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Abstract

Photocatalytic sterilization is regarded as an attractive solution to combat the
threats brought by infectious pathogens. Recently, metal-organic frameworks (MOFs)
with controllable designability and tunable functionality have emerged as desirable
candidates to fabricate photocatalytic sterilizers. This review systematically
summarizes the latest progress on MOF-based materials developed for photocatalytic
sterilization. It mainly focuses on the antimicrobial mechanism, evaluation methods of
stable MOFs as well as their prospective practical applications. In addition, diverse
strategies toward the design and synthesis of high-performance antimicrobial MOFs are
discussed. Finally, the challenges and future perspectives in this progressing and
thriving field are highlighted. This review aims to provide an insight into the design of
MOF-based photoactive platforms, and facilitate development of photocatalytic

antibacterial arsenals.

Using MOFs for photocatalytic sterilization

Infectious pathogens, including bacteria, fungi and viruses, inevitably pose
negative impact on human life and health, public safety, as well as social and economic
development[1]. For example, the sudden and rapid outbreak of corona virus disease
2019 (COVID-19) brought indelible harm to humans all over the world. Lots of patients
and the elderly with weakened immune systems died from pathogenic infections,
complications or even secondary bacterial infection[2]. Besides, other emerging and re-
emerging diseases, like influenza, measles and severe acute respiratory syndrome,
endanger the health of humankind[3].

It is worth noting that metal, carbon and other electroactive materials have been
widely used for sterilization purposes, but they often have limited antimicrobial
resistance and require complex operations[4]. Recently, photocatalytic antibacterial
approaches have gained much attention, because light-induced reactive oxygen species
(ROS) generated from the photocatalysts are recognized to be very efficient, clean and

sustainable disinfectants. The highly oxidative ROS can damage the cell membrane and



organelle of microbes, inactivating or even killing the microbes[2]. Generally, different
photocatalysts harvest distinct light energy for ROS generation [5,6]. Conventional
inorganic antimicrobial agents, like metal oxides and metal sulfides, mostly possess
large band gaps and they are unable to utilize visible light for generating ROS. Their
relatively smaller surface areas also impede the fast production of ROS[2]. In addition,
high cost of metal nanoparticles like Pt and Au limit their large-scale use[2]. Therefore,
high-performance and low-cost photocatalysts are in high demand.

Metal-organic frameworks (MOFs), constructed from organic and inorganic metal
building blocks, are extensively studied for their potential as photocatalysts owing to
their diverse designability and tunable functionality[7-9]. Recently, MOF-based
photocatalysts with low toxicity and ease of functionalization have shown great
prospects for biomedical and healthcare applications[10,11]. Their unique features
include: (i) porous nature of MOFs allows easy incorporation and uniform distribution
of other functional materials[12]; (ii) unsaturated metal sites and substitutable organic
blocks of MOFs endow them diverse types of functionalities[13,14]; (iii) fine
biocompatibility and biodegradability of MOFs enable them to have wide
applicability[15,16]. As such, MOFs are considered as an ideal platform for developing
ground-breaking photocatalytic antimicrobial agents for broad applications.

Several reviews in antimicrobial applications, mainly focusing on the introduction
of different kinds of antimicrobial materials and their underlying mechanisms[2,6,15-
17], have been reported lately. However, there are few reviews highlighting the design
and antimicrobial applications of photoinduced ROS-generating MOFs. This review
aims to give a comprehensive overview on recent advances in MOF-based materials
for photocatalytic sterilization. Firstly, the antimicrobial mechanism and evaluation
methods of ROS-generating MOFs are introduced. Then, several representative stable
MOFs are highlighted to show their practical potential for air purification, water
sterilization, wound dressing and protective equipment such as antibacterial textiles.
Furthermore, various approaches for the design and construction of efficient

antimicrobial MOFs are illustrated. Finally, we also put forward some existing



challenges in current research and give insights for future directions. We hope that this
review will stimulate more researchers' interest in photocatalytic sterilization and

provide new viewpoints for designing efficient MOF-based photocatalytic platforms.

