
Kobe University Repository : Kernel

PDF issue: 2025-09-08

Antimicrobial and antiviral activities and
reaction mechanisms of an organic photocatalyst
upon visible-light irradiation

(Citation)
Research on Chemical Intermediates,51(5):2591-2604

(Issue Date)
2025-05

(Resource Type)
journal article

(Version)
Version of Record

(Rights)
© The Author(s) 2025
This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) a…
the source, provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are included in
the article's Creative Commons licence, unless indicated otherwise in a credit line to
the material. If material is not included in the article's Creative Commons licence
and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder.

(URL)
https://hdl.handle.net/20.500.14094/0100495626

Shiroma, Hayato ; Chikamoto, Atsushi ; Kameoka, Masanori ; Kumagai,
Kazuo ; Matsuyama, Hideto ; Ichihashi, Yuichi



Vol.:(0123456789)

Research on Chemical Intermediates (2025) 51:2591–2604
https://doi.org/10.1007/s11164-025-05570-z

Antimicrobial and antiviral activities and reaction 
mechanisms of an organic photocatalyst upon visible‑light 
irradiation

Hayato Shiroma1 · Atsushi Chikamoto1 · Masanori Kameoka2 · 
Kazuo Kumagai1,3 · Hideto Matsuyama1,3 · Yuichi Ichihashi1,3

Received: 22 January 2025 / Accepted: 19 March 2025 / Published online: 10 April 2025 
© The Author(s) 2025

Abstract
Organic photocatalyst 9,10-dicyanoanthracene (CN-anthracene) has been demon-
strated to exhibit antimicrobial activity upon visible-light irradiation. By evaluating 
these dependencies, this research aims to clarify the underlying mechanisms of its 
photocatalytic action and provide insights into its practical applications in diverse 
antimicrobial scenarios. This study examined the light and temperature depend-
ence of the antimicrobial activity of CN-anthracene to further investigate its pho-
tocatalytic properties in detail. The antimicrobial activity was evaluated using the 
colony count method with Escherichia coli (E. coli) as the target organism. The 
results indicated that the antimicrobial rate increased with the light intensity and that 
the antimicrobial activity was above a certain level regardless of the temperature 
in the expected indoor temperature range. The antiviral activity of the photocata-
lyst was investigated using a median tissue culture infectious dose (TCID50) assay. 
The results showed that the photocatalyst exhibited high viral activity against both 
enveloped and non-enveloped viruses. Furthermore, the presence of reactive oxygen 
species (·OH and · O−

2
 ), which are believed to play a critical role in the observed 

antibacterial and antiviral activities, was confirmed. These findings demonstrate that 
CN-anthracene exhibits high antibacterial and antiviral activities under visible light, 
highlighting its potential as a novel tool for combating infectious diseases.

Keywords  Organic photocatalysts · Visible-light irradiation · Antimicrobial 
activity · Antiviral activity · 9,10-Dicyanoanthracene

Introduction

In recent years, the emergence of various viral and bacterial infectious diseases has 
posed significant threats to public health and resulted in substantial economic losses 
[1–3]. Among these, influenza virus, coxsackievirus, and E. coli represent critical 
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challenges due to their widespread prevalence and severe health impacts. Seasonal 
influenza affects an estimated 1 billion people annually, with 290,000–650,000 res-
piratory deaths worldwide [4]. Coxsackieviruses, which are associated with myocar-
ditis, meningitis, and hand-foot-and-mouth disease (HFMD), account for over 2 mil-
lion cases annually in the Asia–Pacific region [5]. Additionally, E. coli, a common 
bacterial pathogen, is a major cause of foodborne illnesses and healthcare-associated 
infections, leading to significant morbidity and mortality globally [6]. To address 
these challenges, the development of innovative and efficient disinfection technolo-
gies has become an urgent necessity. Among such technologies, photocatalysis has 
garnered significant attention due to its ability to utilize light energy for antimicro-
bial and antiviral applications. Titanium dioxide, a widely studied oxide semicon-
ductor, undergoes electronic excitation when exposed to light energy surpassing its 
band gap. This process promotes electrons from the valence band to the conduction 
band, resulting in the generation of electron–hole pairs [7–14]. These electrons and 
holes diffuse to the surface, where they undergo oxidation and reduction reactions 
with adsorbed substances. Reports indicate that this redox process produces reac-
tive oxygen species (ROS) with extremely high oxidizing power, such as hydroxyl 
radicals (·OH), superoxide anion radicals ( ⋅O−

2
 ), and hydrogen peroxide [15, 16]. 

