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Nanotechnological advancements have established stimuli-responsive nanomaterials as a pivotal strategy
for spatiotemporally controlled drug delivery in precision biomedicine. Metal-organic frameworks (MOFs),
crystalline porous materials constructed from metal ions/clusters and organic ligands through coordina-
tion bonds, exhibit exceptional drug delivery potential owing to their high surface area, tunable pore
size, and facile functionalization. This review systematically analyzes recent advances in MOF-based drug
Keywords: delivery, with a focus on synthesis strategies, stimulus-responsive mechanisms, and biomedical applica-
MOFs tions. A key contribution of this review is the systematic classification of stimuli-responsive mechanisms,
Nanomaterials covering triggers such as pH, temperature, magnetic fields, humidity, and biological stimuli (e.g., redox
Dfug dglivery ) factors, enzymes, adenosine triphosphate (ATP), ions, and hydrogen sulfide (H,S)). This framework pro-
Stimuli-responsive vides a blueprint for designing targeted drug delivery platforms. By synthesizing cutting-edge research
Control release and emerging trends, this review offers actionable insights to advance stimuli-responsive MOF drug de-

livery systems (DDS).

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Stimuli-responsive systems, as an emerging drug delivery tech-
nology, effectively address the limitations of traditional drug com-
ponents that rely on direct release [1-3]. These systems demon-
strate multiple advantages, including high bioavailability, targeted
distribution, controlled release, reduced dosing frequency, and
minimized systemic side effects [4-6]. Within such systems, drugs
remain stably encapsulated during transportation and achieve lo-
calized release at target sites upon accumulation or environmen-
tal stimuli activation [7-9]. The development of diverse stimuli-
responsive carriers enables adaptability to the specific require-
ments of different administration routes and release environments
[10,11]. Given these advantages, stimuli-responsive systems have
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garnered significant attention in the context of novel delivery sys-
tems and innovative drug development [12-15].

Metal-organic frameworks (MOFs), crystalline porous materi-
als formed by coordination bonds between metal ions/clusters
and organic ligands [16,17], exhibit extraordinary application po-
tential across diverse fields. These including rechargeable batter-
ies [18-20], gas and liquid separation [21-23], electrochemical
sensors [24,25], catalysis [26,27], pollutant removal [28-30], and
biomedicine [31-33]. Such versatility stems from their ultra-high
specific surface area, tunable nanostructures, excellent biocompat-
ibility, and uniformly distributed catalytic sites.

Recently, MOFs have gained prominence in stimuli-responsive
drug delivery [34-37], due to their advantages manifested in sev-
eral aspects: (a) Ultra-high porosity enabling high efficiency drug
loading [38,39]. (b) Diverse pore architectures and surface prop-
erties that ensure compatibility with various drug molecules [40].
(c) Biodegradability to ensure delivery safety while minimizing car-
rier accumulation toxicity [41,42]. (d) Designable compositions and
structures that respond to environmental stimuli via coordination

1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. Schematic illustration of MOF-based stimuli-responsive system for drug de-
livery. Image created with BioRender.com, with permission.
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Fig. 2. Schematic illustration of MOFs synthesis techniques. Image created with
BioRender.com, with permission.

bond cleavage, shell disintegration, or structural phase transitions
[43,44].

Given rapid advances in stimuli-this review aims to (1) summa-
rize recent progress, (2) identify emerging trends, and (3) provide
design guidelines for clinically translatable delivery systems. This
review systematically summarizes the primary synthesis methods
of MOFs, classifies stimuli-responsive MOFs according to stimulus
types, and elaborates on their drug release mechanisms and ad-
vancements in biomedical applications. Lastly, addressing the limi-
tations identified in current research, it explores the challenges and
future directions for stimuli-responsive MOFs in drug delivery (Fig.
1).

2. The synthesis of MOFs

MOFs can be synthesized via diverse methodologies. Since
slight variations in synthesis methods or reaction conditions sig-
nificantly influence final product characteristics, careful optimiza-
tion of these parameters is essential. We will outline several com-
mon MOFs synthesis techniques and their application scenarios
(see Supporting information for details), thereby offering guidance
for researchers to identify optimal synthetic strategies (Fig. 2).

