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Bacterial infections represent a significant and ongoing challenge to public health worldwide. Metal-
organic frameworks (MOFs), owing to their distinctive structural features and tunable physicochemical
properties, have demonstrated considerable potential in antibacterial applications. Extensive research has
been conducted to explore the application of MOFs in antimicrobial contexts. This review systematically
examines the underlying antibacterial mechanisms of MOFs, including the release of metal ions, the
generation of reactive oxygen species (ROS), and physical disruption of microbial membranes.
Furthermore, it also discussed the specific applications of MOFs against various bacterial species and
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1. Introduction

Bacterial infections have become the second leading cause of
mortality globally. In 2019, it was reported that 33 pathogens
caused 7.7 million of 13.7 million infection-related deaths." The
widespread misuse and overuse of antibiotics have contributed
to the rapid emergence of antibiotic resistance, presenting
a critical threat to global public health.>* In response to this
challenge, a range of novel antibacterial strategies has been
developed, including physical and chemical approaches such as
photodynamic and photothermal therapies,”” immuno-
engineering techniques involving antibacterial peptides and
bacteriophages,® and nanotechnology-based methods employ-
ing metal nanoparticles.” Among these, nanomaterials have
garnered significant attention due to their enhanced antibac-
terial properties. However, traditional antibacterial nano-
materials, such as silver nanoparticles, are often suffer from
limitations including aggregation and reduced activity. Simi-
larly, single-component photocatalytic materials like TiO, and
ZnO are heavily dependent on external light sources, limiting
their efficacy in dark or complex environments.' In contrast,
the advent of MOFs has shown promise in overcoming these
drawbacks, offering more versatile and effective antibacterial
solutions.™

MOFs are porous crystalline materials characterized by their
exceptionally high porosity and large internal surface area,
formed through the coordination of metal ions or clusters with
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evaluates their prospective roles in the development of advanced antibacterial strategies.

organic ligands."””™ The structural tunability of MOFs-achieved by
modifying the metal centers, ligand types, and synthesis
conditions-enables the development of frameworks with tailored
functionalities. Due to these properties, MOFs have found
increasingly application in diverse antibacterial contexts,
including as antimicrobial coatings for medical devices to inhibit
biofilm formation by drug-resistant bacteria, as active compo-
nents in food packaging to prevent microbial contamination and
prolong shelf life, and as ingredients in oral care products to
combat dental pathogens and plaque. It is of great significance to
strengthen the summary of MOFs in the antibacterial field.

While existing reviews on MOFs have largely concentrated on
their structural features and functional modifications,
comprehensive analyses of their antibacterial mechanisms
remain limited.'**® To address this gap, the present review
focuses primarily on elucidating the antibacterial mechanism
of MOFs, specifically through key pathways such as metal ions
release, ROS generation, and physical interactions that disrupt
bacterial integrity (Scheme 1). In addition, the review explores
the application of MOFs against various bacterial strains,
including Gram-negative, Gram-positive, and multidrug-
resistant bacteria. Finally, the current challenges and pros-
pects of MOFs in antibacterial applications were discussed. This
systematic and comprehensive review aims to provide an
important foundation for subsequent research on the antibac-
terial applications of MOFs.

2. Antibacterial mechanism of MOFs
2.1 Release of metal ions

The use of metal ions for antibacterial purposes is a well-
established and extensively studied strategy. Metal ions, such

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic diagram of MOFs antibacterial mechanisms and applications.

as Ag", Cu®>", Zn**, Co®" and Fe**/Fe** exhibit potent bactericidal
activity. These positively charged metal ions interact electro-
statically with the negatively charged bacteria cell walls, dis-
rupting membrane integrity by interacting with membrane
proteins and the phospholipid bilayer. Furthermore, they can
penetrate bacterial cells, bind to DNA, thereby hindering
replication and transcription, inactivate essential enzymes, and
generate ROS through redox processes, all of which contribute
to bacterial cell death."? At present, significant research has
been devoted to incorporating metal ions into MOFs. MOFs
serve as carriers that regulate ion release, maintaining anti-
bacterial effects while minimizing toxicity (Fig. 1).

Ag' is particularly notable for its broad-spectrum activity. Ag"
primarily binds to sulfhydryl (-SH) groups on membrane
proteins, disrupting protein structure and function, increasing
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Fig. 1 Schematic illustration of the antibacterial mechanism of MOFs
via the controlled release of metal ions targeting bacterial cells.

© 2025 The Author(s). Published by the Royal Society of Chemistry

membrane permeability, and causing intracellular leakage.
Additionally, Ag" can enter bacterial cells, where it interferes
with nucleic acid function and inhibits respiratory chain
enzymes, ultimately leading to cell death.>** However, the
unregulated release of Ag" can damage normal tissues.
Numerous studies have explored the combination of Ag" with
MOFs to control the release of Ag'. Ning et al. synthesized two
Ag-based MOFs [Ag, (O-IPA) (H,0)-(H30)] (compound 1) and
[Ags (PYDC), (OH)] (compound 2) by coordinating Ag" with
aromatic carboxylic acids containing hydroxyl and pyridine
groups.” These structures enabled controlled Ag' release.
Mechanism studies revealed that upon approaching bacterial
surfaces, the MOFs released Ag', disrupting ion balance and
membrane integrity. The Ag" also penetrated bacterial cells and
interacted with peptidoglycan and phospholipid components,
causing further cellular damage. Binding of Ag" to protein
sulfhydryl groups led to enzyme inactivation and eventual
bacterial death. The minimum inhibitory concentrations
(MICs) for compounds 1 and 2 against Escherichia coli (E. coli)
were 5-10 ppm and 10-15 ppm, respectively, while those against
Staphylococcus aureus (S. aureus) were 10-15 ppm and 15-
20 ppm, respectively. To further reduce Ag*-associated cytotox-
icity, Guo et al. encapsulated Ag nanoparticles within a spher-
ical Cu-TCPP MOF. Toxicity assessments using the MTT assay
demonstrated that the half-maximal inhibitory concentration
(IC50) values of Ag-CuTCPP MOFs, Ag nanoparticles and Ag*
aqueous solution were 50.33 ug mL ", 6.55 pg mL " and 2.12 ug
mL ™", respectively, indicating significantly reduced cytotoxicity
in the MOF-based system.>® The antibacterial mechanism was
attributed to Ag' release, which compromised bacterial
membrane integrity and caused intracellular content leakage.

RSC Adv, 2025, 15, 26710-26727 | 26711
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The MICs for Ag-CuTCPP MOF against E. coli, Bacillus subtilis (B.
subtilis), and S. aureus were 12.50 pg mL™ ", 6.25 pg mL™", and
6.25 ug mL ™', respectively. These findings underscore the
potential of MOF-based platforms to effectively control metal
ion release, maintain high antibacterial efficiency, and mini-
mize cytotoxicity.