Fundamentals of MOF materials for photocatalytic sterilization

Microbial pathogens can survive on various surfaces and carriers like clothing,
handles and packaging for several days, making pathogen transmission difficult to
control. Therefore, there is an urgent need to develop self-cleaning materials to
eliminate pathogens in the human living environment[18,19]. To fully utilize the
potential of photosensitive MOFs in practical antimicrobial applications, it is crucial to
develop approaches towards fabricating useful items such as protective clothing and
equipment with MOF-based composites[20-22]. Generally, MOFs can be integrated
into various substrates, including coatings, fibers composites, membrane
materials[23,24]. There are two common strategies for synthesizing MOF composites:
in-situ growth and post-coating method[25]. In the former method, MOF layers could
be hydrothermally grown directly onto the frameworks of substrates. Alternatively, in
the post-coating method, preformed MOF nanocrystals can be incorporated onto a
substrate[25]. The MOF component imparts desirable functionality and reactivity to the
substrate, while the substrate ensures excellent processability and flexibility for
manufacturing and usage [20,22]. The synergistic combination of MOFs and substrates
facilitates the development of MOF-based composites with enhanced performance and

efficiency for practical applications[26,27].
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Figure 1. The process (A) and driving force (B) of ROS generation by MOFs.

For the antimicrobial action of MOF-based photocatalysts, ROS-based chemical
oxidation is usually the predominant reaction mechanism[15]. Common ROS including
the superoxide anion (*O27), hydroxyl radical («OH), singlet oxygen ('O2), and
hydrogen peroxide (H202) can be regarded as clean oxidants for interfering with the
structures or activities of microbes [2]. ROS generation in photocatalysts generally
involves three steps: (i) light-triggered charge carrier formation; (ii) charge carrier
migration and recombination; (iii)) ROS generation at the surface of photocatalysts
(Figure 1A)[28]. Specifically, photosensitive MOFs are excited under the irradiation of
visible light. Electrons (") escape to the conduction band (CB) while holes (h") are left
in the valence band (VB), resulting in the separation of electron-hole pairs (¢” and h”,
charge carrier). Then, the charge carriers will respectively migrate to reaction sites. It
should be noted that some of the charge carriers may recombine, leading to the
reduction of free charge carriers for ROS generation. Finally, various ROS are
generated through a series of oxidation or reduction reactions initiated by free h* and
e [2,28-30]. In detail, free e is trapped by O2 to generate *Oz" at CB, and *O;  may
gradually be converted to H>O» after accepting H" and e”. Simultaneously, the oxidative
h* reacts with H>O or OH™ to produce *OH. Distinctively, 'O is often formed as a result
of energy transfer (Figure 1A)[16,31-33]. It is worth noting that these photogenerated
ROS can subsequently be converted to another ROS via further oxidation, reduction,
disproportionation, or dimerization[28]. Therefore, multiple ROS may play a key role
in the oxidative inactivation of pathogens in practical applications[5].

The reactions can usually occur when the band structure of a photocatalyst
overlaps with the redox potentials of a photocatalytic reaction[34,35]. MOFs with
certain CB and VB can drive the generation of particular ROS [15]. For example, the
reduction of Oz to *O2~ only occurs when the CB of MOFs is more negative than the
potential of O2/*O2", while the oxidation of *OH to H>O happens when the VB is more
positive than the potential of HoO/*OH (Figure 1B)[15]. The CB and VB of typical

MOF-based photocatalysts are listed in Figure 2, and some of these MOFs with great
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potential have yet to be applied in photocatalytic sterilization[36-42].
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Figure 2. The conduction band and valence band of some typical MOFs[36-42], and

the structures of selected representative MOFs.

To evaluate the antimicrobial performance of photoinduced ROS-generating
MOFs, Gram-positive bacterial strains like Staphylococcus aureus (S. aureus), and
Gram-negative bacterial strains, like FEscherichia coli (E. coli), are mostly chosen as
the representative microbes[16]. In addition, the evaluation is usually divided into in
vivo and in vitro. Evaluation of in vivo activity is mostly conducted on experimental
murine models, directly observing the differences between the control group and the
experimental group[40]. Recently, MOF-based photocatalysts have been applied to in
vivo photodynamic therapy against bacteria, which is valued as an alternative to
traditional antibiotic therapy[2]. For in vitro research, the plate counting method is
commonly selected to explore in vitro antibacterial performance, and the inactivation

efficiency is estimated by counting colonies and subsequent statistical analysis[41].
Choosing Stable MOFs for purpose