3. Precision biomedicine and stimuli-responsive MOFs

Stimuli-responsive MOFs are intrinsically linked to precision
medicine, serving critical functions in disease diagnosis, therapeu-
tic intervention, and targeted drug delivery. We will discuss the
specific applications of MOFs in precision medicine from two as-
pects: disease diagnosis and disease therapy, with detailed content
provided in Supporting information.
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4. The advantages of MOFs for drug delivery

In the context of drug delivery systems (DDS), diverse materi-
als have been explored as drug carriers, each demonstrating dis-
tinct advantages and limitations in practical applications. In recent
years, MOFs have garnered increasing attention in drug delivery
due to their excellent physicochemical properties, functional ver-
satility, and advanced encapsulation capabilities. We will detail the
specific advantages of MOFs in the field of drug delivery, with spe-
cific content available in Supporting information.

5. Stimuli-responsive MOFs for drug delivery

Stimuli-responsive MOFs represent a class of intelligent materi-
als that integrate the stimulus-responsive groups into their frame-
works. These groups can specifically respond to environmental
changes, triggering molecular-level structural transformations such
as conformational rearrangements, hydrolytic cleavage, or protona-
tion. Such dynamic responses enable precise control over the re-
lease of guest drug molecules [45]. This mechanism acts as the
core regulatory unit of intelligent DDS, ensuring targeted drug re-
lease in specific organs. This section systematically elaborates on
the response mechanisms of stimuli-responsive MOFs, focusing on
ten key stimuli: redox reactions, enzyme, hydrogen sulfide (H,S),
adenosine triphosphate (ATP), pH, temperature, magnetic fields,
ions, humidity, and multi-stimuli conditions. Among them, the in-
troduction to ions-, humidity-, and multi-stimuli-responsive mech-
anisms can be found in Supporting information.

Based on a comprehensive understanding of the drug delivery
mechanisms of stimuli-responsive MOFs, this review aims to guide
researchers in selecting stimuli that match the pathophysiologi-
cal microenvironment of diseases, thereby facilitating the design of
optimized intelligent DDS.

5.1. Redox

Redox homeostasis serves as a fundamental mechanism govern-
ing physiological activities in the human body. Disruption of redox
equilibrium during these processes can lead to homeostasis break-
down, which may initiate or exacerbate pathological conditions,
including cancer [46]. Given the marked redox concentration gra-
dients between pathological and normal tissues, redox-responsive
MOFs have emerged as promising platforms for achieving tissue-
specific targeting and spatiotemporally controlled release of ther-
apeutic agents, consequently attracting substantial research at-
tention. Currently, redox-responsive MOF systems are primarily
categorized into two types: GSH-responsive MOFs and glucose-
responsive MOFs. This section will systematically elucidate the dis-
tinct activation mechanisms underlying each subtype.

5.11. GSH

GSH, a critical reducing tripeptide in biological systems, reg-
ulates cellular redox homeostasis through thiol-mediated interac-
tions with oxidation-sensitive functional groups. In physiological
processes, GSH modulates key signaling pathways governing cell
proliferation, differentiation, and apoptosis via thiol modification of
proteins [47]. Pathological conditions induce significant alterations
in microenvironmental GSH levels. For example, the metabolic re-
programming of tumor cells induces reductive stress, elevating tu-
mor microenvironment GSH concentrations far beyond those in
normal tissues [48]. Capitalizing on this tumor-specific GSH over-
expression, the engineering of GSH-responsive MOFs has emerged
as a cornerstone strategy for precision tumor-targeted therapy.

Central to this approach is the integration of disulfide bonds
(-S-S-) as GSH-responsive motifs within MOF architectures. Upon
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Fig. 3. (A) Mechanisms of MOF-based redox-responsive (a-c) and enzyme-responsive (d) DDS: (a, b) GSH-responsive; (c) glucose-responsive; (d) enzyme-responsive. (B)
Schematic representation of the anti-tumor activity of ICG-MOF-SS-AUNP12 NPs through synergistic photothermal and immunotherapy. Copied with permission [50]. Copy-
right 2023, The Authors. (C) Synthesis of ZIF@Ins&GOx and its glucose-responsive insulin release mechanism. Copied with permission [51]. Copyright 2020, Elsevier Ltd.
(D) (a) Synthesis route of UiO@PO3;-PEG-N3 and its enzyme-responsive release mechanism; (b) schematic diagram of the modification of Sulfo-Cy3-DBCO on the surface of
UiO@PO3-PEG-N3. Copied with permission [52]. Copyright 2023, American Chemical Society.

