Nano
esearch
2022, 15(7): 6220—6242

ISSN 1998-0124 CN 11-5974/04
https://doi.org/10.1007/s12274-022-4302-x

o
9
b=
<
2
2
S
[0}
(e

Recent advances in metal-organic framework-based materials for
anti-staphylococcus aureus infection

Mei Yang1, Jin Zhangz, Yinhao Wei', Jie Zhang2 (P), and Chuanmin Tao' (=4)]

! Department of Laboratory Medicine, West China Hospital, Sichuan University, Chengdu 610041, China
2 College of Materials Science and Engineering, Sichuan University, Chengdu 610065, China

© Tsinghua University Press 2022
Received: 14 January 2022 / Revised: 4 March 2022 / Accepted: 7 March 2022

ABSTRACT

The rapid spread of staphylococcus aureus (S. aureus) causes an increased morbidity and mortality, as well as great economic
losses in the world. Anti-S. aureus infection becomes a major challenge for clinicians and nursing professionals to address drug
resistance. Hence, it is urgent to explore high efficiency, low toxicity, and environmental-friendly methods against S. aureus.
Metal-organic frameworks (MOFs) represent great potential in treating S. aureus infection due to the unique features of MOFs
including tunable chemical constitute, open crystalline structure, and high specific surface area. Especially, these properties
endow MOF-based materials outstanding antibacterial effect, which can be mainly attributed to the continuously released active
components and the exerted catalytic activity to fight bacterial infection. Herein, the structural characteristics of MOFs and
evaluation method of antimicrobial activity are briefly summarized. Then we systematically give an overview on their recent
progress on antibacterial mechanisms, metal ion sustained-release system, controlled delivery system, catalytic system, and
energy conversion system based on MOF materials. Finally, suggestions and direction for future research to develop and

mechanism understand MOF-based materials are discussed in antibacterial application.
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1 Introduction

Staphylococcus aureus (S. aureus) belongs to a Gram-positive
bacterium with grape-like clusters (approximately 0.8 pm in
diameter) and regarded as the human commensal of the
Micrococcaceae family. S. aureus is a frequent colonizer that often
presents on various parts of body such as oral cavity, perineum,
axilla, mucous membranes [1], anterior nares [2], and guts of
healthy individuals. Colonization is the major risk factor for the
development of clinical S. aureus infection, including the
colonization types of non-carriage, intermittent colonization, and
persistent colonization [3,4]. Moreover, S. aureus also is vital
human pathogen that causes a series of infections on skin,
wounds, soft tissues, arthroses, bones, and the associated infections
in indwelling catheters or prosthesis [5]. Simultaneously, it is a
leading cause of sepsis and infective endocarditis (IE) infections
[6]. Besides, S. aureus is also a common pathogen of biofilms and
often associated with infections of implanted medical materials,
such as catheters and artificial heart valves. The rapid spread of S.
aureus has resulted in an increased morbidity and mortality, as
well as great economic losses in the world [7].

Although the discovery of antibiotics have displayed positive
effects in treating S. aureus infections, the abuse and
misapplication of antibiotics increase the selection pressure for
resistant strains and decrease the effectiveness of antibiotics [8]. It
further produces larger quantities of robust strains with multidrug-
resistant (MDR) [9], such as the typical methicillin-resistant S.

aureus (MRSA). In addition, S. aureus coalesced into a biofilm in
stressful environments, which can protect active cells from the
effects of antibacterial agents and host defense mechanisms. Thus,
the infections caused by S. aureus bring about a series of severe
health problems, but the available therapeutics is limited at the
current stage.

To date, numerous efforts have been made to explore novel
antimicrobial materials for treatment of bacterial infections, such
as metal compounds, cationic polymers, nano-enzymes, and metal-
organic frameworks (MOFs). Among these wide categories of
promising antimicrobial nanomaterials, MOFs are considered as a
classical porous coordination polymer self-assembled by metal
ions and organic ligands, developing as featured nanoplatform for
biomedical applications [10, 11]. MOFs exhibit tunable chemical
constitute, open crystalline structure with large surface area,
controllable pore structures and internal/external surface [12],
which also endow it a broad application prospect in gas
adsorption [13], catalysis [11], biological imaging, and energy
storage/conversion [14]. In addition, MOFs also have been well
developed in the antibacterial field in the past decade and are still
fast growing, with thousands of researchers reported each year.

Previous reviews mainly focused on the characteristics,
structure, antibacterial mechanism, and application of MOF-based
nanomaterials [12, 15, 18]. Furthermore, S. aureus colonization,
transmission mode, clinical hazards, and pathogenicity are rarely
mentioned, especially the harm of drug-resistant MRSA. In this
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review, we emphasize the importance of antimicrobial strategies
based on MOF-based nanomaterials aiming at S. aureus and
MRSA. In particular, evaluation of antibacterial activity is
summarized according to the experience and practice from our
research group, laboratory and hospital. Specially, the diversified
antibacterial mechanisms of MOF-based nanomaterials against S.
aureus, such as metal jon sustained release system, catalytic
system, drug delivery system, and energy excitation system are
introduced in detail. Besides this, we also highlight the relationship
between the MOF-based nanomaterials and antibacterial effect,
and discuss the construction of materials that can be used to
extend the medical application in vivo and implantation. Finally,
challenges as well as prospects are critically discussed for the future
development of MOFs. Through the discussions, we expect to
illustrate some points on the exploration of MOFs-based materials
for promising application.

2 8. aureus

2.1 S. aureus colonization

S. aureus often causes a wide range of infections as crucial
pathogens [17], with up to 20%-30% of persistently asymptomatic
colonization and 50%-60% of intermittent colonization [18, 19].
For example, both methicillin-sensitive and methicillin-resistant
strains isolates are persistent colonizers. S. aureus colonization
frequently occurs among patients with diabetes, surgical patients,
drug injectors, and immunocompromised patients [20,21].
Processes of S. aureus infection include colonization, local
infection, systematic dissemination, metastatic infection, and
toxicosis [22]. Given the above situations, S. aureus colonization
has been considered as a risk factor to resulting in the subsequent
infections.

2.2 Mode of transmission

Hand hygiene plays an important role in the transmission
associated with S. aureus infections and is the primary measure to
prevent cross-infection in hospitals [23]. The hands of health care
workers can be temporarily colonized by S. aureus through
contact with their own or bacterial storage pools of the infected
patients. Long-term exposure to S. aureus carrier or bacterial
storage pools can cause a serious bacterial transmission and
infection outbreak [24]. In addition, water, food, air, contact,
biological vectors, and iatrogenic infections also could bring about
the large-scale spread of S. aureus.

2.3 Clinical hazards and pathogenicity

The diseases caused by S. aureus infections can be divided into
common and uncommon diseases, ranging from slight skin
infection to the life-threatening diseases. The common diseases
associated with S. aureus include sepsis, infective endocarditis,
osteoarditis, pleurisy, skin infection, and food poisoning.
Uncommon diseases involve meningitis, epifolliculitis, mastitis,
urinary tract infection, endocarditis, biofilm-associated infection
[5], etc. In particular, S. aureus and its biofilms can also cause a
series of implant-related infections. The possible mechanism is
that implants (such as prosthetic devices and electronic devices)
act as a surface for S. aureus or biofilms to colonize. By avoiding
the killing effects of phagocytes and increasing antibiotic
resistance, the bacteria cause incurable infected tissue [25]. S.
aureus can produce golden pigment, plasma coagulase positive,
decompose mannitol, exhibiting strong pathogenicity. In addition,
the strong infection ability of S. aureus can be ascribed to the
produced various resistance mechanisms and virulence factors.
The involved toxins, exotoxins, enzymes, and cell surface-
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associated antigens allow S. aureus could evade host natural
defenses [26,27]. In general, multifunctional toxins coordinated
with their multiple enzymatic activities could degrade some host
cells, decrease immune responses, and even manipulate the innate
and adaptative immune responses. The above consequences
promote the reproduction and spread of S. aureus [28]. When S.
aureus invades the body, the enzyme causes fibrin depositing in
blood, plasma, or coagulum on surface of the bacterium, blocking
the phagocytosis of phagocytes [29]. Therefore, the clinical hazards
and pathogenicity of S. aureus cannot be ignored in research field
of antimicrobial materials.

24 Status of MDR

Although remarkable efforts have been dedicated to developing
novel antimicrobial materials with high efficiency [30,31], it
inevitably raised the number of MDR bacteria [32, 33]. The main
reason for the continuous occurrence of MDR lies in the abuse
and misuse of antibiotics, which makes them insensitive to most
antibiotics in current clinical application and generates more
robust strains with MDR [34, 35]. The previous reports indicated
that MRSA strains show increased resistance to all P-lactam
antibiotics including penicillin and cephalosporins (except
ceftaroline and ceftobiprole), accounting for at least 25%-50% of
S. aureus infections in hospitals [36].

The Centers for Disease Control and Prevention reported about
80,000 serious MRSA infections happened in the United States
during 2011, with 11,000 deaths each year [37]. In 2012, MRSA
was estimated to have infected more than 75,000 patients,
resulting in more than 9,600 deaths in the USA [38]. In addition,
more than half of hospitals in most Asian countries got infections
caused by MRSA [39]. More seriously, MRSA infections resulted
in an increased burden on health care, which is ascribed to the
increased hospital stays, health care costs, and the reduced life
quality [40-42]. Thus, the increased MRSA resistance is deemed
as a serious health problem of against the conventional medical
antimicrobial agents. To ameliorate this dilemma, many new
antimicrobial strategies have been carried out by researchers to
develop the novel therapies for infections caused by MDR
organisms [43].