Considering the fundamentals of MOFs for photocatalytic sterilization, stability



and durability of the chosen photocatalysts are important for practical
implementation[43,44]. According to Hard-Soft-Acid-Base (HSAB) theory, stable
MOFs are usually fabricated based on the coordinative assembly of hard carboxylate
linkers and hard high-valent metal ions like AI**, Zr*" or Ti*', or soft azolate ligands
and soft transition metal ions such as Zn** or Cu®'[45,46]. Based on screening and
analysis of the existing literature, the remarkable applicability of stable azolate-based
Zn-MOFs for sterilization, as well as stable carboxylate-based AI-MOFs, V-MOFs, Zr-
MOFs, and Ti-MOFs, are emphasized in this section. The typical stable MOF-based
materials and their photocatalytic antibacterial performance are summarized in Table

1.

Table 1. Stable MOF-based materials and their photocatalytic antibacterial efficiency

MOFs Nodes Linkers Substrates | Light source | Time | Efficiency | Ref.
ZIF-8 Zn* | H-MeIM | NWFs | ° o?aﬁlvae 30 min | >99.99 % | [39]
ZIF-8 Zn** H-MeIM TPU Xe lamp 2h >96 % [47]
H-MeIM 300 W Xe
_ 2+ > 0

MAF-7@4 | Zn Hinty PES lamp 3h 100 % | [48]
ZnDMZ Zn* | H-MeIlM - 632;”1 20min | 99.9% | [49]

AuUNR@ZIF- 4 . . Almost
8@AUNC Zn H-MeIM Fabrics Xe lamp 30 min Killed [50]

Red light .
- 2+ _ _ 0

ZIF8-SQ Zn H-MeIM (650 nm) | 30min | 86% | [S1]

300 W Xe 7.99 1g

- 2+ - _

QDs@ZIF-8 | Zn H-MeIM lamp Th | cdoetion | [52]
ZIF-8@iCOF | Zn* | H-MeIM | PAN Sunlight | 1h ‘Al‘(lfﬁl;’st 53]
CAU-1.OH | AP* | BDC-OH | NWfs | ° O?aXlJpXe 30min | 99.6% | [54]
BIT-66 v# | H:BTB EVA | ° O?a\erXe Ih 9%% | [55]
PCN-224(Cu) | Zr* TCPP _ Blue light | 15min | 994 % | [56]

Au/PCN- 4t . 300 W Xe . Almost
224/Cu(IT) Zr TCPP Fabrics lamp 80 min 100 % [57]
CuMOF | 7z | TCPP - 6%0gl‘]‘tm 20min | 99.71% | [33]
MOF-545 Zr* TCPP _ White LED | 20min | 98% | [58]

PDINH/NH.- " 100 W LED Almost
vio-66(zr) | Z° | NH-BDC - lamp 4h 000, | PO

Zr-Ui0-66- . H>BDC- Simulated Almost
B(OH), Zt" | BOHY B sunlight | 2" | 100% | [0
PB@MOF 7t BDC - 660and 808 |\ i | 99.99% | [61]

nm light
Ui0-66- Zr+ SH),- - Visible light - Almost | [62]
g




(SH),@TCPP BDC Killed
@AgNPs
NU-1012 Zr** | HyTBAPy CT Ség;‘ﬂ;ftd 1h re;'llcoﬁgon [41]
225?2?/}1) 7z | TCpp PLGA | Visible light | 30 min Orzfifc‘gy [40]
o B | | a0 [ e |
fg(%lﬁﬁ; Ti* | NH»-BDC - 3 o?aynvae I5min | >97% | [63]
12%3}1;%}1 Ti* | NH-BDC _ Visible light | 50 min | 90.2% | [64]
MTéfg?&) Ti** | NH-BDC - 1001:;;15@ 1h | 99.999% | [65]
M?I?—/Elgz%1) Ti*" | NH-BDC B 0 l\ZmI;)ED 25 min r:d171;:1t(i)§n [66]

