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The high efficiency and specificity of enzymes make them play an important role in life activities, but the
high cost, low stability and high sensitivity of natural enzymes severely restrict their application. In recent
years, nanozymes have become convincing alternatives to natural enzymes, finding utility across diverse
domains, including biosensing, antibacterial interventions, treatment, and environmental
preservation. Nanozymes are characterized by their remarkable attributes, encompassing high stability,
cost-effectiveness and robust catalytic activity. Within the contemporary scientific landscape, metal-
organic frameworks (MOFs) have garnered considerable attention, primarily due to their versatile
applications, spanning catalysis. Notably, MOFs serve as scaffolds for the development of nanozymes,
particularly in the context of bacterial detection and treatment. This paper presents a comprehensive
review of recent literature pertaining to MOFs and their pivotal role in bacterial detection and treatment.
We explored the limitations and prospects for the development of MOF-based nanozymes as a platform
for bacterial detection and therapy, and anticipate their great potential and broader clinical applications in

addressing medical challenges.
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nanozymes can be synthesized using simpler methods at
reduced costs while concurrently displaying heightened
catalytic  activity and stability.”® Nanozymes have
demonstrated immense potential across diverse domains,
such as diagnostic detection,’®'" antibacterial agents,">*
biosensing,”'>'® and tumor therapy."” " However, despite

1. Introduction

Enzymes, whether proteins or ribonucleic acids (RNAs),
exhibit remarkable specificity and catalytic efficiency,
enabling them to mediate a wide array of biochemical
reactions with precision and vigor, thus constituting essential

players in the orchestration of life activities.”> Although
widely used, natural enzymes suffer from intrinsic drawbacks,
including poor stability, elevated costs, intricate production
processes, susceptibility to environmental factors, and
challenges associated with retrieval and recycling, thereby
imposing  significant constraints on their practical
application.® With advancements in research technologies,
nanomaterials have been discovered and the concept of
“nanozymes” was first introduced in 2004 in a study on new
catalysts based on gold nanoparticles (AuNPs).* Nanozymes,
being artificial nanomaterials, possess intrinsic enzymatic
attributes and mimic the structure and function of their
natural counterparts.”® Compared with natural enzymes,
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the extensive body of research surrounding nanozymes, the
design of nanozymes with ideal performance remains a
formidable challenge.”® Nanozymes often exhibit uneven
surface structures and enzymatic activity levels that fall short
of those achieved by natural enzymes.>' Moreover, due to
their structural complexity, nanozymes often struggle to
faithfully recreate the intricate three-dimensional nature of
natural enzymes, frequently resulting in a deficiency of
equivalent active sites.”” These impediments impede the
broader application of nanozymes.

In order to solve the above problems, it is necessary to
design and synthesize nanozymes with catalytic properties.
Nanozymes constructed based on metal-organic frameworks
(MOFs) offer a partial solution to these challenges. MOFs
represent a relatively new class of crystalline porous
nanomaterials comprising a blend of metal ions or ion
clusters  interconnected by  organic  ligands.****
Distinguishing themselves from conventional nanomaterials,
MOFs feature a flexible structure and composition, high
specific surface area, adjustable porosity, and an abundance
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of active sites.”> Their porous architecture facilitates the
ingress of small molecule substrates, enabling extensive
interaction with active sites and promoting product diffusion.
Owing to their distinctive structures and excellent catalytic
properties, MOFs are regarded as promising materials for the
synthesis of new nanozymes. Notably, MOF-based nanozymes
exhibit superior activity and enhanced stability in
comparison to conventional counterparts.>®

To the best of our knowledge there are many excellent
studies reporting the application of MOFs and nanozymes,
but there are no overviews that provide a comprehensive and
specialized review of their advances in the diagnosis and
treatment of bacteria.”'®>”7*° This review offered a concise
exploration of the applications of MOF-based nanozymes in
bacterial detection and therapy. First, we expounded upon
the application of MOF-based nanozymes in bacterial
detection, including colorimetric assay, fluorescence assay,
ELISA, and their incorporation into electrochemical and
microfluidic sensors. Subsequently, we delved into their role
in inhibiting bacterial proliferation, examining antibacterial,
antibiofilm, and antifungal aspects. We contended that MOF-
based nanozymes exhibit potent antibacterial effects,
harboring the potential to replace antibiotics, thus presenting
promising avenues within the domain of bacterial diagnosis
and treatment.

2. Application of MOF-based
nanozymes in bacterial detection

Bacterial infections stand as formidable threats to global
public health, frequently leading to elevated morbidity and
mortality rates.’’* In view of the pathogenicity of bacterial
infections, the timely and accurate identification of infection
sources, disease prevention, and targeted treatment are of
paramount importance. At present, the gold standard for
clinical bacterial detection is still bacterial culture.****
However, this conventional approach entails significant
resource consumption, demands substantial manpower, and
is marred by prolonged incubation periods, often exceeding
72 hours.>*?® Given these limitations, there is an imperative
to develop new and efficient pathogen detection methods
that can either complement or supplant bacterial culture. In
recent years, various novel detection techniques have
emerged, such as enzyme-linked immunosorbent assay
(ELISA),*”*® immunochromatography (ICA),** polymerase
chain  reaction (PCR),*® loop-mediated isothermal
amplification (LAMP)***' and biosensors.**> Biosensors, in
particular, represent a category of transduction devices highly
sensitive to biological substances, converting them into
electrical signals. Various biosensors are often reported for
pathogen detection.*>™**

MOF-based nanozymes are considered ideal biosensors for
catalytic recognition of target analytes and mediate signal
amplification or conversion due to their biocatalytic
characteristics and species diversity, and have great potential
for development in the field of biosensing. MOF-based
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nanozymes have developed into a new type of nanozyme,
which is relatively simple to prepare, more flexible in design
and more abundant in active site than carbon group, metal,
and transition metal compound nanozymes. The catalytic
capacity of MOF-based nanozymes mainly comes from the
following two aspects: on the one hand, the redox reaction of
metal ions such as Fe, Cu, Co, Ni and Ce has the catalytic
activity; on the other hand, it is the natural enzyme catalytic
reaction process simulated by special organic ligands
(organic ligands as the electronic medium to transfer the
electrons accepted by one substrate to another substrate).
Depending on the enzyme activities, researchers have
developed MOF-based nanozymes with different enzyme
activities, mainly including peroxidase (POD),*>*° glucose
oxidase (GOx),"®" oxidase,”*™° superoxide dismutase
(SOD),>'>* and catalase (CAT).>**> We summarize the basic
features of MOF-based nanozymes in Table 1. MOF-based
nanozymes have better stability than natural enzymes, but
the former is more cytotoxic and is difficult to use in vivo
analysis, while the latter is easily affected by PH. In addition,
many MOF-based nanozymes can have two or even multiple
enzyme activities. Simultaneously, and can be used in the
analysis of multiple enzyme cooperative reactions, such as
the catalytic cascade. In Table 2, we organize the applications
of MOF-based nanozymes in bacterial detection.

2.1. Electrochemical biosensors

Electrochemical biosensors consist of a biological recognition
element, Electrochemical signal transformation element and
a signal amplification element, to provide selective
quantitative information. A brief introduction of the working
principle: when the analyte to spread to the electrode surface
of the biometric unit (protein, enzyme, antibody, nucleic
acid, etc.), and a series of biochemical reactions occur on the
electrode surface, the electrochemical signal through the
electrode output and record, to obtain the concentration of
the substance to be measured. Electrochemical sensors have
been extensively employed in modern bioanalytical chemistry
for a wide variety of applications due to their high portability,
technical simplicity, sensitivity, cost-effective, and point-of-
care testing.’*"®° In the realm of electrochemical biosensors,
several innovative approaches have emerged to enhance the
detection of various bacteria.