In addition to the Ag*, copper ions (Cu**) exhibit diverse and
potent antibacterial activities. Cu®>" possesses intrinsic antimi-
crobial properties and exerts its effects by penetrating bacterial
cells, disrupting intracellular functions, and interfering with
metabolic processes. Furthermore, Cu®** can catalyze the
generation of hydroxyl radicals (-OH), which contribute to
membrane rupture and cellular damage.>”*® Previous studies
have demonstrated that copper-coated surfaces in clinical
environments can effectively reduce microbial contamination.
Copper can function as a standalone antibacterial agent or be
integrated into composite materials through coordination with
various ligands to enhance its efficacy.”*** Compared to Ag-
MOFs, Cu-MOFs typically demonstrate lower antibacterial
potency, but pose a reduced risk of bioaccumulation relative to
Ag'. To address the limitations of Ag" toxicity and enhance the
antibacterial performance of Cu-MOFs, Guo et al. developed
a polyer-modified MOF composite, Cu-MOF@AgNPs.*> This
material incorporates polymeric MOFs (polyMOFs), which offer
improved structural stability. Antibacterial assays revealed that
Cu-MOF@AgNPs significantly reduced bacterial viability within
6 h. However, bacterial regrowth occurred thereafter, indicating
incomplete eradication. In contrast, polyCu-MOF@AgNPs ach-
ieved complete inhibition of S. aureus and E. coli within 10 h,
with a MIC of approximately 10 ug mL™'. Biocompatibility
assessments indicated no significant cytotoxicity within the
concentration range of 2-20 pg mL~". These findings under-
score the importance of structural modification and composite
strategies in enhancing MOF-based antibacterial performance.
To better control the release of Cu®>*, Zheng et al. coated Cu-
MOF-74 onto a polyvinylidene fluoride (PVDF) membrane.*
The modified membrane achieved a maximum Cu®" release
concentration of 0.42 mg L™" (when coated with 0.025 g Cu-
MOF-74), sustaining release for up to one week. This system
also facilitated -OH generation, contributing to enhanced
bactericidal activity. The membrane demonstrated robust
antibacterial performance against E. coli, achieving an inhibi-
tion rate of 97.7%. Additionally, Cu-MOF can be chemically
modified to augment their antibacterial properties. Studies
have shown that Cu®" ions can coordinate with functional
groups such as amino, carboxyl, or sulfhydryl groups. In this
context, Xiao et al. designed an r-cysteine-modified Cu-MOF
nanofiber (L-cys@Cu MOF), leveraging Cu-S and Cu-N coordi-
nation bonds.** The nanofiber effectively disrupted bacterial
membranes, allowing Cu®" to penetrate and interact with
intracellular DNA, ultimately leading to bacterial cell death.
Cytotoxicity evaluation confirmed that the nanofiber fabric was
biocompatible and safe for application on human skin.

Zinc is also a metal ion recognized for its potent antimicro-
bial properties. Yuan et al. synthesized a Zn-MOF that demon-
strated notable antibacterial efficacy, with inhibition zone
diameters of 12.22 mm against E. coli and 10.10 mm against S.
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aureus.® Despite its antimicrobial effectiveness, the biocom-
patibility of Zn-MOFs remains a critical consideration in their
biomedical application. Chen et al. addressed this issue by
developing a Zn-BTC, which effectively inhibited the growth of
Methicillin-resistant S. aureus (MRSA) and E. coli through the
controlled release of Zn**. Biocompatibility was evaluated using
the CCK-8 assay, revealing a marked decrease in cell viability at
a Zn (NO;), concentration of 5 ug mL ™", with significant cyto-
toxicity observed at 50 ug mL™". In contrast, Zn-BTC at the same
concentration induced minimal cell death, suggesting that the
MOF structure successfully moderated Zn>" release and miti-
gated cytotoxic effects. These findings underscore the necessity
of avoiding high concentrations of unbound Zn>*, which can be
detrimental to healthy cells. To further enhance both biocom-
patibility and therapeutic efficacy, Yao et al. developed
a microneedle (MN) array incorporating Zn-MOF within a hya-
luronic acid methacrylate (MeHA).*® This system facilitated
sustained Zn®* release and ROS generation, contributing to
efficient bacterial inactivation. Cytotoxicity assays, including
CCK-8 and live/dead staining, indicated that when ZIF-8 nano-
particle concentrations were maintained below 3 mg mL ™", the
system exhibited minimal cytotoxicity. This approach exem-
plifies the potential of integrating Zn-MOFs with biocompatible
carriers to improve biosafety and therapeutic outcomes.

Beyond Ag", Cu**, and Zn**, MOFs incorporating other metal
centers such as Fe, Zr, Ti, Al, and Ce have also been explored for
antibacterial applications. A comparative study assessing the
antibacterial activities of Cu-MOF, Fe-MOF, and Zr-MOF found
that Cu-MOF achieved complete inactivation of E. coli under
both dark and illuminated conditions. In contrast, Fe-MOF
exhibited only 2.47% antibacterial activity in darkness, which
increased modestly to 4.94% upon exposure to light. Zr-MOF
showed no activity in the dark but reached 73.56% efficacy
under illumination.*” These findings highlight the light-
responsive behavior of certain MOFs, particularly those con-
taining Zr and Ti, which often rely on photocatalytically gener-
ated ROS to exert antibacterial effects.*®** Iron-based MOFs (Fe-
MOFs) are frequently employed in synergistic systems to
enhance antibacterial efficacy. For example, Prachi et al
incorporated gentamicin into an Fe-BDC MOF, where the anti-
bacterial activity was attributed to a non-photocatalytic Fenton-
like reaction involving Fe** ions and -OH generation.* The
gentamicin-loaded Fe-MOF exhibited an inhibition zone of 34 £
1.7 mm against S. aureus at a concentration of 1 mg mL ",
double that of gentamicin alone. Zr-MOFs, on the other hand,
demonstrated significant photo-induced antibacterial proper-
ties, further supporting the potential of ROS-mediated mecha-
nisms in such systems. The detailed pathways and design
considerations of these ROS-generating MOFs will be elabo-
rated in subsequent sections of this article.

Overall, MOFs exhibit robust antibacterial performance
primarily through the release of metal ions that disrupt bacte-
rial membranes and interfere with intracellular functions.
MOFs incorporating Ag*, Cu®*, Co**, and Zn** are particularly
effective. However, their strong antibacterial activity often
comes with the risk of cytotoxicity due to uncontrolled or pro-
longed metal ion release. To address this, recent research has

© 2025 The Author(s). Published by the Royal Society of Chemistry
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focused on surface modifications, structural engineering, and
composite designs aimed at regulating ion release, thus
improving therapeutic safety and efficiency. While the bacteri-
cidal mechanism via metal ion release is well-documented, the
interfacial interactions between MOFs and bacterial
membranes-especially electrostatic interactions-remain rela-
tively underexplored. Given that bacterial membranes are typi-
cally negatively charged, positively charged MOFs or their metal
centers are expected to rapidly bind through electrostatic
attraction, potentially influencing both adhesion and antimi-
crobial activity. Yet, this aspect has received insufficient atten-
tion in the current literature. Future studies investigating the
influence of surface charge, such as by tuning the zeta potential
of MOFs or accounting for variations in bacterial membrane
composition, may reveal new strategies for optimizing MOF-
based antibacterial systems.