Because these bacteria and viruses are sterilized through oxidation and structural 
destruction, semiconductor photocatalysts are expected to play a significant role 
in antibacterial and hygienic applications. However, conventional antibacterial and 
antiviral photocatalysts, such as titanium dioxide, rely on ultraviolet light as an 
energy source for sterilization [15, 17]. While ecological considerations favor using 
sunlight as an energy source for photocatalysts, ultraviolet light constitutes only a 
small fraction of sunlight, with visible light comprising the majority. Consequently, 
there is an urgent need to develop photocatalysts capable of absorbing visible light, 
which dominates sunlight, as an alternative to titanium dioxide, which primarily 
absorbs ultraviolet light [18].

Organic semiconductors, particularly in electronics, are being actively researched 
and developed for advanced electronic devices such as solar cells, light-emitting 
diodes, and transistors [19–21]. These materials are also gaining attention as poten-
tial photocatalysts [8, 22–25].

The highest occupied molecular orbital (HOMO) and lowest unoccupied molecu-
lar orbital (LUMO) of organic photocatalysts correspond to the valence and conduc-
tion bands of inorganic semiconductors, respectively [26]. The HOMO and LUMO 
levels play a crucial role in photocatalytic reactions. The wavelength of light neces-
sary to drive the reaction is determined by the HOMO–LUMO energy gap, which 
must be minimized to achieve visible-light responsiveness in photocatalytic pro-
cesses. The HOMO and LUMO levels of organic semiconductors can be tuned by 
introducing substituents. Quantum chemical simulations using Density Functional 
Theory (DFT) calculations were employed to predict these energy levels. Conse-
quently, the HOMO and LUMO energy levels can be precisely adjusted, facilitating 
the development of new photocatalysts with visible-light responsivity [27].

Leveraging this tunability, CN-anthracene, a polycyclic aromatic compound, has 
been reported to function as a photocatalyst under visible light and exhibit high anti-
bacterial activity against E. coli [28]. However, while certain findings have been 
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obtained regarding antimicrobial activity and photocatalytic properties, the effects 
of environmental factors such as light intensity and temperature on the antimicro-
bial effect have not been fully investigated. Clarification of these dependencies will 
enable identification of optimal reaction conditions and a better understanding of the 
functional mechanism as a photocatalyst, as well as the setting of specific conditions 
for practical use.

In this study, we evaluated the antimicrobial activity of CN-anthracene by exam-
ining its dependence on light intensity and temperature to further explore its photo-
catalytic properties. The antiviral activity of CN-anthracene was investigated using 
the TCID50 method, targeting Influenza A virus (an enveloped virus) and Coxsacki-
evirus B3 (a non-enveloped virus). Additionally, the presence of ROS, such as ·OH 
and · O−

2
 , which are believed to contribute to antimicrobial and antiviral effects [29, 

30], was confirmed.

Materials and methods

Materials

CN-anthracene (> 98.0%) and 5,5-dimethyl-1-pyrroline N-oxide (DMPO) were pur-
chased from Tokyo Chemical Industry (Tokyo, Japan). Methanol (> 99.8%), isopro-
pyl alcohol (IPA) (> 99.7%), and superoxide dismutase (SOD) were purchased from 
Nacalai Tesque (Kyoto, Japan). All reagents utilized in this study were of analyti-
cal grade and used directly without any additional purification. Deionized water and 
acetone were employed as the solvents for all experimental procedures. The crys-
tallinity of commercially available CN-anthracene was confirmed by X-ray diffrac-
tion (XRD), as shown in Fig.  S1. Several sharp diffraction peaks were observed, 
with calculated interplanar spacings of 8.5 Å, 8.1 Å, 7.1 Å, 4.3 Å, 4.0 Å, 3.5 Å, 
and 3.3 Å. These values correspond to different crystal planes, consistent with the 
characteristics of molecular crystals. Additionally, FT-IR measurements (Fig. S2) 
revealed a sharp peak around 2220  cm⁻1, confirming the presence of the cyano 
group.

