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Abstract 
It is proven that visible light (VIS) produces a photodynamic microbicidal effect that determines 
the eradication of bacteria and viruses, in particular with peak wavelengths in the band of the 
absorption spectrum of the porphyrin molecules found within the microbial cells and which, by 
exciting these endogenous porphyrins, generate Reactive Oxygen Species (ROS) for 
photolithotrophic and photoorganotrophic reactions, or Reactive Species of Metals (RMS) for 
autotrophy, causing oxidative damage to the microbial cell membrane and, therefore, its death. 
However, while studies have always focused on single wavelengths of the visible spectrum and 
their action on bacteria, particularly at 405nm, a recent technique that uses LED irradiation with a 
combination of multiple interfering waves of the visible spectrum and with main peak in the 400-
420nm range, has shown wide efficacy on both bacteria and viruses, including, for the first time, 
its ability to inactivate SARS-CoV-2 [70]. 
In this work, we examine what reactions may occur in microorganisms when they are irradiated 
with a flux of photons consisting of multiple combined wavelengths. We do so by investigating 
some selected mechanisms that, through the irradiation of visible light, can contribute to the 
eradication process of bacteria and viruses. 
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1 Preface 
 
 

The sanitization of environments has the purpose of reducing the amount of microorganisms present in 
them. Within, surfaces, objects and materials, as well as clothes, utensils and furnishing accessories, are the 
main objective of sanitation practices since they act as a reservoir for microorganisms [97] and, therefore, 
they increase the risk of cross contamination through direct and indirect contacts. 

 
However, the common cleaning practices do not guarantee the necessary sanitary safety, as these 

practices are based exclusively on the use of chemical disinfectants, which have a series of disadvantages 
in addition to an environmental impact no longer sustainable [98]. And, in addition, they are not able to 
effectively counteract the phenomenon of recontamination. 

 
Furthermore, the effectiveness of a chemical biocide is linked to several factors: the type of 

microorganism to be eliminated, the concentration of the biocide used, the contact time which can vary 
between 5 and 180 minutes [95, 96], the temperature environment, the type of material being treated and 
its pH, the possible presence of organic matter on the surface. And, in any case, the effectiveness of 
chemical disinfection can last a maximum of 30 minutes [98], after which the microbial load begins to grow 
back. 

 
Finally, considering the continuous increase of bacterial species resistant to both disinfectants and 

antibiotics, and with the acceleration imposed by the ongoing SARS-CoV-2 pandemic, a paradigm shift is 
necessary for the sanitization of confined environments, with the use of modern, safe, and eco-sustainable 
technologies which can guarantee continuous microbiological safety. 

 
With the use of visible light radiations, especially between the 400-420 nm range, that has amply 

demonstrated its validity thanks to countless scientific studies and tests conducted by universities and 
research centers against many microbial species [70, 93, 94], it is possible to obtain this result. And with 
the possibility of using a common element of everyday use, visible light, we can be able to realize a new 
paradigm: continuous sanitization of indoor environments. 

 
This type of sanitization can be carried out in the presence of living beings and, unlike chemical 

disinfectants, it does not damage surfaces, has no environmental impact, does not generate resistance in 
microorganisms [92], avoids the phenomenon of recontamination and, above all, maintains control of the 
microbial load without reaching unsafe levels of complete environmental sterility. On the contrary, it favors 
the mechanisms of competitive antagonism between microorganisms and allows to maintain the resilience 
of the immune system thanks to the possibility of preserving a continuous interaction between living beings 
and sub-infectious doses of microorganisms [71]. 
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2 Bacteria and Biofilm 
 

Bacteria are single-celled organisms that occur naturally in two distinct forms: 
 

a. the first is the familiar suspended, or planktonic, form in which separate cells float or move 
independently in a fluid (air, water). 
 

b. the second is the aggregate, or sessile, state in which the cells are tightly bound and firmly 
attached to each other and, usually, also to solid surfaces. 

 
To date, most in vitro studies focus on the analysis of planktonic cells of single species grown in 

laboratory. However, this experimental situation does not compare to the ordinary conditions in which 
bacteria live. Most bacteria survive, in fact, in aggregates, often multi-species, which exist in colonies 
firmly linked to surfaces and that promote bacterial survival within the environment not only by producing 
a protective exopolysaccharide matrix from cells, but also by coordinating group behavior, improving 
metabolic interactions, improving genes transfer, and increasing their resistance to external microbicidal 
substances like antibiotics; in fact, behaving like an ordered multicellular organism. Hence, when bacteria 
aggregate on surfaces, they organize themselves into functional groups that contribute to the development 
and survival of the community by forming a microbial ecosystem, known as a biofilm. [60, 61, 62, 63, 64] 
 

Biofilms are gelatinous-like structures, formed for the most part of water and proteins, which adhere 
with tenacity to the surfaces on which they form and that not only represent the main cause for microbial 
resistance – which contributes decisively to the spread of infections that are particularly difficult to eradicate 
even with latest generation antibiotic therapies – but they represent the biological substance known today 
that is most difficult to penetrate by chemical biocides; and that, by allowing the spread of resistant 
microorganisms, it also causes problems in sectors other than strictly health care, such as those of industry, 
both by colonizing equipment and by contaminating products [59]. 
 

And it is precisely within the biofilm that the phenomenon of the so-called bacterial resistome is 
amplified, through the exchange of pieces of genetic material bearing the information necessary to make 
the microorganisms resistant; and which is made openly available to all colonizers. 
 

The formation of a biofilm begins with the adhesion to a surface of freely floating microorganisms. The 
first "colonists" adhere to the surface and, if not immediately separated from it, can anchor more firmly 
using cell adhesion molecules, such as pili. 

 
These early colonizers facilitate the arrival of other cells by making available different cell adhesion 

sites and begin to build the matrix that allows the integrity of the biofilm. Some species are not able to 
autonomously attach themselves to a surface, so they often manage to anchor themselves to the matrix or 
to previous colonizers; and, once colonization begins, the biofilm grows through cell division and 
integration of external bacteria, including other species. 

 
At this point, within the biofilm, the microorganisms begin to cooperate by exchanging information 

and coordinating with each other, transforming, in fact, into a truly unique living being. 
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While bacteria in planktonic form do not normally pose a real risk for the transmission of infections, 
bacteria living in a biofilm usually have significantly different properties from free-roaming bacteria of the 
same species, thanks to the protected environment that allows them to cooperate and interact in various 
ways. Numerous studies conducted on biofilm have shown that microorganisms develop a state of 
"physiological resistance" in this environment, increasing tolerance to chemical detergents, disinfectants 
and antibiotics. In some cases, the antibiotic resistance of bacteria in a biofilm can increase by 1000 times 
compared to planktonic forms [54]. 

 
For these reasons, biofilm is considered the most dangerous vehicle for the transmission of infections 

as well as the main cause of antibiotic resistance and hospital-acquired infections. According to the CDC 
(Centers for Disease Control and Prevention) in Atlanta, up to 80% of bacterial infections transmitted in 
Western countries are caused by polymicrobial biofilms; and, therefore, many of the recurrent infections 
are polymicrobial syndromes characterized by a significant increase in aerobic, anaerobic and fungal 
bacterial load, with a possible pathogenic dominant strain. 

 
The microbial resistance of biofilms is not genotypic (i.e. carried by plasmids, transposons or linked to 

mutational events) but is, rather, due to multicellular strategies and / or the ability of single cells within the 
biofilm to differentiate into a phenotypic state that tolerates the antimicrobial action of antibiotics and 
antiseptics. 

 
The need to prevent and control the spread of infectious diseases is, therefore, the real health challenge 

of our time, due to the continuous emergence of a series of extremely aggressive pathogens, inside and 
outside the hospital context, so much so as to induce the World Organization Healthcare considers antibiotic 
resistance to be the "21st century epidemic". 

 
Antibiotics were an absolute success story, but from an earlier era: they are no longer as effective today. 