2.1.1. Staphylococcus aureus detection. Hu et al. adopted
an in situ reduction method to cultivate AuNPs on two-
dimensional (2D) MOFs, paving the way for an
electrochemical detection method for Staphylococcus aureus
(S. aureus). This method hinged on the bioconjugation of the
aureus phage protein antibody with AuNPs.®" The 2D MOF-
based nanozyme exhibited POD-like activity, rendering it
capable of producing a clear electrochemical signal, thereby
enabling the specific identification of S. aureus with a
minimum limit of detection (LOD) of 6 CFU mL™". Akash
Deep et al. designed and synthesized NH,-MIL-53(Fe)-
bacteriophage biosensor for the highly sensitive detection of
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Enzyme-like

activity Catalytic mechanism Categorization Example of MOFs Ref.
Peroxidase H,0, catalyzes substrate oxidation Oxidoreductase Cu-MOF, Zn-MOF, Fe-MOF, 63, 92, 97, 145, 160
Zr-MOF, Ce-MOF
Oxidase Oxidizes the substrate while reducing Oxidoreductase Zn-MOF, Zr-MOF, Fe/Mn-MOF 66, 67, 162
oxygen to H,O,
Catalase Catalyzes the decomposition of H,0, Oxidoreductase Mn-MOF, Zn-MOF, Ce-MOF 106, 164, 175
into oxygen and water
Superoxide dismutase Catalyzes the disproportionation of Oxidoreductase Mn-MOF, Ce-MOF 107, 175

superoxide anion radicals to generate

oxygen and H,0,

S. aureus with a LOD of 31 CFU mL.°® In addition,
combining the catalytic activity of MOF as biosensors for the
detection of pathogenic bacteria is also a new idea. Zou et al.
designed a ssDNA-Au/CuMOF dual-responsive detection
system based on an electrochemical sensor and colorimetry
for the detection of S. aureus. They utilized the POD-like

activity of ssDNA-Au/CuMOF to detect S. aureus. ssDNA-Au/
CuMOF has a detection range of the MOF was in the range of

10 to 10°® CFU mL™. LOD was as low as 5 CFU mL %%

Table 2 Summarized applications of MOF-based nanozymes of bacterial detection

2.1.2. Vibrio parahaemolyticus detection. Cao et al
introduced a novel electrochemical aptasensor with oxidase
activity.** They synthesized NMOF@AMP-Fc by incorporating

Enzyme-like Limit of
MOF materials characteristics Microorganisms Detection method Linearity range detection Time Ref.
Ab,/AuNPs/MOFs Peroxidase S. aureus Electrochemical 10-7.5 x 10’ 6 CFUmL™" 45 61
biosensors CFU mL™ min
SSDNA-Au/CuMOF Peroxidase S. aureus Electrochemical 10-10® CFU mL™ 5CFUmML" — 63
biosensors and
colorimetric assay
NMOF@AMP-Fc Oxidase Vibrio parahaemolyticus  Electrochemical 10-10” CFU mL™* 4CFUmML™" 30 64
biosensors min
Fe;0,@NMOF-Apt and Oxidase Vibrio parahaemolyticus  Electrochemical 10-10° CFU mL™* 3CFUmL™" 20 65
Au@Fc-PBA biosensors min
Zn-based MOF/CMC/AuNPs  Oxidase Haemophilus Electrochemical 0.1 pM-10 nM 1.48 fM — 66
biosensors
Fe/Mn bimetallic MOFs Oxidase Salmonella typhimurium Electrochemical — 0.07 pM — 67
biosensors
Cu-MOF Peroxidase S. aureus Colorimetric 50-10000 CFU mL™ 20 CFU — 70
assay mL™*
Zn/Co-ICP@GOx Glucose oxidase, Gram-positive, Colorimetric 0.01-1.0 mM 0.005 mM 40 71
peroxidase Gram-negative assay min
bacteria
GOx@GA-Fe(n) Glucose oxidase, E coli, S. aureus, Colorimetric — 0.43 uM 12h 72
peroxidase Listeria, and assay (glucose)
Salmonella typhimurium
Fe;0,@MIL-100(Fe)-Au Peroxidase Salmonella Colorimetric — — — 73
assay
NH,-MIL-101(Fe) Peroxidase Salmonella Microfluidic 1.5 x 10'-1.5 x 10’ 14 CFU 1h 74
biosensor CFU mL™ mL™
Fe-MIL-88NH, MOF Peroxidase Salmonella Microfluidic — 93 CFU <1h 75
biosensor mL™"
Eu/Tb (BTC) MOF Fluorescent MOF Bacillus Fluorescence — 1087 nM — 78
VAN-PEG-FITC/HCAA@UiO-66 Fluorescent MOF S. aureus Fluorescence 1.05 x 10°-1.05 x 10’ 12 CFU — 79
CFUmL™ mL™’
NH,-MIL-53(Al) Fluorescent MOF S. aureus Fluorescence 50-10000 CFU mL™ 20 CFU — 80
mL™"
Zr-mMOF Fluorescent MOF Acinetobacter Fluorescence 10'-10° CFU mL™ 10 CFU 2.5h 81
baumannii mL™"
MIL-88 Horseradish Aflatoxin B1 ELISA 0.01-20 ng mL™" 0.009 ng — 82
peroxidase mL™"
CozFe-MMOF NPs Peroxidase Aeromonas hydrophila ~ ELISA and 62-6.2 x 10° 30 CFU — 83
colorimetric CFU mL™* mL™"
assay
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a novel antimicrobial peptide (AMP) and ferrocene (Fc) with
nanoscale MOFs (NMOFs). NMOF@AMP-Fc served as a
signal label, which, when conjugated with captured Vibrio
parahaemolyticus  (VP), formed a sandwich complex,
generating an electrical signal from the Fc moiety to enable
rapid detection. Remarkably, the entire process was
completed within 30 min, with a LOD of 4 CFU mL™,
underlining its high sensitivity and specificity. Similarly, Li
et al. also used aptamer-labeled magnetic nanoscale MOF
(Fe;0,@NMOF) as capture probes, coupled with AuNPs
functionalized with phenylboronic acid and ferrocene as
nanolabels. Such MOFs with oxidase-like activity are able to
detect VP by electrochemical methods.®’

2.1.3.  Haemophilus influenzae and  Salmonella
typhimurium detection. Sohrabi et al. contributed to the field
by devising electrochemical gene sensors. In the case of
Haemophilus influenzae, a zinc-based MOF/CMC/AuNP sensor
with oxidase activity was developed, exhibiting a LOD and
limit of quantitation (LOQ) of 1.48 fM and 3.23 fM,
respectively, under optimal conditions.’® Similarly, Sohrabi
et al. designed an electrochemical biosensor with oxidase
activity for the detection of Salmonella typhimurium.®” This
entailed synthesizing Fe/Mn bimetallic MOFs, combining
them with methyl-p-cyclodextrin (MBCD), and incorporating
AuNPs on multiwalled carbon nanotubes (MWCNTs),
ultimately yielding nanocomposites immobilized onto an Au
electrode surface. Under optimal conditions, this sensor
demonstrated a LOD of 0.07 pM and LOQ of 0.21 pM.

The preparation of the above electrochemical sensors is
very simple, low cost, short detection time, and can be used
for point-of-care testing of bacteria. Those electrochemical
sensors mainly through using the oxidase or POD activity of
MOFs to realize the amplification strategy of the original
signal, and play a role in improving the detection sensitivity.
Considering such recognition, discovery of new classes of
MOFs to modify the electrode's surface with high sensitivity,
large surface area, and reproducibility, and electronic, unique
catalytic, and biocompatibility properties is the direction of
research in this class of electrochemical sensing.
Electrochemical biosensors have gained wide popularity in
bacterial detection techniques, including but not limited to
S. aureus, Hemophilus, VP, and Salmonella typhimurium.

2.2. Colorimetric assay

Colorimetric assay is also composed of biological recognition
elements, signal sensing amplification elements and signal
readout system, which immediately detects the presence of
sample through the color change or simple instruments such
as ultraviolet-visible spectrophotometer. The process is very
fast.®®®® Signal amplification is also an important strategy to
improve its detection sensitivity.

Tan et al. synthesized Cu-MOF particles with POD-like
activity using by a mixed solvothermal method, and this new
MOF nanozyme combines a catalyzed chromogenic reaction
with an aptamer, providing a new colorimetric assay for the
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detection of S. aureus.”” It has a high sensitivity with a linear
range of 50 to 10000 CFU mL™* and a LOD of 20 CFU mL™
for S. aureus.

Qiu et al synthesized Zn/Co-ICP@GOx, a composite
material formed by embedding GOx in Zn-Co infinite
coordination polymers. This multifunctional polymer exhibits
GOx and POD activities and has been wused in the
colorimetric detection of glucose. Since glucose metabolism
is a ubiquitous phenomenon among bacteria, residual
glucose levels indirectly provide insights into the viability of
Gram-negative and Gram-positive bacteria. This method
exhibits a linear range of 0.01 to 1.0 mM and a LOD of 0.005
mM.”" Similarly, Zhang et al. engineered GOX@GA-Fe(n)
nanozymes by combining gallic acid and GOx.”> These
GOx@GA-Fe(1) nanozymes possess GOx and POD activities
with remarkable specificity and sensitivity. They were shown
to be colorimetric probes for quantifying glucose content and
facilitating microbial detection in food systems.

Meteku et al. contributed to the field by devising Fe;-
0,@MIL-100(Fe)-Au nanostructures. These nanostructures
possess POD-like activity, achieved by the incorporation of
magnetic Fe;O; nanorods, MIL-100(Fe) and Au.”® The
resulting conjugated with Salmonella
antibodies, thereby enabling the capture of Salmonella
pathogens, facilitated by magnetic targeting within a
magnetic field. In addition, the researchers leveraged these
nanostructures for the colorimetric detection of hydrogen
peroxide and the catalytic reduction of selected organic
pollutants. The results of their efforts showed substantial
enhancements in bacterial capture rates, reaction speed, and
catalytic efficiency.