Light intensity dependence of antimicrobial activity

The antibacterial activity experiments were conducted using E. coli (NBRC3301). 
The preparation and evaluation processes were as follows:

Ion-exchanged water (300  mL), agar powder (4.5  g), and LB medium powder 
(6  g) were combined in triangular flasks and sterilized by autoclaving at 121  °C 
for 20 min. After cooling at room temperature for 2 h, the sterilized mixture was 
dispensed into plastic Petri dishes under a clean bench environment and allowed to 
solidify, forming LB agar medium.

A platinum loop was employed to collect E. coli, which was inoculated onto 
the solidified LB agar medium using the preparative culture method. The plates 
were incubated overnight at 37 °C. A single colony from the resulting culture was 
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subsequently transferred with a platinum loop into LB liquid medium and incu-
bated at 37 °C overnight under shaking conditions. The overnight E. coli culture 
was diluted 1000-fold in sterilized saline within an autoclaved container to pro-
duce a stock solution, referred to as Sample A.

For the photocatalytic experiments, a quartz tube reactor with a total volume 
of 5.9  mL was prepared. The reactor was filled with 4  mL of Sample A, con-
taining E. coli at a concentration of 105–10⁶ CFU/mL, and either CN-anthracene 
(3 × 10⁻5  mol) or a mock treatment (without photocatalyst). The samples were 
irradiated with 340 nm light at intensities of 0.05, 0.20, 0.40, and 0.80 W/m2, and 
with 560 nm light at intensities of 0.16, 0.63, 1.3, and 2.5 W/m2. Following light 
exposure, the samples were diluted 100-fold with saline, and 20 μL of the diluted 
solution was plated onto LB agar medium. The plates were incubated overnight at 
37 °C, and the number of bacterial colonies was subsequently counted.

The number of viable bacteria before and after the photocatalytic treatment 
was recorded as N0 and N, respectively. The antimicrobial activity was quantified 
using the following formula:

Temperature dependence of antimicrobial activity

A 4 mL suspension (105–106 CFU/mL) of previously described E. coli A and CN-
anthracene (3 × 10−5 mol) was transferred into a 5.9 mL quartz tube reactor. The 
reactor was secured in a cooling water circulation system and irradiated for 2 h 
using a fluorescent lamp. The temperatures were set to 5 °C, 15 °C, 25 °C, and 
40 °C at a measured light intensity of 0.6 W/m2 using a 340 nm light meter, while 
the corresponding intensity at 560 nm was 1.90 W/m2. After irradiation, the solu-
tion was applied to the LB agar medium under the same conditions as those men-
tioned above, and the antibacterial rate was determined.

Cells and virus

MDCK cells were cultured in Eagle’s minimal essential medium (MEM1, Nis-
sui Pharmaceutical Co., Ltd., Tokyo, Japan) supplemented with 10% FBS, while 
HeLa cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) 
(Nacalai Tesque) supplemented with 10% FBS in a CO2 incubator. The Influenza 
A H1N1 strain, A/Puerto Rico/8/1934, was propagated in MDCK cells cultured in 
FBS-free MEM supplemented with 2 μg/mL acetylated trypsin (Sigma-Aldrich, 
Merck, Kenilworth, New Jersey, USA) for three days. Coxsackievirus B3 strain 
Nancy was propagated in HeLa cells cultured in DMEM supplemented with 10% 

Antimicrobial activity =

(

1 −
N

N0

)

× 100%
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FBS for three days. Viral supernatants were clarified by centrifugation, aliquoted, 
and stored at − 85 °C.

