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Microbicidal Activity of Artificially
Generated Hydroxyl Radicals
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Abstract The hydroxyl radical, one of the reactive oxygen species, has one
unpaired electron in the structure, so that it tends to deprive other substances of
an electron which is so-called oxidation. It is known that hydroxyl radicals pro-
duced by immunological response kill invading microorganisms by the oxidation.
Besides the immune system, it has been demonstrated that hydroxyl radicals play an
important role in the bactericidal action of antibiotics. In this context, we have
conducted a research to develop disinfection techniques utilizing artificially gen-
erated hydroxyl radicals. We adopted photolysis of H,0O,, sonolysis of water and
the other photo-chemical reaction as generators of hydroxyl radicals. A series of
studies demonstrated that the microbicidal activity of hydroxyl radicals was suffi-
cient to kill bacteria in an experimental biofilm as well as planktonic bacteria and
fungi within a short-treatment time. In addition, the safety aspect is confirmed by an
in vivo study and a literature review. Thus, it is suggested that disinfection
treatment utilizing artificially generated hydroxyl radicals can be applicable to
medical/dental therapy as novel disinfection treatments.
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17.1 Introduction

Dental caries and periodontitis, two major dental diseases, are infectious diseases
caused by pathogenic bacteria found in dental plaque [1, 2]. Thus, effective removal
of the dental plaque (i.e. bacterial biofilm) and maintaining oral hygiene are the
keys in prevention and treatment. In dental practice, mechanical removal of dental
plaque from the lesion site is the primary treatment modality because the effect of
chemical disinfection is rather weak against biofilm in which bacteria are protected
from such chemicals by a matrix [3, 4]. However, it is sometimes difficult to
mechanically remove the dental plaque properly at narrow or anatomically complex
lesion sites in oral cavity. Thus, an adjunctive treatment with antiseptics as well as
local and systemic antimicrobial chemotherapy is performed in some cases. How-
ever, these treatments possess a risk of adverse effect caused by e.g. leakage of
chemical solution and induction of bacterial drug resistance [5, 6]. Therefore, it is
expected to develop a novel disinfection treatment which can be used in combina-
tion with conventional mechanical treatment with minimum adverse effect.

Application of antibiotics and antiseptics to the treatment and the prevention of
dental infectious diseases has been studied. For example, it has been reported that
systemic administration of metronidazole and amoxicillin together with scaling and
root planing (SRP) improves the periodontal condition than SRP alone [7, 8].
However, the systemic administration of antibiotics is limited to a treatment of
severe periodontitis because of the risk of adverse effect. Local application
of antibiotics known as local drug delivery system (LDDS) has also been studied
to treat periodontitis. The antibiotics in the form of gel, such as doxycycline and
minocycline, are delivered to periodontal pockets after SRP. However, since there
is a contradiction in the clinical benefit of LDDS [9-13], the clinical application is
also limited to specific cases.

Besides the antibiotics, antiseptics have also been studied for periodontal ther-
apy. For instance, mouthrinse with chlorhexidine (CHX) is a most widely studied as
an adjunctive treatment for periodontitis [14]. It has been reported that CHX can
effectively prevent plaque accumulation [15]. However, repeated use of CHX
results in the discoloration of the teeth as well as the tongue, and in the taste
perturbation [16, 17]. Thus, mouthrinse with CHX is limited to the case where
meticulous plaque control is required, such as plaque control during treatment of
severe periodontitis or after periodontal surgery [18]. Accordingly, although CHX
has been proven effective as a preventive agent, it has not been recommended as a
therapeutic agent in periodontal therapy [14]. The other example of disinfectant
used as a mouthrinse is hydrogen peroxide (H,O,) which is widely used as a
disinfectant for skin wound at a concentration of <3 %. Based on the clinical
studies, mouthrinse with H,O, apparently prevents plaque accumulation [19-21]
though its plaque prevention effect is weaker than that of CHX [22]. Thus,
mouthrinse with H,O, is rarely used in dental therapy.

Photodynamic therapy (PDT), a newly developed chemical disinfection treat-
ment, has been applied to the treatment of periodontitis over the last decade
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[23]. The PDT consists of light, oxygen and a photosensitizer. Once the photosen-
sitizer is irradiated with light of a specific wavelength, it absorbs photons and
transfers the excitation energy to molecular oxygen which is in turn metamor-
phosed to its diamagnetic form, singlet oxygen [24]. Since singlet oxygen is
unstable and has high reactivity, it oxidizes bacterial cell components resulting in
cell death [23, 25]. The advantage of PDT is that it exerts bactericidal activity only
when a photosensitizer is irradiated with light. Without irradiation, photosensitizer
does not exert cytotoxic effect, indicating that residual toxicity after the treatment is
negligible. Furthermore, it is suggested that the PDT does not induce bacterial
resistance because singlet oxygen oxidize bacterial cell components non-selectively
[26, 27]. This is a major advantage in comparison with antibiotics. Based on the
bactericidal activity of PDT demonstrated by in vitro studies [28—31], the thera-
peutic effect of PDT following SRP has been studied expecting an additional effect.
However, the clinical results are controversial between the studies [32—35]. Thus,
clinical benefit of using PDT as an adjunctive treatment in periodontal therapy is
still unclear.