2.2 Reactive oxygen species generation

ROS are highly reactive oxygen-containing molecules, including
hydrogen peroxide (H,0,), superoxide (-O, "), -OH, and singlet
oxygen (*0,), Their antibacterial activity primarily arises from
their capacity to damage essential cellular components, such as
DNA, proteins, and lipids.*** ROS can also compromise
bacterial viability by attacking the peptidoglycan layer of the cell
wall, thereby inducing structural instability and ultimately
leading to cell death.**** MOFs, composed of metal ions/
clusters coordinated with organic ligands, possess unique
structural features that enable the controlled generation of ROS
through various mechanisms. These mechanisms can be
broadly classified into three categories: (1) metal-centered ROS
generation, where the redox activity of metal nodes catalyzes
ROS formation; (2) ligand-mediated ROS generation, where
photo or chemically active ligands contribute to ROS produc-
tion; and (3) metal-ligand synergistic mechanisms, which
leverage cooperative interactions between metal centers and
organic linkers to enhance ROS output. In the following
sections, we will examine each of these ROS-generating mech-
anisms in detail, highlighting their distinct reaction pathways,
optimal activation conditions, and relevant biomedical or
environmental application scenarios.

2.2.1 Based on metal centers. Metal centers within MOFs,
such as Cu, Fe, Ce, can generate ROS through -catalytic
processes, These ROS, including -OH, -0, , and '0,, possess
strong oxidative potential and can effectively disrupt bacterial
cell membranes, denature proteins, and damage nucleic acids,
thereby exerting potent antibacterial effects (Fig. 2).

Under varying environmental conditions, MOFs exhibit
diverse ROS generation mechanisms and corresponding anti-
bacterial behaviors. In recent years, researchers have developed
a range of representative MOFs capable of finely regulating ROS
production through strategic modifications of their metal
centers, organic ligands, and pore architectures, thereby
significantly enhancing their antimicrobial efficacy. For
example, Huang et al. reported a hierarchically porous cerium
metal-organic framework (Ce-MOF), in which cerium ions in
Ce-MOFs serve as Lewis acid sites to catalyze the conversion of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic diagram of the antibacterial mechanism of MOFs
generating ROS based on metal centers.

atmospheric oxygen into highly reactive ROS. Notably, the
catalytic activity of this Ce-MOF was approximately 1800 times
greater than that of conventional CeO,.** The demonstrated the
ability to autonomously catalyze the generation of -O,” and
-OH from molecular oxygen, achieving nearly complete bacte-
rial inactivation under ambient temperature and pressure,
without the need for light, chemical additives, or specific
humidity conditions. In addition, the dendritic surface
morphology and hierarchical pore-channel structure of Ce-
MOFs facilitated improved accessibility to catalytical sites and
enhanced electrostatic interactions with bacterial cells, partic-
ularly those with positively charged surfaces. This structural
design enabled close contact between bacteria and short-lived
ROS, thus maximizing bactericidal efficiency.

In addition to Ce-MOFs, Cu-MOFs have also attracted
significant interest due to their inherent stability and notable
antibacterial performance. Cu®** within Cu-MOFs can trigger
a cascade of redox reactions in the presence of substances, such
as H,0,. Specifically, Cu®" acts as a catalytic center facilitating
the decomposition of H,0, via a Fenton-like mechanism.
During this process, Cu®" is reduced to Cu® through electron
transfer, while H,0, is oxidized to produce highly reactive - OH.
The resultant Cu® can further react with additional H,O,,
sustaining a continuous cycle of ROS production. These ROS,
particularly -OH, are potent oxidizing agents that disrupt the
structural integrity of cell membranes, leading to pore forma-
tion, leakage of intracellular ions such as K*, Ca®>", osmotic
imbalance and ultimately cell swelling and lysis.**® For
example, Wang et al. designed a 2D Cu-MOF NSs exhibiting
intrinsic peroxidase (POD)-like activity, capable of catalyzing
H,0, to generate -OH. This material not only facilitates ROS
production but also offers abundant Cu®‘/Cu®, redox-active
surface sites, contributing to its potent antibacterial perfor-
mance. However, in practical applications, the presence of
environmental anions such as phosphate (PO,*”) and
carbonate (CO;>7) can lead to precipitation with Cu®* ions,
thereby reducing their effective concentration and diminishing
the material's antibacterial efficacy.*

The Fenton reaction represents a fundamental chemical
process for the generation of ROS. This action involves the
catalytic decomposition of H,O, by transition metal ions, such
as Fe*, Cu*, resulting in the formation of highly reactive - OH.
Within the context of MOFs, iron-based MOFs, such as MIL-101
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(Fe), can efficiently generate -OH through the Fenton reaction.
The underlying mechanisms include redox reactions: Fe**
H,0, — Fe*' + -OH + OH, and Fe*' + -0, — Fe*' + 0,. In
a study conducted by Peng et al., MIL-101(Fe) was synthesized
and subjected to thermal treatment under an inert helium
atmosphere to modulate the Fe**/Fe*" ratio at the coordinatively
unsaturated iron sites (Fig. 3A).*® This treatment enhanced the
material's electron transfer capabilities and increased the
density of active sites. The resulting material was capable of
adsorbing molecular oxygen on its surface, thereby facilitating
ROS generation for the disruption of bacterial cell membranes
and inducing cell death. Beyond leveraging the intrinsic Fenton
or Fenton-like catalytic properties of MIL-101(Fe) for antibac-
terial applications, subsequent studies have augmented its
therapeutic potential by integrating the antimicrobial peptide
LL-37 and the antibiotic Vancomycin to construct a multifunc-
tional antibacterial nanoplatform (Fig. 3B).* This composite
system maintains the capacity of MIL-101(Fe) to catalyze
endogenous H,0, into cytotoxic -OH under the mildly acidic
and oxidative microenvironment characteristic of bacterial
infections, thereby inducing oxidative stress in bacterial cells.
Concurrently, LL-37 facilitates membrane disruption, while
Vancomycin inhibits cell wall biosynthesis, establishing
a synergistic, multi-mechanistic antibacterial approach. Addi-
tionally, the incorporation of LL-37 imparts bacterial targeting
and near-infrared (NIR) imaging capabilities. Compared to the
use of MIL-101(Fe) alone, this integrated strategy exhibits
superior antibacterial efficacy, particularly against multidrug-
resistant strains such as MRSA, and offers potential for real-
time monitoring during therapeutic intervention.

