drugs in cancer and AIDS treatment. Additionally,

they exhibit prowess in bio-imaging applications. Beyond drug delivery, Zr-MOFs are notable for their

mechanical, thermal, and chemical stability, making them increasingly relevant in engineering. The rising

demand for stable, non-toxic Zr-MOFs facilitating facile nanoparticle formation, especially in drug

delivery and imaging, is noteworthy. This review focuses on biocompatible zirconium-based metal–

organic frameworks (Zr-MOFs) for controlled delivery in treating diseases like cancer and AIDS. These

MOFs play a key role in theranostic approaches, integrating diagnostics and therapy. Additionally, their

utility in bio-imaging underscores their versatility in advancing medical applications.

1. Introduction

Metal–organic frameworks (MOFs) have become increasingly
popular in various applications, ranging from gas storage,
purification, separation, catalysis, nonlinear optics, magnet-
ism, to biotechnology.1–5 These versatile materials have demon-
strated their potential as drug delivery vehicles, joining the
ranks of other nanocarriers such as nanoparticles,6–8 nano-
emulsions,9 hydrogels,10 micelles,11,12 and liposomes.13,14 The
need for drug carriers arises due to limitations associated with
the direct delivery of conventional diagnostic and therapeutic
drugs. These limitations include poor solubility, rapid clear-
ance, inadequate pharmacokinetics, high dosage requirements,
increased side effects, and non-specific targeting. Limited
solubility in biological fluids is one of the key challenges
encountered with conventional drugs, which hampers their
effective delivery. Rapid clearance from the body further
diminishes their therapeutic efficacy. Poor pharmacokinetics,
which encompasses drug absorption, distribution, metabolism,
and excretion, can also impede their effectiveness. Another
drawback is the requirement of high dosages of conventional

drugs due to their limited specificity and targeting abilities.
Inefficient drug delivery necessitates elevated drug concentra-
tions to achieve the desired therapeutic response, often result-
ing in heightened side effects and potential harm to healthy
tissues. To overcome these limitations, innovative drug delivery
systems have been developed, including nanocarriers like Zr-
based-MOFs. By encapsulating drug molecules within these
carriers, various challenges associated with conventional
drugs can be addressed. Nanocarriers offer advantages such
as improved solubility, prolonged circulation time, controlled
release, targeted delivery, reduced side effects, and enhanced
pharmacokinetic profiles. While each type of nanocarrier has
its own advantages and disadvantages, the overall objective
remains consistent: to provide an optimal platform for drug
delivery that surpasses the limitations of conventional drugs.
Continued research and innovation in the field of drug delivery
aim to revolutionize medical treatments, maximizing therapeu-
tic potential and minimizing the drawbacks associated with
traditional drug administration. This comprehensive review
article delves into the transformative role of Zr-based MOFs,
in addressing the inherent limitations ranging from poor
solubility to non-specific targeting of conventional drug deliv-
ery methods, and emphasizes the critical role that Zr-based
MOFs play in overcoming these hurdles. This review would
serve as a valuable resource in advancing our understanding of
Zr-based MOFs as an integral component in the ongoing quest
for more effective and advanced frameworks for biomedical
applications.
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2. Synthesis of Zr based MOFs

The synthesis of Zr-based metal–organic frameworks (MOFs)
represents a significant advancement in the field of porous
materials with diverse applications. Zirconium, a robust and
versatile metal node, is often employed due to its high con-
nectivity and stability, making it an ideal candidate for con-
structing MOF structures. The synthesis typically involves the
coordination of Zr ions with organic ligands, forming a three-
dimensional network with well-defined pores. The choice of
ligands plays a crucial role in dictating the properties of the
framework, such as porosity and chemical reactivity. Zr-based
MOFs have demonstrated exceptional performance in various
applications, including gas storage, catalysis, and drug delivery.
The controlled synthesis of these materials allows for tuning
their properties, making them suitable for specific applications
and showcasing the versatility and potential impact of Zr-based
MOFs in advancing materials science and engineering.

The concepts of sustainable synthesis and Green Chemistry
have made significant strides in various fields; however,
their application in the context of metal–organic synthesis is
still limited. Researchers are exploring green approaches,
such as supercritical carbon dioxide,15 microwave,16,17 and
solvent-assisted ligand exchange (SALE),18 to activate and
post-synthetically functionalize metal–organic framework
(MOF) materials. These methods hold promise in assisting
chemists in designing environmentally friendly and functional
MOFs. Incorporating the principles of Green Chemistry into
synthesis of MOFs is crucial for their successful commercializa-
tion. It requires addressing the challenges associated with
synthesizing coordination metal–ligand bonds using environ-
mentally friendly methods. The development of green and
scalable synthesis routes for MOFs is still in its early stages
and necessitates extensive, careful, and comparative evaluation
of different synthetic techniques for each specific MOF and
application. Such evaluation should consider environmental
impact, toxicological aspects, and economic factors. On the
other hand, computational or simulation methods19–23 have
emerged as valuable tools for efficiently screening hypothetical
MOF structures and predicting their material properties for
specific applications. The adoption of these methods by both
industry and academia marks a significant development in the
pursuit of implementing MOFs that are truly oriented towards
environmental sustainability. To achieve the goal of sustainable
MOFs, it is essential for both industry and academia to work
collaboratively, emphasizing the evaluation of synthetic meth-
ods, adherence to Green Chemistry principles, and integration
of computational approaches. This multidisciplinary approach
holds the potential to propel the field forward and enable the
realization of environmentally sustainable MOFs for diverse
applications.

In 2008, Lillerud et al.24 reported the discovery of clusters of
Zr6(m3-O)4(m3-OH)4(BDC)6, commonly known as UiO-66 (UiO
referring to the University of Oslo). The structure of UiO-66,
characterized by 12-coordinated Zr6(m3-O)4(m3-OH)4(CO2)12,
exhibits remarkable stability, particularly under hydrothermal

conditions, surpassing the stability of most other reported
metal–organic frameworks (MOFs). In 2014, Ren et al.25 suc-
cessfully synthesized Zr-based MOFs similar to UiO-66, using a
microwave-assisted method. Their approach yielded highly
crystalline UiO-66 with crystals taking on an octahedral shape.
Notably, the synthesis reaction required only a short duration
of 5 minutes. This microwave-assisted synthesis demonstrated
excellent efficiency and resulted in UiO-66 structures with
enhanced properties. Furthermore, the synthesized UiO-66
exhibited a hydrogen storage capacity of 1.26 wt%, showcasing
its potential in applications related to hydrogen storage. In
2013, Yang et al. introduced a water-reflux method as a viable
approach to synthesize Zr6(m3-O)4(m3-OH)4(BDC-(COOH)2)6, also
known as UiO-66-(COOH)2, on a relatively large scale.26 Notably,
this synthesis method utilized water instead of DMF (dimethyl-
formamide), which is important considering cost-effectiveness
and regeneration concerns. The incorporation of polar free
carboxylic groups within the pore structure of UiO-66-(COOH)2

resulted in strong interactions with CO2 and exhibited high
selectivity for CO2/N2 adsorption. Building upon this work,
Reinsch et al.19 successfully prepared two distinct Zr-based
MOFs. Firstly, they synthesized Zr6(m3-O)2(m3-OH)6(BDC-F4)6(SO4)
using Zr(SO4)2 as the metal salt and water as the solvent under
mild conditions. Secondly, they synthesized Zr6(m3-OH)8(OH)2�
8(SO4)3�6(BDC-NH2)3(H2O)7.4 using the metal salt Zr(SO4)2, water
as the solvent, and mild reaction conditions. These MOFs were
obtained through controlled synthesis and exhibited unique
structures and properties. The application of water as a solvent
aligns with green chemistry principles, contributing to reduced
environmental footprint and cost efficiencies in the synthesis of
Zr-based MOFs.27 Table 1 provides an overview of commonly
employed synthetic and post-synthetic modification techniques
for Zr-MOFs, involving a diverse range of ligands. This compre-
hensive examination illustrates the diverse strategies employed in
the synthesis and modification of Zr-MOFs, further emphasizing
their potential utility across different fields.

3. Structure and topology

Since the initial discovery of the UiO-66 series of metal–organic
frameworks (MOFs) by Lillerud et al. in 2008,24 which featured
Zr6O4(OH)4 octahedral secondary building units (SBUs) con-
necting twelve linear dicarboxylate linkers to form a highly
porous network, several other Zr-based MOFs have been char-
acterized (Fig. 1). The majority of these MOFs are based on the
Zr6 SBU motif. Within Zr-based MOFs, two types of discrete
Zr-based clusters have been observed. The first type is Zr6O8

clusters, which exhibit a variety of coordination environments.
The second type is Zr8O6 clusters, which function as 12-
connected nodes and have been observed in MOFs such as
PCN-221. Additionally, other forms of Zr cores are found in
Zr-MOFs, including single Zr(IV) ions and chain structures
formed by Zr(IV) ions and ligands. Among these Zr-SBUs, the
Zr6(m3-O)4(m3-OH)4 octahedral cluster is the most commonly
observed. This cluster consists of six Zr(IV) centers occupying
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the vertices of the octahedron, with four m3-OH and four m3-O
groups alternately capping the eight triangular faces37,38 (Fig. 2
and 3). Each Zr(IV) center is eight-coordinated by oxygen atoms,
exhibiting a square-antiprismatic coordination geometry.36

The discovery of UiO-66 has paved the way for the exploration
of isoreticular metal–organic frameworks (MOFs).30 This includes

the subsequent discovery of related MOFs such as UiO-67 (with
biphenyl dicarboxylate), UiO-68 (with terphenyl dicarboxylate),
and PIZOF-1 to PIZOF-8 (porous interpenetrated Zr-organic frame-
works). These MOFs share a key characteristic in that they form a
12-connected network with fcu (face-centered cubic) topology.
This topology influences the overall structure, including the

Table 1 Summary of synthesis and post synthetic modification of Zr-MOFs

Ligand Metal salt MOF Modification Post synthetic modification Ref.