To solve the problems of chemical disinfection treatment, novel disinfection
treatment techniques in which artificially generated hydroxyl radicals kill bacteria
have been developed in our laboratory. Our recent study demonstrated that
hydroxyl radicals would not induce bacterial resistance as singlet oxygen does
not [36]. In addition, hydroxyl radicals have higher oxidation power than singlet
oxygen [25], resulting in higher antimicrobial activity. In this chapter, the genera-
tion systems of hydroxyl radicals and their microbicidal activity are discussed
based on our recent works.

17.2 Application of Hydroxyl Radicals to Disinfection
Treatment

The hydroxyl radical is one of the reactive oxygen species (ROS). Since the
hydroxyl radical has one unpaired electron in the structure, it tends to deprive
other substances of an electron which is so-called oxidation [37]. It is well-known
that hydroxyl radicals are involved in various biochemical reactions, and hydroxyl
radical-induced oxidative damage on cells and tissues leads to specific diseases if
hydroxyl radicals are generated chronically [38, 39]. On the other hand, the
cytotoxic effect of hydroxyl radicals is also used in a positive way. For instance,
hydroxyl radicals are produced by immunological response to kill invading micro-
organisms [40, 41]. Besides the immune system, it has been demonstrated that
ROS, especially hydroxyl radicals would play an important role in the mechanism
of bacterial cell death induced by antibiotics via the reaction with primary target
followed by Fenton like reaction [42, 43]. In this context, we have conducted
research to develop novel disinfection techniques utilizing artificially generated
hydroxyl radicals.
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Table 17.1 Hydroxyl radical generation systems [37]

One-electron reduction of H,O,

Fenton reaction Fe?* +H,0, — Fe** + OH+OH™
Harber—Weiss reaction 0O, ™ +H,0, — (metal catalyst) — O, + OH+OH™
Reaction with tetrachlorosemiquinone + H,O, — tetrachloroquinone + OH + OH™

semiquinone

Homolytic fission

Radiolysis of water H,O+y —ray — H + OH
Photolysis of H,O, H,0,+UV —2'0OH
Sonolysis of water H,0 + ultrasound — H + 'OH

" OH hydroxyl radical, O,  ~ superoxide anion radical, UV ultraviolet light

The key for the use of hydroxyl radicals as a disinfectant in vivo is to control the
yield and the exposure time. Otherwise hydroxyl radicals will kill not only bacteria
but also normal cells causing adverse reactions to the body. These factors are
largely dependent on the generation systems of hydroxyl radicals. Hydroxyl radi-
cals are generated basically by either one-electron reduction of H>O, or homolytic
fission of chemical bond [37]. Representative examples are summarized in
Table 17.1.

To control the yield of hydroxly radicals, the reaction of hydroxyl radical gener-
ation system should be terminated appropriately when necessary. From this view-
point, reaction involving homolytic fission is advantageous because the reaction can
be terminated by cessation of irradiation of y-ray, ultraviolet ligh or ultrasound. Since
hydroxyl radicals have a very short lifetime (approximately 10~° s) [44, 45, 25],
residual toxicity would be negligible after the termination of reaction. On the
other hand, it might be difficult to control the reaction of one-electron reduction of
H,O, during the disinfection treatment. The chemicals involved in the reaction
of homolytic fission are basically safe because they are only H,O and H,O,. Indeed,
a subcommittee of the US Food and Drug Administration concluded that H,O, as a
disinfectant is safe at concentrations of up to 3 % [46]. Although H,O, is also one of
ROS, it is expected that hydroxyl radicals can kill bacteria more effectively than
H,0,; because hydroxyl radicals have much higher reactivity and oxidative power
[47]. Considering the safety aspect of reaction energy, exposure of normal tissue to
y-ray should be avoided. Thus, radiolysis of H,O cannot be applied to disinfection
treatment in vivo. The irradiation of ultraviolet light (UV), which is electromagnetic
wave with a wavelength of <400 nm, to normal tissue would also cause adverse
effect especially when UV light with a short wavelength known as UVB (280-
315 nm) and UVC (100-280 nm) is used [48]. Besides UV light, we have found
that visible blue light (wavelength: around 400 nm) can also photolyze H,O, and it
will probably be used without adverse effects as long as the treatment time is not so
long. As for ultrasound irradiation, ultrasound device with a frequency of <5 MHz
has been utilized in medical diagnostic imaging. Thus, the frequency of ultrasound
itself is supposed to be safe. Therefore, we have been studying photolysis of H,O, and
sonolysis of H,O to develop new disinfection techniques to treat infectious diseases.
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17.2.1 Photolysis of H,0,