Light conditions can significantly enhance the ROS gener-
ating capabilities of MOFs.?> Under photocatalytic conditions,
metal nodes within MOFs absorb photons, facilitating the
excitation of electrons from the valence band to the conduction
band, thereby generating electron-hole pairs. The resulting
holes can oxidize surrounding substrates to generate ROS such

12,
e
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as O, or -OH.” Zhao et al. reported a method for assembling
UiO-66 particles onto the substrate surface via a visible-light-
assisted process in the presence of dopamine (DA) (Fig. 3C).*°
In this system, visible light irradiation induces ROS production
from UiO-66, which in turn catalyzes the oxidative polymeriza-
tion of dopamine, leading to the formation of a dense, uniform,
and stable MOF membrane. This membrane exhibited rapid
photodynamically induced bactericidal activity against Gram-
positive S. aureus and Gram-negative E. coli under visible
light. The enhancement of photocatalytic activity under light
conditions is attributed to separation and transfer of photo-
generated charge carriers, thereby significantly increasing ROS
generation and antibacterial efficacy. Furthermore, cellular
experiments and hemocompatibility assessments using fresh
rat blood confirmed the favorable biocompatibility of the
system, indicating its potential for biomedical applications.

In addition to monometallic systems, the incorporation of
bimetallic centers within MOFs offers additional advantages for
ROS generation through a synergistic catalytic mechanism, thus
enhancing both efficiency and selectivity. For example, Wen
et al. reported a novel Co-Fe bimetallic MOF with coordinatively
unsaturated active sites.*® Due to cobalt's higher electronega-
tivity relative to iron, electron transfer from the aromatic ligand
to the metal centers is facilitated, resulting in polarization of
the electron distribution and improved H,O, activation. This
mechanism leads to the efficient generation of -OH, which
disrupts bacterial cell membranes, proteins, and culminating in
potent antibacterial activity.

To further advance MOFs functionality, researchers have
encapsulated quantum dots (QDs) into ZIF-8 frameworks to
construct QDs@ZIF-8 composite materials (Fig. 3D).>* Under
visible light irradiation, ZAIS QDs are photoexcited to generate
electron-hole pairs. A Zn-S bond formed at the QD-ZIF-8
interface facilitates electron transfer from the QDs to the ZIF-
8 matrix, thereby enhancing ROS generation. The high
specific surface area and porosity of ZIF-8 not only allow for
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Fig. 3 Schematic diagrams of some MOFs structures (A) evolution of coordinatively unsaturated Fe sites in MIL-101 (Fe) after thermal treatment
at 300 °C in He atmosphere (reprinted with permission from ref. 48 Copyright 2022 Elsevier). (B) LL-37@MIL-101-Van (reprinted with permission
from ref. 49 Copyright 2022 Elsevier). (C) Fe@UiO-66@TA (reprinted with permission from ref. 50 Copyright 2024 Royal Society of Chemistry). (D)
QDs@ZIF-8 (Reprinted with permission from ref. 51 Copyright 2021 Elsevier).
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greater O, adsorption but also inhibit QD aggregation, thereby
maintaining photocatalytic efficiency. This system exhibited
remarkable antibacterial performance, achieving 99.99% inac-
tivation of E. coli within 60 min and 99.99% inactivation of S.
aureus within 120 min.

ROS generation mechanism mediated by metal centers
constitutes a foundational mechanism underlying the antibac-
terial activity of MOFs. The intrinsic catalytic properties of these
metal sites, when augmented by light irradiation, markedly
enhance ROS production and thus significantly improve the
antibacterial performance of MOFs.

2.2.2 Based on ligands. In MOFs, organic ligands serve not
only as structural linkers that coordinate with metal centers to
form a stable framework structure, but also play active roles in
the antibacterial process through a variety of mechanisms
(Fig. 4). Notably, certain ligands contribute directly to the
generation of ROS, thereby enhancing the antibacterial efficacy
of the material. The chemical composition, structural charac-
teristics, and degree of functionalization of the ligands signifi-
cantly influence the overall antibacterial performance of MOFs.

Photoresponsive ligands function as photosensitizers, facil-
itating the conversion of light energy into cytotoxic ROS via
electron transfer mechanisms. The extensive 7-conjugation
present in porphyrins enables strong absorption the visible-
light and results in high 'O, quantum yields.’**” For example,
Zhou et al. synthesized azidized Zn(u)-based porphyrin by
integrating porphyrin moieties into a surface anchored MOF
(SURMOF) structure, further developing SURGEL thin films.*®
This SURGEL film demonstrated potent antibacterial activity
under visible light irradiation by generating '0,, significantly
reducing the survival rate of E. coli to 2.29%. To overcome
limitations in antibacterial efficiency associated with single-
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ligand systems, Xu et al. utilized a dual-ligand strategy incor-
porating porphyrins and ammonium glycyrrhizinate (AG)
within Zr-MOFs.*® This design combined the membrane-
disrupting capabilities of porphyrins with the Dbacterial
membrane synthesis-inhibiting capability of AG, resulting in
enhanced ROS generation under photodynamic conditions
synergistic antibacterial effects. The resulting materials
demonstrated superior antibacterial performance against E.
coli, S. aureus, and B. subtilis, achieving sterilization efficiencies
exceeding 99.99% under simulated light conditions and main-
taining over 98.12% efficacy after 60 days of storage. Porphyrin-
based photoresponsive ligands remain among the most exten-
sively studied for antimicrobial applications due to their high
ROS generation efficiency, light-triggered activation, and
controllable responsiveness. However, their reliance on external
light sources imposes constraints on their clinical applicability,
particularly in treating deep-seated infections. The limited
tissue penetration of light restricts their bactericidal efficacy in
internal or occluded environments.

In contrast, non-photoactive ligands bearing redox moieties
can induce oxidative stress via metal-ligand electron transfer,
enabling antimicrobial activity without the need for light acti-
vation. Phenolic ligands such as gallic acid (GA) exhibit
inherent antioxidant and can generate ROS under certain
conditions. Sandy et al. prepared a Cu-GA MOF by incorporating
GA, capitalizing on GA's capacity to disrupt bacterial
membranes and promote ROS-mediated oxidative stress.’® This
material demonstrated effective inhibition of E. coli and Lacto-
bacillus. Beyond porphyrin, other ligand classes, such as
phenolic ligands, carboxylic acid (e.g:, terephthalic acid), azole
derivatives (e.g., 2-methylimidazole), and thiols (mercapto-
benzoic acid), can also promote ROS generation through

00
®o
®

2-Aminoterephthalic Acid

Porphyrin

Fig. 4 Some common MOFs ligands capable of producing or promoting the production of ROS.
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spontaneous or metal-ligand-mediated electron transfer
mechanisms. These non-photoresponsive systems are particu-
larly advantageous for applications in dark or in vivo environ-
ments, although their antimicrobial efficacy is typically lower
than that of photoactivated systems.