For this reason, the medical, academic and industrial communities are united in the search for new and 
effective alternative countermeasures [44]. And the new contrast strategies, also based on the indications 
of the WHO, consider the concept of prevention as fundamental, limiting the use of antibiotics only to 
situations of extreme necessity [45]. 
 
3 Microbial photoeradication by EM waves and photochemical phenomena 

underlying their action 
 
The great evolutionary success achieved by microorganisms suggests that their presence plays a 

fundamental role in the evolution of life; and thinking of eliminating them indiscriminately appears to be 
an imprudent choice to say the least. 

 
Unfortunately, every time we use disinfectants in an uncontrolled way, we also destroy those 

populations of microorganisms that form the environmental microbiota, thus favoring the processes of 
environmental dysbiosis; that is a condition which, even if it does not present immediately diagnosable 
signs, as are the symptoms of a disease in the case, for example, of human beings, leaves enormous spaces 
for colonization in favor of pathogenic microorganisms. 
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The phenomenon of environmental dysbiosis represents a serious problem for living beings, since the 
integrity of our immune system, or resilience, is due to continuous interactions with microorganisms, both 
pathogenic and environmental. 
 

Even in humans, the imbalance between the microorganisms residing in the intestinal lumen causes a 
similar phenomenon: intestinal dysbiosis; a condition that can be the origin of gastrointestinal symptoms 
and food intolerances. 

 
But in an environment there are no symptoms that can warn us of the imbalances in progress, exposing 

visitors to the risk of the establishment of populations of pathogenic microorganisms that are difficult to 
detect if not due to repeated episodes of infection in living beings. 

 
In addition to keeping the risk of environmental dysbiosis under control, the need to develop a system 

of continuous sanitation of closed environments, which can also be used in the presence of living beings, is 
therefore dictated by the fact that no infectious pathology manifests itself immediately after contact. with 
the pathogenic organism that causes it: since the incubation times are very variable (from 24-48 hours up 
to 15-20 days and beyond), the consequence is that the expression of a possible infection does not appear 
until after some time, making the possible spread of infections promoted by apparently healthy carriers very 
high. 
 

Studies on the ability of EM waves to eradicate microorganisms date back to the late 1800s and early 
1900s, but initially focused on ultraviolet (UV) wavelengths. Only more recent studies have focused on the 
wavelengths of the visible spectrum (VIS), demonstrating their greater effectiveness and easier usability. 
This is an area of growing interest for scientific research, which today identifies photoinactivation as a 
primary method of prevention also thanks to the increasingly numerous demonstrations of efficacy not only 
in clinical applications but also in the extra-hospital setting. 

 
3.1 Wavelengths in the UV (ultraviolet) spectrum 

 
The best known and most used antimicrobial irradiation model so far uses wavelengths included in the 

spectrum of UV rays, in particular in the range between 240 and 260 nm (UV-C); traditionally used for 
surface disinfection [3]. 

 
However, it has been shown that the absorption of UV rays does not cause the destruction of a 

microorganism but causes its inactivation, damaging the nucleic acids, that is: the microorganism, although 
active, is in fact unable to carry out its pathogenic function and to replicate within a guest. And, to date, 
this has been found to be sufficient for UV disinfection to be effective. 

 
In fact, inactivation is caused by the action of UV frequencies which, when they pass through an 

organism, are absorbed by numerous cellular components. But, in relation to the wavelength, each of these 
components absorbs different amounts of radiation. And it has been observed that only proteins and 
nucleotides, which make up DNA and RNA, absorb sufficient doses of UV radiation. 

 
The photochemistry of RNA and, above all, of DNA, the basic elements of life, was tackled by 

analyzing the photochemical behavior of the "building blocks" that make up the DNA double helix. The 
four building blocks are known to be Adenine (A), Cytosine (C), Guanine (G) and Thymine (T), and DNA 
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inactivation occurs specifically due to the ability of UVs to create a bridge (dimer) between two adjacent T 
bases. The formation of thymine dimers (and other similar dimers) thus alters the structure of the genetic 
material, inactivating microorganisms and, therefore, preventing their replication. 

 
However, microorganisms, especially bacteria, have mechanisms that, during the cell replication 

process, can repair or bypass the thymine dimers within DNA. And some viruses can also reactivate by 
harnessing specific host cell enzymes. 

 
These reactivation mechanisms are divided into reactivation in the dark and in the presence of light, 

where: 
 

a. the reactivation in the dark takes place by replacing the thymine dimers with a new synthesis 
of the two thymine molecules which restores the original DNA situation, reactivating the 
microorganism. While, in other cases, during DNA replication, the areas not damaged by UV 
rays are used to replace the thymine dimers, obtaining reactivation; 
 

b. the reactivation in the presence of light takes place, on the other hand, by exploiting the energy 
of the photons to break the bond of the dimer and restore, with a photochemical reaction, the 
original sequence. 

 
Furthermore, beyond their partial effectiveness, side effects are what make the use of UV wavelengths 

less advisable. 
 

In fact, UV rays are harmful to humans and other forms of life. Therefore, UV devices require the 
implementation of important safety measures. Such as, for example, the use of explicit warnings (e.g., 
danger signs, signaling of equipment in operation, information on risks) and, if necessary, the use of 
personal protective equipment (e.g., goggles, gloves). For these reasons, the lamps that adopt UV 
technology are either shielded or closed in places that limit their exposure and are often equipped with 
locking devices that automatically stop their operation if the environment or the system is opened to the 
outside access. 

 
In fact, in humans, prolonged exposure to wavelengths of UV rays can cause burns and (in some cases) 

skin cancers. In addition, exposure of the eyes to UV rays can cause very painful inflammation of the cornea 
and can damage the retina, causing temporary or permanent vision problems and, in addition, leading to 
blindness. 

 
Furthermore, a further potential danger is the generation of ozone, which is a toxic gas, produced when 

UV-C, which has wavelengths between 100 nm and 280 nm, interacts with diatomic oxygen (O2) molecules. 
in the environment. 

 
Recently, there have also been attempts to introduce the use of UV radiation with a wavelength of 222 

nm in the presence of humans. However, the European Commission has already established, with a 
definitive opinion, the danger of these radiations for humans, which lead to the formation of pyrimidine 
cyclobutane (CPD) dimers at the basal layer of the epidermis with doses lower than those required to reach 
the bacteriostatic effect claimed [99]. 
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Last, but not least, the effect of UV-C radiation on materials, which can alter chemical bonds, leading 
to a rapid deterioration of the structural characteristics of paints, insulators and plastic gaskets (note that 
the materials plastics sold as UV resistant are only tested for UV-B, as UV-C do not normally reach the 
earth's surface). 

 
So, in practice, since they cannot be used in the presence of living beings - that is, when the real risk of 

environmental contamination and contagion is greater - UV rays do not guarantee any form of real 
protection. 

 
3.2 	The wavelengths in the VIS (visible) spectrum. 

 
There are also other non-harmful forms of radiance: in fact, the photodynamic inactivation of 

microorganisms with the use of the light energy emitted in the visible spectrum region (VIS) has recently 
been validated as a powerful means of contrasting the development of bacterial species, including multidrug 
resistant species [44]. 

 
The efficacy of certain wavelengths of visible light with respect to the replicative capacity of 

microorganisms has been known since the early 1900s. The first studies examined the efficacy of the 405 
nm wavelength and all studies agree on the fact that this frequency is effective on different species of 
bacteria, both Gram-positive and Gram-negative, applying different powers and with variable action times. 
Several laboratory studies have shown that light at 405 nm, and longer lengths of violet light, have a broad 
spectrum of activity, including the ability to inactivate a wide range of microorganisms, including 
antibiotic-resistant bacterial strains such as Staphylococcus aureus resistant to methicillin (MRSA). The 
bacterial species that have shown the greatest susceptibility to these wavelengths include microorganisms 
that cause health care associated infections (HAI) including S.aureus, C.difficile, A.baumannii, E.coli, 
S.epidermidis, P.aeruginosa, K.pneumoniae, S.pyogenes, and Mycobacterium spp. 
 