ZrCl4 UiO-66

[Fe-Fe]dcbdt(CO)6 UiO-66-[Fe–Fe]dcbdt(CO)6 28
TCAT UiO-66-TCAT 29
Cisplatin UiO-66-cisplatin 13
Taxol UiO-66-taxol 30
FMN UiO-66-FMN 31
AL AL-UiO-66

ZrCl4 UiO-66-NH2 PNIPAM-NHS UiO-66-PNIPAM 32

ZrCl4 UiO-67 Cisplatin taxol 30

ZrOCl2�8H2O UiO-66-N3 DBCO-DNA

DNA functionalized

33

UiO-66-Orellan

Zr4+ UiO SiRNA SiRNA/UiO-cis 34

ZrOCl�8H2O ZJU-800 Diclofenac sodium (DS) DS@ZJU-800 35

Zr ZUJ-101 DS DS@ZJU-101 35

ZrCl4 Mi-UiO-68 DOX and FA DOX@UiO-68-FA 35

Fig. 1 Observed Zr-based clusters/cores in Zr-MOFs: (a) Zr6O8 cluster, (b) Zr8O6 cluster, (c) ZrO6, (d) ZrO7 and (e) ZrO8 and the representative network
topologies in reported Zr-MOFs. Reproduced from ref. 36 with permission from American Chemical Society, Copyright 2013.
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shape, size, and particularly the size of the pore windows. As a
result, the available pore characteristics of these MOFs are deter-
mined by the constraints imposed by the fcu topology. In UiO-type
materials, access to the internal structure is regulated by triangular
windows with diameters of 6, 8, and 10 Å for UiO-66, UiO-67, and
UiO-68, respectively. The Zr6 clusters within these MOFs consist of
a Zr6O4(OH)4 core, where the triangular faces of a Zr6 octahedron
are alternately capped by m3-O and m3-OH groups. Each zirconium
atom is coordinated by eight oxygen atoms. This cluster core
exhibits C3v symmetry, with the C3 axis passing through the center
of the chelated face and the triangular face opposite to it. Gomez-
Gualdron et al.39 demonstrated that Zr-MOFs with csq, scu, or ftw
topologies can be constructed using a square-shaped tetratopic
ligand in combination with a Zr6 cluster. Among these topologies,
the Zr-MOF with ftw topology exhibits the highest surface area and
the lowest propensity for structure catenation, indicating its favor-
able characteristics for various applications.

4. Biocompatibility and toxicity
of Zr-MOFs

Cations such as Mg2+, Ca2+, Fe3+, and Zn2+ have gained signi-
ficant interest in the field of biomedical applications due to
their essential roles in daily bodily functions.40,41 The toxicity of
a cation is closely associated with its potential accumulation
within the body.42,43 In contrast, certain inserted metals, like
zirconium (Zr), are easily eliminated from the body, making
them non-toxic and appealing for biomedical applications.44

Zirconium, widely present in nature and found in various
biological systems, exhibits low toxicity.45,46 Studies have

shown that zirconyl acetate, a common form of zirconium,
has a lethal dose (LD50) of approximately 4.1 mg mL�1 in rats.
Additionally, the human body naturally contains an average of
300 mg of Zr, with a daily ingestion of about 3.5 mg per day.
These factors contribute to the overall safety and biocompat-
ibility of zirconium in biomedical applications. To provide
further insight, a comprehensive study conducted by Harcojada
et al. in 201247 summarized the toxicity and daily requirements
of several metals (see Table 2). These values provide a com-
parative overview of the toxicity levels (measured by LD50) and
daily requirements of selected metals. Notably, zirconium stands
out with its low toxicity profile and minimal daily dosage,
reinforcing its suitability for diverse biomedical applications.

Zirconium-based metal–organic frameworks (Zr-MOFs) have
gained significant attention in chemical engineering studies
due to their remarkable mechanical stability, thermostability,
and chemical stability. Moreover, the pursuit of stable and non-
toxic Zr-MOFs that offer simplicity in nanoparticle formation
has positioned them as ideal candidates for drug delivery
applications. Recently, there has been an increasing recogni-
tion of amorphous MOFs (amMOFs), which are highly dis-
ordered framework structures that retain the fundamental
metal–ligand connectivity of crystalline MOFs while lacking
long-range order. Ball-milling techniques have been effectively
employed to trap guest molecules within these amorphous
structures by irreversibly collapsing the porous networks
around the occluded species. This approach introduces a novel
perspective to the delivery process, as it involves not only
drug diffusion through the porous network but also material
degradation (such as dissolution) controlling the release. The
utilization of Zr-based MOFs opens up new avenues for the

Fig. 2 (A) Simplified representation of a metal–organic framework (MOF) showing metal ions or cluster nodes and ditopic organic linkers. The structure
of the Zr6 node in all Zr-MOFs, Zr6(m3-O)4(m3-OH)4, is shown here. (B) Depiction of one carboxylate ligand binding to the Zr6 node, highlighting the
bridging Zr–O–Zr motif. Missing carboxylate linkers, such as in missing-linker defect sites or nodes with lower connectivity, are typically replaced by one
terminal aqua and one terminal hydroxo ligand. (C) Representation of the ideal node structure in 12-, 8-, 6-, and 4-connected nodes in Zr-MOFs (with the
exception of NU-160X (X = 0, 1, 2), in which the 12-connected Zr6 node adopts the rare hexagonal prismatic geometry).The numbers of terminal H2O
and –OH ligands coordinated to the ideal node are listed below each node diagram. Reproduced from ref. 37 with permission from American Chemical
Society, Copyright 2019.
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development of highly efficient theranostics, which encompass
simultaneous therapy and diagnostics.

Zirconium-based metal–organic frameworks (Zr-MOFs)
showcase immense potential in biomedical applications due
to their high surface area, stability, tunability, and ability to
encapsulate and deliver drugs. However, their path to clinical
application hinges on a delicate balance between biocompat-
ibility and potential toxicity. Zirconium itself is an abundant,
non-toxic element present in our own bodies, and organic

linkers in Zr-MOFs too can be carefully chosen or modified to
be biocompatible and even degradable within the body. Tailor-
ing the pore size and surface functionality would further help in
minimizing cell uptake and potential immune reactions. How-
ever, challenges remain. Certain organic linkers or synthesis
methods might introduce toxic impurities, demanding thor-
ough purification and characterization. Moreover, the degrada-
tion products of Zr-MOFs need to be non-toxic and efficiently
cleared by the body. Comprehensive in vitro and in vivo studies
are crucial to assess the overall toxicity profile of each specific
Zr-MOF in its intended application.

5. Zr-based MOFs in drug delivery

Drugs are chemicals that play a vital role in improving health
and extending the lifespan. They are widely used as therapeutic
agents, including in the treatment of severe diseases like
cancer. However, drugs often come with significant drawbacks,
such as poor solubility and nonselective distribution through-
out the body. These issues can lead to damage to healthy
tissues and cardiovascular toxicity, greatly limiting their effec-
tiveness as therapeutic agents. One approach to overcoming
these challenges is the use of drug delivery systems (DDS).
These systems serve a multifaceted role in enhancing drug
solubility, safeguarding drugs from degradation, enabling con-
trolled release precisely at the target site, and mitigating toxic
side effects. The quest for effective DDS in the realm of
bioengineering has been an enduring challenge. In this pur-
suit, metal–organic frameworks (MOFs) have emerged as parti-
cularly promising candidates, owing to their distinctive
characteristics. Zirconium-based metal–organic frameworks
(Zr-MOFs) stand out as potent contenders for drug carriers
across diverse biomedical applications, as illustrated by the
array of drugs outlined in Table 3. The utilization of Zr-MOFs in
drug delivery holds significant potential to revolutionize ther-
apeutic approaches by providing tailored and efficient solu-
tions to the complexities associated with drug administration.

Metal–organic frameworks (MOFs) showcase remarkable
properties that set them apart in the realm of drug delivery.48

These exceptional characteristics include their impressive pore
volumes and expansive surface areas, which allow them to
efficiently encapsulate and carry therapeutic payloads. More-
over, MOFs possess the unique ability to fine-tune their pore
size and surface chemistry, providing an unprecedented level
of control over drug release kinetics and target specificity.

Fig. 3 Structural representations of selected Zr-MOFs with 12-, 8-, 6-,
and 4-connected Zr6 nodes. (A) UiO-66 with 12-connected Zr6 nodes.
Larger pore apertures can be obtained when the BDC linker in UiO-66 (A)
is replaced by the H4TBAPy linker to yield NU-1000 with 8-connected Zr6

nodes (B). (C) MOF-808 with 6-connected Zr6 nodes. (D) NU-1400 with
4-connected Zr6 nodes. (E) Illustration of Zr-MOFs based on the
4,8-connected csq net, namely, NU-1000, NU-1002-m-NH2, and NU-
1002-o-NH2. The augmented net (csq-a) was used for the sake of clarity.
Reproduced from ref. 38 with permission from American Chemical
Society, Copyright 2020.