Abbreviation: H-MeIM = 2-methylimidazole, NWFs = non-woven fabrics, TPU = thermoplastic
polyurethane, PES = polyethersulfone, Hmtz = 3-methyl-1,2,4-triazole, BDC-OH = 2-hydroxy-1,4-
benzendicarboxylic acid, TCPP = meso-tetra(4-carboxyphenyl)porphyrin, H;BTB = 1,3,5-tris(4-
carboxyphenyl)benzene, EVA = ethylene—vinyl acetate copolymer, NH-BDC = 2-
aminoterephthalic acid, PDINH = PDI = perylene-3,4,9,10-tetracarboxylic diimide, NA = 1-
naphthylamine, SQ = squaraine, BDC = terephthalic acid, BBDC = H,BDC-B(OH), = 2-
boronobenzene-1,4-dicarboxylicacid, PAN = polyacrylonitrile, (SH),-BDC = 2,5-
dimercaptoterephthalic acid, HsTBAPy = 1,3,6,8-tetrakis(p-benzoic acid)pyrene, CT = cotton

[T L

textile, PLGA = poly(lactic-co-glycolic acid), means not provided.

Zeolitic imidazolate frameworks (ZIFs), consisting of transition metal ions and
imidazolate linkers, are a subclass of MOFs with good chemical and thermal
stability[67]. ZIF-8, also known as MAF-4[68], is assembled from 2-methylimidazolate
and Zn>". With the advantages of high surface area and intrinsic photochemical
response[69,70], it is widely applied in photocatalytic hydrogen evolution,
environmental remediation, as well as antimicrobial fields. For example, Wang et al.
prepared a series of MOFs, including ZIF-8, MIL-100(Fe), NH>-MIL-125(Ti), NH»-
UiO-66(Zr), and ZIF-11(Zn), for antimicrobial purposes[39]. Among these, ZIF-8
achieves the highest antibacterial efficiency of >99.99% against E. coli under simulated
solar light irradiation[39]. It should be emphasized that the log inactivation efficiency
of ZIF-8 (6-log) outperforms four and three times than those of the conventional
counterparts like TiO2 (2-log) and ZnO (3-log). The mechanism studies reveal that E.
coli was eliminated by the ROS generated via ligand-to-metal charge transfer rather

than Zn”" ion release.



Moreover, a MOF-based composite was fabricated by loading ZIF-8 onto non-
woven fabrics, which is suitable for both particulate matter filtration and bacterial
inactivation (Figure 3A). This study demonstrates the potential of MOFs for producing
personal protective equipment (PPE) and paves the way for the application of MOFs in
air purification. In another example, Li et al. constructed a hierarchical composite
nanofiber membrane with ZIF-8 and polyurethane via electrospinning technology[47].
In a photocatalytic antibacterial experiment, the as-prepared composite membrane
exhibits a high killing rate of 96% for bacteria. Benefiting from the scalable and facile
manufacturing method, this composite membrane is a promising material for the
production of protective textiles[47]. Nevertheless, these research studies lack
comprehensive investigation in the biosafety of the MOFs, failing to prove their

suitability in healthcare-related settings.
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Figure 3. (A) Schematic representation of ZIF-8-based filter for air purification[39];
(B) Schematic diagram of prevention in microbial contamination using a CAU-1-OH-
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multivariate MOFs for synergistic bacterial-binding functions and their practical
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application for wound dressing[38]. Adapted, with permission, from [38,39].

Aluminum-based MOFs (Al-MOFs), consisting of organic linkers and AI** nodes,
generally display a high thermal and chemical stability owing to the strong aluminum-
oxygen bond[71]. In particular, the abundant sources and low toxicity of Al element
enable AI-MOFs to be used for biomedical applications[71]. In 2020, Wang et al.
reported a series of AI-MOFs via ligand regulation[54], among which CAU-1-OH
exhibits the highest antibacterial activity against E. coli. with efficiency up to 99.94%
(Figure 3B). The quenching study, using sacrificial reagents for reacting with ROS,
reveals that *OH, O, as well as h* play a significant role in photocatalytic process.
Moreover, a composite was further produced by coating CAU-1-OH onto a commercial
nonwoven fabric, which can inactivate airborne bacteria efficiently within 30 minutes
under simulated sunlight irradiation. Although Al is considered a biofriendly metal, the
overall toxicity of Al-based MOFs in this form is still unknown.