Typically, photodynamic inactivation requires the exposure of microbes to a light energy source that 
emits wavelengths in some monochromatic peaks of the visible spectrum, causing the excitation of 
endogenous photosensitizing chromophores (porphyrins) and resulting in the production of oxygen singlet 
and other reactive species (RS) which, by reacting with the intracellular components, damage the 
cytoplasmic structures and the membrane, causing the disappearance of the microorganism (eradication). 

 
Inside the bacterial cell, membrane lipids are the class of molecules most susceptible to attack by RS 

(enveloped viruses acquire lipid membranes as their outer coat through interactions with cell membranes, 
during internal morphogenesis and upon exiting infected cells) [46]. Oxidation occurs on fatty acids present 
in cell membranes, or in lipoproteins; and as the number of double bonds present in the molecule increases, 
their susceptibility to oxidation increases. The peroxidation reaction leads to the formation of secondary 
products, such as aldehydes and ketones, universally recognized as toxic substances for microorganisms. 
Following the oxidation by free radicals of some amino acids such as lysine and arginine, and the release 
of iron resulting from the degradation of porphyrin rings (caused by the formation of the H2O2 molecule), 
proteins lose their physiological structure and functionality. 

 
“Many organic molecules of biological origin can act as photosensitizers as they exhibit a good 
quantum yield of triplet formation and an excited state with a relatively long duration (up to hundreds 
of microseconds). In fact, the absorbed light, only when coupled to a suitable wavelength and in the 
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presence of oxygen, can define the passage of the photosensitizer to its triple photoactive state, 
producing cytotoxic radicals (type 1 reaction) or cytotoxic singlet oxygen and free radicals. (type 2 
reaction). The cytotoxic molecules produced can ultimately induce cell death. 
The requirements for an optimal photosensitizer are manifold; it should be non-toxic and show local 
toxicity only after light activation and should have a highly selective accumulation and a high 
quantum yield of singlet oxygen production [48, 49]. 
Among the first molecules used as photosensitizing agents of living organisms with visible light, there 
were some agents of natural origin, such as porphyrins [47]. Porphyrins, like all chromophores, 
undergo electronic excitation following the absorption of a quantum of light, passing from the 
fundamental electronic state to a higher level, the excited singlet [50]. The absorption spectrum of 
these molecules varies from 400 to 700 nm. For this reason, porphyrins are optimal photosensitizers 
for applications in this field [51] ". [52] 

 
Even in higher living beings (humans and animals) porphyrins play a fundamental role in metabolic 

functioning, but since the frequencies required for microbial photoinactivation are unable to overcome the 
epidermal barrier (the fat stored in adipose and subcutaneous tissue), they have no effect on them. 

 
4 Operating principles of white light photoeradication: emission spectrum and 

advantages 
 
Some studies [30, 31] that verified the possible microbicidal effect of white light on two bacterial strains 

(H.pylori, P.mirabilis, P.aeruginosa), required a combination of remarkable power densities (180 J/cm2) 
and photosensitizing compounds (methylene blue). On the contrary, the use of specific frequency peaks in 
the 400-420 nm blue-violet region of the Soret band not only demonstrated microbicidal efficacy at 5 times 
lower energy values (36 J/cm2) even in the absence of concomitant photosensitizing factors. but, above all, 
the efficacy on a wide range of bacterial species, both Gram-positive (S.aureus, MRSA, S.epidermidis, 
S.pyogenes, E.faecalis, C.perfringens) and Gram-negative (A.baumannii, P.aeruginosa, E.coli, P.vulgaris, 
K.pneumoniae) [32]. 

 
Since the most effective wavelengths for the photodynamic eradication of microorganisms are emitted 

in the region of the visible blue-violet spectrum, the availability of a sanitizing system that associates white 
light with the microbicidal frequencies of blue-violet light can ensure use continuous photo-inactivation 
during normal daily activities, thus creating a special lighting device capable of replacing the standard 
lighting systems in each room but allowing the application of these devices also in specialized 
environments, such as operating theaters or dental units, in this way, simultaneously lighting and sanitizing 
the surgical field. 

 
And by adopting a precise combination of frequencies (400-420 nm, 430-460 nm, 500-780 nm) of the 

visible light spectrum (Fig. 1), in particular very narrow peaks, equal to or less than 5 nm, in the range 400-
420 nm, it is possible to target the different types of porphyrins and flavins [57], resulting in both a high 
efficacy on pathogenic microbial species (both bacteria and viruses) and a shift in microbial competition in 
favor of the more useful groups, such as lactobacilli and saccharomyces. Furthermore, by emitting white 
light with the desired color temperature, this technology can replace any existing lighting device; thus 
creating a Multifrequency Interferent-waves for Microbial Eradication (MIME) System that provides 
continuous sanitization services through artificial lighting. 
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5 The risks of overlooking the competition among microorganisms 
 
Bacterial colonies are usually subject to continuous attacks that come not only from disinfectants or 

antibiotics, but also from other microorganisms (e.g., viruses). In addition to this, different species coexist 
in the same biofilm in a kind of "armistice", in which they do not face the same stiff competition as an 
unprotected environment, since all they want is to get everything they need to live, in addition to receive 
protection from external attacks. 

 
However, bacteria growing in multispecies communities employ "high-risk, high-reward" strategies, 

which are reflected in their specific metabolic adaptation. This concept arises from bacterial growth 
patterns: bacteria that undergo constant growth (i.e., insensitive to nutrients) will always outperform their 
neighbors whose growth rate depends on the external environment (i.e., sensitive to nutrients) [58]. 

 
Most of the in vitro studies have focused on demonstrating the efficacy of the 405nm wavelength on 

Gram-positive bacteria. But, as we have discussed, when different species share the same stage in a real-
life environment, any decrease in one group sees an increase in the others. 

 
Therefore, by favoring the drastic reduction of Gram-positive bacteria, space is left for the uncontrolled 
growth of all other species (especially Gram-negative ones), stimulating a shift in the equilibrium of the 
microbiological ecosystem in favor of more resistant microorganisms. 
 

MIME technology is therefore also able to protect the so-called good microorganisms, such as probiotic 
bacteria, saccharomyces fungi and bacteriophage viruses, preserving the microbial ecosystem as much as 
possible. In fact, the energy required to damage these "beneficial" species is very high and requires 
exceptionally long exposure times to observe any measurable reduction of these species. 

In bacteria, porphyrins absorb the wavelengths emitted by MIME technology and produce free radicals 
(such as singlet oxygen 1O2, superoxide anion O2

-, hydrogen peroxide H2O2); and, in the presence of free 
transition metals (especially iron and copper), they also give rise to the hydroxyl radical (•OH), which is 
particularly toxic. 

 

Fig. 1 – Relative distribution of the spectral power of the MIME wavelengths. 
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But while the species of pathogenic bacteria have different absorption spectra, due to the presence in 
such microorganisms of metal-free tetrapyrroles that react at different wavelengths, such as coproporphyrin 
(390-425 nm), protoporphyrin (300-450 nm), uroporphyrin (380-430 nm), deuteroporphyrin (375-425 nm), 
which are organic compounds capable of absorbing visible light and generating reactive species (RS), 
probiotic bacteria and saccharomyces fungi have an absorption band in the deep red region of the visible 
spectrum and show ability to scavenge RS due to their ability to synthesize extracellular polysaccharides 
(EPS), a class of biomolecules characterized by the ability to remove reactive oxygen species (ROS) formed 
by various metabolic reactions [81]. Hence, they exhibit antioxidant activities that protect them from the 
action of MIME. 
 

The metabolic conversion of photoenergy is not the only way to produce RS. Pathogenic viruses have 
a pericapsid consisting of phospholipids and proteins. The phospholipids in turn are composed of glycerol, 
an organic compound in whose structure there are three hydroxyl groups -OH (or triol, 3 -OH). The energy 
transferred through the wavelengths of MIME technology to the molecules that make up these shells 
generates a photolysis process of glycerol which releases hydroxyl radicals (• OH), which is one of the most 
powerful oxidizing agents capable of interacting in a way non-selective and instantaneous with the 
surrounding molecules and to cause irreversible damage both to the genetic material and to the external 
envelope of microorganisms. 
 