2.5 Biofilm formed by S. aureus

Bacterial biofilm refers to a large number of bacterial aggregation
membranes, formed by bacteria adhering to the contact surface,
secreting polysaccharide matrix, fibrin, lipid protein, and
wrapping themselves [44]. Once the biofilm formed, it has natural
resistance to antibiotics and body immunity. Antibiotics cannot
effectively remove the biofilm, and bacterial resistance will
continue to grow in various ways [45-47]. Especially, S. aureus
presents a variety of mechanisms for adhesion to host tissues and
bodies. Once adhered, microcolonies can be formed and then
reproduced through generating extracellular matrix to form
biofilms. More seriously, S. aureus can not only form biofilms on
different surfaces and medical instruments (such as surgical
instruments and implants) in medical institutions, but also
produce biofilms in infected host tissues, which may cause surgical
risks [48]. Therefore, new therapeutic strategies are urgently
needed to address S. aureus biofilm-associated infections.

3 Structure and characteristics of MOFs

MOFs are becoming as a wide category of greatly emerging
porous materials via coordination bond connections between
metal nodes and organic linkers [49,50]. Different from
conventional porous materials, MOFs have the advantages of
three-dimensional (3D) pore structure, high porosity, large surface
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area, strong regulation of skeleton structure, easy to modification,
and unique photoelectric properties [51]. Moreover, their
structure and physicochemical properties can be adjusted by
rational design and tailor through “post-synthesis” and other
functional modifications [52]. More importantly, the various
topological structures of MOFs can be achieved by regulating
metal ions, ligands, solvents, reaction conditions, etc. [12].

At present, hydrothermal synthesis is the most commonly used
method to prepare MOFs, which is more facile and controllable
than those of stirring, ultrasonic (US), microwave, and
mechanochemical synthesis [53]. Up to now, MOFs have been
extensively studied including UIO (named by University of Oslo),
zeolitic imidazolate framework (ZIF), porous coordination
network (PCN), coordination pillared-layer (CPL ), MIL (named
by Materials of Institute Lavoisier), isoreticular MOF (IRMOF)
series and their corresponding derived materials, etc. For the
above properties, these nanostructures have been demonstrated to
be effective for anti-S. aureus infection. Detailed discussion will be
introduced in the following parts of this paper.

4 Evaluation of the antimicrobial activity

Commonly, S. aureus and MRSA are chosen as the model
microorganism to evaluate the antimicrobial activities of MOFs.
As shown in Fig. 1, dilution plate coating test is employed to
determine the inhibition of MOF-based materials on bacterial
growth. The obtained bacterial growth curve shows the trend and
change of bacterial reproduction after MOF-based materials
treatment. Minimum inhibitory concentration (MIC), minimum
bactericidal concentration (MBC), and half maximal inhibitory
concentration (IC50) of antibacterial agents can be applied as
standard benchmarks to evaluate the effect and dosage of MOEF-
based antibacterial materials. The average inhibition diameters are
applied to estimate the antimicrobial sensitivity of MOF-based
materials. Scanning electron microscopy (SEM) and transmission
electron microscope (TEM) images are employed to determine
damage of cell membrane and relevant morphology. Live/dead
bacterial staining test can be performed with a dark field
microscope to estimate the proportion of viable bacteria. To verify
that the MOF-based materials don’t cause bacterial resistance,
circulating antimicrobial test is needed to be performed. Besides,
the crystal violet staining test is applied to evaluate bacterial
biofilm growth inhibition.
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Figure 1 Several evaluation methods of antibacterial activities of MOFs.
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4.1 Dilution plate coating test

Dilution plate coating test is a kind of counting method according
to the culture characteristic of single colonies generated by
microorganisms on solid medium. Generally, MOFs materials
with different concentrations were mixed with a certain amount of
bacterial suspension. Then plate coating was carried out after
applied external conditions. After individual colony counting, the
lethality of the materials against S. aureus was evaluated. The
antibacterial efficiency can be calculated according to the following
equation: antibacterial efficiency = (number of bacterial colonies
in each group)/(number of bacterial colonies in the control
group) x 100%.

4.2 Bacterial growth curve test

The bacterial growth curve test is employed to inoculate a small
number of single-cell microorganisms into a certain volume of
liquid culture medium. The above culture medium is conducted
under appropriate conditions, and sampling is taken to determine
the number of clones on schedule. After that, the curves can be
achieved by using the logarithm of bacteria growth as the ordinate
and culture time as the ordinate. Specifically, S. aureus was firstly
cultured in Luria-Bertani (LB) medium. And then, a certain
concentration of bacterial suspension was added into LB liquid
medium containing different amounts of MOF-based materials.
The bacteria were cultivated and the growth rates of S. aureus
were monitored in a time-dependent manner [54].

43 MIC, MBC, and IC50

MIC is generally determined by broth microdilution assay.
Nutrient broth, microorganisms, and the MOF-based materials
were mixed and filled to a final volume of 200 pL using a 96 well
microliter plate. It can be considered as the MIC when no visible
turbidity on the lowest concentration of MOF-based materials
after incubated for a certain time, confirming by turbidimetric or
colorimetric-based test [55]. MBC refers to the required minimum
concentration to kill 99.9% of the tested microorganisms [56].
IC50 refers to the measured semi-inhibitory concentration of an
antagonist, indicating half of a drug or material that inhibits
microorganisms.

44 The Kirby-Bauer (K-B) test

The K-B test can estimate the antibacterial activities of MOF-
based materials by observing average inhibition diameter. It can be
obtained by leaving MOF-based materials in an agar plate
containing a certain concentration of bacterial suspension and
then incubating [57]. Usually, the diameters of inhibition zone
were measured under the same experimental condition and
compared with those of MOF-based materials groups. When the
above parameters were fixed, the antibacterial activities were
presented as a mean of inhibition zone diameter (mm) + standard
deviation (SD).

45 SEM and TEM

Morphological observation can be obtained by using SEM or
TEM, which can intuitively observe the survival status of bacteria
and intact state of bacterial cell membrane. Hence, the SEM and
TEM results of bacteria before and after treatment can be
employed as an intuitive visual response of antibacterial effects.
The preparation process of bacterial samples was conducted
according to Ge’s methodology, further for SEM observation [66].

4.6 Live/dead bacterial staining test

To further visualize the antibacterial effect, S. aureus was stained
using the SYTOY/propidium iodide (PI) kit, containing two
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fluorescent dyes of red-fluorescent PI and green-fluorescent
SYTO9, which intercalate with DNA. SYTO9 is small enough to
penetrate intact cell membranes, bind to DNA, and stain living
cells with green fluorescence. PI is a red fluorescent dye with a
high molecular weight and usually does not penetrate intact
membrane of bacteria. If the cell membrane is damaged, PI
crosses the membrane and then binds to the internal nucleic acid,
together with the dead bacteria is infected by red fluorescence.
Under the fluorescence microscope, the dead bacteria can be
observed and directly counted according to the fluorescence
color [67].

4.7 Circulating antimicrobial test

To detect the bacterial resistance, circulating antibacterial test can
be performed. Typically, the first antibacterial process was
conducted by using the dilution plate coating test as mentioned
above. Then, the trace residual bacteria were collected and
cultured in a constant temperature shaker with LB liquid medium
for 12 h. After a lot of proliferation generated, the bacterias were
diluted. Subsequently, the standard plate coating test was repeated
for five cycles, verifying bacterial resistance to samples. In
addition, the concentration of bacteria can be determined by
regularly monitoring the OD600 of the remaining bacterial
solution [68, 69].

4.8 Crystal violet staining test

Biofilms can be defined as microbial-derived sessile communities
characterized by cells with a matrix, interface, or connection to
each other [70]. It embedded in an extracellular polymer matrix
and exhibited altered phenotypes in growth, gene expression, and
protein production. The crystal violet staining test was applied to
evaluate bacterial biofilm growth inhibition and eradication effect
by using optical density of CV-stained biofilm suspensions [71].

5 Antibacterial mechanisms of MOFs

As shown in Fig. 2, the antibacterial mechanisms of MOFs are
generally related to their chemical properties/structure and can be
divide into metal ion releasing system, MOFs as carrier of
antibacterial drugs, and oxidative stress. The antibacterial
mechanism according to oxidative stress can be further subdivided
into catalytic reactions based on chemical substances and oxidative
stress reactions depended on external energy conversion. In this
chapter, the antimicrobial mechanisms of MOFs are reviewed in
detail.

5.1 Metal ion sustained-release systems

A large part of metallic elements have been widely used in
antibacterial materials due to their multiple chemical properties,
particularly in the synthesis of metal cluster derived MOFs.
Although the exact mechanisms of antibacterial action of
nanomaterials were unknown for most of history, recent research
suggests that the concepts of bioinorganic chemistry and
toxicology may provide an insight into how metals damage and
kill pathogens. Through interaction, metal ions can bind to the
atoms of donor ligands, such as O-, N-, and S- [72,73]. These
interactions depend on coordination chemistry and are the
binding forces of hydroxyl, carbonyl, carboxyl, amino, and
sulthydryl groups in bacterial cell membranes.