entering high-GSH environments, disulfide bonds undergo reduc-
tive cleavage, triggering structural dissociation of MOFs and sub-
sequent drug release. Lei et al. synthesized MOF-M(DTBA) (M = Fe,
Al, Zr) carriers using 4,4'-dithiodibenzoic acid (4,4'-DTBA) as the
ligand [49]. Experimental validation confirmed that disulfide bond
cleavage under tumor-mimetic GSH conditions induced framework
disintegration, enabling controlled release of the anticancer drug
curcumin. In vitro studies demonstrated significantly enhanced an-
titumor efficacy compared to free curcumin. In contrast to conven-
tional designs, Hao et al. engineered MOFs with dual therapeu-
tic modules by anchoring AUNP12 peptides on the surface (Fig.
3) [50]. The first module responds to elevated tumor GSH lev-
els, cleaving disulfide bonds to release AUNP12 peptides for pro-
grammed cell death protein-1 (PD-1)/programmed cell death lig-
and 1 (PD-L1) immune checkpoint inhibition. The second module
uses co-encapsulated indocyanine green (ICG), that generates local-
ized hyperthermia under NIR irradiation, enabling spatiotemporal
controlled photothermal-immunotherapy.

The aforementioned studies demonstrate that GSH-responsive
MOFs achieve spatiotemporally precise drug release and synergistic
effects by leveraging microenvironment-specific disulfide cleavage
mechanisms. Such advancements signify the evolution of redox-
responsive DDS into intelligent platforms capable of multimodal
therapeutic interventions.

5.1.2. Glucose

Initially, glucose-responsive systems have garnered significant
research attention in insulin delivery due to their unique prop-
erties. Studies demonstrate that glucose oxidase (GOx), function-
ing as a glucose-specific responsive component, catalyzes the con-
version of glucose to gluconic acid in glucose-enriched microenvi-
ronments. This reaction induces localized acidification [53]. To en-
able glucose-triggered drug release, researchers utilized acid-labile

MOFs such as MIL-100 [54], and ZIF-8 [51], which degrade in acidic
environments. When insulin is co-encapsulated with GOx within
these MOFs, the system achieves glucose-responsive insulin re-
lease (Fig. 3) [51]. GOx has emerged as key component in glucose-
responsive systems.

Beyond insulin delivery, such materials demonstrate unique ad-
vantages in infected wound therapy. Given that inflammatory pro-
cesses in infected wounds often coincide with glucose accumu-
lation, researchers have developed GOx-based glucose-responsive
MOFs for wound treatment. For instance, Wang et al. engineered
a synergistic antibacterial platform by integrating GOx with gold
nanozymes into ZIF-8 [55]. Upon glucose exposure, GOx and gold
nanozymes initiate a cascade catalytic system that sequentially
converts glucose to gluconic acid/H,0, and generates hydroxyl
radicals (*OH). Concurrently, gluconic acid lowers the microenvi-
ronmental pH, triggering ZIF-8 degradation and Zn2* release, ulti-
mately achieving synergistic antibacterial effects via OH and Zn?+.

Collectively, glucose-responsive MOFs exhibit versatile applica-
bility across biomedical fields. Notably, unlike conventional pH-
responsive materials, the acid-triggered dissociation here arises
from enzymatic substrate conversion, enabling biomarker-specific
responsiveness.

5.2. Enzyme

Enzyme-responsive strategies have been extensively employed
in MOF-based DDS. For instance, in tumor tissues, dysregulated
metabolism alters the balance between catabolism and anabolism,
leading to significant overexpression of enzymes in the tumor
microenvironment. Enzyme-responsive MOF systems achieve tar-
geted drug release through recognition of these specifically over-
expressed enzymes, thereby accomplishing precision therapeutics.
For instance, capitalizing on the marked overexpression of alka-
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line phosphatase (ALP) in gastric cancer, pancreatic carcinoma, and
osteosarcoma [56], the Carrion research team constructed an ALP-
responsive intelligent DDS based on a Zr-based MOF (UiO-66) (Fig.
3) [52]. Using phosphate-Zr coordination interactions, the team an-
chored N3-(PEG)n-PO3 ligands onto the MOF surface, successfully
creating both a stable PEG coating and clickable reactive sites. In
the tumor microenvironment, the overexpressed ALP can specifi-
cally hydrolyze phosphate ester bonds, leading to the destabiliza-
tion of the PEG coating and subsequent liberation of encapsulated
doxorubicin. Furthermore, strategic exploitation of terminal azide
moieties on the ligands enabled covalent conjugation of the fluo-
rescent probe (Sulfo-Cy3-DBCO) to UiO@PO3-PEG-N3 particle sur-
faces via click chemistry, thereby establishing an integrated thera-
nostic platform with precise drug-controlled release and real-time
monitoring capabilities.