Antiviral experiments with CN‑anthracene

Viral supernatants were adjusted to the appropriate tissue culture infection dose 
(TCID50), mixed with CN-anthracene, and irradiated with visible light for a 
fixed duration. The reaction conditions are detailed in Table 1. Coxsackievirus, a 
non-enveloped virus, exhibits greater resistance to alcohol and is also suggested 
to have relatively higher tolerance to reactive oxygen species compared to the 
enveloped influenza virus. To observe a more distinct inactivation effect, a higher 
photocatalyst concentration was used for coxsackievirus. Additionally, while cox-
sackievirus remains stable at room temperature for several hours, influenza virus 
undergoes natural inactivation under the same conditions. Therefore, the influ-
enza virus experiments were conducted at 0 °C to eliminate temperature-induced 
inactivation effects. A 500 W xenon lamp served as the light source, with the 
light controlled using a color glass filter (HOYA UV-42). The light intensity was 
measured at 40 W/m2 using a photometer at 340 nm. Experiments conducted in 
ambient light were performed using fluorescent room light on the virus solution 
in a glass reactor without a specialized light source. A 340 nm photometer was 
used to measure the light intensity, which was determined to be 0.80 W/m2, while 
the corresponding intensity at 560  nm was 2.5 W/m2. After light irradiation, 
the virus solution was serially diluted in tenfold increments and incubated with 
MDCK or HeLa cells for three days for virus titration. The cells were then fixed 
with 5% formaldehyde in phosphate-buffered saline (PBS) and stained with 0.5% 
crystal violet in 20% EtOH. After staining with 0.5% crystal violet in 20% EtOH, 
TCID50 was calculated using the Spearman-Kärber method.

DMPO spin‑trapping experiment

Electron spin resonance spectroscopy (ESR, BRUKER-EMX-plus, Japan) was 
employed to investigate the formation mechanisms of hydroxyl radicals (·OH) 
and superoxide radicals ( ⋅O−

2
 ). An aqueous methanol solution (80 vol%) was used 

owing to the high dielectric constant of water. CN-anthracene was added to the 
methanol solution and adjusted to 7.5 mM. To this solution, 0.01 g of DMPO was 
added as a spin-trapping agent. The aqueous solution was irradiated with light for 
a fixed period of 20 min with continuous stirring. A 500 W xenon lamp served 

Table 1   Reaction conditions Target virus Catalyst concentration 
(mM)

Tem-
perature 
(℃)

Influenza virus 15 0
Coxsackievirus 30 25



2596	 H. Shiroma et al.

as the light source, with the light wavelength controlled using a HOYA UV-42 
colored glass filter to remove light below 420 nm.

Results and discussion

Light and temperature dependence of the antibacterial activity of CN‑anthracene

The predicted mechanism of this reaction is as follows: electrons ( e− ) excited upon 
light irradiation reduce oxygen to produce hydrogen peroxide, while holes ( h+ ) gen-
erated by excitation oxidize water to produce oxygen. Titanium dioxide photocat-
alysts are known to generate and disinfect hydrogen peroxide and ROS, including 
superoxide anion radicals ( ⋅O−

2
 ) and hydroxyl radicals (·OH), are generated during 

this process. Additionally, hydrogen peroxide is known to play a significant role in 
microbial disinfection.

Reduction of oxygen by excited electrons

Oxidation of water by pores

O2 + e− → ⋅O−

2

⋅O−

2
+ H+

→ HO2⋅

HO2 ⋅ +H
+

+ e− → H2O2

2H2O + 2h+ → 2 ⋅ OH + 2H+

2 ⋅ OH + 2h+ → O2 + 2H+

Fig. 1   Antimicrobial efficiency of CN-anthracene against E. coli upon room light irradiation for 2 h
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Figure 1 shows the light intensity dependence of the antibacterial activity of CN-
anthracene, indicating a positive correlation between light intensity and antibacterial 
activity. This result suggests that CN-anthracene exhibits photocatalytic antibacte-
rial activity via a mechanism similar to that of titanium dioxide photocatalysts. The 
initial rapid decrease in bacterial population could be attributed to a sufficient sup-
ply of ROS, which efficiently inactivates bacteria at the early stage. However, as 
bacterial numbers decrease over time, the interaction between ROS and bacterial 
surfaces diminishes, leading to a reduction in overall antibacterial efficiency. Table 2 
shows the results of the temperature dependence of the antimicrobial activity of CN-
anthracene; it was found that in the expected indoor temperature range of 5–40 °C, 
the antimicrobial activity remained above a certain threshold, regardless of the tem-
perature. Although an increase in the reaction rate would typically lead to higher 
antimicrobial activity with increasing temperature, the activity decreased by 6% at 
40 °C. This decline may be attributed to the high reactivity of ROS. At elevated tem-
peratures, ROS likely become less stable, resulting in a shorter lifetime. Addition-
ally, the solubility of oxygen, the precursor of ROS, may have decreased at higher 
temperatures. The inactivation mechanism of E. coli by photocatalysts has been 
reported by Carré et al. [31], and a similar mechanism is considered to be involved 
in this study.