The above colorimetric method designs different types of
MOF-based nanozymes, especially by designing different POD
and GOx activities to achieve the enzyme cascade reaction, to
finally realize the signal amplification. Due to the biocatalytic
properties of MOF-based nanozymes, the use of MOF-based
nanozymes to detect bacteria by colorimetric assay is highly
attractive and provides a new idea for bacterial detection.

structures were

2.3. Microfluidic biosensors

With the development and progress of microprocessing
technology, microfluidics plays an increasing role in
pathogen examination. Due to its significant advantages,
such as fast reaction, high automatic operation degree and
small volume. At the same time, the combination of
microfluidic and sensor technology can improve the
integration degree of instruments, so it is easy to carry
around for on-site screening.

Qi et al introduced a microfluidic biosensor that
leveraged NH,-MIL-101(Fe) possessing pseudo-POD activity
and immunomagnetic nanorods (MNB). This combination
facilitated the selective separation and concentration of
Salmonella, culminating in the formation of MNB-Salmonella
MOF complexes. These complexes catalyzed the conversion of
colorless o-phenylenediamine and H,0, into yellow
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2,3-diaminophenazine. Impressively, the sensor exhibited the
capability to detect Salmonella typhimurium over a wide
concentration range, spanning from 1.5 x 10" to 1.5 x 10’
CFU mL™ of within 1 h, boasting a LOD of 14 CFU mL™".”*

Guo et al introduced an innovative microfluidic
immunosensor optimized for the rapid detection of
Salmonella. This approach entailed the utilization of Fe-MIL-
88NH, MOF nanocubes (NCs), stimulating POD activity,
augmented by platinum NPs for signal amplification.
Notably, the incorporation of smartphone thermal imaging
allowed for the real-time monitoring of temperature changes.
The sensor exhibited remarkable sensitivity, capable of
detecting Salmonella at concentrations as low as 93 CFU
mL ™" within 1 h.”?

In addition to the use of various traditional biosensor
tests. Combined with microfluidic technology, instrument
integration and automation can be achieved. MOFs with
POD-like activity as a signal amplifier enables rapid detection
of Salmonella in less than 1 h. This is an innovative
breakthrough, which also provides new ideas for the
detection of other foodborne pathogens.

2.4. Fluorescence assay

Fluorescence detection has attracted widespread attention
due to its advantages of high sensitivity, fast response, and
low cost. Fluorescent MOFs show large specific surface area,
high porosity, great possibility of structural modification and
functionalization. In particular, emission centers in
fluorescent MOFs, including metal ions or ligands, are
extremely sensitive to changes in the environment, which
allows high sensitivity detection.

Dipicolinic acid (DPA) serves as a prominent marker for
spore-forming pathogens,”® making it a crucial indicator in
the detection of infectious spores in samples.”” In this
context, Zhuang et al. synthesized a novel nanoscale dual-
emission lanthanide Eu/Tb (BTC) MOF.”® This newly
synthesized =~ MOF  exhibited remarkable sensitivity,
selectivity, and precision, rendering it particularly suited for
the selective detection of DPA as a fluorescent probe with a
LOD of 1087 nM.

For the specific detection of S. aureus, Li et al
investigated a highly efficient fluorescent nanoprobe, VAN-
PEG-FITC/HCAA@UiO-66, which exhibited high selectivity
even in real samples and had a LOD of 12 CFU mL™".”° The
MOF material, NH,-MIL-53(Al), prepared by Fu et al. can
release a large number of fluorescent signals after alkaline
hydrolysis, which can be used to quantitatively identify S.
aureus using different sites.** This method is highly
sensitive with a linear range of 50 to 10000 CFU mL™" and
a LOD of 20 CFU mL™". Li et al adopted a distinct
approach, employing Zr-MOF as a functional coating for
magnetic Fe;O, NPs, thereby creating a modified surface
(Zr-mMOF). This innovation paved the way for the
generation of a fluorescent signal (F@UIO-66-NH,),
facilitating the detection of Acinetobacter baumannii in blood
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samples.®* This method enabled the enrichment and
detection of Acinetobacter baumannii within 2.5 h, featuring
a LOD of 10 CFU mL™ and a linear range of 10" to 10°
CFU mL™.

In summary, fluorescent MOFs are one of the most
promising materials for high-sensitivity fluorescence
detection. MOFs with fluorescence emission properties are
sensitive to changes in the environment, have high
sensitivity, and have obtained excellent detection results in
bacterial detection, making them promising materials for
fluorescence detection.

2.5. ELISA

Owing to its advantages such as simplicity and ease of
operation, enzyme-linked immunosorbent assay (ELISA) has
been a general tool in biological assays. However, the
relatively low sensitivity and accuracy are the primary
limitations of traditional ELISA. Fortunately, by combining
MOFs and ELISA, the performance of ELISA has been
improved a lot. In a remarkable integration of the ELISA, Xu
et al. harnessed ELISA's potential by merging it with MIL-88,
a material endowed with POD activity. This strategic pairing
enabled the sensitive detection of aflatoxin B1.** The pivotal
innovation involved coupling MIL-88 with an antibody
specifically engineered to replace horseradish peroxidase
(HRP) within the catalytic color development system. This
ingenious adaptation successfully mitigated the issue of false
positives that could arise during the detection process,
leading to a substantial enhancement in detection accuracy.
Notably, this method achieved a LOD of 0.009 ng mL™",
featuring a linear working range of 0.01 to 20 ng mL™", which
provided a 20-fold increase in sensitivity compared with the
conventional ELISA. In addition, ELISA can be combined with
colorimetric assay to detect bacteria. Researchers synthesized
CozFe-MMOF NPs featuring prominent POD-like activity
through a solvothermal method. These NPs effectively
catalyzed the yellow color reaction of TMB in the presence of
H,0,. By combining the chromogenic reaction of CojFe-
MMOF with antibody-based recognition and magnetic
separation, the colorimetric detection method demonstrated
a LOD of 30 CFU mL™" for Aeromonas hydrophila. This
encompassed a wide detection range spanning 62 to 6.2 x 10°
CFU mL %

ELISA is a common method for bacterial detection, but
this method 1is poorly stabilized and prone to false
positives.®*® The combination of MOFs with POD activity
and ELISA improves the stability and sensitivity of the
material and is an innovative method for detecting bacteria.

3. Application of MOF-based
nanozymes in antibacterial therapy

We summarize the different kinds of MOF-based nanozymes
in antimicrobial therapy in Table 3.

This journal is © The Royal Society of Chemistry 2024
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Table 3 Summarized applications of MOF-based nanozymes of bacterial therapy
Loaded Enzyme-like Antibacterial activity
MOF compound characteristics Microorganisms in vitro (doses) Antimicrobial principle Ref.
N-CNTs@Co — Oxidase S. aureus, E. coli 30 pug mL™" Catalyzes oxygen to produce free 91
radicals and generate ROS
PEG@Zn/Pt-CN Pt Peroxidase S. aureus (99.63%), 150 ug mL™" — 92
nanozymes E. coli (98.74%)
Fe-MOF-Ag AgNPs Peroxidase S. aureus (86-91%), 100 ug mL™" Catalyzes the decomposition of low 97
E. coli (98-99%) concentrations of H,0, to "OH
PDA@AgNPs@bilayer AgNPs, Peroxidase S. aureus, E. coli — Enhancement of enzyme activity by 99
hydrogel PDA, PTT PTT therapy
UsAuNPs/MOFs AuNPs Peroxidase S. aureus, E. coli 1 mg mL™" Catalyzes H,0, to 'OH 103
hybrid
Mn-ZIF-8 Mn**/Mn**  Superoxide S. aureus, E. coli 20 pg mL™" Scavenges ROS, regulating the shift of 106
dismutase, macrophage polarization from M1
catalase phenotype to M2 phenotype
ZIF8/Au-GOx NPs AuNPs, Catalase S. aureus (100%), 4 ug mL™, Enhanced H,0, production and zinc 112
GOx E. coli (100%) 8 ug mL™ ion release in acidic environments
GOx/Ag@ZIF-HA AgNPs, Glucose oxidase S. aureus (>99%), 10 ug mL ™, Glucose oxidase catalyzes the 116
GOx E. coli (>99%) 5 pug mL ™ production of hydrogen peroxide and
AgNPs release silver ions
NH,-MIL-125-GO-Pt ~ PTT — S. aureus (99.94%), 2.5 mg mL™" Improvement of ROS generation by 130
E. coli (99.12%) photocatalysis and synergistic
photothermal effect antimicrobials
PEG@Zr-Fc MOF PTT Peroxidase S. aureus (100%), 50 pug mL™" Synergistic damage to bacteria through 131
hydrogel E. coli (99.2%) photothermal effects and peroxidase
reactions
Pd@Pt-T790 SDT Catalase MRSA — Control '0, productivity and thus SDT 13
effects
Ui0-66-NH-CO-MoS, PDT, PTT  Peroxidase MRSA (96.7%), 20 pg mL™! Generates '0, and ‘OH to disrupt the 145
AREC (99.7%) cell integrity of bacteria
CoS,/MoS,NSs — Oxidase, S. aureus 10 pg mL™, Massively production of ‘O,  damaged 146
peroxidase E. coli 1 mg mL™ toward the lipid of the cell membrane
and cause death
PCN-222Pt — Oxidase, S. aureus (98.69%), 200 ug mL™" Catalyzes O, and H,0, to produce ROS 162
peroxidase E. coli (99.91%) in the dark
Cu-MOF (Cu ions and — Peroxidase S. aureus (99.9%) 4 ug mL™ Oxidizes proteins and lipids on the 163
2-methylimidazole) surface of bacteria, inducing bacterial
death
Pd-MOF®@PAZo@SNP  Nitric Oxidase, S. aureus (85%), 64 pug mL™ Catalyzes O, and H,O, to produce ROS 165
oxide peroxidase E. coli (83%)
PGNP-Fe, — Oxidase, S. aureus (85%), — Adsorption to cell membranes leading 166
peroxidase E. coli (83%) to physical strains and then using ROS
to kill bacteria
Ce-MOF — Catalase, A. flavus (93.3%), 40 ug mL™ — 175
superoxide A. niger (96.3%),
dismutase, A. terreus (99.3%),
peroxidase C. albicans (93.3%),