In the realm of tumor bone metastasis therapy, enzyme-
responsive strategies demonstrate distinctive advantages. To ad-
dress the critical challenge of inefficient drug delivery caused
by the persistent adhesion of bone-targeting nanoparticles (NPs)
to bone matrix in tumor bone metastasis therapy, Yang et
al. designed a cascade delivery system with detachable target-
ing functionality [57]. This nanocarrier was composed of MMP
enzyme-sensitive bone-targeting polypeptide ligand D8-M3, CD44-
targeted hyaluronic acid (HA), and proteasome inhibitor borte-
zomib (Bortezomib)-loaded ZIF-8 NPs. Experiments demonstrated
that the D8-M3-HA-ZIF8@BTZ NPs targeted bone tissue via D8-
M3 peptides and detached from the bone matrix in response to
tumor MMP enzymes. Concurrently, HA-mediated targeting en-
hanced endocytosis and cytotoxicity toward CD44-overexpressing
tumor cells.

In summary, enzyme-responsive MOFs leverage enzymatic hy-
drolysis to specifically target abnormally expressed tumor en-
zymes, enabling precise drug delivery.

53. H,S

H,S, an endogenous gaseous signaling molecule, plays criti-
cal roles in physiological processes such as tumor immunother-
apy [58], and protection against ischemia/reperfusion injury [59].
In specific pathological microenvironments, endogenous H,S con-

centrations are markedly higher than in normal tissues, positioning
it as a potential target for stimuli-responsive therapeutic systems.

Leveraging these pathological features, Ma et al. proposed a
novel MOF-based photosensitizer for colorectal cancer therapy.
This system enables targeted photodynamic therapy (PDT) via
a H,S-activated controllable singlet oxygen release mechanism
within the tumor microenvironment [60]. The researchers con-
structed a fluorescent MOF system using a Zn-metalated porphyrin
ligand (ZnTcpp) coordinated with Cu2*. In this system, Cu?t com-
pletely quenched ligand fluorescence and suppressed ROS genera-
tion. H,S-mediated removal of Cu?* nodes restores the photosen-
sitive ligand’s activity, allowing simultaneous fluorescence imag-
ing and controlled therapy. Experimental results demonstrated that
this system effectively responds to tumor microenvironmental sig-
nals and exerts antitumor effects.

In a parallel study, Li et al. developed an H,S-responsive MOF-
based photosensitive system through one-pot synthesis using por-
phyrin photosensitizer TCPP and Fe3*, enabling precision therapy
for colorectal cancer (Fig. 4) [61]. Under high H,S concentration,
Fe3* reduction triggers MOF dissociation and TCPP release. This
process simultaneously activates both fluorescence imaging and
photodynamic therapy functions.

In the aforementioned studies, H,S-responsive MOFs activated
photosensitizer via dynamic metal node modulation, either Cu®*-
specific removal or Fe3+ reductive dissociation. This strategy over-
comes the targeting limitations of conventional photosensitizers.
Their synergistic "fluorescence imaging-PDT" mechanism provides
a novel strategy for precision theranostics in colorectal cancer and
related diseases.

54. ATP

As a pivotal nucleotide, ATP powers physiological processes
via hydrolysis of its phosphoanhydride bonds. Studies demonstrate
that ATP level fluctuations are closely linked to various patholo-
gies. This correlation establishes ATP as a critical biomarker to dif-
ferentiate pathological cells from normal counterparts [63]. ATP’s
nitrogen atoms possess abundant lone electron pairs, granting this
metastable high-energy compound strong coordination capabilities.
When nitrogen-containing groups, such as benzene rings, imida-
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zole rings, and amino groups, expose lone electron pairs to metal
ions in solution, coordination reactions would be induced [64]. ATP
initiates framework dissociation and drug liberation via competi-
tive coordination with metal sites in MOFs.

