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Airborne pathogens such as bacteria, viruses and fungi pose significant 
threats to human health. Various mitigation strategies have been 
developed, including air filtration, ventilation, UV irradiation, and 
photocatalytic oxidative disinfection (POD). In particular, the 
combination of passive air filtration and active POD has promise for 
the better inactivation of airborne pathogens. However, the efficiency 
of POD remains hindered by numerous factors, such as inherent fast 
charge recombination, limited understanding of the interactions 
between airborne pathogens and catalyst surfaces, and short migration 
distances of reactive oxygen species (ROS). This perspective elucidates 
the fundamental principles and constraints of POD and provides 
several examples for delineating enhancement strategies. The primary 
objective of this study is to cultivate a cellular-level understanding of 
the interactions occurring at the biointerfaces in POD systems, thereby 
revealing the mechanistic pathways and paving the way for future 
catalyst designs to improve air quality.
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1. Introduction
The World Health Organization (WHO) reports that in-

door air pollution causes 3.8 million deaths worldwide 
each year (Balmes, 2019). Indoor air quality, therefore, has 
increasingly become an alarming concern within the scien-
tific community due to the growing health impacts such as 
cancer, asthma, and bronchitis, induced by poor air quality 
(Balakrishnan et al., 2014; Burnett et al., 2014). Indoor air 
pollutants include particulate matter (PM), volatile inor-
ganic compounds (VIC), and volatile organic compounds 
(VOC) (Gonzalez-Martin et al., 2021). Of particular con-
cern are airborne pathogens, which are a unique component 
of PM. They are clustered into three major groups: bacteria, 
fungi, and viruses (Song et al., 2022). Different airborne 
pathogens can cause a plethora of diseases, such as com-
mon colds, flu, asthma, anthrax, tuberculosis, botulism, and 
pneumonia (Bhardwaj et al., 2021; Xu Z.Q. et al., 2012) 
(see Table 1).

The recent COVID-19 pandemic was also caused by the 
airborne SARS-CoV-2 virus, which can spread through 
airborne transmission. This global health crisis under-

scored the critical importance of air biosecurity, as the 
transmission of the SARS-CoV-2 virus through respiratory 
droplets and aerosol particles emerged as the primary mode 
of spread (Guo et al., 2023; Vlaskin, 2022).

Over the years, strategies for controlling airborne patho-
gens have been developed and are generally classified 
based on two fundamental principles: capture and inactiva-
tion, as depicted in Fig. 1.

Among these strategies, air filtration using HVAC filters 
and face masks is the most viable tool to control air quality, 
protecting people from inhaling PM and airborne patho-
gens. However, although most commercial filters can cap-
ture airborne pathogens on their surfaces, they cannot 
inactivate them, posing a risk of secondary contamination 
under high airflow.

In particular, bio-contaminated surfaces in hospital 
buildings, equipment, and even personal protective equip-
ment (PPE) are considered sources of secondary contami-
nation, leading to hospital-acquired infections (HAI), also 
known as health-associated infections (Magill et al., 2014; 
Peleg and Hooper, 2010). Effective disinfection strategies 
are crucial to prevent these transmissions. Typically, harsh 
chemicals, e.g., chlorine dioxide and ethylene oxide are 
used, which, however, are often associated with several 
adverse effects (Hubbard et al., 2009). Ultraviolet (UV) 
sterilization by direct UV-C irradiation is also employed, 
but this involves severe occupational risks (Kühn et al., 
2003; Walker and Ko, 2007). Among these control  
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strategies, photocatalytic oxidative disinfection (POD) us-
ing catalyst particles has emerged as an efficient, cost- 
effective, environmentally sustainable approach (Hodges et 
al., 2018; Wang H.L. et al., 2014; Yu J.C. et al., 2005). 
Notably, combining passive air filtration and active POD 
may be a promising strategy for capturing airborne patho-
gens and simultaneously killing them in situ.