In addition, the coordination stability between metal and ligand
is related to the hard and soft acid-base (HSAB) theory [74]. Soft
acids (e.g, Ag’, Cu’, Hg*, and Cd*) and critical acids (e.g., Co™,
Ni*, Cu*, and Zn*) have large ionic radii, low oxidation states,
and strong polarization. Therefore, they prefer to bind closely to
soft bases, such as the mercapto group found in proteins [75, 76].
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Figure2 Classification and antibacterial mechanisms of MOFs. PDT
synergistic sterilization: Reproduced with permission from Ref. [58], ©
American Chemical Society 2018. PTT synergistic sterilization: Reproduced
with permission from Ref. [59], © Elsevier B.V. 2020. SDT synergistic
sterilization: Reproduced with permission from Ref. [60], © American Chemical
Society 2019. MOFs with H,O, auxiliaries: Reproduced with permission from
Ref. [61], © Wiley-VCH GmbH 2020. MOFs with glucose auxiliaries:
Reproduced with permission from Ref. [62], © Elsevier B. V. 2020. Controlled
delivery systems based on MOFs: Reproduced with permission from Ref. [63],
© American Chemical Society 2017. Metal ion sustained-release systems:
Reproduced with permission from Ref. [64], © American Chemical Society
2019. Synergistic effect: Reproduced with permission from Ref. [65], ©
American Chemical Society 2019.

Hard acids generally possess small ionic radii, high oxidation
states, and weak polarization. They tend to form stable metal-
organic complexes when paired with hard bases with high
electronegativity.

According to HSAB theory, MIL-53(Al), MIL-100(Al, Fe, Cr),
MIL-101, and UIO-66 were successfully synthesized [77,78].
Because MOFs with strong water stability will expose multiple
metal active sites, the electrostatic interaction between cationic
metal and anionic cytoderm of bacteria will lead to cytoderm and
cytomembrane damage and inactivation of pathogens [16]. For
example, it has been shown that the electrostatic interaction of Ag*
can severely damage the cytoderm of S. aureus, affecting the
normal metabolism of the bacteria [79]. Recent studies have
further shown that the transport of correct metal ion cofactors can
be inhibited in intracellular proteins through competition when
metal ions accumulate to a certain toxic dos [80]. Consequently, it
affects bacterial function and leads to DNA damaging, denaturing
and enzyme inactivation.

5.2 Controlled delivery systems based on MOFs

Antibiotics are encapsulated in MOFs with diverse properties and
released spontaneously or controlled by external stimuli. The
release mechanisms are generally classified as targeting cytoderm’s
structure, cytomembrane’s function and structure, folic acid
synthesis, DNA structure and function, and protein synthesis [81].
Some representative examples can be listed as follows:

(I) In a low osmotic environment, the synthesis process of cell
wall mucin can be inhibited by the release of p-lactam containing
antibiotics from MOFs, further destroying cell wall integrity and
causing bacterial swelling, rupture, and death.

(i) The interaction between polymyxin B antibiotics and
bacterial cell membrane will destroy the integrity of outer

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



6224

membrane. It also enhances the permeability of cell membrane
due to the opened ion channels, leading to the escape of small
molecules such as phosphate and nucleoside in cytoplasm,
resulting in cell dysfunction and death.

(iii) Sulfa and trimethoprim antibiotics released by MOF are
taken up by bacteria and then inhibit the enzymes responsible for
folic acid synthesis. The released antibiotics are the important
precursors during thymidine synthesis, thereby destructing the
production of nucleic acid.

(iv) The released quinolones and nitroimidazole antibiotics
inhibit bacterial DNA from forming super-helical cells and
damage chromosomes, thereby killing bacteria.

(v) Aminoglycoside antibiotics released by MOF can affect the
whole synthetic process of bacterial protein. It also hinders the
process of initial complex synthesis, induces bacterial synthesis of
wrong proteins, and inhibits the release of synthesized proteins,
thus leading to bacterial death [81, 82].

5.3 Catalytic system based on oxidative stress

Another important mechanism of the antimicrobial activity of
MOFs is generated through the oxidative stress. This process can
be divided into two types, namely reactive oxygen species (ROS)
dependent and ROS independent. Toxic ROS produced by MOFs
and its derived nanomaterials, including superionic radical (-O,),
hydroxyl radical (-OH), hydrogen peroxide (H,0,), and singlet
oxygen ('O,), are important strategy to kill bacteria. Studies have
proved that ROS is an important substance in organisms and can
resist the damage of bacteria, fungi and parasites to the human
body [83]. The reason is that toxic ROS can induce protein
damage of pathogens, lipid peroxidation of cytomembrane,
mitochondrial dysfunction and cytoderm shrinkage, and then
cause the final death of pathogens [84]. MOFs can produce ROS
without additional energy input after the treatment of chemical
additives, such as H,0, and glucose.

In fact, different types of antibiotics can activate the typical
tricarboxylic acid cycle (TCA) cycle. The over-activation of
electron transport chain induces the formation of superoxide and
H,0,, which destroys the iron-sulfur clusters and thus destabilizes
Fe*. Unstable Fe** can further react with H,0, in Fenton reaction,
leading to the production of -OH that damages DNA, lipids, and
proteins [85]. In addition, -O, reduces Fe** produced by Fenton
reaction to Fe*, avoiding excessive -O, attacking the enzyme
containing iron and sulfur clusters, while Fe* catalyzes
Haber-Weiss reaction (-O,” + H,0, > OH™ + O, + -OH), thus
forming more -OH. Due to the short half-life, strong oxidation
potential and lipid insolubility of hydroxyl radical, it brings with
irreversible oxidative damage to the nearby nucleic acids, proteins,
and fats [86]. Therefore, recently researchers have considered
H,0,-assisted MOFs strategy as promising alternative for
antimicrobial application. In addition, in the presence of glucose,
glucose oxidase (GO,) can continuously generate H,O, and
gluconic acid in situ, realizing a cascade catalytic reaction.

5.4 Energy conversion based bactericidal mechanism

Compared with chemical-assisted catalytic therapy, the synergistic
approach triggered by external energy exhibits more significant
bactericidal efficiency and higher selectivity than locally catalyzed
bacterial therapy. At the same time, it minimizes risks, such as
bacterial resistance result from conventional sterilization method.
According to the different forms of external energy, the
antibacterial mechanism is divided into photoelectric effect,
photothermal effect, and ultrasonic treatment.

5.4.1 Photodynamic effect

Photoexcited triplet photosensitizers (PS) can react in two forms:
(I) through hydrogen or electron transfer, react directly with

Nano Res. 2022, 15(7): 6220-6242

substrates or solvents to form free radicals; (II) energy is
transferred to oxygen molecules, forming 'O,.

Through type I and type II reactions, a series of toxic active
products represented by 'O, can react with biological
macromolecules such as phospholipids, nucleic acids, and proteins
of cells or microorganisms, destroy the structure of biofilm or
other functional units, and make cells or microorganisms die, thus
achieving therapeutic effects. At the beginning of the 20th century,
people have discovered several substances that can be used as
photosensitizers, such as acridine propyl yellow, acridine yellow,
triphenylmethane, crystal violet, and bright green. Although they
exhibited superior optical properties, but still possessed some
defects such as low hydrophilicity, strong toxicity, and weak
biodegradation. Surprisingly, MOFs have been used as ideal
nanomaterials for anti-infection of phototherapy nanoplatforms
due to their advantages of adjustable structure, easy modification,
high specific surface area, permanent pores, and good
biocompatibility.

5.4.2  Photothermal effect

Photothermal disinfection depends on the local high temperature
generated by the photothermal conversion agent (PTA) under
near-infrared (NIR) laser irradiation, leading to the death of
bacteria. It is taken for an effective antibacterial strategy with high
selectivity, low side effects, short treatment duration, and
noninvasiveness. The principles of photothermal conversion
include: (1) The electron relaxation of the excited state decays back
to the ground state, causing the chromophore to collide with the
surrounding environment, and part of the energy is released in the
form of heat. The representative materials are carbon
nanomaterials. (2) The light guides the polarization of free
electrons, and the accumulated charge depolarizes, leading to
collective electron oscillation, attenuation of surface plasma
transition, and dissipation of energy in the form of heat. This
mode is called “in-band transition”. The representative high
carrier density materials include precious metals such as gold and
silver. (3) Semiconductor has conduction band and valence band,
conduction with electrons, and valence band without electrons.
When the semiconductor is illuminated with high-energy light,
electrons are excited to the higher energy levels in the conduction
band and it leaves holes in the valence band. Electrons and holes
will relax to the band edge by vibrational relaxation, causing a
thermalization process that converts energy into heat. The
conversion generally occurs on low electron density materials.

Benefit from the advantages of NIR, the development of a series
of photothermal nanomaterials with strong light absorption has
become the focus of people’s attention. Because these materials
convert light energy into heat, the heat produced not only inhibits
the development of drug-resistant bacteria but also prevents the
formation of biofilms. Most studies on photothermal
spectroscopic analysis of nanomaterials fall into: carbon-based
nanocomposites [126,127] (e.g., graphene derivatives), noble
metal nanocomposites (e.g, gold, silver) [128], metallic
nanocomposites (e.g., molybdenum sulfide) [129], and polymers
and other nanostructures (e.g., polyaniline and liposomes). This
classification is based primarily on their principal components in
converting light energy into heat. MOFs have attracted much
attention because of their semiconductor-like behavior, controlled
porous structure, and large surface area. The porous nature gives
MOFs special advantages and allows for additional functions
through pore space engineering [130]. By integrating the
synergistic advantages of MOFs and photosensitizers, guest
materials (such as metal NPs) can be easily introduced into MOFs
to improve the photothermal properties.
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54.3 Sonodynamic effect

As for sonodynamic therapy (SDT), the exact antibacterial
mechanism is still under debate, but many studies have fully
demonstrated its efficacy. It is widely believed that sonosensitive
nanomaterials themselves can act as sound sensitizers and
produce toxic ROS in SDT, which is the main killing effector of
bacteria. At present, sonoluminescence and sonochemical
pyrolysis have been proposed to activate the acoustic sensitizer to
produce ROS. The concept of sonoluminescence refers to the
creation of bubbles in a liquid, which then collapses into a very
small volume with an internal temperature of more than 100,000
degrees Celsius, giving a flash of light in the process [131].
Sonochemical pyrolysis refers to raising local temperature and
pressure through cavitation processes, further decomposing
sonosensitizer to produce free radicals [132]. It has been reported
[133] that MOF and MOF-derived materials can be used for SDT
treatment as efficient inorganic sonosensitizers, overcoming the
problems of poor solubility of traditional organic sonosensitizers
in water, easy elimination from blood circulation, and low
accumulation in the lesion site, and enhancing the sonodynamic
treatment effect. ROS have the potential to be hypogenic
mutagenic due to their non-specificity, whereas SDT is effective
against almost all microorganisms without concern for drug
resistance. Second, ultrasound is topical and non-invasive, so it
can avoid tissue toxicity caused by traditional antibacterial drugs.