Ligand functionalization presents an additional strategy to
enhance MOF-based antibacterial activity. The incorporation of
specific functional groups, such as quaternary ammonium salts
and imidazole, can significantly augment antibacterial perfor-
mance. Quaternary ammonium group, for example, confer
positive surface charge, enabling electrostatic interactions with
negatively charged bacterial membranes, which in turn
enhances membrane disruption and facilitates localized ROS
generation. Moreover, quaternary ammonium-functionalized
MOFs can efficiently produce -OH under light exposure,
leading to oxidative damage of bacterial membranes, proteins,
and nucleic acids. Zhou et al reported a quaternary
ammonium-functionalized Fe-TCPP MOF exhibiting over 90%
antibacterial efficiency against P. aeruginosa under 650 nm laser
irradiation, with MIC and minimum bactericidal concentration
(MBC) of 512 mg mL ' and 1024 mg mL ", respectively.® These
multifunctional ligands contribute to the growing interest in
composite antimicrobial mechanisms, including surface-
contact Kkilling, ROS co-generation, and metal ion release.
However, the synthetic complexity of such multifunctional
systems may compromise material stability and scalability.

Furthermore, the electronic characteristics of ligands can
modulate the catalytic activity of the metal centers, thus influ-
encing ROS generation efficiency. For example, adjusting the
electron-withdrawing properties of pyrazole bridging units has
been shown to enhance the photoelectrochemical behavior and
ROS yield of MOFs.**

Overall, organic ligands contribute to MOF-based antimi-
crobial activity primarily through photodynamic and redox
pathways. The strategic selection and functionalization of
ligands are critical in optimizing MOF performance for anti-
bacterial applications. Nevertheless, research into ligand-
specific antibacterial mechanisms remains limited. Future
studies should aim to deepen our understanding of ligand
functionalities, offering new avenues to enhance the efficacy
and versatility of MOF-based antimicrobial systems.

2.2.3 The combined action of the metal center and the
ligand. The interaction between metal centers and organic
ligands in MOFs not only facilitates efficient ROS generation
but also enhances antibacterial efficacy through multiple
mechanisms.®”” One such mechanism involves ligand-metal
charge transfer (LMCT), which enables ROS production in the
absence of external stimuli. For example, Wang et al. reported
a Zn@MOF system designed for antibacterial application
(Fig. 5A).% In this core-shell structure based on Zn@MOF, the
zinc nucleus functions as an electron reservoir capable of
injecting electrons into the surrounding MOF, thereby creating
catalytically active zinc sites. The intrinsic porosity of MOF
allows the diffusion of water and oxygen molecules to the core-
shell interface, where they undergo reduction at the zinc active
sites to form ROS. Specifically, the MOF shell modulates the
formation of -O,  and -‘OH through O,/H,O reduction
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pathways, resulting in effective antibacterial action. The
biocompatibility of the Zn@MOF was also systematically eval-
uated. Cytotoxicity assays indicated no significant reduction in
cell viability upon treatment. Furthermore, in vivo hemolysis
experiments using murine red blood cells demonstrated that
Zn@MOF did not induce hemolysis even at concentrations up
to 2000 pg mL~'. These findings collectively highlight the
favorable biocompatibility of Zn@MOF, making it a promising
candidate for biomedical antibacterial applications.

Electron transfer is one of the key steps in the generation of
ROS, particularly under light irradiation.®® This process is often
facilitated by the interaction between metal centers and ligands,
which promotes charge transfer under photonic excitation. For
instance, Wang et al. developed a the MoS,/MnS composite in
which light-induced significantly enhanced ROS generation
(Fig. 5B).** Upon visible light exposure, the system exhibited
potent antibacterial activity, effectively inactivating over 99% of
E. coli and S. aureus within 120 min. Similarly, Yang et al
combined Prussian blue (PB) with MoS, to form a core-shell
structure (MoS,@PB), wherein an interfacial electric field is
formed between PB and MoS,.** This electric field promotes the
separation and migration of photogenerated charge carriers,
thereby improving the photocatalytic performance and
enhancing ROS production (Fig. 5C). Additionally, MoS,@PB
exhibits strong photothermal effects under 660 nm irradiation,
resulting in rapid localized high temperature increases. The
generated heat disrupts bacterial membranes and increases
permeability, further enhancing antibacterial efficiency. Anti-
bacterial assays demonstrated that after 20 min of light expo-
sure, the antibacterial rates against S. aureus for PB, MoS,, and
MoS,@PB were 64.97%, 53.63%, and 99.73%, respectively,
corresponding rates against E. coli were 76.84%, 71.93%, and
99.58%. These results underscore the superior antibacterial
performance of the MoS,@PB composite. Importantly, cyto-
compatibility assessments confirmed that MoS,@PB main-
tained cell viability above 90%, indicating excellent
biocompatibility.

The formation of stable coordination bonds between ligands
and metal center also plays a pivotal role in enhancing the
photocatalytic activity of MOFs and promoting ROS generation.
For example, Fig. 5D shows a ZIF-8 encapsulating a photosen-
sitizer (SQ), which produces 0, under red-light (650 nm) exci-
tation.”® The microporous architecture of ZIF-8 prevents
aggregation of SQ, thereby sustaining its photo reactivity and
enabling controlled release to maximize ROS yield. Dimethyli-
midazole, a commonly used ligand in such systems, exhibits
strong coordination with various metal centers. Huang et al.
utilized 2-methylimidazole and Co™" to synthesize a robust
three-dimensional framework (ZIF-67), which effectively
modulates the electronic structure of Co>* to catalyze the -OH
generation from H,0, (Fig. 5E).*

The interaction between ligands and metal centers within
MOFs significantly contributes to their antibacterial perfor-
mance. In certain systems, ligand-to-metal charge transfer
mechanisms regulate the redox potential of the metal centers,
facilitating reactions with molecular oxygen and water to
generate ROS, such as -OH. Additionally, ligands can enhance

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Metal centers of MOFs with ligands combined with antibacterial. (A) Antibacterial schematic of ROS release from Zn@MOF (reprinted with
permission from ref. 63 Copyright 2023 American Chemical Society). (B) Electron transfer occurs between the metal center and the ligand
(reprinted with permission from ref. 64 Copyright 2022 Elsevier). (C) The formation of the interfacial electric field between PB and MoS,
generates ROS to attack bacteria (reprinted with permission from ref. 65 Copyright 2023, Elsevier). (D) ZIF-8 encapsulated with photosensitizer
generates ROS to attack bacteria. (Reprinted with permission from ref. 66 Copyright 2019 American Chemical Society). (E) Adjustment of the
electronic structure of Co®* to promote its ROS production (reprinted with permission from ref. 67 Copyright 2022, Elsevier).

the light-harvesting capacity and the 'O, production efficiency
of MOFs under irradiation by modulating the photonic
absorption and electron excitation properties of the metal
centers. Furthermore, ligand-induced modifications MOF
structure-such as changes in porosity, stability, and metal ion
release kinetics-can influence bacterial interaction modes and
overall antimicrobial activity. These synergistic effects between
ligands and metal centers are therefore crucial for optimizing
the design and functionality of MOF-based antibacterial
systems.