However, the POD efficiency remains low and is plagued 
by many factors, such as inherent fast charge recombina-
tion, limited understanding of the interactions between the 
captured pathogen cells and catalyst surface, and short mi-

gration distances (also times) of reactive oxygen species 
(ROS). The rational design of photocatalyst particles by 
addressing the constraints of the POD technique is thus 
essential.

In this perspective, we introduce the fundamental princi-
ples and constraints of the POD technique and provide 
several examples to delineate enhancement strategies. We 
used bacteria as the model airborne pathogens and  
metal-organic frameworks (MOFs) (Furukawa et al., 2013; 
Li P. et al., 2019) as supporting materials for efficient cata-
lyst particle design. The primary objective of this study is 

Table 1 Airborne pathogens and associated health risks.

Species Airborne pathogens (Microorganisms) Health impacts

Bacteria (Gram-Negative) Escherichia coli Gastroenteritis; abdominal cramps; diarrhea; vomiting

Pseudomonas fluorescens Septicemia

Legionella pneumophila Pneumonia; pulmonary infections; influenza

Bacteria (Gram-Positive) Staphylococcus epidermidis Food poisoning

Staphylococcus aureus Septicemia; endocarditis; meningitis; osteomyelitis

Micrococcus luteus Endocarditis; meningitis

Mycobacterium Tuberculosis

Fungi Aspergillus versicolor Gastroenteritis; abdominal cramps; diarrhea; vomiting

Aspergillus niger Ear infections; sore throat; bronchitis; skin infections

Penicillium citrinum Renal tumors

Penicillium spinulosum Septicemia

Viruses Measles virus Measles

NWS/G70C (H11N9) Pneumonia; pulmonary infections; influenza

Norovirus Gastroenteritis; abdominal cramps; diarrhea; vomiting

Adenovirus Ear, respiratory tract, gastrointestinal, and liver infections

Varicella-zoster virus Chickenpox

Source: (Bhardwaj et al., 2021; Xu Z.Q. et al., 2012)
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Fig. 1 Classification of various techniques for controlling airborne pathogens.
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to cultivate a cellular-level understanding of the interac-
tions occurring at the biointerfaces in POD systems, 
thereby revealing the mechanistic pathways and paving the 
way for future catalyst designs to improve air quality.

2. Principles and limitations of 
photocatalytic oxidative disinfection

Photocatalytic oxidative disinfection (POD) is a promis-
ing technology for killing airborne pathogens. In the POD 
system, the photocatalytic surface is activated by light to 
generate charge carriers, i.e., electron and hole pairs 
(Fig. 2) (Chen F.N. et al., 2010; Kim et al., 2021; Kumar et 
al., 2020; Li P. et al., 2019; Nosaka Y. and Nosaka A.Y., 
2017; Shi et al., 2020; Wang W.J. et al., 2013).

Taking a water-based POD system as an example, these 
excited charge carriers react with water or oxygen mole-
cules to form various reactive oxygen species (ROS), such 
as •O2

–, 1O2, •OH, •O–, and •OO– (Nosaka Y. and Nosaka 
A.Y., 2017). When a bacterial cell comes in contact with 

the photocatalytic surface through different forces such as 
electrostatic attraction, hydrophobic interactions, van der 
Waals forces, and receptor-ligand interactions, these ROS 
impact the bacterial cell membrane and also affect cell 
metabolism (Regmi et al., 2018). Consequently, these ROS 
damage bacterial cells, including the cell wall and intracel-
lular components such as proteins, DNA, and lipids 
(Fig. 3) (Shi et al., 2020; You et al., 2019; Zeng et al., 
2017). The proposed reactions for representative ROS for-
mation and associated bacterial inactivation are described 
below (Regmi et al., 2018):

Photocatalyst +hυ → h+ + e–

h+ + H2O → •OH + H+

h+ + OH– → •OH

e– + O2 → •O2
– 

2H e

2 2
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Fig. 2 Mechanism of ROS generation in the presence of light.
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Despite being a promising antimicrobial strategy, the 
POD system is inefficient. The major challenge in this sys-
tem is the rapid electron–hole (e––h+) recombination, 
which typically occurs within nanoseconds, two or three 
orders of magnitude faster than other charge transfer pro-
cesses (Fujishima et al., 2008; Hoffmann et al., 1995). Over 
the past decades, constant efforts have been made to ad-
dress this critical issue and improve the overall POD effi-
ciency by developing strategies such as incorporating 
metal sinks and creating heterojunctions (Ahmad et al., 
2023; Linsebigler et al., 1995; Serpone and Emeline, 
2012).