544 Synergistic effect

The multi-mechanism synergistic effect is more attractive and
effective in enhancing antibacterial activity. In MOEF-based
nanomaterials for antimicrobial applications, photothermal
therapy (PTT) and photodynamic therapy (PDT) are commonly
employed to investigate the synergistic effects. Photothermal
effects, local hyperthermia, and additional oxidative stress
generated by PDT assist single MOFs to release metal ions, ligands
and antibacterial drugs, which greatly accelerate the antibacterial
effect and even eradicate target microorganisms. In addition,
various kinds of MOFs and photosensitizers also can be directly
used for photothermal disinfection and PDT.

6 Metal ion sustained-release systems based on
MOF materials

MOFs have been widely reported as a structure for the controlled
release of antimicrobial agents [52, 134]. Nevertheless, most MOFs
with weak coordination bonds between metal clusters and ligands
in aqueous conditions cause severe drawbacks such as low
stability, low water affinity, frameworks easily collapse, thus
limiting their further extensive application [135-137]. In the
1990s, the as-synthesized MOF-5 could retain the integrity of the
skeleton, thus becoming a representative in the development of
MOFs [49]. Subsequently, the stability of MOFs can be
strengthened by synthesizing nitrogen-containing MOFs, MOFs
with a high coordination number, or modification of organics
during post-synthesis [138]. A variety of metal ions have been
reported to synthesize MOFs with diverse antibacterial activity [63,
139]. According to the unique properties, MOFs with bactericidal
efficacy can be fabricated by exploiting the antibacterial properties
of active antibacterial components. As MOFs break down, these
components are slowly and constantly released to achieve long-
term antibacterial effects [140-142]. Table 1 summarizes
constitutes, synthetic methods, and bactericidal mechanism of
various MOFs and MOF-based composites. In this review, four
common metal ions (Cu, Zn, Ag, and Fe) were introduced and
discussed. We would like to mainly focus on the preparation of
MOF-based nanomaterials and the corresponding anti S. aureus
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application.

6.1 Cu-based MOF materials

Copper ion (Cu*) is an essential trace element for the
maintenance of bioactivity, which exhibits chemically stable and
low toxic properties. In addition, Cu* plays a vital role in
activating cell energy production, regulating metabolism, resisting
aging, synthesizing elastin, and forming human nerve tissue,
which makes it become a widely used long-term antibacterial
materials [143-145].

Recent studies showed Cu-based MOF materials could kill S.
aureus by releasing Cu* with strong antibacterial activity [146].
The reported Cu/1,3,5-benzenetricarboxylic acid (Cu/H;BTC)
MOF, self-assembled with Cu* and 1,3,5-H;BTC, exhibited
significant antibacterial ability. This study demonstrated the strong
antibacterial activity was ascribed to Cu* together with the
carboxylic group in organic part. In addition, another Cu-based
MOF (HKUST-1, known as MOF-199 or Cu,;(BTC),) is a classical
and the most recognized MOF with square-shaped pores [147].
However, its further practical application is limited due to the
water instability and inherent powder properties. To overcome
these obstacles, immobilizing the MOFs on polymers and textiles
(such as fibers, polyacrylamide, chitosan (CS), and cotton) is
deemed as an effective way [148-150].

In a study, Cu-MOF nanostructures were formed on surface of
silk fibers by using alternating plating solution layering techniques.
The obtained CuBTC MOF showed high antibacterial activity
against Escherichia coli (E. coli) and S. aureus [148]. Another study
further demonstrated that Cu-BTC based on the in-situ formed
polyester (PET) and nylon exhibited outstanding antibacterial
performance towards different microbial pathogens including E.
coli, S. aureus, and C. albicans [151]. In addition, versatile CS is
one of the most attractive options due to its intrinsic antibacterial,
biodegradable and hemostatic activity. Ren et al. [89] reported an
antibacterial film composed of CS and HKUST-1 as a
multifunctional antibacterial platform, which can slowly release
Cu* ions and reduce the cytotoxicity (Fig. 3(a)). As shown in Fig.
3(b), Wang et al. presented the HKUST-1/chitosan/PVA fibers by
using electrospinning, which presented good antibacterial activity
against E. coli and S. aureus with 99% antibacterial efficiency [92].

The ROS production ability of energy-sensitive MOFs can be
activated or boosted by introducing an additional energy source
such as light and ultrasound [155]. Han et al. [95] constructed a
Cu-based MOF material by introducing Cu* into the porphyrin
ring of PCN 224, which improved the photocatalytic property and
the yields of ROS. This can be attributed to the trap electron ability
of Cu”, thus suppressing electron-hole recombination land
accelerating the carriers transfer (Fig. 3(c)). Doping with 10% Cu*
endows MOFs the high antibacterial efficiency against S. aureus
(reach to 99.71% within 20 min) due to the synergistic effects of
ROS and heat (Fig 3(d)). Ultimately, the Cu*-MOFs can
effectively kill S. aureus and treat wound infection in vivo
experiment.

6.2 Zn-based MOF materials

Zn™ is a divalent cation that acts as a cofactor for various enzymes,
which is widely used in catalysis, structure, and regulation in
human body. As show in Fig. 4(a), Fan and co-workers [64]
developed the thermally responsive brushes (TRB)-ZnO@G
composite, consisting of MOF-derived ZnO on graphene
(ZnO@G) anchored with phase transformable TRB. The TRB-
ZnO@G with flexible 2D nanostructures exhibited excellent
photothermal activities and sustainable Zn* ions release.
Compared with control group, ZnO@G/TRB-ZnO@G co-
cultured groups showed incomplete bacterial membranes and Zn
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Table1 Summary of antimicrobial applications of MOFs and MOF-based composites based on the release of metal ions

Materials l\i/ie:sll Organic ligands Synthetic methods Bactericidal mechanism Ref.
CHX@Cu-BTC Cu* H,BTC Mechanochemical Cu’* releasing [87]
CuS@HKUST-1 Cu* H,BTC Mechanochemical Cu’ releasing and PTT [88]

HKUST-1/CS Cu™ H;BTC Freeze-drying Cu** releasing [89]
MOF-199@PVDF Cu* H,BTC Mechanochemical Cu’* releasing [90]
Cu-BTC/PVA Cu* H,BTC Mechanochemical Cu* releasing [91]
Pectin/PEO/F-HKUST Cu* H,BTC Mechanochemical Cu** releasing [67]
HKUST-1/CS/PVA Cu* H,BTC Mechanochemical Cu” releasing [92]
2+ :

Pullulan/TBC/Cu-MOFs ~ Cu** H,BTC Mechanochemical Cu* releasing or 93]

generating ROS

SA-Cu(II) Cu* Succinic acid Mechanochemical — [94]

Cu,,MOF Cu* H,TCPP Mechanochemical PDT and PTT [95]

Cu-TCPP(Fe) Cu* TCPP(Fe) Mechanochemical Generating ROS [96]
Cu-BTC/GO Cu™ Benzene tricarboxylic acid Sonication Cu** releasing [97]
Cu-MOF NSs Cu* 2-Methylimidazoie Mechanochemical PDT [98]
PS@Cu-MOF Cu** Glutarate and bpa Hydrothermally Cu** releasing [99]
Fe;0,@Cu-MOF Cu* 2,6-Pyridine dicarboxylic acid Mechanochemical Cu** releasing [100]
L-Glu-M-Cu(II)- MOF Cu* L-Glu Mechanochemical — [101]
Cu-MOF-1/PLA membrane  Cu** Citric acid Electrospinning Cu** releasing [102]

Zn-BTC Zn* Trimesic acid Mechanochemical — [103]

Zn-MOF Zn* 4-Hydrazinebenzoate Mechanochemical Zn* releasing [104]

BioMIL-5 Zn* 4-Bromophenacyl bromide Hydrothermal Zn* releasing [105]