But bacteriophages, which are not pathogenic viruses for humans, lack lipid membranes (since they do 
not possess intrinsic mechanisms for lipid biosynthesis), which are acquired by the host cytoplasmic 
membrane during virion assembly. Therefore, the lipid composition of a phage is minimal and reflects only 
that of its host bacterium, at least to some extent [82]. Therefore, any photolysis processes on phages, which 
may be made possible by the presence of lipids acquired by the host bacterium, will not have the same 
efficacy found on pathogens. 

Also, during colonization, phages slow down the metabolic rate of host bacteria without killing the cell. 
For example, when infected with phages, E. coli is able to dedicate only 10% of the total energy to activities 
other than the direct synthesis of the phage components of the progeny [83]. 
 

Furthermore, abortive infection (Abi) promoted by the bacterial community prohibits the release of 
functional phage particles along with the Toxin-Antitoxin (TA) systems, which reduce the level of 
metabolism without killing the bacteria. In this case, the phage progeny is reduced due to the lower 
metabolic activity of the host [84]. 

 
It means that phage-infected host bacterial colonies will not be able to show the effects of MIME-

activated RS production-induced apoptosis simply because the metabolism of the bacteria is severely 
reduced. But being infected with phages is still a condition that means that any bacteria do not pose a threat 
to humans. 
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6 The photoeradication mechanisms triggered by MIME technology 
 

The sensitivity of microorganisms to MIME technology tends to depend on the species. For example, 
it appears to work faster on viruses than bacteria (e.g., in culture media) 1, while Gram-negative bacteria 
tend to be more susceptible to inactivation than Gram-positive species, possibly due to their higher 
replication rate induced by a faster metabolism, with a higher production of RS. 

 
It is also recognized that the microbial density affects the dose-log ratio, which can be explained by the 

fact that the energy delivery is influenced by phenomena such as the absorption and scattering of light, 
which depend on the cell concentration and the size of the vessel. of culture [70, 76]. 

 
Therefore, while remaining an open topic, the identification of all the phenomena that, through the 

irradiation of visible light, allow MIME technology to be extremely effective in killing microorganisms has 
been the subject of in-depth investigations. Consequently, it was possible to identify several possible 
mechanisms involved in addition to RS production, and which allow to better explain the MIME technology 
compared to other systems based on the emission of single wavelengths of visible light. 
 

 

 
1 One of the possible explanations is that bacteria are equipped with a metabolism that, in favorable conditions, provides them with some protective 
capacity against oxidative insults, and which, in some cases (e.g., on bacteriophages) might also be protecting the parasite viruses. 

 

Organism Initial Count Irradiance 
(mW cm-2) 

Total 
Dose 

(J cm-2) 

 
Log | % 

reduction 

 

Dose/Log 

(J cm-2) 
Time/Log 

(min) 

 BACTERIA 

1 S. aureus ATCC 6538 1.4E6 CFU 0.034 1 0.25 5.15 
(99.9993) 0.048 23 

2 P. aeruginosa ATCC 
27853 9.6E6 CFU 0.034 1 0.25 7.98 

(99.9999990) 0.031 15 

3 E. coli ATCC 25922 2.8E7 CFU 0.034 1 0.25 8.45 
(99.9999996) 0.029 14 

 SPORES 

4 B. atrophaeus ATCC 9372 2.0E5 CFU 0.034 1 0.25 3.35 
(99.955) 0.073 36 

 VIRUSES 

5 YFV 2.0E5 PFU/ml 0.88 1 2.38 3.00 
(99.900) 0.79 15 

6 Sars-CoV-2 (5-22) 2.0E5 PFU/ml 0.88 1 3.17 2.70 
(99.800) 1.17 22 

1 The irradiance values are calculated from the radiant flux measured with the integration sphere. 
 

Tab. 1.  Examples of multiple case studies performed in vitro to demonstrate germicidal efficiency for the eradication of bacterial and 
viral species from surfaces using the low radiant flux MIME technique. 
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6.1 Photolysis processes supported by low energy incident light 
 
A ray of light, in the quantum representation, consists of an emission called a photon flux. This emission 

is described as the average number of photons traveling through a cross section of the flux per unit of time 
and calculated by dividing the energy of the flux by the energy that the individual photons contain for each 
wavelength. 

 
The central tenet of bioenergetics is that photons energize electrons inside molecules, electrons push 

protons, and proton concentration gradients create chemical bonds. Understanding how it works – at the 
atomic level – is elusive, especially in organisms that live life on the verge of survival. But in van Wonderen 
et al. it is shown that an electron transport mechanism from heme to heme transmembrane allows electrons 
to escape through the bacterial cell envelope [80]. This escape mechanism can contribute to the monovalent 
reduction of molecular oxygen (O2) and, therefore, to the production of the superoxide radical (O2-), which 
is the first product by transferring an electron from electron carriers directly to oxygen [ 88]. The superoxide 
radical is biologically toxic and, produced in large quantities in phagocytes by the enzyme NADPH oxidase, 
is normally used by the immune system to kill pathogenic microorganisms [89]. 
 

Furthermore, bacteria and viruses share the type of structure of their outer envelope (the membrane for 
bacteria and the pericapsid for viruses), which is made up of phospholipids and proteins. The phospholipids 
in turn are composed of glycerol, an organic compound in whose structure there are three hydroxyl groups 
-OH (or triol, 3 -OH). 

The energy transferred by the wavelengths of MIME technology to the molecules that make up these 
envelopes generates a process of photolysis, or the splitting of a molecular entity into its compounds. While 
the photolysis of glycerol frees hydroxyl radicals (•OH), the photolysis of water can free both dissolved 
hydroxides, which release the hydroxyl group (-OH) and a positive metal ion, with molecular oxygen (O2) 
and hydrogen ions (hydrogen ion, H+). Once autonomous, these atoms are free to recombine to form 
hydrogen peroxide (H2O2), ozone (O3) and trioxidane (H2O3); that is, all highly unstable reactive species 
that cause damage to the outer envelope of microorganisms. 

 
On coronaviruses, this course of action is also supported by a recent study [90], which concludes that 

"the degradation and destabilization of phospholipid compounds of the viral envelope can be a significant 
pathway for the inactivation of coronaviruses" [91]. 

 
Furthermore, while in bacteria the porphyrins absorb the wavelengths emitted by the MIME technology 

and produce free radicals (such as singlet oxygen 1O2, superoxide anion O2
-, hydrogen peroxide H2O2); and, 

in the presence of free transition metals (especially iron and copper), they also give rise to the hydroxyl 
radical (•OH), which is particularly toxic, in viruses the states of photo-excited triplet chromophores, linked 
to viral peptide models, lead to the up-conversion of triplet annihilation (TTA-UC), which is a photo-
physical process that produces high-energy photons from low-energy incident light, hence fast-tracking the 
destruction of microorganisms [55, 56]. 
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6.2 Stochastic resonance assisted response of weak signals 
 

The stochastic resonance (SR) phenomenon was revealed in 1981 [79]. This is a phenomenon in which 
a signal, which is normally too weak, can be boosted by adding non-zero noise levels containing a broad 
spectrum of wavelengths to the signal 2. 

 
The wavelengths in the noise levels (which, in the case of MIME technology, is produced by white 

LEDs) that match the wavelengths of the original signal will then favor each other, amplifying the original 
signal without amplifying the rest of the noise white and consequently increasing the signal-to-noise ratio, 
which makes the original signal more prominent. This phenomenon of amplification of undetectable signals 
by resonating with added noise extends to many systems, be they electromagnetic, physical or biological. 

 
The SR phenomenon occurs in bi-stable systems, that is, when a minor periodic force (eg sinusoidal) 

(the signal) is applied together with a stochastic (random) broadband force (the noise). The reaction of the 
system is thus driven by the competition / cooperation of the two forces that make the system alternate 
between the two stable states. 
 