However, in a typical POD system, ROS are generated 
on the photocatalyst surface, typically with very short half-
life times (t1/2) and migration distances (see Table 2).

The short lifespans and migration distances of photo-
generated ROS often result in their degradation into less 
potent species before they reach bacterial cells. Conse-
quently, the efficacy of bacterial inactivation is heavily de-
pendent on the overall ROS concentration in the system. 
For instance, despite being 100 times more potent than 
•O2

– and H2O2, •OH does not achieve its full antimicrobial 
capability as it has a significantly shorter migration  
distance compared to others, which restricts overall bacte-
ricidal efficacy (Das and Roychoudhury, 2014; Kusiak- 
Nejman and Morawski, 2019; Nasir et al., 2021).

In addition, bacterial cells are rich in carboxylic and 
phosphate groups, rendering them negatively charged. This 
often results in electrical repulsion, preventing bacterial 
adhesion on the catalytic surface of most metal oxide-based 
photocatalysts, which are also negatively charged due to 
the presence of hydroxyl groups. In such scenarios, antimi-
crobial activity depends on ROS diffusion and penetration 
into the bacterial cells (Cho et al., 2004). Therefore, the 
distance between the bacterial cell and catalyst surface can 
be reduced to further enhance the POD efficiency.

3. Particle design strategies
In this perspective, we present specific particle design 

strategies to address the aforementioned limitations by us-
ing metal-organic frameworks (MOFs) and quaternary 
ammonium compounds (QAC) as model materials. As 
emerging porous polymers, MOFs exhibit exceptionally 
high surface areas, rich surface chemistry, and tunable po-

rous structures, making them well-suited for a range of 
catalytic applications (Jiao et al., 2019; Li D. et al., 2024; 
Yusuf et al., 2022). Conversely, QAC compounds are 
widely known for their antibacterial properties due to fac-
tors such as low toxicity, structural flexibility, ease of sur-
face fixation, and minimal risk of antibiotic resistance 
(Ping et al., 2019; Sun et al., 2020; Zander et al., 2018; 
Zhang et al., 2020). The N+ in QAC electrostatically at-
tracts negatively charged bacterial cells, which ultimately 
leads to cell lysis (Jennings et al., 2015; Wilson et al., 
2001).

Based on these considerations, we implemented two 
strategies to develop MOF-based particles with QAC coat-
ings, addressing the challenges of shorter ROS lifespan, 
shorter migration distance, and greater charge-carrier re-
combination. First, we developed a self-decontaminating 
nanofibrous filter (UiO-PQDMAEMA@PAN) for en-
hanced ROS interaction with bacterial cells (Zhu et al., 
2021), where UiO refers to a zirconium-based MOF, 
PQDMAEMA refers to poly[2-(dimethyl decyl ammo-
nium) ethyl methacrylate], and PAN indicates polyacrylo-
nitrile. Second, we rationally designed heterojunction 
photocatalyst particles by modulating the surface of 
g-C3N4/MIL-125-NH2 with a positive QAC layer  
(QAC@g-C3N4/MIL-125-NH2) (Zhu et al., 2023). Here, 
g-C3N4 is a two-dimensional semiconductor, and MIL-
125-NH2 is a titanium-based MOF (Li P. et al., 2019; Ong 
et al., 2016; Zhou et al., 2020). This design aims to improve 
its affinity for bacterial cells and enhance electron–hole 
separation. The details of the design strategies and antimi-
crobial performance of the two materials are explained 
here.