Building upon this mechanism, Chen et al. developed RhI-
DOX@ZIF-90, an ATP-responsive NIR fluorescent nanoprobe. By
co-loading the fluorophore Rhl and doxorubicin into ZIF-90,
they achieved tumor microenvironment-specific responsiveness
and theranostic integration [65]. Upon detecting abnormally ele-
vated ATP levels in tumor tissues, ATP competitively coordinates
with Zn2*—2-imidazolecarboxaldehyde (2-ICA) linkages, triggering
framework disassembly. This process simultaneously activates RhI's
NIR fluorescence and release doxorubicin. Experimental validation
demonstrated the nanoprobe’s mitochondria-targeting capability,
precise ATP level monitoring via fluorescence imaging, concurrent
induction of tumor cell apoptosis, and effective in vivo antitumor
therapy.

Beyond the aforementioned innovations, researchers have also
explored designing ATP-responsive coatings on MOFs surfaces for
controlled drug release. Chen et al., for example, encapsulated dox-
orubicin into MOFs coated with nucleic acid-based polyacrylamide
hydrogels, achieving ATP-responsive tumor-specific drug delivery
(Fig. 4) [62]. This system utilized hybridization chain reactions to
synthesize duplex-bridged hydrogels embedded with caged ATP
aptamers. Elevated ATP levels in tumor cells induce ATP-aptamer
complex formation, leading to hydrogel disintegration and subse-
quent doxorubicin release. Experimental data revealed selective cy-
totoxicity against tumor cells.

These ATP-responsive strategies provide a novel pathway for in-
telligent drug delivery with broad therapeutic potential. However,
further research is needed to translate these systems into clinical
applications.

5.5. pH

pH-responsive MOFs typically incorporate pH-sensitive func-
tional groups that degrade in acidic environments, enabling con-
trolled release of guest molecules [66]. Four main mechanisms
drive drug delivery in pH-responsive MOFs. The dominant mech-
anism, protonation-induced coordination breaking, involves proto-
nation of ionizable chemical groups in MOFs under acidic condi-
tions. This causes charge reversal that disrupts metal-ligand coor-
dination bonds. This structural disintegration leads to the release
of guest molecules in acidic environments such as tumor sites
[67]. Major acid-sensitive MOFs include carboxyl-rich MIL-n series
[68,69], imidazolyl-based ZIF-n series [70,71]. Taking ZIF-8 as an
example, under alkaline or neutral conditions, the nitrogen lone
pairs in imidazolyl ligands demonstrate the capacity to coordinate
with Zn?* to form a stable tetrahedral framework. Under acidic
conditions (pH < pK,; =7.85), protonation of 2-methylimidazole
occupies the nitrogen lone pairs, preventing Zn?+ coordination and
destabilizing the framework. This mechanistic alteration substan-
tially accelerates the structural dissociation of ZIF-8.

Zhang et al. engineered a tumor-targeted MIL-100 platform
coated with hyaluronic acid-polydopamine (HA-PDA), encapsulat-
ing GOx [54]. Upon exposure to acidic tumor microenvironments,
the MIL-100 framework disintegrates to release GOX, which cat-
alyzes glucose conversion into gluconic acid, thereby elevating lo-
cal acidity and H,0, levels. The MIL-100 then initiates Fenton-
like reactions to convert H,0, into cytotoxic “OH. Concurrently,
the generated O, augments GOX enzymatic activity, establishing a
self-amplifying positive feedback loop. This cascade amplifies intra-
cellular H*/H,0,/0, accumulation gradients, synergistically sup-
pressing tumors through oxidative stress and metabolic disruption.
To improve siRNA stability and chemo-gene therapy synergy, Cai
et al. designed PEG-CPP33@NPs, a pH-responsive MOF NPs modi-
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fied with cell-penetrating peptides [72]. This system used ZIF-90
as a carrier to co-deliver the anticancer drug oridonin (ORI) and
survivin siRNA, achieving lysosomal escape through the pH sen-
sitivity of ZIF-90, and precisely releasing the drugs in the tumor
microenvironment. Experiments confirmed that this system had
good tumor selectivity and pH sensitivity, could be effectively in-
ternalized into the cytoplasm, and exhibited excellent gene silenc-
ing efficiency and antitumor effects. Yang et al. developed miR-
34a-m@ZIF-8, a pH-responsive ZIF-8-based nano-delivery system
[73]. This system utilized the pH-responsive properties of ZIF-8 to
rapidly release miR-34a-m and Zn?t in the lysosomes of tumor
cells. Among them, Zn®* induced tumor cell apoptosis by trigger-
ing the production of ROS. Simultaneously, the released miR-34a
achieved a synergistic effect of gene therapy and chemodynamic
therapy (CDT) by silencing the Bcl-2 gene. In another study, re-
searchers developed ZGGO@ZIF-8, a novel core-shell nanoplatform
combining chromium-doped Zn gallogermanate NPs (ZGGO PLNPs)
with pH-responsive ZIF-8. This system enables dual imaging and
drug delivery functions [74]. Leveraging the pH-responsive charac-
teristics of ZIF-8, this platform exhibited accelerated drug release
kinetics in the weakly acidic tumor microenvironment. Further-
more, the synergistic integration of imaging materials with MOF
properties provides a novel strategy for precise tumor theranostics.