Table 2 Toxicity and daily requirements of several metals

Metal LD50 (g kg�1) Daily dose (mg)

Zirconium (Zr) 4.1 0.05
Titanium (Ti) 25 0.05
Copper (Cu) 0.025 0.8
Manganese (Mn) 1.5 5
Iron (Fe) 30 15
Zinc (Zn) 0.35 15
Magnesium (Mg) 8.1 350
Calcium (Ca) 1 1000
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The structural diversity displayed by MOFs offers a plethora of
topologies, enabling researchers to customize these materials
precisely to meet the specific requirements of various drug
delivery applications.49,50 This versatility empowers scientists
to design MOFs that can navigate through biological barriers,
selectively release drugs at the desired site, and avoid prema-
ture drug degradation. The prospect of using MOFs as vehicles
for drug delivery is truly captivating due to their ability to
address several challenges faced by conventional drug delivery
systems. By leveraging their superior characteristics, MOFs can
increase drug-loading capacities, improve drug stability, and
enhance the overall therapeutic efficacy. Furthermore, the
biocompatibility and biodegradability of certain MOFs ensure
minimal adverse effects, making them promising candidates
for safe and efficient drug delivery. In recent years, researchers
have been exploring the remarkable potential of zirconium-
based metal–organic frameworks (Zr-MOFs) to revolutionize
drug delivery systems. These MOFs possess distinctive proper-
ties, such as high pore volumes and large surface areas, which
make them ideal candidates for enhancing the effectiveness of

antitumor, antiviral, and other therapeutic drugs. The versati-
lity of Zr-MOFs allows for the encapsulation and controlled
release of various therapeutic agents, enabling improved solubility
and stability of drugs that might otherwise face challenges in
conventional delivery methods. By entrapping different antitumor
and antiviral drugs, as well as other pharmaceutical compounds,
within the framework of Zr-MOFs, researchers aim to achieve
targeted delivery to specific cells or tissues, thereby reducing off-
target effects and increasing the therapeutic efficacy of these
medications as highlighted for some selected Zr-MOFs in
Table 4. Through precise engineering of Zr-MOFs, researchers
can customize the pore size, surface chemistry, and drug-loading
capacity to suit the specific requirements of different therapeutic
agents. This fine-tuning of Zr-MOFs empowers them to serve as
efficient carriers for a wide range of drugs, ensuring optimal drug
release kinetics and improving patient outcomes. By delving into
the realm of MOFs as drug delivery vehicles, scientists are opening
up a promising avenue for advancements in the field of bioengi-
neering. This exploration has the potential to overcome existing
limitations and revolutionize drug delivery strategies, paving the

Table 3 Structures of some antitumor, retroviral and other drugs
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way for groundbreaking approaches to improve patient outcomes
in the realm of medicine.

5.1. Delivery of antitumor drugs

Zr-MOFs can serve as effective carriers for various antitumor
agents, safeguarding the drugs from premature degradation
and facilitating controlled release at the target site.68 The
versatile nature of Zr-MOFs allows for the customization of
their properties to optimize drug-loading capacities and release
kinetics. Additionally, the biocompatibility of Zr-based materi-
als, combined with their ability to avoid immune responses,
positions them as promising vehicles for antitumor drug
delivery. Current research in this domain has the capacity to
transform cancer treatment strategies by leveraging the distinct
advantages of Zr-metal–organic frameworks (Zr-MOFs) for deli-
vering therapeutic agents with superior precision and efficacy.
An investigative study, concentrating on the integration of
cisplatin and a Pt(IV) cisplatin prodrug into two zirconium-
based MOFs, UiO-66 and UiO-66-NH2, utilizing conjugation
and encapsulation techniques, has yielded noteworthy
outcomes.69 In one approach, the Pt(IV) cisplatin prodrug was
incorporated into UiO-66-NH2 through an amide coupling
reaction with the NH2 groups. In the second approach, cisplatin
was encapsulated within the spacious cavities of both MOFs.
Cytotoxicity assessments conducted on the A549 lung cancer
cell line revealed that the system in which cisplatin was con-
jugated to UiO66-NH2 demonstrated greater efficiency in

inducing cell death compared to materials where cisplatin
was encapsulated into the pores of the MOFs. These findings
underscore the potential of integrating cisplatin and prodrugs
into MOFs to enhance drug delivery in cancer treatment. The
distinctive features of MOFs, such as their capacious cavities
and high loading capacities, present promising opportunities
for advancing the efficacy of anticancer therapies.

Fluorouracil, an extensively utilized antitumoral drug, has
been commonly loaded into nano metal–organic frameworks
(NMOFs). This has been substantiated by numerous examples
reported to date, including a study by Yang et al. in 2015,62 in
which they described the utilization of microporous UiO-66-
NH2 particles for loading the drug (Fig. 4). Additionally, they
employed [2]pseudorotaxanes as gatekeepers within the nano-
carriers, connected through host–guest complexation to regu-
late the controlled release of the drug. This approach allows for
precise control over the release of fluorouracil from the NMOFs,
enhancing its therapeutic efficacy.

The UiO-68-azo MOF exhibits potential as a reservoir for
cargo storage in water. Furthermore, the cargo-loaded MOF can
be modified by capping it with b-cyclodextrin (b-CD), resulting
in the creation of a mechanized MOF. In this configuration, the
azobenzene trail extends from the surface of UiO-68-azo, while
the bulky supramolecular complexes are positioned near the
pore openings. This arrangement effectively seals the pores,
preventing the spontaneous release of cargo trapped inside.
Upon exposure to external chemical or physical stimuli, the

Table 4 Zr-based MOFs as drug nanocarriers with biomedical applications

MOFs Major components Drug/cargo
Loading percentage
[wt%] Targeted cell lines Ref.

UiO_N3 NMOF ZrCl4, amino-TPDC Cisplatin prodrug,
siRNA

12.3 � 1.2 Ovarian cancer cells 34

Nano-UiO-66-2-NH2 ZrCl4, 1,4-BDC_NH2 5-Fu 27 — 33
UiO-66_X Zirconium polyhedral,

1,4-BDC_X
Caffeine 22.4 � 3.4 (X = H) — 51

21.2 � 0.7 (X = Br)
13.2 � 0.2 (X = NH2)

UiO-66 ZrCl4, 1,4-BDC AL 51.5 MCF-7, HepG2 30
ZJU-101 Zirconium, BPYDC Diclofenac sodium 35.3 PC12 52
PCN-221 ZrCl4, TCPP MTX 28.6 PC12 37
UiO-66-PNIPAM ZrCl4, 1,4-BDC_NH2,

PNIPAM
Resorufin, caffeine — — 32

ZJU-800 ZrOCl2�8H2O, F-H2PDA Diclofenac sodium (DS) 58.8 PC12 53
UiO-66-NH2 ZrCl4, 1,4-BDC_NH2, CP5, 5-Fu 1.5 HEK293 54
UiO-66-NH2 ZrCl4, 1,4-BDC_NH2, CP5, Calcein 3.1 HEK293 55
b-CD-capped ZrCl4,20-p-tolyldiazenyl-

1,10: 4,40
RhB — — 56

Fe3O4@UiO-66 ZrCl4, 1,4-BDC, Fe3O4 DOX HeLa cells, 3T3 cells 57
UiO-PDT ZrCl4, 1,4-BDC, I2-BDP Photodynamic therapy B16F10, C26, CT26 58
mem@catalase Glucose oxidase (GOx) Cancer starvation therapy 4T1 59
amUiO-66 Calcein, amUio-66 Calcein HeLa cell 60
a-CHC@Zr-L1 or ZrCl4, 1,4-BDC or BPDC a-CHC HeLa cell 61
UiO-66-N3 ZrOCl2�8H2O,1,4-BDC_N3 DBCO-DNA

oligonucleotides
on surface

30

Mi-UiO-68 ZrCl4, maleimide DOX and FA 62
NU-1000 ZrCl4, TBAPy p-Cresyl sulfate Human serum albumin 63
PCN-225 DSCP, PEG & silica Optical imaging 64
PCN-94 ETTC4� Photoluminescence 65
UiO-66@SiO2 ZrCl4:H2O Doxorubicin MCF-7 breast

cancer cells
66

UiO-66-NH2 FeCl3�6H2O Quercetin Human breast
cancer cells

67
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mechanized MOF demonstrates controlled cargo release. This
release is triggered by the dissociation of b-CD rings from
the azobenzene stalks on the MOF surface. This responsive
behavior allows for on-demand cargo release based on specific
environmental cues. This proof-of-concept research not only
presents a straightforward method for constructing stimuli-
responsive mechanized MOFs but also establishes a unique
MOF platform for controlled drug delivery.70 The ability to
selectively release cargo from the MOF in response to specific
triggers holds significant promise for the development of
advanced drug delivery systems.

Zirconium-based nanocrystals of a Pt(IV) cisplatin prodrug,
specifically disuccinate cisplatin (DSCP), have been developed,
aiming to leverage the robust Zr–carboxylate bond. The synthesis
of these Zr-DSCP nanocrystals (NCPs) involves the acetone-
induced precipitation of a solution containing ZrCl4 and DSCP
in N,N-dimethylformamide (DMF). The resulting particles have
an average size of approximately 190 nm. Fluorescently labeled
UiO-type nano metal–organic frameworks (F-UiO NMOFs)
were efficiently taken up by cells and retained their struc-
tural integrity within endosomes, providing an opportunity to

monitor endosomal/lysosomal pH. Live cell imaging experi-
ments revealed the processes of endocytosis and exocytosis of
F-UiO NMOFs, as well as the acidification of endosomes over
time. The study clearly demonstrated the advantages of using F-
UiO NMOFs as nanosensors for real-time sensing of pH inside
live cells.71 These fluorescently labeled NMOFs offer a novel
class of nanosensors for investigating intracellular pH
dynamics and exploring interactions between NMOFs and cells.