3.1 UiO-PQDMAEMA@PAN filter
Synthesis of nanofibers. The entire synthesis route of 

the UiO-PQDMAEMA@PAN filter is schematically illus-
trated in Figs. 4(a) and 4(b). Initially, UiO-PQDMAEMA 
particles were prepared using UiO-66-NH2 as the base 
material, which was then decorated with 2-bromoisobuty-
ryl bromide (BIBB) to form UiO-66-BIBB. Next, using the 
atomic transfer radical polymerization (ATRP) method, the 
monomer 2-(dimethyl decyl ammonium) ethyl methacry-
late (QDMAEMA) was polymerized and grafted onto the 
surface of UiO-66-BIBB to obtain UiO-PQDMAEMA.

The antibacterial nanofibrous filter was then fabricated 
through a facile electrospinning process by embedding 
UiO-PQDMAEMA particles in polyacrylonitrile (PAN) 
polymers. By varying parameters such as concentration, 
particle/polymer ratio, temperature, and relative humidity 
(RH), a range of nanofibers can be prepared.

Optimization of the nanofibers. In a typical electrospin-
ning process, a well-mixed polymer solution of filler parti-
cles is generally used, resulting in a uniform distribution of 
filler particles within the polymer backbone in the final 

Table 2 Half-life and migration distance of ROS.

ROS
Half-life 
 time (t1/2)

Migration 
 distance

Superoxide (•O2
–) 1–4 μs 30 nm

Singlet Oxygen (1O2) 1–4 μs 30 nm

Hydroxyl radicals (•OH) 1 μs 1 nm

Hydrogen Peroxide (H2O2) 1 ms 1 μm
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nanofibers (Zhang et al., 2016). However, this homogenous 
structure is undesirable because it limits the catalytic per-
formance of the embedded particles. To fully exploit the 
antimicrobial properties of UiO-PQDMAEMA, the parti-
cles must be exposed to the fiber surface.

To address this issue, an engineered strategy was imple-
mented. The diameter of the PAN fiber backbone was opti-
mized to be smaller than that of the UiO-PQDMAEMA 
particles (d ≅ 213 nm). This optimization was based on 
understanding the fiber scaling law in electrospinning, 
where the equilibrium between the liquid’s surface tension 
and the repellent electrostatic force determines the terminal 
fiber diameter (Schaate et al., 2011):
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Here, Q is the feeding flowrate, I is the electric current in 
the system, wp is the polymer volume fraction, and γ is the 
surface tension of the polymer solution, which can be ex-
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where γ0 is the constant of each liquid, n is a positive em-

pirical factor, Tc is the critical temperature and T is the 
working temperature. According to Eqn. (1), a decrease in 
γ will decrease the terminal fiber diameter. In this study, we 
rationally increased the working temperature of the poly-
mer solution to reduce the surface tension while keeping Q, 
I, and wp constant. The relative humidity (RH) was main-
tained as low as 10 % to facilitate the production of thinner 
fibers because a lower RH aids solvent evaporation (Xu 
J.W. et al., 2015). As shown in Fig. 4(c), the pure PAN fi-
bers have smooth surfaces and an average diameter of 
~139 nm. The morphology of the UiO-PQDMAEMA@
PAN filter was much rougher, with UiO-PQDAMEMA 
particles distributed on the fiber surface (Fig. 4(d)). This 
arrangement allows PQDMAEMA particles to come into 
direct contact with more bacterial cells.

Particle and Bacterial Filtration Tests. The experimen-
tal setup of the filtration tests is illustrated in Fig. 5. The 
particle filtration tests were conducted based on the interna-
tional standard (ISO 21083-1, 2018) using monodispersed 
NaCl as model particles. The system includes an atomizer 
to generate NaCl particles, a Po210 neutralizer to achieve 
Boltzmann equilibrium during charging (Tang et al., 2018), 
a differential mobility analyzer (DMA, Model 3082, TSI 
Inc.) to select specific particle sizes, and a filter system 