6.3 	Quantum effects induced on nanoscopic systems 
 

Since both microorganisms and light waves interact at the nanoscale, at these magnitude levels other 
mechanisms could be involved in the microbicidal process which include the introduction of quantum 
effects: a) microorganisms can be considered nanocavity systems, with the unique property to confine 
photons for a long time in a small volume, significantly improving the light-matter interaction [85]; 
furthermore, b) when light interacts with a nanocavity, the matter acts as a resonator, in which a wave spins 
in a ring (in a preferred direction, depending on the direction of the incoming light), still significantly 
improving the interaction of light with matter [86]; moreover c) when the quantum interference is generated 
by different transition pathways of the optical fields, the resonant waves are excited by the constructive 
interference and both the absorption and dispersion properties change strongly, which results in extended 
effects; such as Electromagnetically Induced Transparency (EIT), which is a phenomenon in which an 
electromagnetic field controls the optical response of a material: it makes a medium transparent within a 
narrow spectral range around an absorption line and leads a "slow light" (light delay) within these "windows 
of transparency" which, in essence, allow the propagation of light through an otherwise opaque atomic 
medium [69, 87], further extending the effects of light on the colonies adjacent. 
 

 
2 Although wavelength and frequency are often used as interchangeable terms, we wish to clarify that by wavelength we define the distance between two specific points 
of a wave (the total length of a complete wave), while by frequency we define the total number of wave oscillations in a given time (the number of complete wave cycles 
per second). However, the two units are related: 

f • 𝜆 = c  
where: f = oscillation frequency, 𝜆 = wavelength, c = speed of light. 
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7 Conclusions: Practice safe environmental decontamination for the promotion 
of a resilient immune system 
 
For a long time, sterilization was thought to be the only way to ensure safe environments. But the truth 

is that living in sterile or excessively clean environments can lead to major impacts on the immune system, 
caused by the lack of interaction with the microbial ecosystem. 

 
Indeed, exposure to microbes can increase human host resistance to pathogens [72], as exposure to 

commensal and pathogenic microbes has a major impact on immune competence and overall health [73]. 
 
The distinctive feature of MIME technology is that of promoting continuous sanitization by maintaining 

a constantly low microbial load, without completely eradicating microorganisms. 
 
Especially in recent times, particularly in light of the latest COVID-19 pandemic, this position has 

been supported and further developed by the authors; as, for example, in [71]: 
 
“Starting from the observation that in several European countries the number of COVID-19 infections 
in the second and third pandemic waves has increased without a proportional increase in the severity 
and mortality of the disease, it is hypothesized the existence of a further factor influencing the dynamics 
of SARS-CoV-2. This factor consists of an immune defense against severe COVID-19, provided by 
SARS-CoV-2 specific T cells that develop progressively following natural exposure to low doses of 
viruses present in populated environments. As suggested by recent studies, low-dose viral particles 
entering the respiratory and intestinal tracts may be able to induce T cell memory in the absence of 
inflammation, potentially resulting in varying degrees of immunization. In this scenario, non-
pharmaceutical interventions would play a dual role, one in the short term by reducing the harmful 
spread of SARS-CoV-2 particles, and one in the long term by allowing the development of a widespread 
(albeit heterogeneous and uncontrollable) form of immune protection.” 

 



 
 

15 

8 References 
 
[1] Ashkenazi, H., Z. Malik, Y. Harth, and Y. Nitzan. 2003. “Eradication of Propionibacterium acnes by its 

endogenic porphyrins after illumination with high intensity blue light.” FEMS Immunol. Med. 
Microbiol. 35:17-24. 

[2] Bachmann, B., J. Knüver-Hopf, B. Lambrecht, and H. Mohr. 1995. “Target structures for HIV-1 
inactivation by methylene blue and light.” J. Med. Virol. 47:172-178. 

[3] Blatchley, E. R., III, and M. M. Peel. 1991. “Disinfection by ultraviolet irradiation.” p. 823-851. In S. 
S. Block (ed.), Disinfection, sterilisation and preservation, 4th ed. Lea and Febiger, Philadelphia, PA.  

[4] Born, M., and E. Wolf. 1999. “Principles of optics.” Cambridge University Press, Cambridge, United 
Kingdom. 

[5] Ferro, S., O. Coppellotti, G. Roncucci, T. B. Amor, and G. Jori. 2006. “Photosensitized inactivation of 
Acanthamoeba palestinensis in the cystic stage.” J. Appl. Microbiol. 101:206-212. 

[6] Feuerstein, O., I. Ginsburg, E. Dayan, D. Veler, and E. I. Weiss. 2005. “Mechanism of visible light 
phototoxicity on Porphyromonas gingivalis and Fusobacterium nucleatum.” Photochem. Photobiol. 
81:1186-1189. 

[7] Friedberg, J. S., C. Skema, E. D. Baum, J. Burdick, S. A. Vinogradov, D. F. Wilson, A. D. Horan, and 
I. Nachamkin. 2001. “In vitro effects of photodynamic therapy on Aspergillus fumigatus.” J. 
Antimicrob. Chemother. 48:105-107. 

[8] Ganz, R. A., J. Viveiros, A. Ahmad, A. Ahmadi, A. Khalil, M. J. Tolkoff, N. S. Nishioka, and M. R. 
Hamblin. 2005. “Helicobacter pylori in patients can be killed by visible light.” Laser Surg. Med. 
36:260-265. 

[9] Guffey, J. S., and J. Wilborn. 2006. “Effects of combined 405-nm and 880-nm light on Staphylococcus 
aureus and Pseudomonas aeruginosa in vitro.” Photomed. Laser Surg. 24:680-683. 

[10] Guffey, J. S., and J. Wilborn. 2006. “In vitro bactericidal effects of 405-nm and 470-nm blue light.” 
Photomed. Laser Surg. 24:684-688. 

[11] Hamblin, M. R., and T. Hasan. 2004. “Photodynamic therapy: a new antimicrobial approach to 
infectious disease?” Photochem. Photobiol. Sci. 3:436-450. 

[12] Lambrechts, S. A. G., M. C. G. Aalders, and J. van Marle. 2005. “Mechanistic study of the 
photodynamic inactivation of Candida albicans by a cationic porphyrin.” Antimicrob. Agents 
Chemother. 49:2026-2034. 

[13] Maclean, M. 2006. “An investigation into the light inactivation of medically important 
microorganisms.” Ph.D. thesis. University of Strathclyde, Glasgow, Scotland, United Kingdom. 

[14] Maclean, M., S. J. MacGregor, J. G. Anderson, and G. Woolsey. 2008. “High-intensity narrow-
spectrum light inactivation and wavelength sensitivity of Staphylococcus aureus.” FEMS Microbiol. 
Lett. 285:227-232. 

[15] Maclean, M., S. J. MacGregor, J. G. Anderson, and G. A. Woolsey. 26 June 2008. “The role of oxygen 
in the visible-light inactivation of Staphylococcus aureus.” J. Photochem. Photobiol. B. 
10.1016/j.jphotobiol.2008.06.006. 

[16] Morton, C. A., R. D. Scholefield, C. Whitehurst, and J. Birch. 2005. “An open study to determine the 
efficacy of blue light in the treatment of mild to moderate acne.” J. Dermatolog. Treat. 16:219-223. 

[17] Nitzan, Y., M. Salmon-Divon, E. Shporen, and Z. Malik. 2004. “ALA induced photodynamic effects 
on gram positive and negative bacteria.” Photochem. Photobiol. Sci. 3:430-435. 

[18] Nitzan, Y., and M. Kauffman. 1999. “Endogenous porphyrin production in bacteria by δ-
aminolaevulinic acid and subsequent bacterial photoeradication.” Laser Med. Sci. 14:269-277. 



 
 
16 

[19] Schleifer, K. H., and R. Kilpper-Bälz. 1984. “Transfer of Streptococcus faecalis and Streptococcus 
faecium to the genus Enterococcus nom. rev. as Enterococcus faecalis comb. nov. and Enterococcus 
faecium comb. nov.” Int. J. Sys. Bacteriol. 34:31-34. 