Zn-MOF/Ag Zn* 2-Methylimidazole MeChiralli ill:?olrclal and Zn** releasing and PTT [106]
Zn5,Cosy-ZIF Zn* 2-Methyl imidazole Mechanochemical ROS generation [107]
ZIF-8/GO-NH, Zn* 2-MIM Mechanochemical Zn* releasing [108]
Ag NPs/Zn-MOFs Zn* 4-bpdb and 2-NH,-H,BDC Mechanochemical Zn* releasing [109]
Fe/SBA-16/ZIF-8 Zn* 2-MIM Hydrothermal Zn* releasing [110]
Zn,(Bmic),(HAT),(DMF), T Tetrazole and l—be.nzufndazole-S- Hydrothermal Inhibition of biofilm (111]
carboxylic acid formation
Zn,(BDC);(H,0);.4DMF Zn* Benzene-1,4-dicarboxylic acid Mechanochemical Zn* releasing [112]
[Zn, 5(abta)(trz),(H,0)]-3H,0, Zn* 1,4-Bis(benzimidazol-1-yl)-2-butene) Mechanochemical Inhibition Ofbl?ﬁlm [113]
genes expression
Zn(aip)(4,4'- Z} Aminoisophthalic acid and 4, 4'- . .
bpy)os(meoh)}-(H,O)], Zn bipyridine Mechanochemical ROS generation [114]
Ag@MOF-5 Ag’ 1,4-Benzenedicarboxylic acid Hydrothermal Ag’ releasing [115]
[Ag,(Cedcp)], Ag’ Ligand hscmdcpbr Mechanochemical Rupturing the bacterial [116]
membrane
Ag@MIL-53(Fe) Ag MIL-53(Fe) Hydrothermal Ag releasing [117]
AgNP@nanoMOF Ag' Aminoterephthalate MIL-125-NH, Mechanochemical Ag’ releasing 2 nd ROS [118]
generating
Ag@MOF/CSNP Ag' 2-MIM Hydrothermal Ag' releasing [119]
PLT@Ag-MOF-Vanc Ag 2-Methylimidazole Hydrothermal Ag’ releasing [120]
Ag/MIL-101(Cr)/IMI Ag' MIL-101(Cr) Hydrothermal Ag' releasing and ROS [121]
generating
H(O- ,0)- (5 * - rothermal * releasin, 1
[Ag,(O-IPA)(H,0)-(H,0)]  Ag O-IPA Hydrothermal Ag' releasing [122]
Agy(u-PTA),(u-suc)],.2n H,O  Ag* PTA, succinic acid Mechanochemical Ag’ releasing [123]
Ag-MOF/polyamide thin-film  Ag" H;BTC Mechanochemical Ag’ releasing [124]
Ag_MOIE;I;) g‘?;lelde thin Ag' 2-Aminoterephthalic acid Mechanochemical Ag' releasing [125]
MOF-53(Fe)@Van Fe* Terephthalic acid Hydrothermal Fe* releasing [63]

elemental signal can be detected from the intracellular of bacteria cutting, and hyperthermia killing, which synergistically enhanced
based on TEM and energy dispersive X-ray spectroscopy (EDS)
results (Fig. 4(b)). Especially, TRB-ZnO@G triggered by NIR

caused the localized massive Zn* ions penetration, physical

the disruption of bacterial membranes and intracellular substances
(Fig. 4(c)). Recent studies revealed that Zn* shows positive effects
on promoting collagen deposition, cell migration, angiogenesis,
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fibroblast migration, and proliferation for wound healing
[156-158]. Thus, the ZIF-8, as a result of stable tetrahedral clusters
with Zn* and imidazole units as connecting chains, can be
favorably employed for proteins encapsulation [159] and as drug
delivery vehicles due to its high biocompatibility [160]. Iraj et al.
[152] prepared antimicrobial chitosan polyethylene oxide (CS-
PEO) nanofiber mats loaded with ZIF-8 NPs. The antibacterial
activity of CS-PEO-ZIF-8 was assessed by a standard plate
counting experiment, and the results showed that the antibacterial
activity could reach 100% for food S. aureus (Fig. 4(d)).

Another characteristic of ZIF-8 is that it can be used to prevent
bacterial colonization on drug delivery. ZIF-8 has shown excellent
properties including thermal stability and pH-sensitive, regarding
as a desired material for drug transfer [161]. As shown in Fig. 4(e),
a novel magnetic framework of Fe;0,@PAA@ZIF-8 was prepared
for the delivery of ciprofloxacin (CIP) antibiotic, which brings
with a much higher antibacterial effect for E. coli and S. aureus
[162]. The mechanism of antibacterial action is that CIP stopped
DNA synthesis by inhibiting the effect of DNA gyrase in bacteria,
further destroyed cell wall. A recent study further demonstrated
that the antibiotic contained in core-shell structure of ZnO@ZIF-
8 carrying ampicillin can be released in a controllable way through
the pH response [153] (Fig. 4(f)).

To expand the practical applications, a great deal of research
has been focused on the field of attaching MOFs to the supporting
substrates [163]. To our knowledge, titanium (T1) and its alloys are
widely considered to be favorable substrate material in biomedical
applications [164, 165]. As shown in Fig. 4(g), Lin et al. [154]
developed a strategy for fabricating antibacterial coating on Ti
with ZIF-8@Levo/LBL, which continuously released Levo and
Zn™, resulting in increasing intracellular ROS levels in bacteria.
Especially, the released OH™ from ZIF-8 surface reacted with H
from bacterial extracellular environment, drastically reducing the
adenosine triphosphate (ATP) in bacteria. Hence, ZIF-
8@Levo/LBL demonstrated intense antibacterial ability against E.
coli and S. aureus through hydrolysis of ZIF-8 NPs. The ZIF-
8@Levo/LBL also provides a new strategy for the development of
multifunctional titanium implants in the treatment of orthopedic
implant-related infections.

ZIF nanomaterials also have drawn greater attention for
combating S. aureus-induced implant-associated infection. In
order to avoid the S. aureus infection caused by implantation, a
hybrid Mg/Zn-MOF74 coating was constructed on alkali-heat
treated titanium (AT) surface [166]. The Mg/Zn-MOF74 coating
also showed anti-inflammatory properties at early stage of
implantation as well as the improved ability of new bone
formation around implants. Recently, a TNT-ZIF-67@OGP was
fabricated by coating ZIF-67@OGP (osteogenic growth peptide)
on titanium dioxide nanotubes (TNTSs) [168]. The multifunctional
surface presented strong antibacterial activity against E. coli, S.
aureus, S. mutans, and MRSA. This multifunctional implant
combining osteo-immunomodulatory and antibacterial effects
also provides a favorable material platform for implant-associated
infectious bone regeneration.

6.3 Ag-based MOF materials

Both conventional silver and nano-silver with low toxicity and
wide sterilization are approved by the U.S. environmental
protection agency office for use as antibacterial agents [153]. Ag-
based antibacterial agents with favorable antibacterial activity and
wide antibacterial spectrum are generally used in the environment
and human body [169]. Ag nanoparticles (NPs) exhibit high
antibacterial activity but tend to spontaneously aggregate into
large particles, which could not be uniformly dispersed in
substrate [170]. Compared with Ag NPs, Ag-based MOFs can be

Nano Res. 2022, 15(7): 6220-6242

considered as a reservoir for the gradual release of Ag’, thus
demonstrating antibacterial effect through the inherent
bactericidal action of Ag* [171].

The reported Ag@MOF-5 nanoplates improved the dispersion
of Ag NPs and the antibacterial activity [115]. Besides, the
Ag/Ag;PO, NPs incorporated in IRMOF-1 via hydrothermal
approach showed good antibacterial properties for E. coil and S.
aureus [167]. The antibacterial activity of Ag/Ag,PO,-IRMOF-1
was investigated by MIC and MBC experiments. Antimicrobial
mechanism can be explained as follows: The photogenerated
electrons of Ag/Ag;PO,-IRMOF-1 nanocomposite or Ag/Ag;PO,
nanoparticles are excited from the valence band to the conduction
band with the irradiation of visible light, and the holes still remain
in valence band. The photogenerated electrons are transferred to
Ag nanoparticles to enhance the photocatalytic ability. Then
photogenerated electrons could react with O, to generate -O,,
which could directly decompose adsorbed S. aureus cells
(Fig. 5(a)).

Huang et al. [120] reported a Ag-MOF based nano-drug
delivery system. As shown in Fig. 5(b), the drug release and Ag"
release of PLT@Ag-MOF-Vanc showed pH-responsive, which can
inhibit the delivery system pre-releasing drugs in circulatory
system. As shown in Figs. 5(c) and 5(d), the release rate of Ag"in a
series of Ag-MOFs increased with the decreased pH value. Anti-
bacterial experiments were carried out and it was found that
PLT@Ag-MOEF-Vanc exhibited a better antibacterial activity
against common clinical strains including S. aureus. Especially, it
targeted the MRSA-infected sites in the MRSA pneumonia model.
The results also showed that PLT@Ag-MOF-Vanc did not give
rise to obvious damage to the organs of Kunming mice because of
its low toxicity in vivo and positive biocompatibility.

As displayed in Fig.5(e), 3D and 2D Ag-based zwitterionic
MOFs were synthesized with favorable water stability and
solubility [116]. Its antibacterial property originated from the
assembly of the quaternary ammonium carboxylic acid ligand in
MOFs and Ag' ions, which strongly killed bacteria by continuous
releasing Ag'. The remarkable antibacterial activity was ascribed to
the unique aromatic rings and positively charged pyridinium in
ligands together with the continuously release of Ag+, thus
resulting in powerful antimicrobial activity. In Section 2.5, we also
point out that inhibition and elimination of biofilms formed by S.
aureus is a major challenge. Recently, AgNP@nanoMOF was
identified as an effective antibacterial agent to inhibit the spread of
surface coating biofilm caused by S. aureus proliferation [118].
The relevant antibacterial mechanism further described the
inherent bactericidal activity of MOF, the bactericidal property of
Ag nanoparticles and photoactivity after ultraviolet light
irradiation.