R. glutinis (96%)

3.1. Antibacterial properties

The persistent threat of bacterial infections looms large,
endangering not only human and animal health but also the
delicate ecological equilibrium.*>**®” While antibiotics have
played a pivotal role in curbing bacterial infections to a
certain extent, the widespread misuse of these antibiotics has
led to the emergence of multidrug-resistant bacterial strains,
casting a formidable shadow over the progress of antibiotic-
based treatments.*® Consequently, bacterial infections, often
evolving into untreatable infectious diseases, have claimed a
devastating toll on human lives.®”"** To tackle this formidable
challenge, there arises an urgent imperative to explore and
develop novel therapeutic strategies capable of supplanting

This journal is © The Royal Society of Chemistry 2024

antibiotics, ultimately paving the way for the elimination of
drug-resistant bacterial strains. Within this evolving
landscape, MOF-based nanozymes, characterized as a new
type of material, have surfaced as promising contenders,
wielding substantial therapeutic potential in the battle
against bacterial infections.

3.1.1. Synergy between MOFs and metal ions/NPs in
antibacterial applications. Introducing different metal ions or
metal nanoparticles into MOF-based nanozymes can
modulate their enzymatic activities and properties. There are
a variety of methods for modifying metal nanoparticles onto
MOFs materials, such as in situ growth method and co-
precipitation method, which are synthesized in a way that
control of the and dispersion of the

allows size
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Fig. 1 (A) Schematic diagram of N-CNTs@Co preparation and (B) antibacterial application of N-CNTs@Co; (C) S. aureus incubation in HAc-NaAc
buffer and (D) N-CNTs@Co; (E) E. coli incubation in HAc-NaAc buffer and (F) N-CNTs@Co; (G) Gel electrophoresis of DNA from S. aureus and E.
coli treated with different concentrations of N-CNTs@Co; (H) analysis of MDA content after treatment of S. aureus and E. coli with different
concentrations of N-CNTs@Co. Error bars represent the standard deviation of three measurements.*

nanoparticles.”” Among the metal nanoparticles, AuNPs have
enzyme-like activity on their own, and their addition to MOFs
can turn the latter into MOF-based nanozymes. In contrast,
AgNPs have a broad and generalized antimicrobial effect,
which can have a synergistic effect when combined with
MOF-based nanozymes. The effective combination of these
metal nanoparticles with MOF-based nanozymes can produce
enhanced antimicrobial effects under certain conditions,
which is an antimicrobial idea worth investigating.

He et al. used cobalt cyanide as a raw material to fabricate
carbon nanotubes (N-CNTs@Co) coated with cobalt NPs by
high-temperature pyrolysis (Fig. 1A and B).”’ N-CNTs@Co is
an artificial nanozyme, characterized by highly efficient
mimic oxidase activity, which are biocompatible and. Can
catalyze oxygen to generate copious reactive oxygen species
(ROS) under acidic conditions. As shown in Fig. 1C and E,
the cell walls of S. aureus and E. coli after treatment with
HAc-NaAc buffer were intact. However, the cell walls of S.
aureus and Escherichia coli (E. coli) after treatment with N-
CNTs@Co (Fig. 1D and F) were damaged. As shown in
Fig. 1G and H, the level of DNA degradation and
malondialdehyde content increased with the increase of N-
CNTs@Co concentration, and the content of
malondialdehyde in the cells was positively proportional to
the degree of cell damage. All of the above indicated the
excellent antimicrobial effect of N-CNTs@Co against S.
aureus and E. coli. Wang et al. decorated platinum nanozymes
onto zinc-based photosensitizers to produce a POD-active of
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hybrid MOF-derived nanozymes, opening new avenues for
combating infections.”>

Silver NPs (AgNPs), celebrated for their exceptional
antibacterial properties encompassing Gram-positive, Gram-
negative, and multidrug-resistant bacterial strains,”®™> play a
central role in recent developments. Pham et al. synthesized
Fe-based MOF crystal Fe-MIL-88B-NH, using
2-aminoterephthalic acid and ferric chloride as precursor
materials.”® On this basis, Hu et al. and Zhang et al
introduced Ag into this MOF, thereby creating Fe-MOF-Ag,
each manifesting antibiotic capabilities with excellent POD-
like activity.””°® These innovative materials catalyze the
decomposition of H,0, to generate highly toxic hydroxyl
radicals, culminating in outstanding antibacterial properties
against E. coli and S. aureus, all while preserving
biocompatibility. Li et al. introduced an Ag nanozyme-based
bilayer hydrogel by incorporating polydopamine (PDA) to
reduce Ag to AgNPs. This hydrogel represents a formidable
bulwark against bacterial infections and expedites wound
healing, offering the added benefit of near-infrared light
(NIR) absorption at 808 nm. This feature results in
hyperthermal and light-enhanced POD activity, reinforcing its
antibacterial efficacy.”®

AuNPs, renowned for their oxidase and POD properties,
have the intrinsic capability to combat bacteria by generating
ROS. Furthermore, they hold promise as candidates in the
quest to address bacterial resistance.’’®*°* Hu et al
synthesized UsAuNPs/MOF by in situ reduction of ultrathin
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AuNPs (UsAuNPs) on 2D MOFs, which exhibited remarkable
POD-like activity.'®® Similarly, Liao et al. fused AuNPs with
copper MOFs (Cu-MOFNs), crafting a plasmonic
nanozyme.'® Cu-MOFNs demonstrate POD-like activity,
while AuNPs have unique localized surface plasmon
properties. This composite material exhibits the capacity for
in vitro bacterial inhibition and in vivo healing of infected
wounds while sidestepping significant biotoxicity.

Expanding beyond the scope of metals, the combination
of MOF-based nanozymes and manganese metals also yields
antibacterial effects. Aryanejad et al spearheaded the
synthesis of a stable heterogeneous catalyst and Mn-MOF
nanomaterials, which exhibit good antibacterial activity
against Bacillus cereus and E. coli, namely UoB-4.'> Wan
et al introduced Mn*/Mn"" into zeolite imidazolate
framework-8 (ZIF-8), engendering a MOF nanozyme with
multifaceted antibacterial and inflammatory regulatory
functions.'”® Zn*" in ZIF-8 has an antibacterial effect on S.
aureus and E. coli, while the addition of Mn*'/Mn*" offer
inflammation regulation capabilities, ameliorating excessive
inflammatory responses. Mn-ZIF-8 showcases excellent CAT
and SOD activities, further orchestrating macrophage
polarization by scavenging ROS. This culminates in the
suppression of excessive inflammation, a reshaping of
inflammatory immunity, and an enhanced defense against
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bacterial infections. Impressively, these attributes translated
into favorable outcomes for wound healing.

In summary, we found that in recent studies, there are
many types of nanoparticles that can bind with MOF-based
nanozymes, mainly including AgNPs, AuNPs, cobalt NPs,
manganese NPs and so on. Some of these NPs have their own
antibacterial or enzymatic activity, while others synergize well
with the MOF-based nanozymes to enhance the antibacterial
effect.