NH2

NH2NH2

NH2 BIBB

UiO-66-NH2 UiO-66-BIBB

QDMAEMA

ATRP

UiO-PQDMAEMA

5 μm 5 μm 

500 nm 500 nm 
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Fig. 4 (a) Synthesis route for UiO-PQDMAEMA from UiO-66-NH2, (b) Schematic electrospinning process for nanofiber fabrication, (c) SEM image 
of pure PAN fibers, (d) SEM image of UiO-PQDMAEMA@PAN fibers. Reprinted with permission from Ref. (Zhu Z. et al., 2021). Copyright: (2021) 
The Royal Society of Chemistry.
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(Fig. 5(a)). The particle filtration efficiency was calculated 
from Eqn. (3) using the upstream and downstream particle 
number concentrations measured using an ultrafine con-
densation particle counter (UCPC, Model 3776, TSI Inc.). 
The same calculation was performed using a commercial 
N95 respirator (VWR Makrite®) for comparison.
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Filtration tests for S. epidermidis (Gram-positive) and E. 
coli (Gram-negative) bacteria were conducted as shown in 
Fig. 5(b). The bacteria cells were first suspended in  
phosphate-buffered saline (PBS) solution at a density of 
107 CFU/mL. An ultrasonic nebulizer (2.4 MHz) was used 
to atomize the suspension. The generated bioaerosols were 
bombarded onto the filter surface at a flow rate of 12.5 L/
min for 1 min. The escaped bioaerosols were collected in a 
sterile PBS solution using a BioSampler (SKC Inc.). 
Eqn. (4) defines the bacterial filtration efficiency (BFE) of 
the filter.
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where Cf and Ctotal are the bacteria concentrations in the 
BioSampler with and without a filter, respectively.

As shown in Fig. 6(a), the particle filtration efficiency 
decreased until it approached the most penetrating particle 

size (MPPS), which was approximately 80 nm. The effi-
ciency of the UiO-PQDMAEMA@PAN filter in measuring 
80 nm PM was found to be ~95.4 %, which is comparable 
to the conventional N95 respirator standard in terms of PM 
filtration.

The hierarchical structures within the electrospun fibers 
of the UiO-PQDMAEMA@PAN filter likely contributed to 
its superior filtering performance when tested under the 
same pressure drop (52.3 Pa) as pure PAN filters (Chang et 
al., 2016), where more active sites for interaction between 
particles and composite electrospun fibers are available 
(Chen S.C. et al., 2014).

Another crucial parameter of mask filters is the pressure 
drop (ΔP), which affects user comfort. The quality factor 
(QF) is used to measure the pressure drop performance of a 
filter, which is defined as follows:
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As shown in Fig. 6(b), the UiO-PQDMAEMA@PAN 
fibers exhibit satisfactory QFs that are substantially better 
than those of pure PAN fibers. The minimal QF value of 
0.058 at an MPPS of 80 nm for the UiO-PQDMAEMA@
PAN filter indicates again that its peak filtration perfor-
mance is comparable to that of commercial N95 respirators 
(0.056).

In contrast to the particle filtration results, all atomized 
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Fig. 5 Schematic diagram of experimental setup for (a) particle and (b) bacteria filtration tests. Reprinted with permission from Ref. (Zhu Z. et al., 
2021). Copyright: (2021) The Royal Society of Chemistry.
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bacterial cells were captured using a UiO-PQDMAEMA@
PAN filter and a commercial N95 respirator (Zhu et al., 
2021). This is expected because bacterial cells typically 
have sizes in the range of 0.5 to 2 μm, which is much larger 
than the MPPS of the filter, i.e., 80 nm, as discussed above.

Bactericidal Evaluation. In addition to filtration mea-
surements, bacterial inactivation experiments were con-
ducted. As shown in Figs. 6(c) and 6(d), the UiO- 
PQDMAEMA filters outperformed all other control filters, 
achieving an inactivation efficiency of ~97.4 % for 
S. epidermidis and ~95.1 % for E. coli. This indicates that 
the grafted UiO-PQDMAEMA on the surface of the PAN 
fibers allows the filter to exhibit efficient bactericidal be-
havior. Numerous contacting sites of positively charged 
UiO-PQDMAEMA (N+) are responsible for capturing and 
killing bacterial cells in situ by lysing their cytoplasm 
(Gozzelino et al., 2013).