In dental and medical fields, the bactericidal activity of 3 % H,0, is well recog-
nized and used as a disinfectant. However, the bactericidal effect is not sufficient to
treat periodontal diseases as discussed above. To improve the bactericidal activity,
we studied the effect of visible blue light irradiation of H,O, (i.e. photolysis of
H,0,). Ikai et al. used a laser with a wavelength of 405 nm at an irradiance of
940 mW/cm? and demonstrated that the yield of hydroxyl radicals generated by
photolysis of H,O, increased with laser irradiation time [49]. The laser irradiation
of bacterial suspensions in 1 M H,O, (corresponds to approximately 3 % H,0,)
resulted in a >4-log reduction of the viable counts of bacteria, such as Staphylo-
coccus aureus, Aggregatibacter actinomycetemcomitans, Streptococcus mutans
and Enterococcus faecalis, within 3 min of treatment [49]. Furthermore, treatment
of S. mutans in an experimental biofilm also resulted in a >5-log reduction of viable
counts within 3 min [49]. Concerning the periodontal pathogens other than
A. actinomycetemcomitans, Ikai et al. also investigated the bactericidal effect of
photolysis of H,O, on Porphyromonas gingivalis. It was demonstrated that pho-
tolysis of 500 mM H,0, killed P. gingivalis in an experimental biofilm with a >5-
log reduction of viable counts within 30 s [50]. As for HO, solution, Oyamada
et al. compared the bactericidal activity of photoysis of oxydol products (2.5-3.0 %
H,O, solution), which is an over-the-counter drug with quality guaranteed by
Japanese Pharmacopoeia, to substitute them for H,O, of reagent grade [51]. It
was demonstrated that any of the oxydol products that have been already approved
by an authority can be used for the disinfection technique in terms of bactericidal
activity. Thus, based on these findings, we have been developing a therapeutic
device for the treatment of periodontitis, and a clinical trial will be conducted in the
near future. In the therapeutic device, H,O, is released from the forefront of scaler
tip of the device to the lesion site concomitantly with laser irradiation through an
optical fiber during ultrasound scaling (Fig. 17.1).

Nakamura et al. conducted a kinetic analysis and demonstrated that hydroxyl
radicals generated by photolysis of H,O, directly reacted with microorganisms
[52]. In addition, it was demonstrated that the catalase activity of microorganisms
influenced the microbial resistance to oxidative stress induced by photolysis of
H,0,. Nonetheless, Candida albicans, a catalase positive yeast-like fungus whose
catalase activity is more potent than that of catalase positive bacteria such as
S. aureus could also be killed with a >4-log reduction of viable counts within
10 min when treated with the photolysis of 250 mM H,O, using LEDs at an
irradiance of 80 mW/cm?. This finding suggests that photolysis of H,O, can
effectively kill not only bacteria but also fungi. Shirato et al. evaluated the effect
of thermal energy on the yield of and the bactericidal action of hydroxyl radicals
generated by photolysis of H,O, [53]. The results demonstrated that thermal energy
accelerated the generation of hydroxyl radicals by photolysis of H,O,, which in turn
resulted in a synergistic bactericidal effect of hydroxyl radicals and thermal energy.
When photolysis of H,O, was performed at 55 °C, S. aureus and E. faecalis were
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Ultrasound scaling +

Hydroxyl radical disinfection

H,0, + light
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Fig. 17.1 Schematic illustration of the therapeutic device for the treatment of periodontitis.
Mechanical removal of dental plaque by ultrasound scaling and chemical disinfection by hydroxyl
radical generated by photolysis of 3 % H,O, are performed at the same time

killed with a >5-log reduction of viable counts within 1 min even though the
irradiance of light was 110 mW/cm? and the concentration of H,O, was 500 mM.
This synergistic effect will be beneficial especially when it comes to cleaning of
medical instruments or dental prostheses which can tolerate the temperature of
55 °C. Based on these findings, Kanno et al. applied photolysis of H,O, to cleaning
of removable dentures and conducted a clinical test [54]. They demonstrated that
microorganisms in denture plaque were reduced by approximately 7-log within
20 min. In addition to the in vitro tests, in vivo antibacterial effect of photolysis of
H,O, was proven effective. Hayashi et al. evaluated antibacterial activity of
photolysis of H,O, on skin infection [55]. Infection of S. aureus was established
in the full-thickness skin wounds of immunosuppressed rats. Then, the wound was
treated by photolysis of 1 M H,0,. Two minutes treatment resulted in significant
reduction in viable counts in comparison with the treatment by H,O, alone. Thus,
the disinfection technique based on photolysis of H,O, is expected to be applied to
a wide range of fields other than treatment for periodontitis.