Evaluation of antiviral activity of CN‑anthracene against influenza virus

Table  3 shows the results of the evaluation of the antiviral performance of CN-
anthracene against the influenza virus. In the absence of light, the TCID50 value of 
the virus decreased to 1.3 × 105 (TCID50/mL) within 3 h after the introduction of the 
photocatalyst, indicating that the virus was inactivated by factors such as adsorp-
tion onto the photocatalyst surface. When the photocatalyst was introduced and 
irradiated with visible light, the TCID50 value dropped below the detection limit of 

Table 2   Temperature 
dependence of the antimicrobial 
activity of CN-anthracene upon 
room light irradiation

Temperature (℃) Antibacterial 
efficiency (%)

5 44
15 54
25 53
40 47

Table 3   Antiviral activity of 
CN-anthracene upon visible-
light irradiation

a N.D. refers to “Not Detected”

Irradiation time 
(h)

TCID50 (TCID50/mL)

Photocatalyst/light Photocatalyst/dark

0 2.0 × 107 2.0 × 107

3 N.D.a 1.3 × 105
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1.3 × 102 TCID50/mL within the same period. This suggests that CN-anthracene is 
minimally toxic and exhibits high photocatalytic antiviral activity upon visible-light 
irradiation. Figure 2 illustrates the inactivation experiments conducted under prac-
tical conditions using fluorescent room light. The TCID50 values of the influenza 
viruses remained relatively unchanged in the photocatalyst/dark, mock/light, and 
mock/dark groups, but decreased significantly in the photocatalyst/light group as 
the irradiation time increased. These findings demonstrate that CN-anthracene effi-
ciently inactivates viruses not only upon visible-light irradiation but also under mild 
indoor lighting conditions.

Evaluation of antiviral activity of CN‑anthracene against coxsackievirus

The results of the evaluation of the antiviral performance of CN-anthracene against 
coxsackieviruses upon visible-light irradiation are shown in Fig.  3. Similar to 
the influenza virus inactivation experiment, the viral infectivity titer remained 
unchanged in the photocatalyst/dark, mock/light, and mock/dark groups, but 
decreased with increasing irradiation time in the photocatalyst/light group.

As shown in Table 4, the virus was inactivated upon ambient light irradiation. 
These results demonstrate that CN-anthracene photocatalytically inactivates a range 
of pathogens. These pathogens exhibit differences in genomic characteristics, such 
as genome type (DNA or RNA), genome length, and segmentation (single or mul-
tiple segments), as well as in virion structure, including the presence or absence of 
an envelope. The results demonstrated that ROS generated by photocatalysis exhib-
ited antiviral activity regardless of the structural differences among pathogens. 
However, there was a significant variation in the time required for inactivation, with 
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coxsackievirus showing greater resistance to ROS compared to influenza virus. Two 
primary factors may account for this difference.

First, differences in viral outer structures influence resistance. The basic struc-
ture of a virus consists of a capsid (a protein shell enclosing the genetic material) 
and, in some cases, an envelope (a lipid bilayer). The envelope, derived from the 
host cell membrane, facilitates viral entry into host cells but is chemically unsta-
ble and highly susceptible to oxidative damage. As an enveloped virus, influenza 
virus loses its infectivity when its membrane is damaged, making it more vulner-
able to ROS-induced inactivation [32]. In contrast, coxsackievirus, a non-envel-
oped virus, lacks this fragile membrane, and its capsid is directly exposed to the 
environment. The capsid is composed of relatively stable proteins, which are less 
susceptible to ROS-induced damage.