Nanoscale coordination polymers (NCPs) have emerged as a
promising platform for drug delivery due to their numerous
advantages over small-molecule chemotherapeutics. These
advantages include the ability to carry high payloads, lower
systemic toxicity, tunability, and improved tumor uptake. How-
ever, current formulations for delivering methotrexate (MTX),
an antifolate cancer drug, have limited drug loadings. A novel
approach in which MTX is incorporated as a building block
within an NCP formulation, resulting in remarkably high drug
loadings of up to 79.1 wt%, has been reported.72 This high drug
loading capacity is a significant improvement compared to
existing MTX delivery formulations (Fig. 5). Moreover, the
developed NCP formulation demonstrated selective delivery
to cancer cells, enhancing its efficacy and minimizing poten-
tial off-target effects. By utilizing MTX as a building block
within NCPs, not only exceptional drug loadings but also
targeted delivery to cancer cells has been achieved. These
findings pave the way for the development of more efficient
and specific drug delivery systems for cancer therapy, addressing
the limitations of current MTX formulations and improving
treatment outcomes.

A solvothermal reaction using ZrCl4, 2-azido-1,4-benzenedi-
carboxylic acid (N3-BDC), and 2-aminoterephthalic acid (NH2-
BDC) in DMF resulted in the production of N3-UiO-66-NH2

as brown powder, which upon undergoing a covalent post-
synthetic method generated E-UiO-66-Pc as blue powder
(Fig. 6). This involved modifying N3-UiO-66-NH2 through ami-
dation reactions and click chemistry reactions with carboxyl
substituted zinc phthalocyanine and erlotinib, respectively. The
Zr metal centers loaded with different ligands were denoted as
Zr-L1 to Zr-L6. a-Cyano-4-hydroxycinnamic acid (a-CHC) was
used as the loaded ligand. L1 represents BDC, which is used
for UiO-66, while L2 to L4 represent BDC functionalized with
–Br, –NO2, and –NH2, respectively. L5 and L6 correspond to
extended linkers, namely naphthalene-2,6-dicarboxylic acid
and 4,40-biphenyldicarboxylic acid, respectively. The researchers

Fig. 4 Schematic representation of stimuli-responsive mechanized UiO-
66-NH2 MOFs equipped with positively charged quaternary ammonium
salt (Q) encircled by pillarene [2]pseudorotaxanes. The mechanized
nanoUiO-66-NH2 MOFs can be operated either by thermal heating or
by Zn2+ competitive binding in regulation of the release of cargo mole-
cules. Reproduced from ref. 62 with permission from Royal Society of
Chemistry, copyright 2015.

Fig. 5 Synthesis of NCPs and functionalization of MTX-containing NCPs with a lipid bilayer and targeting moiety. Reproduced from ref. 72 with
permission from Royal Society of Chemistry, copyright 2012.
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discovered that a-CHC@Zr-L6 exhibited higher toxicity compared
to a-CHC@Zr-L1.61

A comparison of Zr-L1 and Zr-L6 also confirmed that it is not
necessarily the amount of drug loaded in the MOF that deter-
mines its efficacy, given that Zr-L1, which has a higher loading
than Zr-L6, is still less effective at killing cells.30 Release
behavior of guest molecules (resorufin, caffeine, and procaina-
mide) from UiO-66-PNIPAM was investigated in water at 25 1C
and 40 1C for seven days. The release ratio was determined
from the absorbance at 572 nm (resorufin), 273 nm (caffeine),
and 311 nm (procainamide). A controlled release system devel-
oped by incorporating a thermoresponsive polymer, PNIPAM,
onto a metal–organic framework (MOF) through a surface-
selective post-synthetic modification approach was developed

(Fig. 7). This innovative MOF-PNIPAM hybrid exhibited
temperature-dependent switching between ‘‘open’’ and
‘‘closed’’ states, facilitated by the conformational changes of
PNIPAM grafted onto the MOF. As a result, the release of guest
molecules, including resorufin, caffeine, and procainamide,
was precisely regulated based on temperature variations.32,73

Spherical nucleic acid (SNA)–gold nanoparticle conjugates
possess a remarkable capability to enter cells effectively,
bypassing the need for cationic or viral transfection agents.
These conjugates are synthesized by combining citrate-
stabilized gold nanoparticles with alkylthiol functionalized
oligonucleotides (such as DNA or RNA). This unique property
of SNAs has made them a fundamental component in intracel-
lular diagnostic techniques, drug delivery systems, and gene

Fig. 6 (a) Organic linkers used to synthesize the Zr-based MOFs. (b) Confocal microscopy images of HeLa cells incubated with Zr-based MOFs loaded
with calcein (green fluorescence, i.e. calcein), and LysoTracker R-Deep red (red fluorescence), for 2 h. (c) Manders’ overlapping coefficients for all the
MOF samples and the lysosome marker. Error bars represent the standard error of at least 10 independent images. Reproduced from ref. 61 with
permission from American Chemical Society, copyright 2017.
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regulation strategies.33 Apart from their enhanced cellular uptake,
SNAs also exhibit resistance to nuclease degradation, minimal
cellular cytotoxicity, and low immunogenicity, which greatly
enhances their suitability for various applications. In a study, the
synthesis and characterization of a zirconium-based framework
called UiO-66-N3 (Zr6O4OH4(C8H3O4-N3)) has been reported.33 UiO-
66-N3 is a structural analogue of UiO-66 and can be readily
functionalized with oligonucleotides through Cu-free strained-
alkyne click chemistry (Fig. 8). This reaction has been widely
employed to interface metal–organic frameworks (MOFs) with a
diverse range of organic functionalities in bulk materials.

In a study conducted by Zhu et al., AL-UiO-66, which refers to
UiO-66 nanoparticles (NPs) acting as carriers for alendronate (AL)

delivery, was utilized.30 Alendronate, an amino bisphosphonate, is
commonly used in the treatment of osteoporosis, solid tumor bone
metastases, myeloma bone disease, and has shown promising
effects against prostate and breast cancers. However, its poor
bioavailability necessitates high doses for practical clinical applica-
tions, which can potentially lead to systemic toxicity. Hence, there
is a need for a continuous AL delivery system that enhances the
loading capacity and delivery efficiency of AL into cancer cells. The
research team achieved an unprecedented drug loading capacity by
utilizing the inherent drug anchorage provided by the Zr–O clusters
in UiO-66 NPs. The encapsulated AL exhibited pH-dependent
release and demonstrated more efficient inhibition of cancer
cell growth compared to the free drug. Approximately 42.7% of

Fig. 7 (a) Schematic illustrating temperature control of pore openings in PNIPAM-modified UiO-66-NH2. (b) The post-synthetic surface modification
procedure to install PNIPAM on the surface of UiO-66-NH2. Reproduced from ref. 32 with permission from Royal Society of Chemistry, copyright 2015.

Fig. 8 (a) Synthesis of UiO-66-N3 NMOFs. (B) DNA functionalization of UiO-66-N3 NMOFs, utilizing DNA functionalized with dibenzylcyclooctyne. (c)
Powder X-ray diffraction of simulated UiO-66-N3 (black) and as-synthesized UiO-66-N3 540 nm NMOFs (red). (d) Cell uptake by flow cytometry. (e)
Confocal microscopy of cells treated with 14 nm NMOF-DNA conjugates. Bar = 10 mm. (f) NMOF uptake per cell determined by ICP-MS. (g) Cell viability
assay showing no significant cell toxicity for NMOF-DNA conjugates. Reproduced from ref. 33 with permission from American Chemical Society,
copyright 2014.
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adsorbed AL was released by UiO-66 NPs at pH 7.4. Notably, within
108 hours, the released amount reached up to 88.1% at pH 7.4,
while it was less than 76% at pH 5.5. To assess the cytotoxicity of
pristine UiO-66 NPs, standard MTT assays were conducted on
HepG2 and MCF-7 cells to examine cell viability. The results
showed negligible changes in cell viability after 24 and 48 hours
of incubation. Even at a high concentration of up to 300 mg mL�1

of the nanocarrier, cell proliferation was only slightly hindered after
48 hours, indicating the relatively good biocompatibility of UiO-66
NPs. Furthermore, after 48 hours of incubation, AL-UiO-66 demon-
strated higher cancer cell death rates compared to free AL. Inter-
estingly, the IC50 values of AL-UiO-66 were significantly lower than
those of free AL, indicating a higher effectiveness of AL-UiO-66 in
inhibiting cancer cell growth.