Another strategy uses acid-labile covalent bonds (e.g., hydrazine
[75], epoxy bond [76], amide [77], and ether [78]) between drugs
and MOFs for pH-responsive release. These covalent bonds gener-
ally maintain structural integrity under physiological pH conditions
while undergoing hydrolytic cleavage in acidic microenvironments.
As demonstrated in Zhang et al.’s study, the amino-rich chemother-
apeutic doxorubicin forms amide bonds with surface acyl groups
on ZIF-90. By exploiting the pH-dependent instability of the amide
bonds, the DDS achieved sustained release kinetics at pH 5.5, at-
taining >95% cumulative drug release within a 16-h period [79].

The construction of pH-sensitive coatings on MOFs surfaces
represents another validated strategy [80], with commonly em-
ployed coating materials including chitosan [81], poly-histidine
[82], glucose [83], gelatin polymer [84], and carboxymethylcellu-
lose [85]. In a recent study addressing therapeutic challenges in
triple-negative breast cancer (TNBC), Du et al. developed a mul-
tifunctional core/shell nanoreactor based on MOFs (Fig. 5) [80].
This system integrates a pH-responsive polymeric shell (PEG-
CDM-PEI) with a ROS-sensitive degradable MOF core, enabling
co-loading of glycolysis inhibitor glucose oxidase (GOD) and glu-
tamine metabolism inhibitor BPTES for synergistic dual-metabolic
blockade. In acidic tumor microenvironments, the polymeric shell
degrades, releasing GOD and BPTES. These inhibitors synergistically
enhance TNBC cytotoxicity by blocking glycolysis and glutamine
metabolism. This work establishes a novel intelligent delivery
strategy for TNBC therapy. In another study, Hang et al. proposed
an innovative strategy for constructing an intelligent theranostic
platform based on MOFs (Fig. 5) [83]. Using Gd3*-coordinated 5-
boronobenzene-1,3-dicarboxylic acid (BBDC), this approach func-
tionalized MOFs with glucose via diol-borate condensation. It si-
multaneously enhanced biocompatibility, tumor targeting, and con-
trolled release. Experimental results demonstrated that the glu-
cose coating not only improved tumor targeting via GLUT1 pro-
tein interaction but also served as a pH-responsive gatekeeper to
prevent premature drug leakage. Concurrently, the Gd3* ions en-
dowed the system with MR imaging capabilities, successfully real-
izing MR imaging-guided precision chemotherapy.

In addition to the aforementioned mechanisms, pH-responsive
drug release can also be achieved through transformations in host-
guest interactions within MOFs. For instance, Yang et al. developed
a nanoscale cationic porous drug carrier, ZJU-101, via solvother-
mal synthesis, which demonstrates efficient loading of the anionic
drug diclofenac sodium through dual mechanisms of ion exchange
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and permeation [86]. Experimental results revealed that ZJU-101
exhibits accelerated pH-responsive release kinetics in inflamma-
tory microenvironments (pH 5.4) compared to physiological con-
ditions (pH 7.4), mediated by competitive anion exchange between
phosphate-buffered saline (PBS) anions and diclofenac anions.

In summary, pH-responsive MOFs enable precise drug re-
lease in acidic conditions via four key mechanisms: protonation-
induced coordination bond cleavage, acid-labile covalent bonds,
pH-sensitive coatings, and host-guest interactions. These systems
show great promise for tumor and inflammation therapy, espe-
cially in targeted delivery and combination therapies, advancing
the development of intelligent drug delivery platforms.

