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Fig.1 Various microorganisms affected by blue light
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Fig. 2 Different wavelengths for inactivating various pathogens
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Fig. 3 Core mechanism of bacterial inactivation by blue light
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Table 1 Mechanism of action and applications of blue light on microorganisms
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The Mechanism of Blue Light in Inactivating Microorganisms and Its
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Abstract Blue light inactivation technology, particularly at the 405 nm wavelength, has demonstrated distinct
and multifaceted mechanisms of action against both Gram-positive and Gram-negative bacteria, offering a
promising alternative to conventional antibiotic therapies. For Gram-positive pathogens such as Bacillus cereus,
Listeria monocytogenes, and methicillin-resistant Staphylococcus aureus (MRSA), the bactericidal effects are
primarily mediated by endogenous porphyrins (e.g., protoporphyrin III, coproporphyrin I1I, and uroporphyrin III),
which exhibit strong absorption peaks between 400-430 nm. Upon irradiation, these porphyrins are photoexcited

to generate cytotoxic reactive oxygen species (ROS), including singlet oxygen, hydroxyl radicals, and superoxide
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anions, which collectively induce oxidative damage to cellular components. Early studies by Endarko ez al.
revealed that (405+5) nm blue light at 185 J/cm? effectively inactivated L. monocytogenes without exogenous
photosensitizers, supporting the hypothesis of intrinsic photosensitizer involvement. Subsequent work by Masson-
Meyers et al. demonstrated that 405 nm light at 121 J/cm? suppressed MRSA growth by activating endogenous
porphyrins, leading to ROS accumulation. Kim et al. further elucidated that ROS generated under 405 nm
irradiation directly interact with unsaturated fatty acids in bacterial membranes, initiating lipid peroxidation. This
process disrupts membrane fluidity, compromises structural integrity, and impairs membrane-bound proteins,
ultimately causing cell death. In contrast, Gram-negative bacteria such as Salmonella, Escherichia coli,
Helicobacter pylori, Pseudomonas aeruginosa, and Acinetobacter baumannii exhibit more complex inactivation
pathways. While endogenous porphyrins remain central to ROS generation, studies reveal additional
photodynamic contributors, including flavins (e. g., riboflavin) and bacterial pigments. For instance, H. pylori
naturally accumulates protoporphyrin and coproporphyrin mixtures, enabling efficient 405 nm light-mediated
inactivation without antibiotic resistance concerns. Kim ef al. demonstrated that 405 nm light at 288 J/cm?
inactivates Salmonella by inducing genomic DNA oxidation (e. g., 8-hydroxy-deoxyguanosine formation) and
disrupting membrane functions, particularly efflux pumps and glucose uptake systems. Huang et al. highlighted
the enhanced efficacy of pulsed 405 nm light over continuous irradiation for E. coli, attributing this to increased
membrane damage and optimized ROS generation through frequency-dependent photodynamic effects.
Environmental factors such as temperature, pH, and osmotic stress further modulate susceptibility, sublethal stress
conditions (e. g., high salinity or acidic environments) weaken bacterial membranes, rendering cells more
vulnerable to subsequent ROS-mediated damage. The 405 nm blue light inactivates drug-resistant Pseudomonas
aeruginosa through endogenous porphyrins, pyocyanin, and pyoverdine, with the inactivation efficacy influenced
by bacterial growth phase and culture medium composition. Intriguingly, repeated 405 nm exposure (20 cycles)
failed to induce resistance in 4. baumannii, with transient tolerance linked to transient overexpression of
antioxidant enzymes (e. g., superoxide dismutase) or stress-response genes (e. g., oxyR). For Gram-positive
bacteria, porphyrin abundance dictates sensitivity, whereas in Gram-negative species, membrane architecture and
accessory pigments modulate outcomes. Critically, ROS-mediated damage is nonspecific, targeting DNA,
proteins, and lipids simultaneously, thereby minimizing resistance evolution. The 405 nm blue light technology, as
a non-chemical sterilization method, shows promise in medical and food industries. It enhances infection control
through photodynamic therapy and disinfection, synergizing with red light for anti-inflammatory treatments (e.g.,
acne). In food processing, it effectively inactivates pathogens (e. g., E. coli, S. aureus) without altering food
quality. Despite efficacy against multidrug-resistant 4. baumannii, challenges include device standardization,
limited penetration in complex materials, and optimization of photosensitizers/light parameters. Interdisciplinary
research is needed to address these limitations and scale applications in healthcare, food safety, and environmental

decontamination.
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antibacterial mechanism
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