6.4 Fe-based MOF materials

Iron element involves in the synthesis of enzymes, regulation of
energy metabolism, hematopoietic function, and immune
regulation [173]. It was found that MOF-53(Fe) constructed by Fe
ions and terephthalic acid showed good biocompatibility [174]. In
addition, the framework of this material can be reversibly adapted
to its pore size by drug adsorption and was highly stable in acidic
environments [175]. Herein, MOF-53(Fe) was used as a drug
carrier platform to encapsulate drugs and further synthesize MOF-
53(Fe)@Vancomycin (Van), which can control drug release
behavior under different pH and destroy S. aureus (Fig. 6(a)). As
displayed in Fig. 6(b), SEM morphology of S. aureus showed the
bacteria corrugated with distorted shapes and incomplete
membranes when MOF-53@Van increased to 200 pg-mL™.
Meanwhile, free Van exhibited an enormous bacterial destruction.
Additionally, as shown in Fig.6(c), the Fe ions from the
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degradation of MOF-53(Fe) had been proven to be biocompatible
[63]. Another novel strategy using MIL-100 (Fe) NPs as a
nanocarrier for precise delivery of 3-azido-D-alanine was reported,
which can be selectively integrated into the cell wall of bacteria
[172]. With the assistant of PDT, the number of bacteria on
infected skin tissue was dramatically decreased. As shown in Fig.
6(d), the results demonstrated the advantages of MOF-assisted
bacterial metabolic labeling strategies in the accurate detection and
treatment of bacteria under the guidance of fluorescence imaging.

7 Controlled delivery systems based on MOF
materials

Loading or immobilization of antibacterial substances (gases,
antibiotics, bactericides, antimicrobial NPs, etc,) on the surface or
pores is a crucial method to endow devices with characteristic
antibacterial properties [176]. There are two main approaches to
load drugs into MOFs, including immersing synthetic MOFs in
drug solutions and loading drugs during MOFs synthesis. Drugs
and MOF are bound by van der Waals forces, electrostatic
interactions, dipole interactions, hydrogen bonds, and mn-m
interactions  [177].  The structure, —morphology, and
physical/chemical properties of MOFs can be controlled by
optimizing constitutes and synthesis conditions, which endows
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Figure5 (a) Photo-antibacterial mechanism of Ag/Ag;PO,-IRMOF-1 NC under visible light. Reproduced with permission from Ref. [167], © John Wiley & Sons,
Ltd. 2020. (b) Schematic diagram of PLT@Ag-MOF-Vanc in the treatment for MRSA infection. (c) Cumulative release rates of vancomycin from Ag-MOF-Vanc or
PLT@Ag-MOEF-Vanc at different pH values. (d) Cumulative release rates of Ag" from Ag-MOF-Vanc or PLT@Ag-MOF-Vanc at different pH values. (b)-(d)
Reproduced with permission from Ref. [120], © Huang, R. et al. 2021. (e) 2D and 3D structure of Ag-based MOFs. Reproduced with permission from Ref. [116], ©
American Chemical Society 2020.

great flexibility and plasticity for their application in drug
delivery [178, 179].

Recently, CS and polyethylene glycol (PEG) polymers,
antibiotic cephalexin (CFX) drug, and 0%-5% ZIF-8 NPs were
prepared to construct a novel drug delivery system [180]. The
blended nanocomposites exhibited good antibacterial properties of
infectious wound and acceptable biotoxicity. As shown in Fig.
7(a), the  3-(4,5-dimethyl-2-thiazolyl)-2,5diphenyltetrazolium
bromide (MTT) test suggested that films containing 0 wt.% and
1 wt.% of ZIF-8 NPs exhibited lower cell viabilities owing to more
release of the CFX drug from the film than those of films
including 2%-5% of ZIF-8. The previously mentioned MOEF-
53(Fe)@Van also can be deemed as a controlled delivery system
[63]. The positively charged van was loaded onto negatively
charged MIL-53(Fe) for sustainable release of van and made it
applied for treating inflammation caused by implant-associated
bacterial infection. The ratio of Fe* ions released from MOF-
53(Fe)@Van to the total Fe** ions was related to the pH of the
environment (Fig. 7(b)), while a small quantity of degradation of
MOF-53(Fe) accelerated the release of van. Standard plate
counting results showed that MOF-53(Fe)@Van exhibited the
antibacterial activity of 99.3% against S. aureus. Ag NPs have been
proven to be promising antibacterial material with better stability
and low cost than traditional antibiotics, however, the excessive
silver ions caused damage on healthy tissues [182,183]. Ag NPs
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VCH Verlag GmbH & Co. KGaA, Weinheim 2018.

can be successfully encapsulated in spherical MOF to form Ag-Cu
tetrakis(4-carboxyphenyl)porphyri (TCPP) MOF, which not only
maintain the antibacterial activity of Ag but also avoid excessive
release of Ag' ions and long-term direct contact between Ag and
healthy tissues [184]. The obtained Ag-Cu TCPP showed a better
antibacterial effect and lower cytotoxicity in vitro than those of
penicillin. Duan et al. [181] reported a novel AgNPs@HKUST-
1@CFs composite, in which Cu* ions coordinated with carboxyl
methylated fibers (CFs) to achieve surface fixation of KUST-1, and
then in-situ loaded with Ag NPs (Fig.7(c)). The resulting
AgNPs@HKUST-1@CFs greatly improved the dispersion and
stability of Ag NPs, and effectively inhibited the upward growth of
S. aureus by 99.41% (Fig. 7(d)). The antibacterial mechanism may
include reducing the activity of bacterial membrane enzymes,
destroying bacterial cell membranes, and inhibiting DNA
replication [187].

Nitric oxide (NO) is related to the biological signal transduction
pathway in human physiology and pathology, which may
contribute to the incidence of infection by acting as a vasodilator,

myocardial inhibitor, and cytotoxic agent. On the other hand, NO
plays an essential roles in infected hosts due to the microvascular,
cellular protective, immunomodulatory, and antibacterial
properties [188]. However, delivering NO to the target in a
controlled manner remains a significant challenge because of its
high toxicity and short half-life. To this end, ordered nanoporous
materials, including zeolite [189,190], titanosilicates [191], and
MOFs, have been proposed as NO delivery carriers in recent
studies. The stability of MOFs endows the ability of NO storage
and release [192]. It has been shown that the controllable and
sustainable release of chemically stored NO in S-nitrocysteine can
be achieved by using Cu-based MOF as storage carrier and
catalyst [193]. Duncan et al. [194] further successfully prepared the
NO-releasing CPO-27 as a model medical polyurethane, in which
NO successfully encapsulated into the nanocomposite (Fig. 7(e)).
During cytotoxicity tests, the nanomaterial showed a low toxicity.
The membrane consisting of 5 wt% MOF contributed a
significant bactericidal effect on E. coli and S. aureus within 1 h
demonstrating how polymer substrates control NO release in
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MOF composites.

8 Catalytic systems based on MOF materials

ROS plays a crucial role in combating pathogens and causing
biomaterial degradation [195]. For example, peroxidase (POD)
can catalyze H,0, to generate -OH, which causes serious oxidative
damage to pathogens [196]. However, the intrinsic disadvantages
of natural enzymes such as high cost, complicated purification,
poor stability, and difficulty of recycling have impeded their
practical applications. Recently, MOF-based catalytic systems are
mainly based on GOx, POD-, superoxide dismutase (SOD)-, and
catalase (CAT)-mimetic activities or oxidase catalytic activities that
catalyze O, to generate ROS like H,O,, 'O, and -O, that
significantly enhance antibacterial activity in vitro [197]. The
potential catalytic activity of MOF materials can be improved by
doping natural enzymes, enzyme-based cascade reaction
properties, multi-enzyme catalytic properties, and single-atom
catalytic properties. MOF-based catalytic systems emerge the
characteristics of excellent activity, durability, and structural
diversity, which bring with new properties of enhanced
antibacterial performance to the development of MOFs [198, 199].

8.1 H,0O,-assisted MOF materials

H,0, has been widely used as a disinfection reagent. Due to its
high oxidative stress, it disrupts the activity of biological
components such as lipids, enzymes, and DNA, thus interfering
with bacterial reproduction and metabolism. However, during
bacterial disinfection, conventional H,0O, concentrations (0.5% to

3% by volume) hinder wound healing and even damage normal
tissues [196,200,201]. It has been reported that nanomaterials
such as V,05 [202], Fe;O, [203], and graphene quantum dots
[200] can be used to assist H,O, in antibacterial applications. For
example, graphene quantum dots can catalyze the generation of
-OH from low concentrations of H,O,, which is highly bactericidal
while avoiding the toxicity of high concentrations of H,O,.
Unfortunately, peroxidase-like nanomaterials are intolerably
cytotoxic due to their low catalytic efficiency and large leakage of
metal ions [204, 205]. In recent years, H,O,-assisted MOF-based
catalytic materials demonstrate great potential in combating
bacterial infection.

Recently, due to their unique physicochemical and intrinsic
enzyme-mimicking properties, MOF-based nanozymes open up a
new avenue for constructing mesoporous nanozymes in both
fundamental research and biomedical applications [206]. Zhang et
al. reported a MOF@covalent organic framework (COF)
nanozyme that has been designed as a high-efficiency peroxidase
mimic [61]. Through a “sequential growth” method, the
pseudopodia-like COF(3 irformyiphlorogucinol (Tp)-(4:4°4-(1,35triazine 2,46 triy)
wianiine (11A)) (COprprra) grew on the POD like NM-88. Metal
nodes and COFs were regarded as the active center and binding
cavity, respectively, which formed a pore microenvironment for
enrichment and activation of substrate molecules to enhance
antibacterial effect. The antibacterial activity mechanism revealed
the hybrid with pseudopod morphology can latch onto bacteria
through a polyvalent topological interaction between the “hairy”
bacteria and the prickly COF surface. H,O, is the substrate and
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ultimately effectively kills bacteria through the in-situ produced
ROS (Figs. 8(a) and 8(b)). In addition, the as-synthesized
MOF@COF nanozyme can effectively treat wound infections and
accelerate wound healing by eliminating S. aureus. In this regard,
the research of MOF-based nanozymes for bacterial theranostics is
becoming popular throughout the world when compared with
natural enzymes and conventional MOF-based materials. Owing
to the more easily synthesized, highly stable, and durable, these
advantages will effectively push forward to the exploration of
MOFs with enzyme-mimics properties for biomedical
applications [207].