2.3 Physical stimulus

In addition to the chemical antibacterial mechanisms dis-
cussed previously, physical antibacterial strategies exert their
effects by disrupting bacterial structures or interfering with
cellular metabolism through the intrinsic physical properties of
materials. These approaches present notable advantages,
including the mitigation of antibiotic resistance and enhanced
environmental compatibility. Physical antibacterial mecha-
nisms generally function via two pathways (Fig. 6): (1) direct
physical disruption of bacterial membranes upon contact with
the material surface, and (2) thermal damage induced by
external energy stimuli.

2.3.1 Direct interaction with bacteria. Certain MOFs
exhibit inherent physical antibacterial properties by mechan-
ically disrupting bacterial membranes. This membrane
disruption typically arises from nanoscale structural features
such as sharp edges or protrusions, which physically puncture

© 2025 The Author(s). Published by the Royal Society of Chemistry

bacterial cell envelopes upon contact. The antibacterial efficacy
of such MOFs is influenced by their morphological character-
istics and surface charge distribution. Notably, negatively
charged MOF surfaces can adsorb positively charged compo-
nents of bacterial membranes via electrostatic interactions,
leading to alterations in membrane potential and destabiliza-
tion of integrity. He et al. constructed a three-dimensional
hierarchical Cu-BDC MOF nanosheet array (Cu-BDC HS) using
a two-step in situ growth method.* The nanosheets possess
sharp, blade-like edges capable of directly penetrating bacterial
membranes, resulting in intracellular content leakage (Fig. 7A).
Meanwhile, the inter-nanosheet spacing is smaller than the
average bacterial size, which impedes bacterial escape and
enhances contact-based antimicrobial action. Antibacterial
experiments showed that the inactivation efficiency of Cu-BDC
HS against S. aureus and E. coli exceeded 99% within 60 min
and maintained high efficiency after 5 consecutive antibacterial

direct contact damage T
N thermal damage

Bacterial distortion at high
temperatures

e @

Bacterial cell membrane
rupture

Fig. 6 Schematic diagram of the mechanism of physical stimulation
based on MOFs for antibacterial applications.
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Wiley).

cycles. This synergistic effect of mechanical membrane
disruption and sustained release of Cu** minimizes the cyto-
toxicity typically associated with high-concentration metal ions,
while simultaneously offering prolonged antibacterial perfor-
mance and favorable biocompatibility. In addition to nanoscale
structural modifications of MOFs can be exploited for antibac-
terial purposes. Hao et al. designed a slippery liquid-infused
porous surface (SLIPS) based on ZIF-L (Fig. 7B).” The infused
lubricant layer serves as a non-fouling barrier that inhibits
initial bacterial adhesion and biofilm formation. Importantly,
in the event of mechanical wear or depletion of the lubricant,
the underlying ZIF-L structure becomes exposed. This exposed
layer possesses blade-like features capable of physically punc-
turing bacterial membranes, thereby providing a secondary
antibacterial mechanism.

To mitigate the potential biological risks associated with the
prolonged release of metal ions, Yin et al. designed a novel Ag-
MOF, designated Ag-tpt, which exhibits high aqueous
stability.” The antibacterial activity of Ag-tpt is attributed to its
exposed active silver sites, which enable directly contact with
bacteria (Fig. 7C). This direct-contact mechanism circumvents
the cytotoxic effects typically associated with excessive Ag" ion
release, thereby enhancing biocompatibility. Similarly, Li et al.
designed a silver-based MOF, Ag,,(BTEC),/,, incorporating Ag"
active centers capable of interacting with the outer membrane
of E. coli”> Upon contact, this material disrupts bacterial
homeostasis by altering intracellular Ca** and -SH balance,
leading to destabilization and bacterial inactivation (Fig. 7D).
Importantly, analysis using inductively coupled plasma-atomic
emission spectrometry (ICP-AES) confirmed the absence of

26718 | RSC Adv, 2025, 15, 26710-26727

Ag" in both the extracellular solution and intracellular contents
of E. coli, indicating that the antibacterial effect is independent
of Ag" release and is instead mediated by surface-bound silver
interactions.

The antibacterial effect of MOF through physical relies
primarily on their intrinsic structural and physicochemical
properties. The nanoscale dimensions of MOFs facilitate close
interaction with bacteria, while their high specific surface area
maximizes the extent of bacterial contact. Furthermore, the
porous architecture of MOF can serve as a physical barrier,
impeding bacterial proliferation and activity. These unique
features position MOFs that operate via contact-mediated
mechanisms as promising candidates for the development of
next-generation antibacterial materials with reduced cytotox-
icity and sustained efficacy.

2.3.2 Thermal damage. MOFs can also exert physical anti-
bacterial effects through thermally induced mechanisms. One
such mechanism involves volumetric expansion or contraction
of MOF structures in response to temperature fluctuations.
These structural transformations can generate localized
mechanical pressure on bacterial cells, thereby compromising
membrane integrity. Additionally, the high specific surface area
and porous nature of MOFs facilitate the adsorption of bacterial
cells onto their surfaces. Upon exposure to elevated tempera-
tures, the bacteria in close contact with MOFs are subjected to
direct thermal damage. Also, when heating occurs in aqueous
environments, can lead to the generation of acoustic or pres-
sure. These waves may induce physical rupture of bacterial
membranes, contributing to the overall antibacterial effect.
Despite these promising mechanisms, research focusing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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exclusively on thermal damage induced by MOFs remains
limited. In most studies, temperature-induced inactivation is
accompanied by the generation of ROS, suggesting a synergistic
bactericidal process. For example, Cheng et al. designed an
Mn, ;PCC composite material capable of generating heat under
microwave irradiation (Fig. 8A).” This localized heating effect
increased the permeability of bacterial membranes, while
concurrently facilitating the production of substantial ROS
levels under microwave exposure. The combined thermal and
oxidative stress significantly enhanced the antibacterial
performance of the material. Similarly, Pal et al. used MOFs as
thermal catalysts to promote their efficient production of H,0,,
thereby enhancing sterilization efficacy through temperature-
induced processes (Fig. 8B).”* These findings underscore the
potential of MOF-based materials in employing thermal
mechanisms, often in concert with ROS production, to achieve
effective antibacterial outcomes.