5.6. Temperature

Temperature-responsive MOFs can dynamically sense temper-
ature changes and regulate drug release behavior via structural
phase transitions or modified intermolecular interactions. Poly(N-
isopropyl acrylamide) (PNIPAM), a well-characterized temperature-
sensitive polymer, exhibits a lower critical solution temperature
(T¢) of 31°C. Below this threshold, PNIPAM is hydrophilic and
water-soluble; above this threshold, it transitions to a hydrophobic
aggregated state [87]. This behavior enables switchable PNIPAM-
modified MOFs (e.g., UiO-66-PNIPAM) for temperature-responsive
drug delivery (Fig. 6) [88]. Researchers loaded UiO-66-PNIPAM
with resorufin, caffeine, and procainamide. The system remained
stable at 40°C but released drugs rapidly at 25°C, thus con-
firming its temperature-responsive release kinetics. Nagata et al.
engineered a dual-responsive (temperature/pH) DDS by grafting
P(NIPAM-AA) onto UiO-66 via post-synthetic modification (Fig.
6) [89]. At >40°C or pH < 4.95, the polymer collapses into
a compact globular conformation, inhibiting procainamide diffu-
sion. Conversely, at <25°C or pH > 6.86, the polymer extends
into a coil conformation, enabling rapid drug release. In another

study, Jiang et al. developed a Zr cluster-based MOF (ZJU-801)
as a high-efficiency temperature-responsive drug delivery platform
[90]. Naphthalene moieties in the organic ligands enhanced -
7 interactions with diclofenac sodium. Experimental data demon-
strated negligible drug release at ambient temperatures and signif-
icantly accelerated release kinetics at elevated temperatures. Struc-
tural analysis showed that naphthalene functionalization improved
framework stability and created -7 stacking sites for drug an-
choring. Moreover, thermal stimulation triggered release through
disruption of these host-guest interactions.

Furthermore, Lin et al. constructed two Zn-based MOFs (ZJU-
64 and ZJU-64-CH3) using zinc ions, adenine, and carboxylate lig-
ands [91]. These isostructural MOFs exhibit temperature-responsive
behavior with methotrexate (Methotrexate) loading capacities of
13.45 wt% (ZJU-64) and 10.63 wt% (ZJU-64-CH3). Drug release at
37°C required 72h, but at 60°C, equivalent release was achieved
in 1.5h (ZJU-64) and 6h (ZJU-64-CH3). The researchers attributed
this differential behavior to thermally enhanced disruption of host-
guest interactions (e.g., hydrogen bonding and m-m stacking be-
tween aromatic moieties). Notably, methyl functionalization in ZJU-
64-CH3 induced channel contraction compared to the parent ZJU-
64, resulting in reduced cumulative drug release and attenuated
release kinetics.

In summary, temperature-responsive MOFs regulate drug re-
lease via structural phase transitions or modified interactions, en-
abling temperature-dependent kinetics, and advancing intelligent
DDS. However, the underlying temperature-responsive mechanisms
require further investigation.

5.7. Magnetic

Magnetic-responsive drug delivery utilizes external magnetic
fields to guide drug-loaded carriers to target sites and trig-
ger stimuli-dependent drug release [92]. Owing to their ma-
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terial properties, magnetic-responsive systems offer advantages
in magnetic hyperthermia, targeted delivery, separation, and MR
imaging [93]. Fe304 is commonly used as the magnetic core in
MOFs to enable magnetic responsiveness. For instance, a mag-
netic MOF-based drug carrier was fabricated by combining Fe304
nanorods with HKUST-1 (Cu3(BTC),), demonstrating targeted de-
livery capabilities [94]. This system exhibits magnetic properties
and high porosity, encapsulating nimesulide for targeted delivery
and magnetic separation. Sharma et al. designed an iron carboxy-
late nanoMOF (M-NMOF) for co-delivering doxorubicin and methy-
lene blue. This system combines magnetic guidance with light-
activated therapy [95]. The aforementioned research findings in-
dicate that magnetic-responsive MOFs have potential advantages
in targeted cancer therapy. Chung et al. developed MagNORM, a
composite of NO donor [Fe(u-S-thioglycerol)(NO),],, MOF-derived
Fe304@C, and poly(lactic-co-glycolic acid) (PLGA) microspheres.
The temperature-responsive PLGA encapsulation enables controlled
NO release (Fig. 7) [96]. Under alternating magnetic field (AMF),
Fe;0,4 generates heat, triggering PLGA phase transition and high-
concentration NO release for broad-spectrum antibacterial effects.