3.1.2. Synergy between MOFs and natural enzymes in
antibacterial applications. The combination of MOFs and
natural enzymes can also exert a favorable antimicrobial
therapeutic effect. Some MOFs possess quasi-POD abilities,
enabling the generation of toxic ROS when exposed to H,0,
for local sterilization.’®” This approach circumvents potential
harm to normal cells and tissues associated with the direct
use of high-concentration hydrogen peroxide,'’® thus offering
promising prospects for wide-range antibacterial advantages.
However, nanozymes with POD-mimetic activity exhibit
optimal reactivity under strongly acidic conditions,'*® while
bacterial infections typically manifest in local environments
with neutral to mildly alkaline pH values,''° necessitating
innovative solutions for in vivo antimicrobial applications.

To address this challenge, researchers have embarked on
extensive experimentation. Liu et al. pioneered the synthesis
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Fig. 2 (A) Composition of the hybrid 2D MOF/GOx nanocatalyst. (B) Application of the 2D MOF/GOx as a band-aid for wound healing in mice. (C)
Illustration of the benign self-activating cascade mechanism of the hybrid 2D MOF/GOx nanocatalyst. (D) Sequential photographs of S. aureus-
infected mouse wounds at various time intervals. Six groups were subjected to different treatments: (1) blank band-aid, (2) glucose + blank band-
aid, (3) glucose + 2D MOF band-aid, (4) 2D MOF/GOx band-aid, (5) glucose + GOx band-aid, (6) glucose + 2D MOF/GOx band-aid. Statistically
significant differences in the obtained data (P < 0.05) are indicated. (E) Scanning electron microscope (SEM) images of E. coli and (F) S. aureus. The
inset shows the corresponding photograph after the addition of methyl red. Bacterial samples from groups 1 to 6 are incubated with (1) PBS, (2)
glucose, (3) glucose + 2D MOF nanosheets, (4) 2D MOF/GOx, (5) glucose + GOx, (6) glucose + 2D MOF/GOx. (G) Comparison of E. coli survival
and (H) S. aureus survival treated with H,O, and glucose + 2D MOF/GOX. Errors are represented as standard deviations from the mean (n = 3).***
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of hybrid 2D MOF/GOx nanocatalysts through the physical
adsorption of GOx onto 2D MOF nanosheets, specifically
2D Cu-TCPP(Fe) nanosheets (Fig. 2A).""" Within this hybrid
system, GOx orchestrates the continuous conversion of
nontoxic glucose into abundant gluconic acid and H,O,.
The resulting gluconic acid lowers the pH of the
environment to 3-4, significantly activating the POD-like
activity of 2D Cu-TCPP(Fe) nanosheets. This activation
catalyzes the release of highly toxic hydroxyl radicals from
H,0,, ultimately leading to bacterial death. Compared to
the control group, the experimental mice did not produce
any erythema during wound healing (Fig. 2D). As shown in
Fig. 2E and F, untreated E. coli and S. aureus had smooth
surfaces with intact cell walls, which were wrinkled and
damaged after treatment with glucose + 2D MOF/GOx. As
shown in Fig. 2G and H, at the same concentration of
glucose and H,0,, the bacterial viability was significantly
lower after glucose + 2D MOF/GOx treatment, which also
proved the antimicrobial effect of the nanomaterial.
Similarly, Wang et al. devised ZIF-8/Au-GOx (ZAG) NPs,
leveraging a triple synergistic antibacterial strategy.''* In
an acidic milieu facilitated by gluconic acid, ZAG NPs
engage in cascade catalytic ROS production, further
enhanced by Zn** release from ZIF-8. This synergistic
approach results in an overall improved antibacterial
performance, enabling ZAG NPs to eradicate 100% (10°
CFU mL™) of E. coli and S. aureus at concentrations of 8
ug mL™ and 4 pg mL™', respectively. In a similar vein,
Zhou et al. developed a MOF-based nanocatalytic material
termed MnFe,0,@MIL/Au&GOx (MMAG), which exhibited
exceptional antibacterial activity. In addition to the role of
GOx, MnFe,O,NPs contribute to the process by deleting
GSH, effectively weakening the bacterial intracellular
defense systems.'"?

Zhang et al. pioneered a novel nanomaterial designed to
combat drug-resistant bacterial infections (Fig. 3)."** This
innovative approach involved encapsulating GOx and HRP
within the ZIF-8, followed by complexation with antisense
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Fig. 3 Schematic diagram of the preparation route and synergistic
sterilization of GOx&HRP@ZIF-8/ASO NPs in the treatment of MRSA
wound infection.***
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oligonucleotides (ASOs) to generate GOx&HRP®@ZIF-8/ASO
NPs. Extensive in vitro testing using the checkerboard
method demonstrated the efficacy of these nanomaterials
against E. coli, S. aureus, and methicillin-resistant S. aureus
(MRSA) under the action of glucose. Notably, the minimum
inhibitory concentration for MRSA is only 16 pg mL™". In
addition, in the presence of glucose, GOX&HRP®@ZIF-8/ASO
exhibits the potential to promote wound healing effectively
and demonstrate excellent in vivo biocompatibility. Likewise,
Cheng et al. employed a collaborative approach by con-
encapsulating GOx and r-arginine (rt-Arg) within Cu-MOF
(CuBDC) to synergistically achieve potent antibacterial
effects."”>  1-Arg/GOXx@CuBDC  exhibits  remarkable
antibacterial efficiency, with inactivation rates of 98% against
E. coli (at 38 ug mL™") and 97% against S. aureus (at 3.8 ug
mL™"). In vivo experiments in mice confirmed the
biocompatibility ~of 1-Arg/GOx@CuBDC nanomaterials.
Furthermore, Li et al. designed a new nanozyme by loading
individual Ag NCs (50 nm) and GOx in a ZIF, subsequently
coating them with hyaluronic acid (HA).''® This composite
material displays excellent biocompatibility and selectivity,
effectively inhibiting the growth of two model bacterial
strains at low concentrations (5 ug mL™* for E. coli and 10 ug
mL™" for S. aureus).

In summary, natural enzymes are poorly stabilized and
easily inactivated, and combining natural enzymes with
MOFs can improve the stability of the materials and expand
their application scenarios. Combining MOFs materials with
POD-like enzyme activity with GOx can produce a cascade
reaction that utilizes the generated ROS to achieve bacterial
damage and elimination. This also provides new types of
strategy for designing and constructing new MOF-based
nanozymes.

3.1.3. Synergistic antibacterial strategies: combining
composite MOF-based nanozymes with PTT, PDT and SDT.
In the realm of antibacterial therapies, the potential of
photothermal therapy (PTT), photodynamic therapy (PDT)
and sonodynamic therapy (SDT) has garnered significant
attention  alongside  well-established  nanozyme-based
approaches.’”*'° These innovative treatments offer non-
invasive alternatives that have shown promise in combating
bacterial infections. PTT exploits the properties of
photothermal agents to induce localized hyperthermia
effectively. Under NIR light irradiation, PTT can combat drug-
resistant bacteria and dismantle bacterial biofilms. What sets
PTT apart is its rapid action and reduced susceptibility to
antibiotic resistance.'**""** However, PTT's efficacy hinges on
achieving elevated temperatures,'** which necessitates high-
intensity light and substantial doses of photothermal agents.
While effective against pathogens, these conditions may
inadvertently inflict harm to healthy tissues.'**'*®> Notably,
MOF-based nanozymes have emerged as promising adjuncts
to PTT. When integrated with PTT, MOF-based nanozymes
synergistically enhance bacterial eradication and wound
healing, presenting a novel antibacterial therapy.*® PDT and
SDT produce large amounts of reactive ROS, such as singlet
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oxygen or hydroxyl radicals, in the presence of
photosensitizers and acoustic sensitizers. These ROS
molecules, in turn, oxidize and destroy surrounding

biomolecules, ultimately leading to the elimination of
pathogenic microorganisms."*” %

3.1.3.1. Advancing antibacterial potential with MOF-based
nanozyme composites in photothermodynamic applications. In
the realm of combating bacterial infections, researchers have
explored innovative approaches that harness the combined
power of MOFs and photothermodynamic methods. These
endeavors aim to bolster antibacterial efficacy while
minimizing the risk of resistance development, offering a
promising frontier in the battle against drug-resistant
bacteria. One notable achievement comes from Wu et al.,
who employed a straightforward hydrothermal method to
synthesize NH,-MIL-125-GO-Pt.”*° This MOF composite,
enriched with graphene oxide (GO) and platinum NPs,
exhibits ~ exceptional = photocatalytic  efficiency = and
photothermal effect. Intriguingly, when subjected to white
light irradiation for just 20 min, NH,-MIL-125-GO-Pt
showcased an impressive antibacterial performance,
achieving reductions of 99.94% for S. aureus and 99.12% for
E. coli.

In another pioneering study, Wang et al. crafted PEG@Zr-
Fc MOF hydrogels by modifying zirconium-ferrocene MOF
nanosheets with polyethylene glycol dicarboxylic acid. These
hydrogels harnessed the intrinsic capability of ROS to capture
E. coli and S. aureus while facilitating the decomposition of
H,0,. This synergistic interplay resulted in a substantial
enhancement of photothermal performance and catalytic
activity, leading to the effective eradication of bacterial
pathogens.**!