Various strategies also have been developed to further enhance
the catalytic efficiency of MOEF-based systems by adjusting
components, decreasing their size, alloying, or synthesizing high
refractive index nanocrystals. For example, as shown in Fig. 8(c),
Huang et al. [208] developed Au NPs/Cu-TCPP(Fe) with excellent
POD-like activity for antibacterial therapy of infectious wound,
which was prepared by growing UsAuNPs on ultra-thin 2D Cu-
TCPP(Fe). The enhanced enzyme-like activity can be attributed to
the synergistic effect of Au NPs and Cu-TCPP(Fe). The
construction of Au NPs on Cu-TCPP(Fe) exposed more catalytic
active sites, which greatly improved the catalytic performance
toward H,O, decomposition into toxic-OH [185]. In addition, due

to its ultra-thin thickness, 2D Cu-TCPP(Fe) can also reduce the
mass transfer resistance of catalytic reactions.

8.2 Glucose-assisted cascade enzymatic reactions

Another attractive trend in literature has focused on MOF-
dependent catalytic systems encapsulate GO, and POD for
cascading enzymatic reactions. With GO, as the prototype
enzyme, it is usually used in enzyme cascade catalysis, especially in
blood glucose monitoring and a variety of enzyme reactions [209].
In this system, GO, continuously catalyzes glucose to create rich
gluconic acid and H,O,, thus avoiding the damage of non-local
H,0, addition.

For instance, a 2D Cu-TCPP(Fe) and GO, nanocomposite was
designed for effective antibacterial application and wound healing
[96]. The physical adsorption of GO, catalyzed the continuous
conversion of glucose into rich gluconic acid and H,O,, which
avoided direct use of higher concentrations of toxic H,0O, and
minimized detrimental side effects. The resulting gluconic acid
can reduce the pH value, significantly activating the peroxidase-
like activity of Cu-TCPP(Fe). It”s worth noting that the self-
activated cascade antibacterial agent possessed high antibacterial
activity against both of E. coli and S. aureus. Wang et al. [210] also

IN%IEI'SSQYI‘&EQ @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2022, 15(7): 6220-6242

obtained a MOF-enzyme hybrid self-activated cascade
antibacterial agent (GO,/FeNi-MOF) by loading GO into FeNi-
MOF, in which FeNi-MOF played a bi-functional role on
peroxidase mimic and protective coating.

Similarly, GO, was also used to load in a variety of POD-like
MOFs, such as NH, -MIL-88B(Fe) [211], NH,-Fe-MOF [212],
(Fe) MOF-545 [213], and ZIF-8 [214] for biological applications.
The amino-functionalized POD-like NH,-MIL-88B (Fe) model
was constructed with ligands containing basic (triazine) and weak
acid (phenol) functional groups, endowing the material closer to
natural enzymes. These synthesized MOF-based catalytic systems
showed outstanding enzymatic cascade performance and may
contribute to design the synergistic natural enzymes with high
catalytic performance, further providing ideas for the application
of MOF-based nano-enzymes. To address the persistent infections
caused by biofilms, glucose-assisted cascade enzymatic reactions
also played a key role in eliminating biofilm. In this regard, GO, in
MIL@GO,-MIL NRs cut off the energy supply of MRSA biofilm
by catalyzing glucose oxidation [62]. It also catalyzed the
production of gluconic acid to reduce the pH in the environment,
thus enhancing the activity of MIL nanoenzyme and continuously
producing H,O, to inhibit the formation of biofilm.

9 Energy Conversion systems based on MOF
materials

Compared with the traditional catalytic bacterial therapy, the
synergistic approach of exogenous energy shows higher
bactericidal efficiency and minimizes the bacterial resistance and
other risks. Exogenous energy can be triggered in the form of light,
heat, sound, etc. PDT is a method of producing ROS through
certain therapeutic agents using photosensitizers and excitation
sources [218,219]. PTT refers to a treatment that kills pathogens
by using materials with high photothermal conversion efficiency
and converting light energy into heat energy under exposure to an
external light source. Surface chemical thermodynamics (SCT)
utilizes ultrasound to penetrate biological tissues, especially
focused ultrasound, which can focus sound energy into deep
tissues without trauma and activate some sonosensitive drugs
(such as hematoporphyrin) to produce antibacterial and anti-
tumor effects. Compared with traditional chemotherapy and
radiotherapy, phototherapy is less invasive, highly selective, and
minimally damaging to normal tissues [220]. In recent decades,
numerous studies are devoted to apply PDT, PTT, and SCT into
the treatment of cancer and bacterial infection, achieving good
therapeutic effects [221]. Hence, the synergistic approach of
exogenous energy triggering shows great prospects as an emerging
treatment method [222, 223].

9.1 PDT based on MOF materials

ROS was produced by using PS through irradiating with a certain
wavelength of light, resulting in bacterial membrane shrinkage
and rupture, tissue damage, and bacterial death. The generation of
-O,” was dependent on the tricarboxylic acid cycle, then destroyed
the iron-sulfur cluster in the protein and released Fe*, which in
turn reacts with H,O, to release -OH (called the Fenton reaction).
The product of -O, binding with -OH causes damage to bacteria’s
proteins, lipids, and nucleic acids [224]. Generally, zinc oxide [68],
quantum dots [225], black phosphorus (BP) [226], copper sulfide
[88], and graphite carbon nitride (g-C;N,) [227] can be used as
PSs. Although the PSs show superior optical properties, they still
have some defects such as low hydrophilicity, strong toxicity, and
weak biodegradation [228-230]. Owing to their high surface area
and periodic porous structure, the intrinsic photodynamic or
photothermal MOF can be constructed by directly acting as PS or
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regularly wrapping PS molecules in the skeleton. It effectively
decreased the self-aggregation and self-quenching of PS, improved
water solubility, and maximizedd the utilization rate of light.
Therefore, MOFs have received broad attention as an ideal
nanomaterial for anti-infection wusing of light therapy
nanoplatforms.

Although some studies were combined with the use of
photosensitive BP to achieve effective sterilization, non-specific
ROS may cause damage to normal cells and tissues (Fig. 8(d))
[58]. To treat bacterial infections by combining the antibacterial
effects of PDT and Ag with the anti-inflammatory effects, Fu et al.
[186] constructed a photosensitizer consisting of meso-TCPP,
methotrexate (MTX), gallic acid (GA), and Poloxamer 407. These
components  were self-assembled into TCPP-MTX-NP
nanostructure, and then Ag-doped TCPP-MTX-Ag-NP was
further modified by silver through GA reduction reaction. As
shown in Fig. 8(e), the ROS generation test showed the TCPP,
TCPP-MTX-NP, and TCPP-MTX-Ag-NP displayed a stable
visible absorbance without laser exposure, which suggested the
laser alone or the nanoparticles alone would not produce ROS. As
shown in Fig. 8(f), the MTX showed a rapid release from the
TCPP-MTX-Ag-NP, however, the TCPP exhibited a slow release.
At the same time, the photoresponsive MOF can generate singlet
oxygen under visible light and cooperate with PDT to improve the
sterilization efficiency (Fig. 8(g)).

9.2 PTT based on MOF materials

Different from PDT, PTT achieves synergistic sterilization by
locally inducing high temperature. Hyperthermia can cause
protein denaturation and aggregation, cell membrane shrinkage
and rupture, affect DNA replication, affect cell function and
eventually lead to cell inactivation. When the high temperature
caused by PTT is too high to completely remove bacteria, non-
local heating and high temperatures generally induce severe
damage on healthy tissues [214]. The key to solve this problem is
to realize synergistic antibacterial effect through PTT and
appropriate treatment temperature design to achieve ideal
antibacterial efficacy. The photothermal properties of PTT can be
improved by carefully designing and constructing photosensitive
MOF, that is to say, the MOF prepared by various doping
methods can control its ability to capture light, which is helpful to
acquire an in-depth understanding on mechanism of energy
transfer.

Compared to visible light, NIR lasers are a better energy source
for biocatalytic therapy with wavelengths in the 700-1,400 nm
range because of their minimal tissue damage, their ability to
penetrate mammalian bodies, and their great potential to induce
synergies between PDT and PTT [231-233]. The synergistic
triggering of PDT and PTT by NIR laser exchanges their unique
but complementary therapeutic modalities to obtain desired
antibacterial properties. As shown in Fig. 9(a), a NIR responsive
nanocomposite (HuA@ZIF-8 NPs) was reported to exhibit
concentration-dependent photothermal properties, which was
constructed by adsorbing polyvinyl pyrrolidone (PVP) on the
surface of HuA colloidal particles, and then encapsulated in ZIF-8
[59]. With the extension of irradiation time, the controlled release
concentration of Zn* increased. The combination of Zn* and
PTT achieved fast and effective sterilization. In addition, the NIR
irradiated group showed higher antibacterial efficiency compared
to the unirradiated group, and the concentration-dependent
antibacterial activity of HuA@ZIF-8 NPs was demonstrated. The
mortality rate of S. aureus reached 99.59% after 20 min NIR
exposure (Fig. 9(b)). Furthermore, the HuA@ZIF-8 NPs did not
appear to be cytotoxic during short exposure periods. Therefore,
given the advantages of NIR-induced PTT, great antibacterial
efficiency and biodegradability, this light-response platform is
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promising for public health applications.