A study conducted on nanoscale Zr-based metal–organic
frameworks (MOFs), specifically UiO-66 and UiO-67, as
potential carriers for anticancer drugs has shown promising
results.74 Two model drugs, hydrophobic paclitaxel and hydro-
philic cisplatin, which were adsorbed onto or into the nano
MOFs (NMOFs) were used. To create sustained release formula-
tions and reduce drug toxicity, the drug-loaded MOFs were
encapsulated within a modified poly(e-caprolactone) with a D-a-
tocopheryl polyethylene glycol succinate polymeric matrix,
forming microparticles. The physical state of the drugs and
their release rates were studied at 37 1C using simulated body
fluid. The results indicated that the drug release was influenced
by the interaction between the MOFs and the drugs, while the
controlled release rates were attributed to the microencapsu-
lated formulations. In vitro antitumor activity was evaluated
using HSC-3 (human oral squamous carcinoma; head and
neck) and U-87 MG (human glioblastoma grade IV; astro-
cytoma) cancer cells. Cytotoxicity studies revealed that the
polymer-coated, drug-loaded MOFs exhibited superior anti-
cancer activity compared to free paclitaxel and cisplatin solu-
tions at various concentrations.

A novel theranostic composite, Fe3O4@UiO-66, was devel-
oped by incorporating Fe3O4 nanoparticles into the MOF UiO-
66.57 This composite demonstrated potential for both in vitro
and in vivo applications in magnetic resonance (MR) imaging
and drug delivery. UiO-66, a zirconium-based MOF constructed
with Zr(IV) ions and NH2-H2BDC ligands, has garnered consid-
erable attention in the field of drug delivery due to its excep-
tional chemical and solvent stability. The unique structure of
UiO-66 consists of Zr(IV)-clusters and linear ligands, forming a
rigid cubic porous framework with octahedral cavities (1.1 nm
diameter) and tetrahedral cavities (0.6 nm diameter). The
Fe3O4@UiO-66 composites exhibited a high drug loading capa-
city, attributed to the large surface area of the UiO-66 shell and
the interactions between the drug, specifically DOX (doxorubi-
cin), and UiO-66. The strong interaction between DOX and
Fe3O4@UiO-66 was confirmed by the significant fluorescence
quenching of DOX and a color change from brown to wine in
the Fe3O4@UiO-66-DOX dispersion.

The release behavior of DOX from Fe3O4@UiO-66-DOX
composites was investigated under different pH conditions
(4.0, 5.0, 6.0, 7.4 and 8.0).75 The cumulative drug release over
time exhibited a slow and sustained pattern, without any burst
release effect. This controlled release profile ensured a stable
drug concentration and allowed sufficient time for Fe3O4@UiO-
66-DOX to accumulate at the tumor site. Fe3O4@UiO-66 also
has the ability to act as a contrast agent for MR imaging.75

Another study involving nano-UiO-66-2-NH2 demonstrated its
capability to load up to 27 wt% of 5-Fu (5-fluorouracil) and
exhibited good, sustained release properties.53 The calculated
release rate constant (k) was 0.27 h�1 in PBS solution at 37 1C.
These findings highlight the potential for developing nano-
MOFs with adjustable particle sizes and functions to meet
specific application requirements. This inspires further
exploration into facile methods for the preparation of such
nanoMOFs with tailored properties.

Fig. 9 Schematic representation of stimuli-responsive mechanized Zr-MOFs (UiO-66-NH2) with positively charged A stalks encircled by
carboxylatopillar[5]arene (CP5) rings on the surfaces. The mechanized UiO-66-NH2 Zr-MOFs can be operated by pH changes, Ca2+ concentrations,
and thermotherapy to regulate the release of 5-Fu. Reproduced from ref. 76 with permission from Royal Society of Chemistry, copyright 2016.
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Multi-stimuli responsive ‘‘gated scaffolds’’ have been designed
by combining capped metal–organic frameworks (MOFs) with
supramolecular [2]pseudorotaxanes (Fig. 9). These mechanized
Zr-MOFs exhibit high drug encapsulation, minimal premature
release, low cytotoxicity, and good biocompatibility. The drug
release is triggered by variations in pH and Ca2+ concentration
within bone tumor cells and can also be controlled through
hyperthermia.76 This innovative approach holds promise for
developing smart biomaterials for bone regeneration and can-
cer therapy.

Carboxyl-functionalized diiodo-substituted BODIPYs (I2-BDP)
have been successfully incorporated into nanoscale UiO MOFs
(UiO-66) using solvent-assisted ligand exchange (SALE) to create
UiO-PDT.58 These UiO-PDT nanocrystals have exhibited excellent
biocompatibility and demonstrated highly efficient generation of
singlet oxygen, which effectively killed cancer cells. Under dark
conditions, B16F10 cells treated with UiO-PDT and I2-BDP
remained alive and displayed a green color after one day of
incubation. However, upon light irradiation, almost all of the
B16F10 cells treated with UiO-PDT turned red, indicating cell
death. Therefore, the synthesized UiO-PDT nanocrystals have the
potential to be utilized as agents for photodynamic therapy,
offering effective cancer cell eradication. BODIPY-based zirco-
nium MOFs have been reported to show interesting results in
several photodynamic therapy studies.77,78

To achieve synergistic starvation and photodynamic therapy
(PDT), a cancer cell membrane-camouflaged cancer-targeted
cascade bioreactor (mCGP) was constructed using porphyrin
metal–organic frameworks (MOFs) of PCN-224.59 This bioreac-
tor embedded glucose oxidase (GOx) and catalase within the
MOFs as shown in Fig. 10. Upon internalization by cancer cells,
mCGP demonstrated the ability to promote oxygenation in the

microenvironment by catalyzing the conversion of endogenous
hydrogen peroxide (H2O2) to oxygen (O2). This process was
further enhanced under light irradiation, leading to increased
decomposition of intracellular glucose and enhanced produc-
tion of cytotoxic singlet oxygen (1O2). As a result, mCGP
exhibited amplified synergistic therapeutic effects by combin-
ing long-term cancer starvation therapy with robust PDT. This
approach efficiently inhibited cancer growth and allowed for
spatiotemporally controlled cancer treatment.

In a study conducted by Orellana-Tavra et al. in 2015,55

calcein, a hydrophilic molecule, was encapsulated within the
Zr-based MOF UiO-66. Subsequently, the framework was amor-
phized using ball-milling. The researchers demonstrated that
the amorphized UiO-66 exhibited controlled release of calcein
for over 30 days, in contrast to the 2-day release period observed
with crystalline UiO-66. Calcein was chosen as a model drug
due to its structural similarities to doxorubicin, a well-known
anti-cancer drug. The drug release from the pores of MOFs NU-
1000 and NU-901 can be effectively delayed by a temperature
treatment process.60 These MOFs possess large pore volumes
and sizes, allowing for exceptional loading of model drugs, with
percentages exceeding 35 wt%. Specifically, the MOF NU-1000
encapsulates the anticancer drug calcein, resulting in Cal@NU-
1000, while the MOF NU-901 encapsulates alphacyano-4-
hydroxycinnamic acid (a-CHC), leading to a-CHC@NU-901. By
subjecting these MOFs to subsequent temperature treatments,
the drug loadings remain stable, avoiding a burst release effect.
Moreover, these loaded MOFs demonstrate efficacy in killing
cells, indicating their potential for therapeutic applications.

A novel, multifunctional drug delivery system for hepatoma
(HepG2) therapy, named DOX@UiO-68-FA (Fig. 11), has been
designed and synthesized using a nanoscale metal–organic

Fig. 10 Schematic illustration of the cancer cell membrane camouflaged cascade bioreactor for cancer targeting starvation therapy and PDT. (A) The
preparation processes of mCGP. (B) The immune escape and homotypic targeting abilities of mCGP endowing cancer accumulation and retention
behaviors after intravenous injection. (C) The cascade reactions would amplify the synergistic effects of mCGP to cut off the cancer cell glucose supply
for starvation therapy and promote the 1O2 generation for PDT under light irradiation. Reproduced from ref. 59 with permission from Royal Society of
Chemistry, copyright 2016.
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framework (NMOF) of UiO-68 type by incorporating the chemo-
therapeutic agent DOX (doxorubicin) and a tumor-targeting
agent, folic acid (FA).59 The delivery system was administered
via tail-vein injection. Through a comparison with free DOX
and FA-unloaded DOX@Mi-UiO-68, DOX@UiO-68-FA exhibited
significantly higher antitumor efficacy. This conclusion was
validated through various experiments, including cell imaging,
standard 3-(4,5)-dimethylthiadiazol-2-yl-2,5-diphenyltetrazolium
bromide (MTT) proliferation assays, and in vivo studies. The
results from these experiments provided strong evidence of the
improved therapeutic potential of the DOX@UiO-68-FA drug
delivery system.

5.2. Delivery of miscellaneous drugs

The interactions between metal–organic frameworks (MOFs)
and caffeine show great potential as carriers for the topical
administration of caffeine.51 Encapsulation of challenging cos-
metic caffeine within porous MOFs achieves high payloads and
fast kinetics. Release depends on the media: rapid release
under serum-simulated conditions due to MOF degradation,
and progressive release under topical conditions governed by
caffeine mobility and MOF interactions. MIL-100 and UiO-66
hold promise for topical caffeine delivery with exceptional
cosmetic payloads and controlled releases within 8–24 hours.

ZJU-101, a crystal with a size of approximately 300 nm, was
utilized for loading diclofenac sodium, an anionic drug.52 This
positively charged host material exhibited a significant capacity
for loading diclofenac sodium (B0.546 g g�1) through ion

exchange and penetration procedures (Fig. 12). The release of
the drug in inflamed tissues (pH = 5.4) was more effective
compared to normal tissues (pH = 7.4), demonstrating a pH-
responsive drug release based on physiological conditions. This
selective drug release process was controlled by the exchange of
anions between the anions in phosphate-buffered saline (PBS)
and the coordinated/free diclofenac anions.