Moreover, Han et al introduced a novel composite
consisting of UIO-66-coated gold nanorods (AuNRs)
enveloped within a silica shell. Engineering for the controlled
release of iodine—an antimicrobial agent free from
susceptibility = to  drug  resistance—this = composite
demonstrates exceptional photothermal efficiency."*> Upon
exposure to NIR light, the photothermal effect induced by
AuNRs under irradiation triggered the controlled release of
iodine, exerting light-triggered antibacterial activity against S.
aureus and E. coli.

3.1.3.2. Advancing PDT with MOF-based nanozyme
composites. Furthermore, we delved into the innovative
approaches that harness the potential of MOF-based

nanozyme composites to bolster PDT in antibacterial
applications. Raf et al. embarked on the synthesis of
nanofibers of Cu-based coordination polymer [Cu(HBTC)
(H»0)3] by a microwave-assisted hydrothermal method and
prepared large particles and bulk crystals of [Cu(HBTC)
(H,0);]."** These nanomaterials harnessed a dual-action
antibacterial mechanism rooted in the generation of ROS
and the controlled release of Cu®>" ions. Impressively, when
the concentration of these composite nanomaterials reached
250 pg mL™", the nanofibers exhibit remarkable antibacterial
rates of 99.9% against E. coli and 99.1% S. aureus. Equally
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noteworthy, the larger particles exhibit significant
antibacterial efficacy, with rates of 96.7% for E. coli and
96.2% for S. aureus against these respective bacterial strains.

In another innovative approach, Wang et al. crafted an
environmentally friendly nanohybrid material, denoted as
ZnDMZ, by ingeniously combiningZIF-8 and Zn-doped MoS,
(Zn-MoS,) nanosheets. ZnDMZ exhibited enhanced
photocatalytic prowess under 660 nm illumination, leading
to the generation of an amplified quantity of ROS capable of
targeting bacteria.** After 20 min of light irradiation,
ZnDMZ achieved an impressive bacteriostatic rate of 99.9%
against S. aureus, underscoring its robust bactericidal
potential and its ability to expedite wound healing in cases of
bacterial infections.

Zhang et al. introduced an antibacterial nanomaterial,
designated PCN-224-Ag-HA, by coating HA onto Ag'-loaded
photosensitive MOF."*> HA, featuring a negative charge,
functions as a reservoir for Ag ions, effectively controlling
their release. When encountering target bacteria that secret
hyaluronidase, the HA coating on PCN-224-Ag-HA underwent
degradation. This triggered the release of Ag ions, which,
when combined with the ROS produced by the nanomaterials
under visible light irradiation, exert potent antibacterial
actions. This pioneering approach exhibits promising results
in the treatment of wounds infected by multi-drug resistant
bacteria in mouse models.

3.1.3.3. Advancing photothermal photodynamic therapy with
MOF-based nanozyme composites. Based on the therapeutic
modalities and characteristics of PDT and PTT, combining
them simultaneously in MOF-based nanozymes has the
potential to achieve an amplified sterilizing effect. Han et al.
took a unique route by introducing Cu®" into the porphyrin
ring of PCN224, bolstering heat generation and catalytic
performance of MOF and increasing the production of ROS
(Fig. 4)."*® They observed significant antimicrobial effects of
MOF, Cu;o0MOF and Cu,sMOF by plate coating
(Fig. 4A and B) and SEM (Fig. 4E and F) with light at 660 nm.
Cu;oMOF had the best antimicrobial effect after using 20
min of light, with antimicrobial efficacy against S. aureus and
E. coli of 99.71% and 97.14%, respectively (Fig. 4C and D).
While ensuring the antibacterial effect, the three materials
had no obvious cytotoxicity (Fig. 4G and H) and even
promoted wound healing in rats.

Xiong et al. pursued a different path, synthesizing NCs by
subjecting ZIF-8 to pyrolysis at 800 °C, followed by surface
modification with Ag,S, leading to the creation of Ag,S/
NCs."”” Ag,S/NCs exhibit commendable photothermal
conversion efficiency and potent photodynamic function.
Irradiation with 808 nm NIR light rapidly induced both heat
generation and ROS production, resulting in a notable 97.3%
increase in resistance to S. aureus within 20 min. To further
amplify antibacterial potency, Yu et al. employed an in situ
sulfidation technique, embedding CuS NPs within a Cu-
based MOF structure, known as HKUST-1."*® This MOF, with
its remarkable photodynamic and photothermal attributes,
achieved a striking bactericidal efficiency rate of 99.70%
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Fig. 4 In vitro antibacterial activity of MOFs against S. aureus and E. coli. (A) S. aureus and (B) E. coli mixed with MOF (500 ppm) and subjected to

either 660 nm (0.4 W cm ) light exposure or kept in darkness for 20 min. The bacterial mixtures are spread on LB agar plates and incubated at 37
°C for 24 h. (C) Statistical analysis results of antibacterial activity against S. aureus and (D) E. coli. (*P < 0.1, **P < 0.05, ***P < 0.001, t-test; all
experiments conducted at least thrice). The bacteria are mixed with 500 ppm MOF and subjected to 660 nm (0.4 W cm™2) light exposure or kept in
the dark for 20 min before and after treatment. (E) Morphology and structure of S. aureus and (F) E. coli. Observed through scanning electron
microscopy after 20 min of exposure to 660 nm (0.4 W cm™2) light or darkness (n > 3). Viability assessed using the MTT method after (G) 1 d and

(H) 3 days of treatment.®*®

against S. aureus and 99.80% against E. coli under 20 min of
NIR light exposure.

Enhancing antibacterial activity through the incorporation
of PDA into MOF NPs proved to be another successful
strategy. Han et al. synthesized CuS within the Cu-based
MOF-HKUST NP structure and subsequently coated them
with  PDA, resulting in CuS@HKUST-PDA."*° This
combination synergy significantly enhanced photothermal
and photocatalytic performance, amplifying the material's
capacity for free radical generation. As a result, it exhibited
robust antibacterial efficiency, killed 99.77% of S. aureus and
E. coli under light exposure. Furthermore, Han et al
innovatively synthesized a novel MOF material using benzoic
acid, meso-tetra(4-carboxyphenyl)porphine (H,TCPP) and
zirconium oxychloride octahydrate, and then modified it with
PDA through a simple self-polymerization reaction, yielding
MOF-PDA."*® This unique combination unlocked enhanced
photothermal and photocatalytic performance, leading to
increased ROS production. Under 660 nm light irradiation
for 20 min, MOF-PDA exhibited remarkable antibacterial
effectiveness, achieving rates of 99.62% and 99.97% against
S. aureus and E. coli, respectively.

3.1.3.4. Pioneering sonodynamic therapy using MOF-based
nanozyme composites. SDT is a cutting-edge approach that
utilizes ultrasound to trigger sonosensitizers, stimulating the
production of ROS for therapeutic purposes. Notably, SDT
boasts the advantage of deeper tissue penetration, setting it
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apart from PDT, which has been primarily employed in
cancer diagnosis and treatment.'*''** Recent strides in
nanotechnology have extended the utility of SDT to address
bacterial infections.

Sun et al. achieved a groundbreaking advancement with
their development of Pd@Pt-T790 MOF-based nanozyme
constructs, exhibiting formidable antibacterial efficacy."
These nanozymes autonomously trigger CAT-like activity in
response to ultrasonic radiation, facilitating an ample oxygen
supply. This innovation empowers SDT to induce ROS
generation, unlocking its therapeutic potential for the
treatment of deep-seated MRSA infections.

In a pioneering study, Pan et al used ZIF-8-derived
carbon@TiO, NPs (ZTNs) as inhalable sonosensitizers to

combat  bacterial pneumonia."**  Under ultrasound
irradiation, ZTNs generate ROS in vitro, effectively
eliminating multidrug-resistant Gram-negative bacteria.