Vanadium-based MOFs (V-MOFs) are structurally robust, attributed to the
presence of multivalent vanadium ions (V¥*/V*/V°")[72,73]. Recently, more V-MOFs
have been employed as photocatalysts for antibacterial applications, holding a great
promise for this purpose[73]. Wang et al. synthesized a stable V**-MOF (BIT-66) by
hydrothermal reaction of VCI3 and H3BTB in water[55]. The long-term stability and
fast visible-light response endow BIT-66 with exceptional performance in bacteriostatic
applications. Specifically, a mixture of activated BIT-66 and ethylene-vinyl acetate
copolymer (EVA) was coated on a steel plate to construct a device model. The BIT-66
coating layer irradiated with visible light shows E. coli killing efficiency of up to 96%
within 1 h (Figure 3C), and the antibacterial performance of BIT-66 outperforms that
of commercial porous materials like MCM-41. The work not only expands the
application fields of V-MOFs but also shows the application prospect of MOFs in air
purification[55]. Further prerequisites for practical applications such as stability and
durability of this MOF coating layer are yet to be fully explored, but this is a promising
start.

Zirconium-based MOFs (Zr-MOFs) are one of the mostly studied MOFs by virtue
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of their high thermal, chemical, and hydrolytic stability[74,75]. The highly tunable
structures along with the diverse connectivity of Zr-MOFs grant themselves multiple
functionalities for various applications, including catalysis, sensing, and water
harvesting[76-78]. It is notable that Zr-MOF-based photocatalysts have already been
widely employed in photocatalytic sterilization[79-81]. For instance, Jiang et al.
constructed a photoactive Zr-MOF by integrating bacterial-binding boronic acid
ligands[60] and photosensitive porphyrin Cu(Il)[38]. The as-prepared UiO-66-type
MOF (TCPPCu-BBDC) exhibits an enhanced antimicrobial activity of 10- to 20-fold
higher antibacterial efficiency than Zr-MOF, owing to closer physical contact with
bacteria through the boronic acid moieties, as well as more effectual ROS production
by Cu?" introduction. The low cytotoxicity of TCPPCu-BBDC suggests high
biocompatibility. Besides, in vivo experiments demonstrate the capability of the
multivariate MOF to shorten the duration for healing a wound in mice infected by drug-
resistant bacteria (Figure 3D)[38]. This highlights their wide feasibility for biomedical
applications such as wound healing and targeted antitumor drugs.

On account of the metal ion coordination site and photosensitivity of porphyrins,
Wang et al. have also constructed a series of light-responsive Zr-MOFs (PCN-224(M),
M = Fe, Cu, Ag, Zn) based on typical PCN-224(H) through porphyrin metalation[56].
Among these, PCN-224(Cu) shows the highest photoinduced antibacterial activity
against S. aureus with efficiency of 99.4%. This research provides us a strategy to
control the rate of ROS generation by metal doping and promotes the application of
MOFs in water sterilization[56]. However, factors affecting its antibacterial mechanism
have yet to be fully probed. Considering that metal-doped porphyrin is a strong
photosensitizer, the influence of heat generated by porphyrin-based MOFs under light
irradiation should also be studied through control experiments.

Titanium-based MOFs (Ti-MOFs) are also considered as attractive photocatalysts
thanks to their excellent framework robustness and distinctive photo-redox
properties[76]. Their low toxicity and good bioavailability grant Ti-MOFs unique

superiority for biological applications[82,83]. Liang et al. prepared a perylene-3,4,9,10-
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tetracarboxylic diimide (PDI) bridged Ti-MOFs via a two-step synthesis method,
denoted as PDI@MTi[63]. The as-prepared heterostructure can almost kill all bacteria
within 15 minutes under visible light irradiation by the synergetic effects of the micro
polarization field, bonding interfaces and abundant active sites[63]. This investigation
provides a deep insight on the control of carrier separation for acquiring high
photocatalytic performance.

We have witnessed the rapid development of MOFs and MOF-based
photocatalysts over the last few decades, but their applications in photocatalytic
sterilization are still at the early stage. On the one hand, only a limited number of MOFs
have been studied for photocatalytic antibacterial applications. More investigations
have to be conducted in order to expand the varieties of organic ligands and metal ions,
as well as robust synthesis methods for photocatalytic MOFs. Alongside this, the
evaluation systems for antibacterial performance require improvements, such as the
assessment of durability and biocompatibility of MOFs, standardization and unification

of antimicrobial experiments and so on.