ZJU-800, a robust metal–organic framework (MOF) based on
Zr clusters, has been discovered to possess exceptional drug
loading capacity, reaching approximately 58.80 wt%.79 By
adjusting the compactness between the MOF and the drug
diclofenac sodium (DS) through pressure, the release time of
the drug can be controlled, ranging from 2 days to 8 days.

6. Zr-based MOFs as biomarkers

Coordination polymers, also known as metal–organic frame-
works (MOFs), constitute a captivating class of hybrid materials,
formed by connecting metal ions or metal clusters with molecular
bridging ligands.80 Notably, researchers have successfully demon-
strated the capability to downsize these materials to the nano-
scale, resulting in the creation of nanoscale coordination
polymers (NCPs) that hold great promise for potential applica-
tions in biological and biomedical fields. In a noteworthy study,
Wenbin Lin and colleagues81 presented phosphorescent NCPs
by employing the bridging ligand [Ru{5,50-(CO2)-2-bpy}(bpy)2]
(where bpy represents 2,20-bipyridine) in conjunction with Zn2+

and Zr4+ as connecting points. The resulting NCPs exhibited
intriguing phosphorescent properties, rendering them particu-
larly intriguing for further exploration and their potential appli-
cation in diverse areas. By incorporating specific metal ions and
ligands, it becomes possible to design NCPs with tailored
functionalities and characteristics, opening new avenues for
advancements in nanomaterials and their potential use in
biological and medical settings.

Fig. 11 Design and fabrication of a FA targeting agent decorated drug
delivery system, and its application in cell imaging and in vivo antitumor
therapy. Reproduced from ref. 59 with permission from Royal Society of
Chemistry, copyright 2016.

Fig. 12 (a) Schematic presentation of the post-modification and drug
loading processes. (b) SEM images of ZJU-101. (c) The coulombic attrac-
tion between the ligand of the cationic framework and anionic drug.
Reproduced from ref. 52 with permission from American Chemical
Society, copyright 2016.
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In the reported study, zinc (Zn) and zirconium (Zr) nano-
scale coordination polymers (NCPs) were synthesized and
characterized. The Zn NCP exhibited a dye loading of 78.7%,
while the Zr NCP had a slightly lower dye loading of 57.4%. The
Zr NCP was further stabilized by a silica coating and functio-
nalized with poly(ethylene glycol) (PEG) and a targeting mole-
cule, enabling its potential application in in vitro optical
imaging of cancer cells. The Zn NCP, named NCP-1, was
obtained with a yield of 54.3% through microwave heating of
a solution containing L-H22 (a ligand), oxalic acid, and
Zn(NO3)2 in DMF (dimethylformamide) and water at 100 1C
for 5 minutes. NCP-1 formed block-like particles with dimen-
sions of approximately 100 � 100 � 50 nm upon isolation. On
the other hand, the Zr NCP, named NCP-2, was produced by
microwave heating of an acidic solution containing L-H22 and
ZrCl4 in dmf at 100 1C for 10 minutes (Fig. 13). After centrifuga-
tion and washing with methanol and ethanol, dark orange
particles of NCP-2 were obtained. However, it was observed
that NCP-1 was not stable under the coating conditions, leading
to the leaching of the L dye molecules from the particles and
rendering the recovered particles nearly colorless. This instabil-
ity was confirmed through SEM and energy-dispersive X-ray
spectroscopy (EDS). To improve the stability of the NCPs, the
researchers speculated that using Zr4+ ions instead of Zn2+ to
connect the carboxylate groups of the L ligands could lead
to the synthesis of more stable NCPs, similar to the UiO
(University of Oslo) framework. Regarding the luminescent
properties of NCP-2, it exhibited a luminescent quantum yield
of 0.8% and an average luminescence lifetime of 107 ns at
630 nm. These properties suggest that NCP-2 could potentially
be utilized in luminescence-based applications.

In 2010, Roming et al.83 presented an intriguing system
termed ZrO-(HPO4)1�x(FMN)x, with x ranging from 0 to 1,
composed of ZrO2+, HPO4

2�, and FMN2� (FMN, flavin mono-
nucleotide, a derivative of vitamin B2). The notable character-
istics of the system include very low solubility, which facilitates

nanoparticle formation and growth; the chemical inertness of
zirconium phosphates, ensuring material stability and prevent-
ing undesired reactions; biocompatibility of all constituents,
rendering them safe for diverse applications; and the ability to
finely adjust the concentration of the fluorescent dye (FMN)
from very low to molar levels, enabling customized optical
properties. Particularly noteworthy is the innovative concept
of combining an inorganic cation (ZrO2+) with an anionic
fluorescent dye (FMN2�), a novel approach in luminescent
materials at that time, holding promising potential for applica-
tions in nanomaterials and biocompatible luminescent materials.
To achieve a rapid and streamlined synthesis process, forced
hydrolysis in water was chosen as the preferred method. The
main focus was on the formula denoted as ZrO(HPO4)1�x-(FMN)x

(x = 0–1), aiming for a complete exchange of HPO4
2� with FMN2�.

Remarkably, this successful exchange was observed for the first
time in luminescent hybrid materials.83 To accomplish this, two
representative compounds were selected: zirconylflavin mono-
nucleotide [ZrO(FMN)], which contains substantial amounts of
the dye, and a ‘‘diluted’’ version ZrO-(HPO4)0.9(FMN)0.1. Both
compounds were easily obtained by mixing aqueous solutions
of the starting materials, resulting in transparent yellow to orange
suspensions that exhibited bright green emission under both
ultraviolet (UV) light (at 366 nm) and blue light (at 380–450 nm)
excitation. Due to the strong UV light absorption, only the part of
the suspension close to the direction of incoming light displayed
full luminescence. In the case of the blue light-emitting diode
(LED), the scattering of blue light combined with the green
emission led to partial additive color mixing, resulting in white
light. The as-prepared suspensions typically contained solid
contents of 1% by weight and demonstrated long-term stability
over months. Despite the laboratory-scale synthesis (0.5–1.0 g
amounts), straightforward scaling up is expected, as the material’s
crystallinity and core–shell structures do not require special
considerations. The size and shape of the as-prepared ZrO-
(HPO4)1�x(FMN)x was evaluated using dynamic light scattering
(DLS), scanning electron microscopy (SEM), and transmission
electron microscopy (TEM). DLS analysis revealed a relatively
broad size distribution with a mean hydrodynamic diameter of
39–12 nm in water. However, redispersion in a more surface-active
solvent, such as diethylene glycol (DEG), resulted in a much
narrower size distribution (32–4 nm), indicating the presence of
uniform primary particles with some agglomeration in water.
Notably, all particles remained smaller than 100 nm even in
water, and the synthesis process did not involve common colloidal
stabilizers like long-chained amines or phosphines. Electron
microscopy revealed that ZrO(HPO4)1�x(FMN)x had a spherical
shape and a mean diameter of 25–40 nm. Finally, the specific
surface area, measured using the Brunauer–Emmett–Teller (BET)
method, confirmed the presence of a nanoscaled compound, with
a value of 115 m2 g�1.

ZrO(HPO4)1�x(FMN)x nanoparticles have shown promise as
effective tools for staining viable structures in whole organisms.
To introduce specific targeting in organisms, organs, or cells,
such as coupling specific antibodies, ligands, lectins, or recep-
tor molecules, established techniques for functionalizing the

Fig. 13 Synthesis of NCP-2, coating of NCP-2 with a thin shell of silica,
and further functionalization of SiO2@2 with PEG and PEG-anisamide.
TEOS = tetraethylorthosilicate. Reproduced from ref. 82 with permission
from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2011.
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surface of semiconductor quantum dots and attaching specific
linkers can now be applied to these nanoparticles. In addition
to their green emission, the concept of dye-modified zirconium
phosphates (DMZPs) has been expanded in a preliminary study
to include other dye anions and different emission colors.
For instance, introducing umbelliferone phosphate (UFP)2�

resulted in obtaining noncrystalline nanoparticles with an approxi-
mate composition of ‘‘ZrO(UFP),’’ exhibiting blue emission under
366 nm excitation. Furthermore, it has been reported that
ZrO(HPO4)1�x(FMN)x holds potential as a promising alternative to
existing luminescent nanomaterials. Its use as a luminescent
biomarker and its successful biocompatibility testing as a proof
of concept in living mice and cells further support its potential
applications. Additionally, DMZPs have been extended to display
red and blue emission, as well as luminescence switching, adding
to their versatility and potential for various biological and bio-
medical applications. Luminescent metal–organic frameworks
(LMOFs) have garnered considerable interest as a distinctive group
of sensing materials. In this particular study, the intrinsically
fluorescent amino derivative of UiO-66 (UiO-66-NH2) was effectively
utilized as a fluorescent probe for the sensitive and selective
detection of phosphate anions in an aqueous medium.62