Innovative intratracheal nebulization techniques enabled
precise delivery of ZTNs to the site of lung infections, where
SDT efficiently cleared multidrug-resistant Gram-negative
bacteria in immunocompetent and immunocompromised
mouse models. Remarkably, ultrasound-irradiated ZTNs
achieved a 100% survival rate in severely immunodeficient
mice with life-threatening bacterial pneumonia, with no
obvious toxicity observed at the cellular and animal levels.
3.1.3.5. Advancements in antibacterial therapy using MOF-
based nanozyme composites. In a seminal advancement, Zhang
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et al constructed Zr-MOF-based UiO-66-NH-CO-MoS,
nanocomposites (UNMS NCs)."*> These innovative NCs,
bearing a cationic charge, proficiently entrapped and
immobilized bacteria through electrostatic interactions.
Notably, UNMS NCs harnessed the synergistic potential of
photothermal, photodynamic, and POD-like activities
collectively culminating in the effective annihilation of
bacterial pathogens under irradiation with 808 nm NIR light
(Fig. 5). The application of NIR light induced a remarkable
bactericidal rate, reaching 99.7% against MRSA and 96.7%
against ampicillin-resistant E. coli (AREC). In addition, the
high temperature induced by 808 nm radiation in UNMS NCs
expedited the oxidation process of GSH, effectively
incapacitating bacterial intercellular defense mechanisms
and significantly augmenting the antibacterial efficiency. In a
parallel endeavor, Wang et al. designed and synthesized new
MOF nanosheets (CoS,/MoS, NSs)."*® These nanosheets
demonstrated exceptional photocatalytic properties and
concurrently exhibited both oxidase and POD-like activities
when exposed to ultrapure water. CoS,/MoS, NSs exhibited
robust antibacterial potential, effectively targeting E. coli and
S. aureus. Moreover, Hatamie et al embarked on a
solvothermal synthesis to fabricate graphene oxide/cobalt
metal-organic framework (GO/Co-MOF) composites.'”” This
composite material, born from the combination of cobalt salt
and terephthalic acid, effectively curbed the proliferation of
E. coli and S. aureus.

In an intriguing innovation, Zhang et al. introduced a
MOF@COF nanozyme, which exhibited a pseudo-POD effect
(Fig. 6)."*® Covalent organic frameworks (COFs), recognized
for their morphology-controlled organic porous polymers,
find application in catalytic reactions."*®'*® By imitating the
functions of amino acid residues and providing a
hydrophobic spatial pore structure, COFs tailored the pore
microenvironment around the active center. MOF@COF,
replete with active sites in this customized microenvironment
and a pseudopod-like surface, amplified the catalytic
potential of MOF-based nanozymes. Consequently, it
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Fig. 5 Schematic diagram of the bactericidal mechanism of UNMS
NCs and their application in wound healing.***
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substantially elevated therapeutic
enhancing bacterial inhibition.

In summary, the increase of drug-resistant bacterial
infections arrives a great challenge for clinical treatment, and
it is difficult to achieve the ideal therapeutic effect with the
current single antimicrobial modality. Combining MOF-based
nanozymes with PTT, PDT and SDT approaches can enhance
bacterial membrane permeability and promote ROS
production, and this multimodal synergistic therapy has
great potential for clinical applications in bacterial
infections.

efficiency, thereby

3.2. Antibiotic membrane targeting bacterial biofilms with
MOF-based nanozymes

Biofilm formation stands as the predominant manifestation
of microbial growth, and biofilms can colonize not only
living organisms but also various environmental
substrates.’>® This intricate relationship bacterial infections
and biofilms plays a pivotal role in the emergence of
infectious diseases in various systems and organs.'**'>?
Additionally, biofilm generation significantly contributes to
bacterial resistance to antibiotics."”* A bacterial biofilm
constitutes a complex and robust aggregation wherein
bacteria adhere to a surface, engendering copious
extracellular matrix secretion to encase themselves within.'>®
This matrix, comprising an intricate amalgamation of
proteins, lipids, nucleic acids (eDNA and eRNA),
polysaccharides, and other biomolecules, imparts formidable
protection to bacterial colonies. This multifaceted
extracellular ~matrix serves as a bulwark against
environmental adversities, evades host immune responses,
and withstands antibiotic attacks."”®'”” The resultant
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Fig. 6 (A) Synthesis of hybrid MOF@COF nanozymes. (B) Application
of hybrid MOF@COF nanozymes to inhibit bacteria.’*®
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resistance  mechanisms, distinct from conventional
antimicrobial resistance, render biofilms recalcitrant and
arduous to eliminate.'>*'*®'>° Therefore, investigating and
formulating antibacterial agents with a specific focus on
biofilm eradication holds substantial promise. Notably, MOF-
based nanozymes have emerged as potent candidates for
disrupting and eliminating bacterial biofilms.

Liu et al. designed a series of MOF/Ce nanozymes with
DNase and POD mimetic activities."®® Cerium(iv) complexes,
functioning as deoxyribonucleases, effectively catalyze the
hydrolysis of eDNA, consequently destabilizing mature
biofilms. In parallel, MOFs with POD-like activity efficiently
eliminated bacteria exposed within dispersed biofilms in the
presence of H,0,, precluding bacterial reactivation,
colonization, and recurrent biofilm formation. The
synergistic interplay between these two nanozymes improves
the anti-biofilm efficacy, substantially impeding the
formation of bacterial biofilms. In a separate innovative
approach, Qiu et al designed CeO,-modified PCN-
224@Ce0,."”” CeO, disrupts bacterial initial adhesion by
inhibiting the function of extracellular ATP (eATP), while
cytotoxic ROS produced by MOF materials resist bacterial
populations. This dual-action mechanism has demonstrated
remarkable efficacy in preventing the formation of biofilms.

Zheng et al. pioneered an innovative antimicrobial agent,
effective against Gram-positive and Gram-negative bacteria,
by coupling gold nanoclusters (AuNCs) within titanium
carbide (MXene).'®" MXene disrupts bacterial membranes,
while AuNC, once inside bacterial cells, generates a high
concentration of ROS, leading to membrane rupture.
Furthermore, the unique wrinkled structure of MXene-AuNCs
effectively inhibited the formation of biofilms. Yu et al
designed a PCN-222-Pt nanozyme composite characterized by
superior biocompatibility.’®> PCN-222-Pt, boasting robust
oxidase and POD-like activities, spontaneously generates
ROS, exhibiting compelling anti-biofilm properties in vitro.
Experimental data underscored the ability of PCN-222-Pt to
resist biofilm formation, achieving reductions of bacterial
biofilm populations, with rates of 98.69% against S. aureus
and 99.91% against E. coli within 1 h. Wang et al. harnessed
a straightforward one-step methodology to fabricate two-
dimensional Cu-MOF nanosheets (Cu-MOF NSs) composed of
Cu ions and 2-methylimidazole."®® The two-dimensional
morphology of Cu-MOF NSs with POD-like activity provides a
high density of Cu** surface active sites, facilitating the
efficient oxidation of proteins and lipids on the bacterial
surface, ultimately inducing bacterial death. Experimental
results underscored the capacity of prepared 2D Cu-MOF NSs
to effectively eradicate the biofilm of S. aureus, achieving a
remarkable reduction of up to 99.9% of bacteria at a
concentration of 4 ug mL™".

Yu et al. introduced a pioneering acid-responsive ROS
composite nanomaterial for biofilm introduced a pioneering
one-pot synthesis. This material amalgamated folic acid (FA)
and lysine carbon dots (Lys-CD) to form ZIF-8@Lys-
CD@FA."®" ZIF-8@Lys-CD@FA exhibited CAT-like activity,
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engendering superoxide radicals and hydroxyl radicals, thus
inflicting more potent oxidative stress and effectively
dismantling mature biofilms.

As functional nanomaterials, MOF-based nanozymes have
great potential to replace antibiotics for effective treatment of
biofilm infections caused by bacteria. Different nanozymes
can exhibit different enzymatic activities, such as oxidase-
like, POD-like and CAT-like activities, they can all produce
chemical reactions that effectively attack the bacterial
biofilm, thus realizing the complete elimination of bacteria.
The rational construction and design of MOF-based
nanozymes to eliminate biofilms provide a new antimicrobial
idea on the way to treat bacterial infections.

3.3. Antibacterial and anti-biofilm properties of MOF-based
nanozymes

MOF-based nanozymes exhibit multifaceted capabilities,
wielding their influence against bacteria through direct
antibacterial mechanisms and the disruption of biofilm
formation. These versatile nanozymes not only curtail
bacterial proliferation but also dismantle and eradicate
biofilms, offering a holistic approach to antibacterial
strategies.

Huang et al in situ encapsulated palladium (Pd)
nanocrystals, endowed with oxidase and POD activity, within
the intricate structure of MOF UiO-66. Subsequent surface
modification with polyazobenzene (PAzo) yielded the Pd-
MOF@PAzo@SNP nanoplatform.'® This nanozyme acts
synergistically complemented NO therapy, manifesting
exceptional antibacterial and antibiofilm characteristics,
along with an accelerated wound healing capability.