Design strategies for improved antibacterial efficiency

As previously reported, we understand that abundant ROS accumulated on the
contact surface between photocatalysts and bacteria can greatly improve antibacterial
performance[6,84]. Considering the process of ROS generation, desirable
photocatalysts should possess the following properties: (i) strong light harvesting
ability for enough photoexcitation; (i1) quick separation and migration of charge carrier
for large amount of free e /h"; (iii) effective redox reaction for the generation of
abundant ROS; and (iv) high surface reaction dynamics for efficient sterilization[2,17].
Some interesting publications on the photocatalytic antibacterial applications of MOF-
based materials have been reported in the last decade, in which various strategies are
adopted to optimize the antibacterial capacity[16,44]. here, we illustrate these design

strategies with relevant recent examples (Figure 4).
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Figure 4. The design strategies of MOFs for improved antibacterial performances. top:
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noble metal deposition and photosensitizer load.

The property and functionality of photoactive MOFs can often be regulated by pre-
design and post-modification(Figure 4, top)[43]. For example, Yan et al. reported an
investigation on the influence of topological networks on photocatalytic antibacterial
performance[58]. Four porphyrin-based Zr-MOFs with different nets such ftw, csq, shp
and she were prepared and denoted as MOF-525, MOF-545, PCN-223 and PCN-224,
respectively. Among them, MOF-545 causes the most significant damage to E. coli and
S. aureus. In-depth investigation of the results reveals that quicker generation of 'O in

MOF-545 brings about better antibacterial activity. This can be attributed to a
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synergistic effect of larger pore size, more closely packed porphyrin sites and a higher
amount of porphyrin per ZrsOg cluster (Figure SA). This study provides a new direction
for tuning functionality by the rational design of MOFs[58]. Chemical composition of
MOFs can be modified simply by introducing functional molecules. Wang et al.
constructed a NA/NH>-MIL-125(Ti) homojunction by introducing 1-naphthylamine
(NA) into the framework of NH>-MIL-125(Ti) via covalent modification[65]. The
introduced chromophore can greatly strengthen the light harvesting abilities as well as
promote the separation of charge carrier and generation of ROS, gaining high
antibacterial efficiency of 99.99% under the exposure to visible light within 1 hour [65].
Post-synthetic metal incorporation into MOF photocatalysts can amenably
modulate their features and functionality[29]. For instance, Wu et al. prepared a series
of Cu?" doped PCN-224 by incorporating different amount of Cu?* into the porphyrin
unit, and the resulting CuioMOF shows optimized antibacterial activity with an efficacy
of 99.71%[33]. Mechanism analysis demonstrates that the introduction of Cu** could
effectively trap e, suppress e /h" recombination, and accelerate the free carrier
transmission for the enhanced ROS production. For in vivo application, the CujoMOF
effectuates competent bacterial killing and also assists wound healing[33].
Furthermore, metal nodes of MOFs can also be modified via post-synthetic metal
incorporation[44]. Farha et al. reported a Ti-incorporated Zr-pyrene-based MOF,
denoted as NU-1012[41]. The introduction of Ti substantially promotes more free
carriers for generating abundant ROS, which achieves the aim of improving
antibacterial behavior of the MOFs (Figure 5C). Additionally, a NU-1012-coated
textile with excellent bacteria-killing ability was fabricated by embedding NU-1012
onto cotton cloths via an in-situ growth method [41]. This work paves a feasible way to
construct high-performance MOF-based antibacterial textiles, but there is a lack of
research on the stability and robustness of this composite in practical usage. In a similar
vein, Shao et al. designed a bimetallic PCN-224(Zr/Ti) via post-modified metal
incorporation to increase the generation of ROS[40]. This was then fabricated into a

composite material, produced by the combination of PCN-224(Zr/Ti) and poly(lactic-
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co-glycolic acid), which was found to accelerate the healing of infected wounds,

suggesting its potential for wound dressing[40].
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On account of the high specific surface area and intrinsic porous framework of
MOFs, functional components like semiconductors, noble metal nanoparticles and
photosensitizers (Figure 4, bottom) can be introduced into MOFs to promote
photocatalytic antibacterial performance[43,81]. For example, the construction of
heterojunctions can effectively address the issues of insufficient light absorption, fast
charge carrier recombination and slow redox reactions[85,86]. Recently, Cao et al.
encapsulated quantum dots (QDs) onto ZIF-8 to form a nanocomposite (QDs@ZIF-8)

by a simple coordination-assisted self-assembly method[52]. The as-prepared
15



QDs@ZIF-8 shows enhanced antibacterial activity, boosted by the increase in ROS
generation-accelerated interfacial electron migration. Additionally, classic inorganic
semiconductors such as MoS, and Fe>Os have also been selected to construct
heterojunctions with MOFs aiming for boosting antibacterial performance[87,88].