7. Multiple imaging (photodynamic
therapy and biosensing)

Although nanoscale metal–organic frameworks (NMOFs) find
extensive use in imaging techniques like computed tomography
(CT), magnetic resonance imaging (MRI), and optical imaging,
their application as in vivo tumor imaging agents remains
relatively limited. For enhanced sensitivity and deeper signal
penetration, positron emission tomography (PET) imaging is
preferred due to its superior detection capabilities, even at
picomolar concentrations, and its ability to provide quantita-
tive data in both preclinical and clinical settings. Thus, there is
a need for a biocompatible NMOF platform that can be
employed in PET imaging and tumor targeting, facilitating
future PET-guided cargo delivery to cancer sites. Among the
available NMOFs, the zirconium-containing UiO-66 NMOF was
selected as a template material due to its well-known optimal
surface area and exceptional stability, facilitated by the
presence of Zr6O4(OH)4 connecting clusters. Surface engineer-
ing using pyrene-derived polyethylene glycol (PEG) was imple-
mented to enhance UiO-66 stability and dispersity in biological
media, while also providing additional functionalization sites
for the integration of tumor-targeting molecules.63 Chen et al.
presented a study on the production and characterization of an
intrinsically radioactive nanoscale metal–organic framework
(nMOF) named 89Zr-UiO-66.84 The nMOF was incorporated with
the positron-emitting isotope zirconium-89 (89Zr) to enable PET
imaging. Further functionalization of 89Zr-UiO-66 was carried
out using pyrene-derived polyethylene glycol (Py-PGA-PEG) and
conjugation with a peptide ligand (F3) targeted to nucleolin,
specifically for triple-negative breast tumors. Additionally, the
nMOF was loaded with doxorubicin (DOX) as both a therapeutic

cargo and a fluorescence visualizer. The functionalized 89Zr-
UiO-66 demonstrated robust radiochemical and material stabi-
lity in various biological media. Based on cellular targeting and
in vivo PET imaging results, it was concluded that the 89Zr-UiO-
66/Py-PGA-PEG(-F3)complex serves as a promising image-
guidable, tumor-selective cargo delivery nanoplatform. This
study presents a potential avenue for the development of
targeted cancer therapies using nMOFs as imaging agents
and drug carriers simultaneously.

Biological thiols, such as cysteine (Cys) and glutathione
(GSH), play crucial roles in numerous biological processes
within living organisms. Cys acts as a precursor to the anti-
oxidant GSH, and their levels can undergo significant changes
in response to oxidative stress associated with toxic insults,
bacterial infections, and various diseases. Deficiencies in Cys
can lead to various aberrations, including decreases in hema-
topoiesis, loss of leukocytes, and psoriasis, among others.
On the other hand, GSH is involved in several important
functions in the body, including the regulation of the redox
environment in cells. In this context, Mi-UiO-66 and Mi-UiO-
6764 were developed as fluorescent probes for detecting Cys and
GSH. These probes exhibited high sensitivity (10–11 M) and
selectivity for Cys and GSH, making them effective tools for
detecting these thiols. Moreover, the fluorescence imaging of
Cys and GSH in living cells was convincingly demonstrated,
showcasing their potential for in vivo applications in studying
thiol-related biological processes.

The development of a photosensitizing system that can
efficiently control the generation of singlet oxygen (1O2) is of
significant interest in the field of photodynamic therapy (PDT).
Recently, several photosensitizer-photochromic-switch dyads
have been proposed as a potential means of achieving con-
trolled 1O2 generation in PDT. Among these, a Zr-MOF (Metal–
Organic Framework) nanoplatform has been investigated,
demonstrating energy transfer-based 1O2 controlled PDT. Zhou
et al. showed the energy-transfer-based 1O2-controlled PDT
using a Zr-MOF as a nanocarrier.85 The photosensitizing sys-
tem, installed in the MOF pores, allows the control of 1O2

generation using a photochromic switch. In this study, a widely
employed photosensitizer, porphyrin, and a DTE (diarylethene)
derivative were successfully incorporated into the Zr-MOF, with
adjustable ratios. This strategy enables the fine-tuning of
energy transfer for 1O2 control by adjusting the ratios between
the two dyes incorporated into the MOF. Furthermore, the dyad
was effectively delivered into cells, demonstrating successful
cellular uptake and potential for targeted PDT applications.86

This represents a promising approach for achieving controlled
1O2 generation in PDT using Zr-MOF nanocarriers. Adsorption
behavior of the uremic toxins, p-cresyl sulfate, indoxyl sulfate,
and hippuric acid, from human serum albumin in zirconium-
pyrene-based metal�organic frameworks (MOFs) NU-1000
(Fig. 14), offers the highest toxin removal efficiently.63

The recent application of metal–organic frameworks (MOFs)
as biomimetic mineralization to living cells and viruses opens
up numerous exciting possibilities in cell biology and biotech-
nology (Fig. 15). The encapsulation processes introduced
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through this approach provide a protective shield to cells and
viruses, safeguarding them from inhospitable external environ-
ments that could lead to cell death or virus deprivation.
However, it is worth noting that the research field is still in
its early stages, and further investigations involving different
types of cells, viruses, and MOFs are needed to fully demon-
strate the versatility and potential of this technique.87

Luminescent metal–organic frameworks (LMOFs) have
emerged as valuable materials for selectively recognizing vari-
ous molecules and ions through detectable luminescence
responses. While MOFs have been successfully utilized as NO

storage and delivery agents, the extension of common
approaches for NO detection to MOF-based sensors has been
relatively scarce. A notable example is UiO-66@NH2 (1-NH2),
where the desolvated phase of the MOF dispersed in HEPES
buffer (10 mM, pH 7.4) was excited at 325 nm, and the emission
profile was recorded between 340 and 630 nm before and after
NO addition (Fig. 16). An intriguing observation was made,
showing a smooth emission curve peaking at 432 nm, which
underwent a significant change upon treatment with NO.88

This discovery stimulates further research in the field of
Zr-based MOF sensors for NO detection, pushing towards the
goal of developing probes for relevant biological applications.

8. Zr-based MOFs for health
fortification

Zirconium-based metal–organic frameworks (Zr-MOFs) have
emerged as a bioinspired class of materials with remarkable

Fig. 14 (a) The crystal structure of NU-1000 viewed down the c-axis and (b) an orthogonal view prior to p-cresyl sulfate exposure (each adsorption site
is depicted by a colored oval). (c) Optimized geometry of p-cresyl sulfate-pyrene and Zr6 node domains after p-cresyl sulfate adsorption. For clarity, only
one orientation of p-cresyl sulfate is extracted at each site, and potassium counterions and hydrogens are omitted. Reproduced from ref. 63 with
permission from American Chemical Society, copyright 2019.

Fig. 15 (A) Cell can be coated with a metal–organic framework (MOF) via
biomimetic mineralization, and then (B) enzymes can be grafted to the
surface of the framework. (C) If the framework pore and pore aperture size
are large enough, enzymes can be introduced into the MOF via infiltration.
(D) Biomimetic mineralization procedure in the presence of enzyme
results in a shell where the biomacromolecules are encapsulated in a
single step. Finally, (E) enzymes can be directly immobilized on the surface
of the cell, followed by (F) biomimetic mineralization to afford a cell/
enzyme system. Reproduced from ref. 87 with permission from American
Chemical Society, copyright 2018.

Fig. 16 Schematic illustration of nitric oxide detection by a functionalized
MOF. Change in fluorescence intensity of 1-NH2 upon incremental
addition of 0.1 mM NO solution. Inset – fluorescence of 1-NH2 (i) before
and (ii) after NO addition. Reproduced from ref. 88 with permission from
American Chemical Society, copyright 2019.
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catalytic properties for the hydrolysis of nerve agents. Nerve agents
directly interfere with the central nervous system by binding to the
active site of acetylcholinesterase, an enzyme responsible for
regulating choline ester-based neurotransmitters crucial for
voluntary muscle control. This binding inhibits the enzyme’s
proper function, leading to the accumulation of acetylcholine
neurotransmitter, causing continuous muscle contractions,
paralysis, and ultimately, death. Organophosphorus nerve agents
like Tabun (GA), Sarin (GB), Soman (GD), and O-ethyl S-diiso-
propylaminomethylmethylphosphonothiolate (VX), along with
nerve agent stimulants such as dimethyl methyl phosphonates
(DMMP), diisopropylfluorophosphate (DIFP), dimethyl-4-nitro-
phenyl phosphonates (DMNP), and diethyl-4-nitrophenyl phos-
phonates (DENP), are some of the most toxic chemicals known to
humanity. Despite international bans, their unfortunate recent
use has underscored the urgent need to develop effective materi-
als for degrading these nerve agents.

Zr-MOFs have proven to be highly effective in rapidly hydrolyz-
ing these nerve agents, significantly reducing their toxicity. The
effectiveness of Zr-MOFs in rapidly reducing the toxicity of nerve
agents is substantiated by empirical evidence, as indicated in
Table 5. Their bioinspired nature and exceptional catalytic perfor-
mance make them promising candidates for addressing the critical
challenge of neutralizing and detoxifying these deadly compounds.
In the fight against chemical warfare agents, the development of
such advanced materials represents a crucial step towards enhan-
cing global security and safeguarding human health.

9. Conclusions

Zirconium-based metal–organic frameworks (Zr-MOFs) or
coordination polymers offer a range of advantages for the

adsorption and controlled release of biomolecules, setting
them apart from other drug carriers like inorganic porous
solids or organic polymers. The tunable composition, structure,
pore size, and volume of Zr-MOFs, along with easy functiona-
lization, flexible networks, and accessible metal sites, make
them highly suitable for such applications. Moreover, their
biodegradable nature can be tailored by carefully selecting
the metal, linker, and structure, enabling degradation in body
fluids over varying timeframes, from minutes to weeks.