Liu et al. prepared an innovative method to synthesize
AuNPs (pGNP-Fe) using phenolic compounds extracted from
botanical sources as a dual-purpose reducing and blocking
agent, accompanied by Fe*" as a complexing agent. pGNP-Fe
efficiently adheres to bacterial membranes, exerting
mechanical stresses that cause cellular deformation and
membrane impairment.’®® This cascade process, augmented
by its oxidase and POD properties, engendered the
production of ROS while collaborating with the Fenton
reaction, ultimately heightening its antibacterial efficiency.
The antimicrobial effect of pGNP-Fe, was demonstrated to be
higher than that of pGNP and pFe groups, and the
antibacterial effect increased with time (Fig. 7A-C). As shown
in Fig. 7D-F, the pGNP-Fe, group had the highest penetration
rate, which was more favorable for the interaction between
bacteria and samples. As shown in Fig. 7G, the bacteria in
the control group had a typical rod shape. Bacteria in the
other three groups were damaged to varying degrees, with
the pGNP-Fe,-treated bacteria being the most severely
damaged of the three groups. Significantly, this material
achieves high-efficiency and long-lasting antibacterial effects,
independent of external antimicrobial agents and antibiotics
(Fig. 7). Huang et al. reported a MOF-derived nanocarbon
composite, composed of Zn and a graphitic carbon
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Fig. 7 Antibacterial efficiency and bacterial membrane interactions:
(A) optical images of colony-forming units of E. coli after 3 h of
treatment. (B) Antibacterial rates after 1 h and 3 h of treatment. (C)
Live/dead fluorescence images of treated bacteria (scale bar = 20 um).
(D) Effects of different treatments on the permeability of the outer
membrane of E. coli. (E) The red/green ratio representing the
membrane potential. (F) Flow cytometry arrays of different treatments.
(G) SEM images of treated bacteria (scale bar = 1 um).*¢¢

framework, that incorporated AgNPs through a displacement
reaction between Zn and Ag".'®” Upon NIR light irradiation,
this composite generated substantial heat, which disrupted
bacterial membranes, while concurrently releasing Zn" and
Ag', causing chemical damage to bacterial intracellular
components. Antibacterial experiments underscored its
nearly 100% bactericidal efficacy against high bacterial
concentrations at exceedingly low doses (0.16 mg mL™).

Nong et al. took NH,-MIL-88B(Fe) a step further by
incorporating Fe;O,4, resulting in the synthesis of the Fe;-
0,@PVP@MIL-88B(Fe)-NH-lysozyme/carvacrol (FPMLC)
nanozyme.'®® FPMLC hydrolyzed the peptidoglycan layer of
the bacterial cell wall through lysozymes, releasing carvacrol
upon NIR light irradiation and causing bacterial cell
membrane disruption. Even at a low dose (100 ug mL™") and
brief NIR light exposure (10 min), FPMLC exhibits 100%
inactivation of E. coli and S. aureus (10° CFU mL™) without
obvious cytotoxicity.

Wang et al. designed a phototherapeutic antibacterial
material by embedding peptides within a hydrogel network,
with copper sulfide nanodots (CuS NDS) distributed
throughout the hydrogel.'®® Antimicrobial peptides executed
their function, while CuS NDS responded to NIR light
exposure with ROS generation and photothermal effects.
The resultant heat and ROS, acting as non-contact
antimicrobial agents, coupled with direction action by
antimicrobial ~ peptides, culminated in  irreversible
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membrane disruption, cell content disruption, and bacterial
thermal ablation.

Li et al. loaded GOx and bovine hemoglobin (BHb) on ZIF-
8, culminating in a MOF-based cascade nanoreactor (ZIF-
8@GOx@BHbD)."”® GOx orchestrated the production of H,0,
while consuming glucose, thus depriving bacteria of
nutrients, while BHb continuously delivered O, to GOx.
Capitalizing on the remarkable POD-like activity of ZIF-
8@GOx@BHD, this nanomaterial effectively impeded the
growth of MRSA and E. coli and obliterated MRSA biofilms,
offering a robust defense against bacterial infections.
Notably, this constructed nanoreactor underwent degradation
and excretion via feces with negligible biological toxicity.

Li et al prepared hybrid MOF/enzyme nanoreactors
(MIL@GOx-MIL NRs) based on MIL NPs and GOx by a two-
step synthesis method.’”" GOx catalyzed the conversion of
glucose to gluconic acid, lowering the pH from 7.4 to around
4. At pH 4, MIL@GOx-MIL NRs produced more hydroxyl
radicals, suppressing bacterial growth. Experimental results
illustrated that even at a concentration of 5 pg mL™",
MIL@GOx-MIL NRs curtailed MRSA proliferation, while 80
pug mL™' of MIL@GOXx-MIL NRs eradicated MRSA biofilm
formation, as confirmed via plate counting methods.

In summary, ROS leads to irreversible membrane
damage to scavenge bacteria and can also cause oxidative
damage directly to the intracellular, and this dual-mode
pathway to enhance antimicrobial efficacy makes MOF-
based nanozymes more advantageous in the
antimicrobial field.

even

3.4. Antifungal properties of MOF-based nanozymes

Fungus are eukaryotic organisms that can release their spores
into the air and cause fungal infections. Common fungal
strains include Aspergillus and Candida albicans, which pose
a significant threat to human health.'”* But the current drug
resistance of the fungus poses a serious obstacle to its
treatment.'”> We need to explore new antifungal methods to
treat fungal infections. In addition to their well-established
antibacterial and anti-biofilm attributes, MOF-based
nanozymes exhibit notable antifungal potential.

Bouson et al. employed a facile hydrothermal synthesis
method to fabricate a Cu-based benzene tricarboxylate MOF
(Cu-BTC MOF)."* Cu-BTC MOF displayed significant
inhibitory effects against a spectrum of fungal strains,
encompassing Candida albicans, Aspergillus niger, Aspergillus
oryzae and Fusarium oxysporum. Intriguingly, the most
effective inhibition of Candida albicans was achieved after a
60 min incubation at 500 ppm. It is postulated that the
antifungal mechanism of Cu-BTC involves the reduction of
O, to generate ROS. In a parallel vein, Abdelhamid et al
undertook the synthesis of a Ce-MOF-based nanozyme (AU-1)
using a solvothermal method."”” Au-1 demonstrated
commendable SOD, CAT, and POD activities, rendering it
proficient in fungi, such as Aspergillus flavus, Aspergillus niger,
Aspergillus terreus, Candida albicans, and Rhodotorula glutinis.
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Impressively, AU-1 exhibited bactericidal efficiencies ranging
from 93.3% to 99.3%.

The above studies demonstrated that MOF-based
nanozymes were able to inhibit the growth of Aspergillus and
Candida albicans to a certain extent and had excellent
antifungal activity. Research of MOF-based nanozymes in
antifungal field is still in the initial exploratory stage, which
requires more attention and efforts to explore the application
of MOF-based nanozymes in antifungal field. We expect that
MOF-based nanozymes will take a new step forward in the
antifungal field in the near future, thus promoting the
application of MOF-based nanozymes in nanomaterials and
biomedical fields.

4. Conclusion and outlook

In conclusion, MOFs represent a versatile class of materials
with tunable physical, chemical, and structural properties,
rendering them highly amenable to applications as
nanozymes in the biomedical field. Our review has explored
the burgeoning field of MOF-based nanozymes with a
particular focus on their excellent antibacterial activity. As
evidenced by numerous experimental studies, MOF-based
nanozymes have emerged as promising candidates for
bacterial diagnosis and treatment. We have surveyed a
selection of recent investigations into the antibacterial
capabilities of MOF-based nanozyme, revealing their
potential to revolutionize the field of antibacterial therapy.
While substantial progress has been made in harnessing
MOF-based nanozymes for antibacterial purposes, several
significant challenges and opportunities remain. Researchers
must continue to explore strategies to enhance material
stability and refine synthesis techniques. When acting MOF-
based nanozyme in vivo, it is necessary to fully evaluate the
degradability, biocompatibility, and cytotoxicity of the
material to ensure that the material works without damaging
the organism.

As a relatively new research direction, the unique
properties of MOF-based nanozymes give them great
potential for bacterial diagnosis and therapy. Accurate and
effective diagnosis is as important as antimicrobial therapy
in the prevention and treatment of diseases caused by
bacterial infections. And as bacterial resistance increases,
we need to develop new antimicrobial agents to deal with
bacterial infections. The translation of MOF-based
nanozyme antibacterial activity into clinically viable
diagnostic and therapeutic modalities is a promising
frontier that necessitates continued investigation. The
emergence of MOF-based nanozymes has given us a new
way of thinking when it comes to fighting bacterial
infections. They can accelerate infected wound healing,
treat orthopedic implant-associated infections and even
cancer therapy. Furthermore, in addition to its application
in living organisms, it can also expand its scope of
application in food safety inspection and packaging,
drinking water testing and disinfection, packaging and
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storage of pharmaceuticals, air sterilization and filtration,
and surface disinfection in public areas, thereby mitigating
the risk of pathogens to humans. Given the multifaceted
functionality and catalytic prowess inherent to MOF-based
nanozymes, it is reasonable to anticipate their pivotal role
in shaping the landscape of bacterial infection diagnosis
and treatment and even in the biomedical field in the
foreseeable future. We hope that this review will help
researchers to fully understand the current situation and
further advance the development of MOF-based nanozymes
in bacterial diagnostics and therapy.
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