In fact, it is also a promising strategy to apply ZIF materials in
conjunction with PTT for the treatment of implanted infections.
Teng et al. [215] reported a synergistic system constructed by
immobilizing ZIF-8 on micro arc oxidative (MAO) titanium
surface, and then loaded iodine onto ZIF-8 coating. The
nanocomposite substantially released iodine under NIR and
activated ROS oxidative stress to enhance anti-S. aureus efficacy
(Fig. 9(c)). Furthermore, the nuclei and actin protein of human
mesenchymal stem cells from bone marrow (hBMSCs) showed
normal morphology after MAO and MAO-ZI treatment,
indicating that the composite not only exhibited good implant
biocompatibility, but also supported osteogenic differentiation of
bone marrow stromal cells (Fig. 9(d)).

Recently, a novel NIR-triggered NO nanogenerator
(SNP@MOF-UCNP@ssPDA-Cy7/IR786s, abbreviated as
SNP@UCM) was presented by Yang’ group [216]. The
nanomaterial was designed by using ZIF-8 layer loaded with

sodium nitroprusside (SNP) as a coating and upconversion
nanoparticle (UCNP) as the core of the nanogenerator. To avoid
SNP leakage, a ROS response layer (ssPDA) was coated onto the
surface to form the SNP@MOF-UCNP@ssPDA (Fig. 9(e)). As
shown in Fig. 9(f), staining of live/dead bacteria showed that the
number of bacteria significantly reduced after NIR irradiation
combined with SNP@UCM  treatment against S. aureus.
Moreover, the obvious damage of bacterial membrane and DNA
damage can be found in S. aureus observation.

9.3 SDT based on MOF materials

In 1989, Prof. Yumita firstly reported SDT, and then it evolved as
a promising therapeutic approach for cancer and infectious
disease treatment over recent decades [234]. The principle of SDT
is that sonosensitizers are activated by low intensity ultrasound
and produce ROS for the treatment of tumors and infectious
diseases. SDT shows great potential in deep diseases by leveraging
ultrasound’s superior tissue penetration and non-invasiveness. In
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the past decade, many research revealed highly efficient SDT with
a variety of sound sensitizing agents, including curcumin [235,
236], Bengal rose [237], B hypochlorite [238], and some
porphyrins [239, 240]. However, it was also found that some
inherent limitations in SDT existed, such as poor tumor
enrichment effect of small molecule acoustic sensitizer and low
quantum yield of inorganic acoustic sensitizer. With the rapid
development of nanotechnology, many new nanoplatforms have
been applied to SDT. Specially, in recent vyears, some
biocompatible MOF-based nanomaterials have been reasonably
designed and shown great potential in sonodynamic therapy and
catalytic nanomedicine [241, 242].

As shown in Fig. 9(g), Yu and co-workers [217] reported a
multifunctional system for SDT, which was designed to the
effective treatment of MRSA infection with osteomyelitis. Pt single-
atom was first fixed on the zirconium-based porphyrin MOF
(HNTM), and then used the Au NRs as US response actuators.
Finally, in order to reduce the biological toxicity of the material,
HNTM-Pt@Au was coated on the membrane of red blood cells
(RBC) to synthesize RBC-HNTM-Pt@Au. Under US radiation, Pt
atoms exhibited strong oxygen adsorption capacity and can
produce toxic 'O,. In addition, electron capture ability of Pt single
atom and Au NRs was strong, Au NRs can also enhance US
cavitation and improve the absorption of ultrasonic energy, thus
increasing the production of 'O,. The antibacterial activity test
results showed that HNTM-Pt@Au showed a significant
inhibitory effect on the growth of clinically isolated MRSA when
activated by US. What’s more, the authors further investigated the
effect of RBC-HNTM-Pt@Au on osteomyelitis in MRSA-infected
rats. Results showed that there was no ulceration at the surgical
site in the US + 2-RBC-HNTM-Pt@Au group, indicating that the
infection was significantly suppressed and the reduction in
inflammatory response to bone loss was negligible.

10 Conclusions, challenges, and outlook

Due to the increased bacterial drug resistance, combating S. aureus
infection is still a major challenge for clinicians and nursing
professionals to address drug resistance. In the antibacterial field,
developing effective, low toxicity, and environmentally friendly
methods against bacteria is increasingly essential and imperative.
MOF-based materials possess great potential in treating S. aureus
infections due to their excellent porosity, tunable chemical
constitute, open crystalline structure, and large surface area. Quite
a few MOF-based nanocomposites have been reported for the
controlled release of antimicrobial agents, including Cu, Zn, Ag,
Fe-based MOF materials, etc., greatly expanding their antibacterial
application. Various innovative biocatalytic strategies have been
developed to prepare MOF-derivatives for treating bacterial
infections. MOF-based materials also play an indispensable role in
drug delivery and differentiation of antibiotics when it is used as a
carrier. Furthermore, the energy excitation system can be
constructed by regulating the component of MOF-based
materials, which provides the potential value to combine PDT,
PTT, and SCT for the treatment of bacterial infection. In term of
antibiotics alternatives, high-efficient MOF-based antibiotics
materials can obtain by rational designing, owing to their
advantages of broad antibacterial spectrum, high efficiency, good
stability, fast action time, and strong orientation. Except for the
infectious diseases mentioned in this review, MOFs and MOF-
based compounds also can treat other infectious caused by S.
aureus including wound infection, catheter-associated urinary
tract infections, and pulmonary tuberculosis. By these means,
rational fabrication of MOF should be a feasible strategy for future
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development and application of antibacterial field. Although
numerous efforts have been devoted to MOF-based materials, it
still remains challenge to apply them in medical application.

Acceptable toxicology of substrate materials for
antimicrobial applications. In the medical field represented by
drug delivery and treatment, the human body can be directly
exposed to pharmaceutical preparations containing artificial
nanomaterials through injection, oral administration, and external
application, which may accumulate in the liver and kidney rich in
capillaries. Nanomaterials can also induce DNA damage,
chromosomal aberration, and cell cycle disruption by directly
interacting with DNA or chromosomes or by means of oxidative
stress. The potential genotoxicity of nanoparticles depends on the
size, shape, and surface modification. Thus, it is feasible to reduce
the size of MOF-based nanomaterials, further relieving the
accumulation in human organs, and more importantly allowing
them to leave through metabolism.

Various biodegradable MOFs series also can be designed and
developed due to their catalytic and biodegradable properties,
endowing them a broad prospect to achieve biodegradable
treatment of infectious diseases. With regard to MOFs, there are
still some issues to be resolved such as poor combination with
implants and unsatisfactory treatment of implant-related biofilm
infections.

Achieving targeted drug delivery and precise release. The
ideal drug carrier material must not only have clear structure, but
also have regular shape, adjustable pore size, flexible drug load and
can be prepared in large quantities. Most MOF-based systems
show some degree of drug leakage during administration,
resulting in a reduced drug release rate. In addition, the drug must
reach the molecular target through multiple steps in vivo, such as
enzyme degradation, gastrointestinal degradation, protein binding,
and intracellular delivery. Thus, premature release of the drug
from the carrier before reaching the target must be avoided.
Although drug delivery during MOF synthesis can improve drug
delivery efficiency, the process usually involves high pressure, high
temperature, or toxic solvents. These rigorous synthesis conditions
cause drug degradation, which seriously restricts the application of
MOF as a bio-safe drug delivery system. Current examples mainly
focused on reasonable surface modification, which is expected to
reduce the leakage of active drugs and endow NPs active targeting
capability.

Due to the easy decomposition of MOFs in physiological
environments, the formation of stable MOFs structures is critical
by introducing stable coordination bonds and intermolecular
interactions such as hydrogen bonds. Even more to the point,
computer simulations can be used to study antimicrobial loading
and release of MOFs to predict pharmacokinetics.

How to target sterilization is a big challenge in practical
application. At present, most of the MOF-based nanomaterials
can be spectroscopically sterilized, but still exist a wide variety of
bacteria. It is well known that there are normal colonizing bacteria
and pathogenic bacteria in human body and on body surface.
However, biological materials seem like “Blind God of War”,
regardless of good or bad, they can be caught in a net. Thus, the
research on the antimicrobial activity of MOFs should not be
limited to a few clinically isolated or traditional model strains and
drug-resistant strains in food, but also should be expanded to
explore a variety of pathogenic microorganisms in the biomedical
field.

The bactericidal mechanism of MOF is still unclear. Although
the detailed bactericidal mechanism of MOF has been
comprehensively studied in vitro, physiological conditions are far
more complex than experimental simulations. What’s more, in
vitro results could not really show the same results in vivo as well
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as the lack of monitor methods of nanomaterials in body. With
the development of characterization techniques, it is expected that
more advanced detection strategies will help to gain insights on
catalysis in situ physiological conditions.

In addition, it is not clear whether MOF material will cause
bacterial resistance, and there is a lack of methods for monitoring
drug resistance. Cyclic plate counting experiment can be used to
monitor the bacterial resistance of MOF-based materials, but the
mechanism of drug resistance is ambiguous. As for bactericidal
MOF-based nanomaterials, transforming them into common
clinical antibiotics is another major challenge. In future research,
the range of potential toxicity and pathogenicity from ion leakage
into the human body should all be taken into consideration. This
needs propels that MOFs with single-atom metal catalytic centers
appear to be a good candidate for clinical trials due to the high
catalytic activity while avoiding ion leakage.

The synergistic sterilization of PDT, PTT, and SCT represents
higher sterilization efficiency than the individual MOF material.
However, considering practical and clinical applications, the
relevant multifunctional platforms are hard to implement and
always increase the cost. Therefore, future research on MOF-based
material should be paid more attention to find the right balance
between bactericidal performance and practical operability. In
addition, the drawbacks of MOFs reduced their usefulness in
many aspects such as production cost, biocompatibility, and
toxicity, but MOFs are still expected to be rationalized in the
future. In this rapidly developing new field, we are confident that
these obstacles will be overcome in the future and that the use of
MOF against bacteria will achieve significant advances in
medicine.
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