In arecent notable example, Xie et al. looked to grow covalent organic frameworks
(COFs) on ZIF-8 templates for forming an ionic ZIF-8@iCOF nanocomposite. Their
study found it kills nearly all bacteria (>99.99%) under visible light irradiation for 15
min [53]. The photoactive experiments reveal that the introduction of COFs improved
visible-light absorption and exciton-enhanced transmission in MOFs, and is conducive
to the generation of abundant ROS (Figure 5B). Through embedding into
polyacrylonitrile (PAN), the resultant ZIF-8@iCOF/PAN fibrous membranes also
displays strong inactivation against bacteria under sunlight[53]. Wu et al. constructed a
core—shell bilayer MOF framework named PB@MOF by growing porphyrin-doped
MOFs on Prussian blue (PB)[61]. The as-prepared heterojunction achieves almost
complete elimination of bacteria by the combined effects of enhanced ROS and
hyperthermia under dual light irradiation[61].

Noble metals, such as Ag, Au, and Pt, are known to possess a surface plasmonic
resonance effect at the nanoscale[89]. They are extensively deposited on semiconductor
photocatalysts since they can promote visible-light capture and charge carrier
separation[90]. For instance, Shang et al. prepared a ZIF-8 nanocomposite with the in-
situ insertion of plasmonic Au nanorods (AuNRs) and glutathione-stabilized Au
nanoclusters (AuNCs) decoration to yield AUNR@ZIF-8@AuNCs [50]. The plasmon-
enhanced effect of AuNRs and the photosensitive action of AuNCs synergistically
trigger more ROS production, making the nanocomposites highly efficacious in
bacteria inactivation (Figure 5D). In addition, fibrous facial masks loaded with these
nanocomposites exhibited better antibacterial effect than commercial surgical
masks[50], confirming the opportunity for the fabrication of PPE.

Low-cost Ag nanoparticles (AgNPs) are commonly applied as antibacterial

agents[2]. Recently, Luo et al. designed an antibacterial nanocomposite by depositing
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AgNPs onto NH>-MIL-125(Ti), denoted as Ag/NM125[66]. Compared with pristine
NH>-MIL-125(Ti) (5.8-log), the nanocomposite exhibits a reduction of more than 7-log
E. coli. From the perspective of mechanism, the introduction of AgNPs enables
Ag/NM125 stronger visible-light capture and quicker charge carrier transfer.
Furthermore, the well-dispersed nature of AgNPs on MOFs also enables remarkable
antibacterial behavior in the absence of light [66].

To increase the light absorption of photocatalysts, one of the most convenient and
effective solutions is to load photosensitizers into the chosen catalyst [91]. For example,
Lin et al. encapsulated classic porphyrin photosensitizer onto UiO-66-(SH). along with
Ag NPs for improving light absorption (UiO-66-(SH)@TCPP@AgNPs)[62]. The
resultant nanocomposite has remarkable bacteria-killing properties, as a result of the
availability of sufficient amounts of ROS. ROS generation is enhanced through stronger
visible-light capture by the porphyrin doping, and inhibition of charge carrier
recombination by Ag NP deposition [62]. In a similar example, Pal et al. loaded
hydrophobic squaraine dyes (SQ) onto ZIF-8 to construct ZIF8-SQ[51]. The resultant
nanoconjugates show outstanding lethality against methicillin-resistant S. aureus
(MRSA) under red-light irradiation, attributed to the abundant photoinduced ROS
formed by the synergistic effect of photosensitive SQ and porous ZIF-8[51].