[20] Silverman, R. A. 1989. “Essential calculus with applications.” Dover Publications, New York, NY. 
[21] Smith, R. C., and K. S. Baker. 1981. “Optical properties of the clearest natural waters (200-800 nm).” 

Appl. Opt. 20:177-184. 
[22] Soukos, N. S., S. Som, A. D. Abernethy, K. Ruggiero, J. Dunham, C. Lee, A. G. Doukas, and J. M. 

Goodson. 2005. “Phototargeting oral black-pigmented bacteria.” Antimicrob. Agents Chemother. 
49:1391-1396. 

[23] Szocs, K., F. Gabor, G. Csik, and J. Fidy. 1999. “δ-Aminolaevulinic acid-induced porphyrin synthesis 
and photodynamic inactivation of Escherichia coli” B. J. Photochem. Photobiol. B 50:8-17. 

[24] Tyrrell, R. M., and M. J. Peak. 1978. “Interactions between UV radiation of different energies in the 
inactivation of bacteria.” J. Bacteriol. 136:437-440. 

[25] van der Meulen, F. W., K. Ibrahim, H. J. C. M. Sterenborg, L. V. Alphen, A. Maikoe, and J. Dankert. 
1997. “Photodynamic destruction of Haemophilus influenzae by endogenously produced porphyrins.” 
J. Photochem. Photobiol. B. 40:204-208. 

[26] Wainwright, M. 1998. “Photodynamic antimicrobial chemotherapy (PACT).” J. Antimicrob. 
Chemother. 42:13-28 

[27] Wang, T., S. J. MacGregor, J. G. Anderson, and G. A. Woolsey. 2005. “Pulsed ultra-violet inactivation 
spectrum of Escherichia coli.” Water Res. 39:2921-2925. 

[28] Young, A. R. 2006. “Acute effects of UVR on human eyes and skin.” Prog. Biophys. Mol. Biol. 92:80-
85. 

[29] Zeina, B., J. Greenman, W. M. Purcell, and B. Das. 2001. “Killing of cutaneous microbial species by 
photodynamic therapy.” Br. J. Dermatol. 144:274-278. 

[30] S. M. Abu Sayem “Biofilm Control and Antimicrobial Agents” CRC Press, 2014 
[31] Choi SS, Lee HK, Chae HS. “In vitro photodynamic antimicrobial activity of methylene blue and 

endoscopic white light against Helicobacter pylori 26695.” J Photochem Photobiol B. 2010 Dec 
2;101(3):206-9. doi:10.1016/j.jphotobiol.2010.07.004. Epub 2010 Jul 15. 

[32] Michelle Maclean*, Scott J. MacGregor, John G. Anderson and Gerry Woolsey “Inactivation of 
Bacterial Pathogens following Exposure to Light from a 405-Nanometer Light-Emitting Diode Array” 
Appl. Environ. Microbiol. April 2009 vol. 75 no. 7 1932-1937. doi:10.1128/AEM.01892-08 

[33] R. Lubart, A. Lipovski, Y. Nitzan, and H. Friedmann “A possible mechanism for the bactericidal effect 
of visible light” Laser Ther. 2011; 20(1): 17–22. doi:10.5978/islsm.20.17 

[34] Lynne E. Murdoch, * Michelle Maclean, Endarko Endarko, Scott J. MacGregor, and John G. Anderson 
“Bactericidal Effects of 405 nm Light Exposure Demonstrated by Inactivation of Escherichia, 
Salmonella, Shigella, Listeria, and Mycobacterium Species in Liquid Suspensions and on Exposed 
Surfaces” ScientificWorldJournal. 2012; 2012: 137805. Published online 2012 Apr 1. 
doi:10.1100/2012/137805 

[35] M. Maclean, K. McKenzie, J.G. Anderson, G. Gettinby, S.J. MacGregor “405 nm light technology for 
the inactivation of pathogens and its potential role for environmental disinfection and infection 
control”  September 2014Volume 88, Issue 1, Pages 1–11.  doi:10.1016/j.jhin.2014.06.004 

[36] Barneck MD, Rhodes NL, de la Presa M, Allen JP, Poursaid AE, Nourian MM, Firpo MA, Langell JT. 
“Violet 405-nm light- a novel therapeutic agent against common pathogenic bacteria” J Surg Res. 2016 
Dec;206(2):316-324. doi:10.1016/j.jss.2016.08.006. Epub 2016 Aug 9. 

[37] Guffey JS, Wilborn J. “In vitro bactericidal effects of 405-nm and 470-nm blue light” Photomed Laser 
Surg. 2006 Dec;24(6):684-8. DOI:10.1089/pho.2006.24.684 



 
 

17 

[38] Wang Y, Wu X, Chen J, Amin R, Lu M, Bhayana B, Zhao J, Murray CK, Hamblin MR, Hooper DC, 
Dai T. “Antimicrobial Blue Light Inactivation of Gram-Negative Pathogens in Biofilms: In Vitro and 
In Vivo Studies.” J Infect Dis. 2016 May 1;213(9):1380-7. doi:10.1093/infdis/jiw070. Epub 2016 Feb 
17. 

[39] Enwemeka CS. “Antimicrobial blue light- an emerging alternative to antibiotics.” Photomed Laser 
Surg. 2013 Nov;31(11):509-11. doi:10.1089/pho.2013.9871. Epub 2013 Oct 18. 

[40] Kim S, Kim J, Lim W, Jeon S, Kim O, Koh JT, Kim CS, Choi H, Kim O. “In vitro bactericidal effects 
of 625, 525, and 425 nm wavelength (red, green, and blue) light-emitting diode irradiation.” Photomed 
Laser Surg. 2013 Nov;31(11):554-62. doi:10.1089/pho.2012.3343. Epub 2013 Oct 19. 

[41] Karen McKenzie, Michelle Maclean, Igor V. Timoshkin, Endarko Endarko, Scott J. MacGregor, John 
G. Anderson “Photoinactivation of Bacteria Attached to Glass and Acrylic Surfaces by 405 nm Light: 
Potential Application for Biofilm Decontamination.” Photochemistry and Photobiology, Volume 89, 
Issue 4, July/August 2013, Pages 927–935, DOI:10.1111/php.12077 

[42] Endarko Endarko, Michelle Maclean, Igor V. Timoshkin, Scott J. MacGregor, John G. Anderson 
“High-Intensity 405 nm Light Inactivation of Listeria monocytogenes.” Photochemistry and 
Photobiology, Volume 88, Issue 5, September/October 2012, Pages 1280–1286, DOI:10.1111/j.1751-
1097.2012.01173.x 

[43] Michelle Maclean, Lynne E. Murdoch, Scott J. MacGregor, John G. Anderson “Sporicidal Effects of 
High-Intensity 405 nm Visible Light on Endospore-Forming Bacteria.” Volume 89, Issue 1, 
January/February 2013, Pages 120–126, DOI:10.1111/j.1751-1097.2012.01202.x 

[44] St Denis TG, Dai T, Izikson L, Astrakas C, Anderson RR, Hamblin MR, Tegos GP. “All you need is 
light: antimicrobial photoinactivation as an evolving and emerging discovery strategy against 
infectious disease.” Virulence. 2011 Nov-Dec;2(6):509-20. doi: 10.4161/viru.2.6.17889. Epub 2011 
Nov 1. DOI:10.4161/viru.2.6.17889 

[45] How to stop antibiotic resistance? Here's a WHO prescription 
https://apps.who.int/mediacentre/commentaries/stop-antibiotic-resistance/en/index.html 

[46] Ono A. Viruses and lipids. Viruses. 2010 May;2(5):1236-8. doi: 10.3390/v2051236. Epub 2010 May 
20. PMID: 21994678; PMCID: PMC3187601. 

[47] Issa, M.C.A.; Manela-Azulay, M. Photodynamic Therapy: Areview of the literature and image 
documentation. An. Bras. Dermatol. 2010, 85, 501–511. 

[48] Allison, R.R.; Downie, G.H.; Cuenca RHu, X.H.; Childs, C.; Sibata, C.H. Photosensitizers in clinical 
PDT. Photodiagn. Photodyn. Ther. 2004, 1, 27–42. 