3.2 QAC@ g-C3N4/MIL-125-NH2 particles
Synthesis of photocatalysts. The heterojunction  

QAC@g-C3N4/MIL-125-NH2 (C-M-Q) photocatalyst par-
ticles were synthesized in several steps, as shown in Fig. 7.

The bare catalyst particles g-C3N4/MIL-125-NH2 (C-M) 
were first synthesized by a solvothermal method in which 
pre-synthesized g-C3N4 was suspended in the MIL-

125-NH2 precursor. The mixture was then heated in a  
Teflon-lined steel autoclave at 150 °C for 15 h (Wang H. et 
al., 2015). The C-M particles were then coated with QAC, 
where the QDMAEMA monomer was polymerized and 
grafted on the surface of C-M through ATRP (Hippeli and 
Elstner, 1997) to obtain QAC@g-C3N4/MIL-125 (C-M-Q) 
particles.

Photocatalytic performance. Synthesizing heterojunc-
tion semiconductor catalysts with proper band gap align-
ment is a promising approach to mitigate rapid charge 
recombination, i.e., better e––h+ separation to enhance 
photocatalytic performance (Hippeli and Elstner, 1997).

The band alignment between g-C3N4 and MIL-125-NH2 
was determined following the Kraut method (Kraut et al., 
1980; Zhao et al., 2019) using X-ray photoelectron spec-
troscopy (XPS) and UV-Vis spectroscopy. As illustrated in 
Fig. 8(a), the enhanced charge transfer within the hetero-
junction was achieved.

Bacterial inactivation experiments were conducted in 
PBS solution under visible light irradiation with 
S. epidermidis, which was selected as the representative 
bacterium for the POD tests. As shown in Fig. 8(b), the 
bare photocatalyst C-M exhibited an unnoticeable reduc-
tion of bacterial cells in the dark, whereas under light irra-
diation, it achieved a 1.5 log reduction, suggesting that the 
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Fig. 6 (a) Particle filtration efficiency and (b) quality factor of different filters tested using NaCl particles of 20–500 nm at a face velocity of 9.3 cm/s; 
the inactivation performance of different filters toward (c) S. epidermidis and (d) E. coli. Reprinted with permission from Ref. (Zhu Z. et al., 2021). 
Copyright: (2021) The Royal Society of Chemistry.
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bactericidal activity was mainly due to the photogenerated 
ROS in the solution rather than the toxicity of the catalyst 
itself. Interestingly, C-M-Q achieved a 1.54 log reduction 
of S. epidermis in the dark via the contact killing mecha-
nism due to the QAC coating (Kaur and Liu, 2016). When 
light was applied, a significantly enhanced bactericidal ef-
ficiency (3.2 log reduction) was obtained. Therefore, at the 
biointerface, the photogenerated ROS and the positively 
charged QAC layer exhibit cooperative antibacterial be-
havior, which significantly improves the overall bacteri-
cidal activity.

Visualization and quantification of bacteria- 
photocatalyst interactions. To further understand the inter-
actions between S. epidermidis cells and the C-M-Q sur-
face, the direct visualization and quantification of these 
interactions at the biointerface were conducted via atomic 
force microscopy (AFM) using the peak force quantitative 
nano-mechanical (QNM) mode. As shown in Fig. 9(a), 

these measurements were performed in PBS solution 
(pH 7.4) to avoid potential errors due to capillary forces 
that arose from the humid coverage of both the sample and 
the AFM tip under ambient conditions (Asri et al., 2014; 
Hoogenboom et al., 2008).

Specifically, the AFM probe was first functionalized 
with the C-M-Q particles (Figs. 9(b) and 9(c)), which were 
then used to measure the adhesion forces. Figs. 9(d)–9(f) 
display the peak force error image, adhesion map, and 
force curve of S. epidermidis cells using the pristine AFM 
probe as the control. The same results were obtained for the 
C-M-Q-functionalized probe (Figs. 9(g)–9(i)).