Second, genome length may influence viral resistance. ROS can also dam-
age viral genomes, and the probability of oxidative damage generally increases 
with genome length. Influenza virus possesses a relatively long RNA genome 
(~ 13,500 nucleotides), making it more susceptible to oxidative stress, whereas 

Fig. 3   Antiviral activity against the coxsackievirus with or without visible-light irradiation (λ > 420 nm)

Table 4   Antiviral activity of CN-anthracene upon room light irradiation

a N.D. refers to “Not Detected”

Irradiation Time 
(h)

TCID50 (TCID50/mL)

Photocatalyst/light Photocatalyst/dark Mock/light Mock/dark

0 4.2 × 105 4.2 × 105 4.2 × 105 4.2 × 105

24 N.D.a 9.2 × 104 4.8 × 103 8.3 × 104
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coxsackievirus has a shorter RNA genome (~ 7400 nucleotides), potentially 
reducing its risk of oxidative damage [33].

These findings suggest that coxsackievirus exhibits higher ROS resistance 
than influenza virus due to its stable capsid structure and shorter genome length, 
which together contribute to its greater resilience against oxidative stress.

Characterization of ROS

During photocatalysis, ROS containing ⋅OH and ⋅O−

2
 , which are harmful to patho-

gens [34], are generated. ROS formation was quantified through DMPO spin-trap 
ESR spectroscopy. A characteristic peak of the ROS was observed after 20 min 
of visible-light irradiation (40 W/m2, 340  nm). Next, 10  mM isopropyl alcohol 
(IPA) and 1  mg/mL superoxide dismutase (SOD) were added to the solutions 

Fig. 4   ESR spectra of ROS detected by DMPO spin-trapping of CN-anthracene irradiated for 20 min, 
with or without SOD (a) and IPA (b) as the quenching agent
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containing ⋅OH and ⋅O−

2
 . The intensity of the ROS-derived peaks was reduced in 

both cases (Fig. 4a, b).
The results suggest that the CN-anthracene photocatalyst can generate ROS, 

such as ⋅OH and ⋅O−

2
 , upon visible-light irradiation. Photocatalytic inactivation 

experiments were then performed in the presence of 10 mM IPA or 1 mg/ml SOD.
The results showed that the anti-influenza virus effect of light-irradiated CN-

anthracene was more markedly inhibited by the ⋅OH quencher IPA than by the ⋅O−

2
 

quencher SOD (Table 5). This suggests that ⋅OH radicals play a more dominant role 
in the anti-influenza virus activity.

This phenomenon can be attributed to the fact that compared to ⋅O−

2
 , ·OH are 

short-lived (with a lifetime of approximately 10⁻⁹ seconds in biological systems) 
and highly reactive, immediately reacting with surrounding molecules and exerting 
strong oxidative effects on cellular components such as lipids, proteins, and nucleic 
acids [35]. Furthermore, ·OH is a neutral radical, unlike ⋅O−

2
 , which carries a nega-

tive charge. Radicals with a negative charge, such as ⋅O−

2
 , have limited mobility in 

aqueous environments and within hydrophobic structures such as viral envelopes. 
In contrast, ·OH, being neutral, can readily diffuse through both the envelope and 
the capsid [36, 37]. This property allows ·OH to attack various viral structures more 
efficiently, thereby significantly contributing to viral inactivation.

Conclusion

We demonstrated that CN-anthracene organic photocatalysts exhibit photocata-
lytic inactivation of both bacteria and viruses, with ROS likely contributing to this 
inactivation. Most notably, these photocatalysts can induce reactions under vis-
ible light alone or even under low-intensity illumination, such as indoor lighting. 
Furthermore, as organic compounds, these photocatalysts exhibit high affinity for 
organic materials, including plastics and textiles, making them particularly suitable 
for applications in medical devices. This characteristic, combined with their abil-
ity to function under mild conditions, provides significant advantages over conven-
tional sterilization methods such as heat, ultraviolet radiation, detergents, and etha-
nol [38, 39]. However, further research is required to assess the long-term stability 
of photocatalysts and their effectiveness over repeated use, which are critical for 
practical applications. Additionally, a comprehensive evaluation of performance and 
safety under real-world conditions remains an important subject for future studies. 

Table 5   Antiviral activity of 
CN-anthracene in the presence 
or absence of the quenching 
agents against influenza virus 
upon visible-light irradiation 
for 1 h

TCID50 (TCID50/mL)

Photocatalyst/light 1.3 × 103

Photocatalyst/light + IPA 7.5 × 104

Photocatalyst/light + SOD 4.2 × 103
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Through further optimization and validation, these materials may contribute to the 
development of more effective and versatile disinfection strategies.
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