[49] Meisel, P.; Kocher, T. Photodinamic Therapy for periodontal disease: State of the art. J. Photochem. 
Photobiol. B Biol. 2005, 79, 159–170. 

[50] Tyrrel, R.M.; Keise, S.M. The interaction of UV-A radiation with cultured cells. J. Photochem. 
Photobiol. B Biol. 1990, 4, 349–361. 

[51] Reddi, E.; Jori, G. Steady-state and time-resolved spectroscopic studies of photodynamic sensitizers, 
porhyrins and phthalocyanines. Rev. Chem. Intermed. 1988, 10, 241–268. 

[52] Merigo, E.; Conti, S.; Ciociola, T.; Manfredi, M.; Vescovi, P.; Fornaini, C. Antimicrobial 
Photodynamic Therapy Protocols on Streptococcus mutans with Different Combinations of 
Wavelengths and Photosensitizing Dyes. Bioengineering 2019, 6, 42. 

[53] Secor PR, Sweere JM, Michaels LA, et al. Filamentous Bacteriophage Promote Biofilm Assembly and 
Function. Cell Host Microbe. 2015;18(5):549‐559. doi:10.1016/j.chom.2015.10.013. 

[54] M. Urpis “Garantire Efficacia, Sicurezza e Innovazione per una Crescita Sostenibile” X Conferenza 
Nazionale sui Dispositivi Medici. 18/19 Dicembre 2017 Roma. 



 
 
18 

[55] Corvaja C, Sartori E, Toffoletti A, Formaggio F, Crisma M, Toniolo C. “Interaction between TOAC 
free radical and photoexcited triplet chromophores linked to peptide templates” Biopolymers. 
2000;55(6):486-95. doi:10.1002/1097-0282(2000)55:6<486::AID-BIP1024>3.0.CO;2-C. PMID: 
11304676. 

[56] Fallon KJ, Churchill EM, Sanders SN, Shee J, Weber JL, Meir R, Jockusch S, Reichman DR, Sfeir 
MY, Congreve DN, Campos LM. “Molecular Engineering of Chromophores to Enable Triplet-Triplet 
Annihilation Upconversion” J Am Chem Soc. 2020 Nov 25;142(47):19917-19925. doi: 
10.1021/jacs.0c06386. Epub 2020 Nov 11. PMID: 33174728. 

[57] V.Yu Plavskii, A.V. Mikulich, A.I. Tretyakova, I.A. Leusenka, L.G. Plavskaya, O.A. Kazyuchits, I.I. 
Dobysh, T.P. Krasnenkova, “Porphyrins and flavins as endogenous acceptors of optical radiation of 
blue spectral region determining photoinactivation of microbial cells”, Journal of Photochemistry and 
Photobiology B: Biology, Volume 183, 2018, Pages 172-183, ISSN 1011-1344, 
https://doi.org/10.1016/j.jphotobiol.2018.04.021. 

[58] Stubbendieck, R. M., Vargas-Bautista, C., & Straight, P. D. (2016). “Bacterial Communities: 
Interactions to Scale.”, Frontiers in microbiology, 7, 1234. https://doi.org/10.3389/fmicb.2016.01234 

[59] Mai-Prochnow, A., Clauson, M., Hong, J. et al. Gram positive and Gram negative bacteria differ in 
their sensitivity to cold plasma. Sci Rep 6, 38610 (2016). https://doi.org/10.1038/srep38610 

[60] Boles, B. R., Thoendel, M. & Singh, P. K. Self-generated diversity produces “insurance effects” in 
biofilm communities. Proc Natl Acad Sci USA 101, 16630–16635 (2004). 

[61] Branda, S. S., Vik, S., Friedman, L. & Kolter, R. Biofilms: the matrix revisited. Trends in microbiology 
13, 20–26 (2005). 

[62] Burmolle, M. et al. Biofilms in chronic infections - a matter of opportunity - monospecies biofilms in 
multispecies infections. FEMS immunology and medical microbiology 59, 324–336 (2010). 

[63] Conibear, T. C., Collins, S. L. & Webb, J. S. Role of mutation in Pseudomonas aeruginosa biofilm 
development. Plos One 4, e6289 (2009). 

[64] Costerton, J. W., Stewart, P. S. & Greenberg, E. P. Bacterial biofilms: a common cause of persistent 
infections. Science (New York, NY) 284, 1318–1322 (1999). 

[65] Moss F, Ward LM, Sannita WG (February 2004). "Stochastic resonance and sensory information 
processing: a tutorial and review of application". Clinical Neurophysiology. 115 (2): 267–
81. doi:10.1016/j.clinph.2003.09.014. PMID 14744566. S2CID 4141064. 

[66] Vázquez-Rodríguez, B., Avena-Koenigsberger, A., Sporns, O. et al. Stochastic resonance at criticality 
in a network model of the human cortex. Sci Rep 7, 13020 (2017). https://doi.org/10.1038/s41598-
017-13400-5. 

[67] McDonnell MD, Abbott D. What is stochastic resonance? Definitions, misconceptions, debates, and 
its relevance to biology. PLoS Comput Biol. 2009 May;5(5):e1000348. doi: 
10.1371/journal.pcbi.1000348. Epub 2009 May 29. PMID: 19562010; PMCID: PMC2660436. 

[68] Shan Yang, Zening Fan, Ruibin Ren, "The Stochastic Resonance Phenomenon of Different Noises in 
Underdamped Bistable System", Advances in Mathematical Physics, vol. 2021, Article 
ID 4614919, 9 pages, 2021.https://doi.org/10.1155/2021/4614919. 

[69] Liu, Yong-Chun, Li, Bei-Bei and Xiao, Yun-Feng. "Electromagnetically induced transparency in 
optical microcavities" Nanophotonics, vol. 6, no. 5, 2017, pp. 789-
811. https://doi.org/10.1515/nanoph-2016-0168. 

[70] De Santis R., Luca V., Näslund J., Ehmann R.K., De Angelis M., Lundmark E., Nencioni L., Faggioni 
G., Fillo S., Amatore D., Regalbuto E., Molinari F., Petralito G., Wölfel R., Stefanelli P., Rezza G., 
Palamara A.T., Antwerpen M., Forsman M., Lista F., “Rapid inactivation of SARS-CoV-2 with LED 



 
 

19 

irradiation of visible spectrum wavelengths”, Journal of Photochemistry and Photobiology, 2021, Oct 
28;8:100082, ISSN 2666-4690, https://doi.org/10.1016/j.jpap.2021.100082. 

[71] De Angelis, Maria L., Federica Francescangeli, Rachele Rossi, Alessandro Giuliani, Ruggero De 
Maria, and Ann Zeuner. 2021. "Repeated Exposure to Subinfectious Doses of SARS-CoV-2 May 
Promote T Cell Immunity and Protection against Severe COVID-19" Viruses 13, no. 6: 961. 
https://doi.org/10.3390/v13060961. 

[72] Beura LK, Hamilton SE, Bi K, Schenkel JM, Odumade OA, Casey KA, Thompson EA, Fraser KA, 
Rosato PC, Filali-Mouhim A, et al. (2016). Normalizing the environment recapitulates adult human 
immune traits in laboratory mice. Nature 532, 512–516. 

[73] Huggins MA, Jameson SC, and Hamilton SE (2019). Embracing microbial exposure in mouse 
research. J. Leukoc. Biol 105, 73–79. 

[74] Sharma A, Gilbert JA. Microbial exposure and human health. Curr Opin Microbiol. 2018 Aug;44:79-
87. doi: 10.1016/j.mib.2018.08.003. Epub 2018 Sep 5. PMID: 30195150. 

[75] A. Kramer, S. Bekeschus, B.M. Bröker, H. Schleibinger, B. Razavi, O. Assadian, Maintaining health 
by balancing microbial exposure and prevention of infection: the hygiene hypothesis versus the 
hypothesis of early immune challenge, Journal of Hospital Infection, Volume 83, Supplement 1, 2013, 
Pages S29-S34, ISSN 0195-6701, https://doi.org/10.1016/S0195-6701(13)60007-9. 