Overall, many efforts have been made to improve the photocatalytic antibacterial
performance of MOFs. In general, these design strategies are based on promoting quick
and efficient generation of ROS and enhancing the binding interaction between the
MOFs and bacteria. Nevertheless, there is a high demand for the design and
construction strategies to develop functional MOF-based composites, which largely

determine the feasibility of their applications in real life.
Concluding remarks and outlook

This review summarizes various intriguing findings about MOF-based materials
for photocatalytic sterilization. Thanks to their nanoporous nature, readily-modified
structure and tunable functionality, photoactive MOFs are emerging as desirable

platforms for photocatalytic antimicrobial applications. Additionally, characterization
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techniques such as single-crystal X-ray diffraction can be used to accurately analyze
the crystal structure of MOFs, which allows researchers to understand the relationship
between the structure, properties and functions of MOFs in detail. However, it remains
a challenge to employ MOF-based materials as state-of-the-art antibacterial weapons in
real-life situations, as noted by the limited number of applications demonstrated in the
discussed examples. Looking forward, it is clear there are many open opportunities for
the development of MOF-based photocatalytic antibacterial applications in three
aspects, namely structural design, MOF-based composites, and photocatalytic
antimicrobial methods.

Structural design

It remains a difficult task to design and construct ideal MOF-based photocatalysts
owing to the need to comprehensively consider their functionality, stability, and
biosafety together [2,6]. MOF-based photocatalysts can generally absorb ultraviolet and
visible light, but they rarely utilize the full spectrum of sunlight[2]. One suggestion here
is to combine machine learning and big data analysis for high-throughput experimental
screening of near-infrared-driven and biofriendly MOFs[92-94]. In addition, bacteria-
killing MOF-based photocatalysts with visual indicators for antibacterial performance
would be valuable in practical scenarios[60]. MOFs with the ability to readily
incorporate diverse handles and moieties can enable the introduction of fluorescent
molecules, and this concept can facilitate the implementation of an integrated system
for visual identification, bacterial inactivation, and evaluation[60].

The stability, flexibility, durability, service life as well as the overall robustness of
MOF-based composites in practical applications are of much concern[21]. It is a
prerequisite to design stable MOFs on the basis of reticular chemistry and the principle
of HSAB for building up a robust combination of MOFs and substrates via
supramolecular interactions [23,46]. Furthermore, biosafety should be given the top
priority when MOFs are intended to be applied for biomedical and healthcare
applications. It is preferrable to design biosafe MOFs through the combination of

biocompatible organic ligands and endogenous metal components[16,95]. Also,
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cytotoxicity assessment of MOFs should be performed to ensure good biocompatibility,
which promotes the construction of a standardized antimicrobial evaluation system and
enables the comparison between different antimicrobial materials.

Large-scale production of high-efficiency MOF-based composites

The scalability, processability and applicability of MOFs is also important in terms
of practical antibacterial applications[80,96]. MOFs are commonly prepared by
solvothermal reactions in a laboratory scale with limited yield. Recently-emerging
methods such as electrochemical synthesis, ultrasonic synthesis and microwave
synthesis could potentially be used for the scalable manufacture of antibacterial
MOFs[97,98]. Additionally, protective clothing and equipment fabricated with
sustainable MOF-based composites are in high demand, and the use of environmental-
friendly and biodegradable supporting substrates, such as lignocellulose, bacterial
cellulose and cotton fabrics, are favorable[99,100].

There is an urgent need to search for new strategies to improve photocatalytic
antimicrobial efficiency of MOFs for diverse antibacterial application scenarios and
specific antibacterial functions [2,6]. New insights like introducing a piezoelectric
effect and an external electric field in MOF-based composites have been recently
reported for their feasibility in constructing high-performance photocatalytic
antibacterial materials[43]. Also, it has been reported that defects and particle sizes of
MOFs can be tuned for optimizing catalytic performance[45], which may be attractive
methods for the regulation of photocatalytic antibacterial activity.

Photocatalytic antimicrobial methods

Phototherapy based on photogenerated ROS can effectively fight against
multidrug-resistant microbes, but may also influence the production of antioxidant
enzymes in microorganisms, because of the reduction of ROS accumulated in microbial
cells[2]. Stabilizing the accumulation of intracellular ROS by precisely controlling
various parameters can be an efficacious solution, which requires further exploration.
Besides, the photocatalytic process is often accompanied by a photothermal effect, also

called photothermal therapy (PTT). Therefore, a sound evaluation system should be
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established to distinguish the effects of photogenerated ROS and photogenerated heat
on antibacterial performance, clarifying whether the antibacterial ability is a result of
single effect or synergistic effect[16,31]. Additionally, strong oxidative ROS
unselectively inactivate versatile bad and good microbes[2,6,84]. It is necessary to
regulate different parameters like the intensity of light source and radiation time for
various antimicrobial effects as well as build a targeted action system with MOFs for

specific scenarios or applications.
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