In addition to chemical and structural properties, MOFs
have demonstrated significant potential in photothermal anti-
bacterial applications by converting absorbed light energy into
thermal energy.”” This process enhances antibacterial efficacy
by generating localized high temperatures upon light irradia-
tion. The primary mechanisms of photothermal antibacterial
action include thermal-induced protein denaturation, which
disrupts essential cellular components such as ribosomes and
detoxifying enzymes, ultimately leading to cell inactivation and
bacterial death.” Building upon this mechanism, numerous
studies have explored the design of MOF-based composites that
harness both photothermal and photodynamic effects for more
efficient and versatile antibacterial performance. Cu-MOFs
exhibit strong absorption in the NIR light region and effec-
tively convert NIR light into heat. Upon irradiation, they
induced rapid increases in their immediate environment, dis-
rupting bacterial cells through thermal effects. Yu et al

Lvesrsa ) ? = I RS, 1791.1\55_3

*ros @ cus @ Co-metalsites hole carriers

Fig.8 MOFs destroy bacteria based on thermal damage. (A) Mng ;PCC
generates heat for antibacterial (reprinted with permission from ref. 73
Copyright 2024, Wiley). (B) MOF produces H,O, for antibacterial by
temperature change (reprinted with permission from ref. 74 Copyright
2025, AAAS). (C) Cu-based MOF for antibacterial resistance under
photothermal conditions (reprinted with permission from ref. 75
Copyright 2020, Elsevier). (D) PB and PCN-224 were combined and
antibacterized under thermal damage at certain wavelengths
(Reprinted with permission from ref. 76 Copyright 2021, Elsevier).
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synthesized a composite by integrating CuS NPs with HKUST-1,
thereby achieving a dual-mode antibacterial strategy combining
the photothermal and photodynamic effects (Fig. 8C).”> Under
NIR irradiation, the intrinsic d-d transitions of Cu®" ions were
activated, contributing to photothermal conversion. Addition-
ally, CuS NPs, possessing intrinsic lattice defects and high
concentrations of hole carriers, reacted with H,O to produce
-OH. The ultimate antibacterial mechanisms are thermody-
namically induced cell membrane disruption, protein dena-
turation, and photodynamic generation of ROS for DNA and
enzyme destruction. A CuS content of 20% in the CuS/PCN
composite yielded ~99% bacterial inactivation within 20 min
of light exposure. However, excess CuS (>20%) led to charge
recombination, reducing bactericidal efficiency. These results
underscore the importance of optimizing composition, irradi-
ation duration, and thermal output to maximize antibacterial
performance while minimizing cytotoxicity.

In addition to Cu-based systems, other materials, such as
Prussian blue (PB) also exhibit excellent photothermal proper-
ties due to the broad spectral absorption, particularly in the NIR
region (650-900 nm). Luo et al. developed a heterojunction
composite by combining PB with PCN-224 (Fig. 8D).” Under
660 nm light irradiation, type II band alignment between PB
and PCN-224 facilitated efficient charge separation: photo-
generated electrons in the conduction band (CB) of PB trans-
ferred to the CB of PCN-224, while valence band (VB) holes in
PCN-224 moved to the VB of PB. This charge redistribution
inhibited electron-hole recombination and enhanced 'O,
generation, as a result, the composite achieved sterilization
efficiencies of 99.84% for S. aureus and 99.3% for its biofilm
within 15 min of irradiation. Photothermal effects have also
been utilized in the synthesis of MOFs themselves. Shelonchik
et al. introduced a strategy wherein the photothermal properties
of plasmonic nanoparticles (PNPs) enabled localized high-
temperature synthesis of MOFs under visible (520 nm) and
NIR (660 and 850 nm) light.” This method allowed for the rapid
synthesis of UiO-66 within 20 min under 850 nm LED illumi-
nation. Various MOFs including UiO-66, MIL-88A, HKUST-1,
and MOF-5, were successfully synthesized using this tech-
nique, demonstrating compatibility with diverse photothermal
materials such as gold nanospheres and carbon particles.
Furthermore, a composite named AuBP@UiO-66 was fabri-
cated, achieving photothermal conversion efficiencies high
enough to reach temperatures of 250 °C within 5 min, pre-
senting significant potential for antibacterial applications.

MOFs exhibit significant promise in photothermal and
thermally synergistic antibacterial strategies. Their structural
features allow for localized heating that can induce protein
denaturation and membrane rupture, while concurrently
enhancing ROS production. Under NIR light, MOFs are partic-
ularly effective in non-invasive, deep-tissue antibacterial appli-
cations. Numerous studies confirm that the antibacterial
performance of MOFs in photothermal contexts can be opti-
mized through rational material design, precise control of
component ratios, and fine-tuning of irradiation parameters
such as wavelength and duration. These thermally driven and
photothermally synergistic mechanisms not only broaden the

RSC Adv, 2025, 15, 26710-26727 | 26719


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02955d

Open Access Article. Published on 28 July 2025. Downloaded on 6/16/2026 3:32:32 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

application scope of MOFs in antimicrobial contexts but also
pave the way for the development of next-generation, high-
efficiency, and controllable antibacterial materials.

3. Antibacterial applications of MOFs

Bacteria are broadly classified into Gram-positive and Gram-
negative categories based on the structural characteristics of
their cell walls. Gram-positive bacteria have a thick, multilay-
ered peptidoglycan wall, a mesh-like polymer that provides
mechanical strength and maintains cellular morphology. In
contrast, Gram-negative bacteria feature a comparatively
thinner peptidoglycan layer, located between the inner (cyto-
plasmic) membrane and an additional outer membrane. The
outer membrane is rich in lipopolysaccharide (LPS), which
contribute to the structural stability, pathogenicity, and
immune evasion capabilities of Gram-negative bacteria
(Fig. 9).*° Due to these structural differences, Gram-positive
bacteria are usually more susceptible to antibiotics that target
the peptidoglycan layer. The outer membrane of Gram-negative
bacteria acts as a formidable, limiting antibiotic penetration
and rendering these bacteria more resistant to conventional
treatments. Consequently, effective inactivation of Gram-
negative bacteria often requires strategies capable of disrupt-
ing or circumventing this outer membrane barrier. In response
to these challenges, recent research has focused on the rational
design of MOF-based antibacterial agents with selective toxicity
toward both Gram-positive and Gram-negative species.
Tailoring the physicochemical properties of MOFs-such as pore
size, surface charge, metal ion composition, and functional
groups-enables targeted interaction with specific bacterial
structures. As a result, researchers are increasingly developing
MOFs with differential antibacterial mechanisms, thereby
enhancing their applicability against a broad spectrum of
bacterial pathogens based on their cell wall architecture.