An innovative approach to drug release involves designing
bioactive MOFs based on the drug itself as the linker, allowing
its release through the degradation of the Zr-MOF. Alterna-
tively, a bioactive/non-toxic metal like Zr can be used as the
inorganic cation, adding antibacterial activity or imaging
properties. At the nanometric scale, various synthesis techni-
ques such as microwave-assisted hydro or solvothermal
methods, sonothermal methods, and reverse emulsion tech-
niques enable diverse administration routes (intravenous,
ocular, etc.) and facilitate various formulations like pellets,
thin films, gels, composites, and more. Although the surface
modification of Zr-MOF nanoparticles is still in its early
stages, it holds great promise as it can modulate MOFs’
biodistribution by influencing bioadhesion, stealth, targeting,
and stability.

Zr-MOFs have demonstrated remarkable loading capacities
for therapeutic molecules, including drugs, cosmetics, and
biological gases, with the added benefit of controllable release
of their cargo. These porous Zr-MOFs have successfully
entrapped challenging drug and biogas molecules, allowing
for their controlled and gradual release in in vitro experiments.
Such advancements pave the way for promising applications
in drug delivery and biomedicine, offering potential break-
throughs in controlled and efficient therapeutic treatments.

Table 5 Zr-MOF as catalyst for the hydrolysis of nerve agents and nerve agent stimulants

MOF Linker Base Simulant [t1/2 (min)] Nerve agent [t1/2 (min)] Ref.

UiO-66 BDC DMNP [B10 d] GD [o0.5 d]; VX [o0.5 d] 88
UiO-66-NH2 BDC-2-NH2 DMNP [B3 d] GD [o0.5 d]; VX [B1 d] 88
NU-1000 H4TBAPy DMNP [430 d] GD [B2 d]; VX [B3 d] 88
MOF-808 BTC3� [BA-morph] DMNP [9] VX [o1] 89
NU-901 H4TBAPy [BA-morph] DMNP [1080] 89
NU-901 H4TBAPy PAMAM DMNP [1.1] 90
NU-901 H4TBAPy B-PEI DMNP [1.9] 90
NU-1000-dehyd H4TBAPy L-PEI DMNP [1.8] GD [4.8] 91
NU-1000-dehyd H4TBAPy L-PEI VX [12.7] 91
UiO-66 BDC L-PEI DMNP [2.7] 92
UiO-66 BDC B-PEI DMNP [460] 92
NU-1600 H6PET-1 L-PEI DMNP [3] GD [12] 37

R = -COOH
NU-1601 H6PET-2 DMNP [3.2] 37

R = -C6H4-4-
COOH

NU-1602 H6PET-3 DMNP [2.2] 37
R = -CC-C6H4-4-
COOH

NU-1002-m-NH2 H4TBAPy-m-NH2 DMNP [2.8] 93
NU-1002-o-NH2 H4TBAPy-o-NH2 DMNP [1.2] 93
Spiro-MOF Spirof-L DMNP [7.5] 94
PCN-777 TATB DENP [3.6] GA[o1], GD[o1] 95
NU-1400 TPTC DMNP [3] 96
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Abbreviations

BDC2� Terephthalate
BPDC2� Biphenyl-4,40-dicarboxylate
TPDC2� [1,10:40,10-Terphenyl]-4,400-dicarboxylate
TBAPy4� 1,3,6,8-Tetrakis(p-benzoate)pyrene
Py-XP4� 4,40,400,40 0 0-(Pyrene-1,3,6,8-tetrayl) tetrakis(2 0,50-

dimethyl-[1,10-biphenyl]-4-carboxylate)
Por-PP4� Meso-tetrakis-(4-carboxylatebiphenyl)-porphyrin
PTBA4� 4-[2-[3,6,8-Tris[2-(4-carboxylatephenyl)-ethynyl]-

pyren-1-yl]ethynyl]-benzoate
Py-PTP4� 4,40,400,40 0 0-((Pyrene-1,3,6,8-

tetrayltetrakis(benzene-4,1-diyl))tetrakis(ethyne-,
1-diyl))tetrabenzoate

Por-PTP4� Meso-tetrakis-(4-
((phenyl)ethynyl)benzoate)porphyrin

FUM2� fumarate
PZDC2� 1H-pyrazole-3,5-dicarboxylate
BTC3� Benzene-1,3,5-tricarboxylate
MTB4� 4,40,400,40 0 0--Methanetetrayltetrabenzoate
TCPP4� Meso-tetrakis(4-carboxylatephenyl)porphyrin
XF4� 4,40-((1E,10E)-(2,5-bis((4-

carboxylatephenyl)ethynyl)-1,4-
phenylene)bis(ethene-2,1-diyl))dibenzoate

BPYDC2� 2,20-Bipyridine-5,50-dicarboxylate
ABDC2� 4,4-Azobenzenedicarboxylate
TCBPP4� Tetrakis(4-carboxylatebiphenyl)porphyrin
ETTC4� 4,40,400,40 0 0-(Ethene-1,1,2,2-tetrayl)tetrabiphenyl-

4-carboxylate
TDC2� 2,5-Thiophenedicarboxylate
MTBC4� 4,40,400,40 0 0-Methanetetrayltetrabiphenyl-4-

carboxylate
TATB3� 40,400,40 0 0-s-triazine-2,4,6-triyl-tribenzoate
DTTDC2- Dithieno[3,2-b;20,30-d]-thiophene-2,6-

dicarboxylate
2,6-NDC2� Naphthalene-2,6-dicarboxylate
FDCA2� 9-Fluorenone-2,7-dicarboxylate
DTDAO2� Dibenzo[b,d]thiophene-3,7-dicarboxylate

5,5-dioxide
EDDB2� 40,400-(Ethyne-1,2-diyl)dibenzoate
H3pgal Pyrogallol
H4gal Gallic acid
H2sal Salicylic acid
H6TzGal 5,50-(1,2,4,5-Tetrazine-3,6-diyl)bis(benzene-1,2,3-

triol)
BTB3� 50-(4-Carboxyphenyl)[1,10 : 300,100-terphenyl]-

4,400-dicarboxylate
TTMC2� (2E,4E)-hexa-2,4-dienedioate
ABDC2� Azobenzenedicarboxylate
H6BTBP 1,3,5-Tris(4-phosphonophenyl)benzene
H6TTBMP 2,4,6-Tris(4-(phosphonomethyl)phenyl)-1,3,5-

triazine
PEDC2- 4,40-(1,4-Phenylenebis-(ethyne-2,1-

diyl))dibenzoate
BPV2� 5,50-Bis(carboxylateethenyl)-2,20-bipyridine
BPHV2� 4,40-Bis(carboxylateethenyl)-1,10-biphenyl

TPHN2� 4,40-Bis(carboxylatephenyl)-2-nitro-1,10-biphenyl
ADC2� 9,10-Anthacenyl bis(benzoate)
DTDC2� 3,4-Dimethylthieno[2,3-b]thiophene-2,5-

dicarboxylate
TCPS4� Tetrakis(4-carboxyphenyl) silane
BTBA4� 40,400,40 0 0,40 0 0 0-(Biphenyl-3,30,5,50-

tetrayltetrakis(ethyne-2,1-diyl))tetrabenzoate
AP2� 1,6-Adipate
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87 R. Riccò, W. Liang, S. Li, J. J. Gassensmith, F. Caruso,
C. Doonan and P. Falcaro, ACS Nano, 2018, 12, 13–23.

88 H. Wang, J. J. Mahle, T. M. Tovar, G. W. Peterson, M. G.
Hall, J. B. DeCoste, J. H. Buchanan and C. J. Karwacki, ACS
Appl. Mater. Interfaces, 2019, 11, 21109–21116.

89 S. J. Garibay, O. K. Farha and J. B. DeCoste, Chem. Commun.,
2019, 55, 7005–7008.

90 Z. Chen, T. Islamoglu and O. K. Farha, ACS Appl. Nano
Mater., 2019, 2, 1005–1008.

91 S. Y. Moon, E. Proussaloglou, G. W. Peterson, J. B. DeCoste,
M. G. Hall, A. J. Howarth, J. T. Hupp and O. K. Farha,
Chemistry, 2016, 22, 14864–14868.

92 K. Y. Cho, J. Y. Seo, H.-J. Kim, S. J. Pai, X. H. Do, H. G. Yoon,
S. S. Hwang, S. S. Han and K.-Y. Baek, Appl. Catal., B, 2019,
245, 635–647.

93 T. Islamoglu, M. A. Ortuño, E. Proussaloglou, A. J. Howarth,
N. A. Vermeulen, A. Atilgan, A. M. Asiri, C. J. Cramer and
O. K. Farha, Angew. Chem., Int. Ed., 2018, 57, 1949–1953.

94 H. J. Park, J. K. Jang, S. Y. Kim, J. W. Ha, D. Moon, I. N.
Kang, Y. S. Bae, S. Kim and D. H. Hwang, Inorg. Chem., 2017,
56, 12098–12101.

95 M. C. de Koning, M. van Grol and T. Breijaert, Inorg. Chem.,
2017, 56, 11804–11809.

96 Y. Zhang, X. Zhang, J. Lyu, K. I. Otake, X. Wang, L. R.
Redfern, C. D. Malliakas, Z. Li, T. Islamoglu, B. Wang and
O. K. Farha, J. Am. Chem. Soc., 2018, 140, 11179–11183.

Review Journal of Materials Chemistry B

Pu
bl

is
he

d 
on

 1
3 

 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
2.

07
.2

02
5 

19
:0

0:
49

. 
View Article Online

https://doi.org/10.1126/sciadv.1600480
https://doi.org/10.1016/j.ccr.2021.214308
https://doi.org/10.1021/jacs.3c12416
https://doi.org/10.1021/jacs.3c12416
https://doi.org/10.1039/d3tb02562d