By modulating AMF frequency, MagNORM achieved dual-phase
controlled NO release, providing an innovative solution for pre-
cise treatment of infected wounds. Moreover, due to their ability
to simultaneously enable drug delivery and MR imaging, magnetic-
responsive MOFs demonstrate unique application value in tumor
treatment and tracking. Wang et al. created Fe30,@C@MIL-100(Fe)
(FCM), a nanoplatform with a Fe304@C core and MIL-100(Fe) shell,
for dual imaging and therapy (Fig. 7) [97]. The system integrates
carbon quantum dots for two-photon fluorescence imaging (TPFI)
and hydrophobic MIL-100(Fe) pores to load DHA and Fe(III) ions. In
acidic tumor microenvironments, MIL-100(Fe) degradation enabled
pH-triggered co-release of DHA and Fe(Ill), while Fe;04-mediated
magnetic targeting enhanced drug accumulation at tumor sites.
Combined MR/TPFI imaging allowed real-time therapeutic moni-
toring. Zhao et al. developed a Fe;0,@UiO-66 core-shell composite
via by growing UiO-66 on carboxylate-terminated Fe;0,4 cores. This
dual-functional platform serves as a drug carrier and MR contrast
agent, showing promise for cancer theranostics [98].

In summary, magnetic-responsive MOFs enable targeted drug
delivery via external magnetic fields. Incorporating magnetic mate-
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rials enhances capabilities in hyperthermia, targeted delivery, and
MR imaging. These systems show broad potential in cancer ther-
apy, antibacterial action, and real-time monitoring, advancing pre-
cision medicine strategies.

6. Challenge and further perspective

MOFs, emerging as advanced nanoscale drug carriers, exhibit
unique potential for intelligent drug delivery owing to their ex-
ceptional biocompatibility, ultrahigh drug loading capacity, facile
functionalization, and precisely tunable architectures. However,
their clinical translation remains hindered by multifaceted chal-
lenges. First, current mechanistic studies remain largely theoreti-
cal, lacking in situ molecular characterization and dynamic track-
ing of key pathways in stimuli-responsive release. Second, val-
idation systems over-rely on in vitro models. However, in vivo
physiological complexity exceeds simulated conditions, making full
replication impossible. Third, the dynamic behavior of MOF sys-
tems in pathophysiological microenvironments is poorly under-
stood. Despite their apparent biocompatibility, systematic evalua-
tion of long-term biosafety risks remains lacking. To address these
bottlenecks, future research should integrate material characteri-
zation, physicochemical analysis, and release kinetics modeling to
clarify microenvironment-triggered release mechanisms. Concur-
rently, there is a need to: (1) Develop experimental animal models
replicating authentic pathological features, and (2) establish evalu-
ation systems covering pharmacokinetics, spatiotemporal distribu-
tion, metabolic clearance, and long-term biosafety to assess biolog-
ical effects. By integrating experimental testing, computational de-
sign, and stabilization strategies, we can develop MOFs with both
high stability and multi-stimulus responsiveness. This approach en-
sures durable, reliable drug release with precise spatiotemporal
control, accelerating clinical translation.

7. Conclusion

Numerous stimuli-responsive MOF-based DDS have been devel-
oped to date, demonstrating precise drug release triggered by spe-
cific stimuli. These systems exhibit significant potential for improv-
ing therapeutic outcomes in tumors and inflammatory diseases,
underscoring MOFs’ advantages in precision medicine. MOFs en-
able targeted drug delivery activated only under disease-specific
conditions, maximizing therapeutic efficacy and minimizing side
effects. As promising biomedical candidate materials, MOFs require
standardized in vitro and in vivo studies to rigorously assess their
long-term biosafety and efficacy. Developing MOFs that combine
enhanced stability with multi-stimuli responsiveness is a critical
research focus. Stable MOFs maintain structural integrity in bio-
logical environments long-term, ensuring durable and reliable drug
release. Such systems can precisely control drug release by syner-
gistically responding to multiple stimuli, enhancing treatment ac-
curacy and accelerating clinical translation.
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