[76] Sánchez O, Mas J. Light absorption by phototrophic bacteria: effects of scattering, cell concentration 
and size of the culture vessel. Int Microbiol. 1999 Dec;2(4):233-40. PMID: 10943419. 

[77] Maclean M, McKenzie K, Anderson JG, Gettinby G, MacGregor SJ. 405 nm light technology for the 
inactivation of pathogens and its potential role for environmental disinfection and infection control. J 
Hosp Infect. 2014 Sep;88(1):1-11. doi: 10.1016/j.jhin.2014.06.004. Epub 2014 Jul 3. PMID: 
25066049. 

[78] Elkana K. Kurgat, Jonathan D. Sexton, Fernanda Garavito, Adriana Reynolds, R. David Contreras, 
Charles P. Gerba, Rachel A. Leslie, Sarah L. Edmonds-Wilson, Kelly A. Reynolds, Impact of a 
hygiene intervention on virus spread in an office building, International Journal of Hygiene and 
Environmental Health, Volume 222, Issue 3, 2019, Pages 479-485, ISSN 1438-4639, 
https://doi.org/10.1016/j.ijheh.2019.01.001. 

[79] L.	Gammaitoni,	P.	Hanggi,	P.	Jung,	F.	Marchesoni, Stochastic Resonance, Rev.	Mod.	Phys.	70,	225	
(1998)  

[80] David N. Beratan, Multiple hops move electrons from bacteria to rocks, Proceedings of the National 
Academy of Sciences, Oct 2021, 118 (42) e2115620118; DOI:10.1073/pnas.2115620118 

[81] Kodali VP, Sen R. Antioxidant and free radical scavenging activities of an exopolysaccharide from a 
probiotic bacterium. Biotechnol J. 2008 Feb;3(2):245-51. doi: 10.1002/biot.200700208. PMID: 
18246578. 

[82] Mäntynen S, Sundberg LR, Oksanen HM, Poranen MM. Half a Century of Research on Membrane-
Containing Bacteriophages: Bringing New Concepts to Modern Virology. Viruses. 2019;11(1):76. 
Published 2019 Jan 18. doi:10.3390/v11010076 

[83] Kim H, Yin J. Energy-efficient growth of phage Q Beta in Escherichia coli. Biotechnol Bioeng. 2004 
Oct 20;88(2):148-56. doi: 10.1002/bit.20226. PMID: 15449299. 

[84] Abdelsattar, A.S.; Dawooud, A.; Rezk, N.; Makky, S.; Safwat, A.; Richards, P.J.; El-Shibiny, A. How 
to Train Your Phage: The Recent Efforts in Phage Training. Biologics 2021, 1, 70-88. 
https://doi.org/10.3390/biologics1020005 

[85] Noaman M., Strong light-matter interaction in confined geometries. JGU-PUBLIKATIONEN 9-Sep-
2020. http://doi.org/10.25358/openscience-5115 



 
 
20 

[86] C. Marletto et al, Entanglement between living bacteria and quantized light witnessed by Rabi splitting. 
2018 J. Phys. Commun. 2 101001, https://doi.org/10.1088/2399-6528/aae224 

[87] Harris S.E., Yin G.Y., Kasapi A., Jain M., Luo Z.F. (1996) Electromagnetically Induced Transparency. 
In: Eberly J.H., Mandel L., Wolf E. (eds) Coherence and Quantum Optics VII. Springer, Boston, MA. 
https://doi.org/10.1007/978-1-4757-9742-8_36 

[88] Wu X, Hénin J, Baciou L, Baaden M, Cailliez F and de la Lande A (2021) Mechanistic Insights on 
Heme-to-Heme Transmembrane Electron Transfer Within NADPH Oxydases From Atomistic 
Simulations. Front. Chem. 9:650651. doi: 10.3389/fchem.2021.650651 

[89] Segal, B. H., Grimm, M. J., Khan, A. N., Han, W., & Blackwell, T. S. (2012). Regulation of innate 
immunity by NADPH oxidase. Free radical biology & medicine, 53(1), 72–80. 
https://doi.org/10.1016/j.freeradbiomed.2012.04.022 

[90] Cataldo, Franco & Ori, Ottorino. (2020). On the Action of Ozone on Phospholipids, a Model 
Compound of the External Envelope of Pericapsidic Viruses like Coronavirus. Part 1. Ozone: Science 
& Engineering. 42. 1-14. 10.1080/01919512.2020.1816448. 

[91] Bayarri, Bernardi & Cruz-Alcalde, Alberto & López Vinent, Núria & Micó, María & Sans, Carme. 
(2021). Can ozone inactivate SARS-CoV-2? A review of mechanisms and performance on viruses. 
Journal of Hazardous Materials. 415. 125658. 10.1016/j.jhazmat.2021.125658. 

[92] Tomb, R.M., Maclean, M., Coia, J.E. et al. Assessment of the potential for resistance to antimicrobial 
violet-blue light in Staphylococcus aureus . Antimicrob Resist Infect Control6, 100 (2017). 
https://doi.org/10.1186/s13756-017-0261-5 

[93] Wang Y, Wang Y, Wang Y, Murray CK, Hamblin MR, Hooper DC, Dai T. Antimicrobial blue light 
inactivation of pathogenic microbes: State of the art. Drug Resist Updat. 2017 Nov;33-35:1-22. doi: 
10.1016/j.drup.2017.10.002. Epub 2017 Oct 13. PMID: 29145971; PMCID: PMC5699711. 

[94] Rathnasinghe, R., Jangra, S., Miorin, L. et al. The virucidal effects of 405 nm visible light on SARS-
CoV-2 and influenza A virus. Sci Rep 11, 19470 (2021). https://doi.org/10.1038/s41598-021-97797-0 

[95] Hobson DW, Seal LA. Evaluation of a novel, rapid-acting, sterilizing solution at room temperature. 
Am. J. Infect. Control 2000;28:370-5. 

[96] Spaulding EH. Alcohol as a surgical disinfectant. AORN J. 1964;2:67-71. 
[97] Hota B. Contamination, disinfection, and cross-colonization: are hospital surfaces reservoirs for 

nosocomial lnfection? Clin Infect Dis 2004; 39:1182-9 
[98] Frabetti A, Vandini A, Balboni P, Triolo F and Mazzacane S. Experimental evaluation of the efficacy 

of sanitation procedures in operating rooms. Am J Infect Control 2009; 37:658-64 
[99] European Commission, Directorate-General for Health and Food Safety, Opinion on biological effects 

of UV-C radiation relevant to health with particular reference to UV-C lamps, European Commission, 
2018, https://data.europa.eu/doi/10.2875/569379 

 



 
 

21 

Rosario Valles, MD 

 

Doctor and surgeon. Specialized at the 
University of Naples "Federico II". 

Since 2015 he has been directing the Division of Molecular 
Biophysics and leading the research for the development of 
photonic devices based on LED (Light Emitting Diodes) and 
O-LED (Organic Light Emitting Diodes), for the use of VIS 
radiation on pathogens and in the fight against Multiple Drug 
Resistant (MDR) microorganisms, in a broader pandemic 
control strategy and fight against antibiotic resistance. 

Carmelo R. Cartiere, MSc (Oxon), MBCS 

 

Software engineer. Specialized at the 
University of Oxford with a thesis on 
formal quantum software engineering 
methods. Member of the British Computer 
Society. 

Since 2015 he has headed the Division of Quantitative Physics 
and Systems Engineering and leads the development of photonic 
devices based on LED (Light Emitting Diodes) and O-LED 
(Organic Light Emitting Diodes), for the application of VIS 
radiation on pathogenic viruses and bacteria. in the fight against 
non-treatable infections, in particular MDR (Multiple Drug 
Resistant) microorganisms in a global strategy to control 
pandemics and fight antibiotic resistance. 



 
 
22 

The MIME technique has been translated into BIOVITAE®, the first technology to have 

been experimentally shown to be able to eradicate the SARS-CoV-2 (COVID-19) virus 
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