As seen from the measurement results, in comparison 
with the bare probe in the approach curve, the attractive 
electrostatic effects in C-M-Q were noticed much earlier 
due to the presence of a positively charged QAC layer. 
Additionally, a significantly higher adhesion force (Fadh) of 
972 pN was found between C-M-Q and the bacterial cells 

g-C3N4/MIL-125-NH2 
QAC@g-C3N4/MIL-125-NH2
QAC@g-C3N4/MIL-125-NH2

E

e-

h+ h+

e-

S-scheme(a) (b)

CB
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2.64eV

2.86eV

c/
c

Fig. 8 (a) Schematic illustration of band alignment and charge transfer in C-M-Q and (b) time course of the bactericidal activities of C-M-Q in S. 
epidermidis under different conditions. Reprinted with permission from Ref. (Zhu Z. et al., 2023). Copyright: (2023) Elsevier.

+ ATRP Process

g-C3N4 (C) MIL-125-NH2 (M) QDMAEMA (Q)

N+

g-C3N4/MIL-125-NH2 (C-M) QDMAEMA (Q) QAC@g-C3N4/MIL-125 (C-M-Q)

Fig. 7 Synthesis of QAC@g-C3N4/MIL-125 (C-M-Q) particles. Reprinted with permission from Ref. (Zhu Z. et al., 2023). Copyright: (2023) Elsevier.
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(Fig. 9(i)), whereas only 115 pN was detected between the 
unmodified probe and the bacterial cells (Fig. 9(f)). The 
results reflect that the positive charge modulation of the 
photocatalyst surface facilitates bacterial adhesion, which 
in turn enhances the overall bactericidal performance.

4. Conclusions and perspectives
This perspective introduces the fundamental principles 

of POD and its enhancement strategies by providing sev-
eral examples. We rationally designed and fabricated sev-
eral novel antimicrobial MOF-based particles to effectively 
kill airborne bacterial cells. Specifically, QAC polymer, a 
broad-spectrum antimicrobial agent, was carefully coated 
on the surface of MOF-based particles to form active com-
posites capable of attracting and killing bacterial cells in 
situ. These composite particles exhibit excellent antibacte-
rial activity, with contact killing and photogenerated ROS 
responsible for efficient disinfection. The results also show 
that the adhesion of bacterial cells to the catalyst surface 
significantly enhances the photocatalytic bactericidal effi-
ciency.

In addition, several perspectives are provided to further 
advance the POD technique for combating airborne patho-
gens as follows:
1) Understanding the mechanistic pathways of POD is 

crucial for designing photocatalyst particles. In particu-
lar, quantifying the characteristic times and migration 
distances of ROS and other intermediates along with 
their oxidative capacity in the system should be consid-
ered carefully.

2) The interactions between photocatalysts and pathogen 
cells should also be quantified at the molecular or 
atomic level using advanced in situ techniques, such as 
AFM and/or TEM.

3)  Achieving multifunctional MOF-based materials to 
mitigate air pollution is promising but challenging. For 
example, coating polymers around MOF materials re-
duces specific surface areas and blocks active sites, 
adversely affecting gas adsorption. Therefore, “trade-
off” effects should be seriously considered in material 
design.

4) Last but not least, the results obtained for bacterial  
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Fig. 9 AFM measurements of interactions between S. epidermidis cells and the C-M-Q photocatalyst. (a) Illustration of the AFM force measurement 
in PBS solution; SEM images of (b) the pristine AFM probe and (c) the C-M-Q coated probe; (d,e,f) and (g,h,i) show the peak force error image, ad-
hesion force mapping, and approach-retract force curves of S. epidermidis cells measured using the pristine AFM probe and the photocatalyst-coated 
probe, respectively. Reprinted with permission from Ref. (Zhu Z. et al., 2023). Copyright: (2023) Elsevier.
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inactivation may not be easily applied to other airborne 
pathogens, such as viruses and fungi. Additional work 
is required in this regard.
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