3.1 Gram-positive bacteria

Given that peptidoglycan constitutes approximately 90% of the
cell wall structure in Gram-positive bacteria, it represents
a prime target for antibacterial intervention. Lysozyme, an
enzyme capable of hydrolyzing the B-1,4-glycosidic bonds
within peptidoglycan, has therefore been investigated in
combination with MOFs to enhance antibacterial efficacy. Guan
et al. designed a multifunctional nanozyme composite by

Cell wall of bacteria

Llpopolfaccharide

outer
membrane

——

Gram positive bacteria

Gram negative bacteria

Fig.9 Schematic representation of the cell walls of Gram-positive and
Gram-negative bacteria.
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immobilizing lysozyme on Fe;0,@PVP@NH,-MIL-88B(Fe),
which was further combined with the antimicrobial agent
carvacrol to  synthesize = Fe;0,@PVP@MIL-88B(Fe)-NH-
lysozyme/carvacrol (FPMLC). This hybrid material leverages
electrostatic interactions to capture bacteria, employs infrared-
triggered release of carvacrol to compromise bacterial
membranes, and utilizes lysozyme to enzymatically degrade the
bacterial cell wall (Table 1).5

The rapid proliferation of antibiotic-resistant bacteria has
become a serious public health problem. Among Gram-positive
antibiotic-resistant bacteria, MRSA, vancomycin-resistant
enterococci (VRE), and multidrug-resistant S. aureus (MDRSA)
are particularly prevalent. In response to this growing threat,
researchers have been actively developing MOFs to enhance
antimicrobial efficacy. Vancomycin, a commonly used antibi-
otic in clinical practice, has been instrumental in treating
bacterial infections. However, its prolonged use has contributed
to the emergence of vancomycin-resistant S. aureus (VRSA). The
synergistic integration of vancomycin with other antimicrobial
agents has been explored. Chowdhuri et al. developed a ZIF-
8@FA@VAN to combat MDRSA. Their study demonstrated
that neither VAN alone or ZIF-8@FA NMOFs exhibited signifi-
cant antibacterial activity. But the ZIF-8@FA@VAN NMOFs
showed pronounced antibacterial effects, highlighting the
potential of MOF-based delivery systems in overcoming antibi-
otic resistance."** Zeolite imidazolate frameworks (ZIFs) are also
capable of a range of combined therapeutic bactericidal by light
accordingly. MRSA remains one of the most encountered
antibiotic-resistant bacteria. To combat it, Song et al. designed
a GOx-Fe;0,@MIL material, in which glucose oxidase (Gox)
catalyzes the oxidation of glucose to gluconic acid and H,O,,
while Fe;O, exerts POD activity, generating -OH for bacterial
inactivation. Antibacterial test revealed a 94% inactivation rate
of MRSA demonstrating the effectiveness of this cascade cata-
Iytic strategy.'*®

3.2 Gram-negative bacteria

The cell wall of Gram-negative bacteria is characterized by
a relatively thin peptidoglycan and an outer membrane rich in
phospholipids and LPS. This outer membrane serves as
a formidable barrier, significantly enhancing resistance to
antibiotic penetration. It has been found that Cu-MOFs have
a more significant bactericidal effect on Gram-negative bacteria.
The release of Cu®" plays a central role in this activity, as these
ions exhibit a strong affinity for LPS and membrane-associated
proteins, leading to the disruption of the outer membrane
integrity. In addition, Cu-MOFs possess intrinsic oxidase (OXD)-
like activity, catalyzing the generation of 'O,, which further
contributes to their antibacterial properties."'® Hsu et al.
designed a guanine-coated Cu-MOF (Guanine-Cu-MOF) for the
targeted eradication of P. aeruginosa. The primary antibacterial
mechanism involved the release of Cu®", which electrostatically
interacts with the negatively charged bacterial cell wall, pene-
trates the membrane and induces structural damage.** To
further improve the antibacterial performance, Rodriguez. et al.
immobilized MOF-199 onto cellulose fibers, creating

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a composite (Cellulose-MOF-199) that was tested against E. coli.
Quantitative test revealed a decrease in bacterial concentration
from an initial 16000 + 3.7 CFU mL " to 0 CFU mL "'
Although some of this reduction may be attributed to
mechanical stress or cell adhesion during the soaking process,
qualitative assessments confirmed the composite's inherent
antibacterial activity and its potential for broad-spectrum anti-
microbial applications.

The escalating prevalence of multidrug-resistant bacteria
poses serious challenges to global health, contributing to more
complicated treatment protocols, increased healthcare expen-
ditures, and elevated mortality rates. The most critical drug-
resistant bacteria include Acinetobacter baumannii (A. bau-
mannii, carbapenem), P. aeruginosa (carbapenem), Enter-
obacteriaceae, extended-spectrum  B-lactamase-producing
(carbapenem), Enterococcus faecalis (E. faecalis, vancomycin), S.
aureus (methicillin, vancomycin), Helicobacter pylori (H. pylori,
clarithromycin), Campylobacter spp. (fluoroquinolone), Salmo-
nellae (fluoroquinolone), Neisseria gonorrhoeae (cephalosporin,
fluoroquinolone), Streptococcus pneumoniae (penicillin-non-
susceptible), Haemophilus influenzae (ampicillin), Shigella spp.
(fluoroquinolone).® To counter these threats, there is
a pressing need to develop novel and more effective antibacte-
rial agents.”® For the first-ranked carbapenem-resistant, A.
baumannii is a Gram-negative bacillus that causes serious
infections, however, it is resistant to carbapenem antibiotics, In
response, Hou et al. developed a bimetallic PCN-224 (Zr/Ti)
material capable of producing ROS under light irradiation,
achieving significant reduction in A. baumannii viability after
just 10 min exposure.®* Furthermore, Niu et al. synthesized
a pH-responsive nanodelivery system by loading negatively
charged imipenem onto ZIF-8 nanoparticles. This system not
only facilitated controlled drug release but also generated ROS
to enhance antibacterial effects, offering a promising approach
for combating carbapenem-resistant A. baumannii.*** Such
strategies, which integrate antibiotics with MOF-based nano-
materials, represent a cutting-edge direction in the develop-
ment of therapeutic interventions targeting Gram-negative
bacterial resistance (Table 2).

4. Conclusion and prospects

This review categorizes the antibacterial mechanisms of MOFs
into three primary classes: (1) release of metal ions, (2) ROS
generation (via metal centers, ligands, and metal center-ligand
interactions), and (3) physical stimuli (direct contact, thermal
stimulation). Furthermore, it provides a comparative analysis of
the antibacterial efficacy among various MOF systems and
outlines modification strategies aimed at enhancing their
antimicrobial performance. The review also addresses the
favorable biocompatibility of MOFs. Finally, it consolidates
information on the antibacterial efficiency and specific mech-
anisms of MOFs against both Gram-positive and negative
bacteria.

Despite their promising antibacterial properties, several
challenges hinder the practical application of MOFs. These
include thermal instability, limited bacterial selectivity, and
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concerns over long-term biocompatibility and environmental
persistence. Future efforts should focus on designing low-cost,
thermally stable, and biodegradable MOFs with high selec-
tivity for target pathogens. Strategies such as using biocom-
patible metals and degradable ligands are particularly
promising for improving safety and reducing ecological risks.
In conclusion, advancing the design of MOFs with enhanced
antibacterial efficacy, stability, selectivity, and biodegradability
will be critical for their safe and sustainable application in
medicine, agriculture, and environmental remediation.
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