Besides the bactericidal activity, it was demonstrated that photolysis of H,O,
caused lag of regrowth of the surviving bacteria after the disinfection treatment,
known as the postantiboitic effect (PAE). Odashima et al. demonstrated that
photolysis of 250 mM H,0, with a treatment time of 10 s significantly delayed
the regrowth of S. aureus colony on agar plate [56]. The PAE would be beneficial
because it contributes to giving time for host immune defense system to overcome
the infection. More importantly, it has been demonstrated that repeated treatment
by photolysis of H,O, does not induce bacterial resistance to this disinfection
technique. Ikai et al. evaluated the risk of inducing bacterial resistance to disinfec-
tion treatment with photolysis of H,O, using S. aureus, E. faecalis, Escherichia
coli, Streptococcus salivarius, Pseudomonas aeruginosa, S. mutans, and
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A. actinomycetemcomitans [36]. The antibacterial activity against any of the bac-
terial species tested was not affected by repeated exposure to the disinfection
treatment up to 40 times suggesting that the repeated treatment does not induce
bacterial resistance.

Regarding the safety aspect of the disinfection system, Yamada et al. conducted
an animal study in which histological analyses of oral mucosa and the full-thickness
skin wounds in rats treated by the disinfection technique with photolysis of 1 M
H,O, were performed [57]. Since topical treatment had no detrimental effect on the
oral mucosa and the healing process of full thickness skin wounds, it is expected
that the acute locally injurious property of the disinfection technique is low.
Moreover, Kanno et al. assessed the risk of carcinogenicity by using the hydroxyl
radical for the treatment of oral infections by reviewing the literatures [58]. The
reviewed studies reported possible involvement of hydroxyl radicals in some sort of
chemically-induced mutagenicity and carcinogenicity. However, manifestation of
carcinogenicity requires chronic exposure to the carcinogens that generate hydroxyl
radicals, such as heavy metals. Thus, it was concluded that there is little or no risk of
carcinogenicity as long as the hydroxyl radical is used as a disinfectant for the short-
term treatment of oral cavity. Therefore, the disinfection treatment with photolysis
of H,O, is expected to be a novel alternative to antiseptics and antibiotics.

17.2.2 Sonolysis of Water

The antimicrobial effect of ultrasound has been studied in various fields, such as
water treatment, food decontamination and medical disinfection [59]. The mecha-
nism of killing microorganisms is mainly due to cavitation effect in which tiny gas
bubbles formed in liquid medium by alternating compression and expansion collide
violently, creating shock waves in a localized region with high temperature
(5,500 °C) and pressure (50 MPa) [60]. When water is used as a liquid medium,
the shock wave produced by the cavitation effect fragments the molecules of H,O
into hydroxyl radicals and hydrogen atoms, which is so-called sonolysis of water
[61]. Then, the localized heating and pressure together with the free radicals
damage microorganisms resulting in cell death [60].

In this context, we examined fungicidal effect of ultrasound irradiation at a
frequency of 1.6 MHz [62] to develop a treatment of onychomycosis (i.e. fungal
nail infections). It was demonstrated that the ultrasound irradiation killed the
dermatophytes, such as Trichophyton mentagrophytes and Trichophyton rubrum,
with a yield of hydroxyl radicals that is proportion to ultrasound duration. In
particular, when the treatment was performed at 50 °C, the fungi were killed with
a 5-log of viable counts within 10 min. Thus, it is suggested that the ultrasound
irradiation and heat treatment exerted a combination effect in fungicidal activity.
This finding was in accordance with previous studies which evaluated the combi-
nation effect of heat and ultrasound on bactericidal activity [63, 64].
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Fig. 17.2 Schematic illustration of the mechanism of bacterial cell death induced by photo-
irradiation of polyphenolic compound

As for application of sonolysis of water to dentistry, other research groups have
conducted studies. For instance, it has been demonstrated that ultrasound irradiation
of 1.5 % (450 mM) H,0, using a device for endodontic treatment generates
hydroxyl radicals resulting in killing of E. faecalis [65]. However, the reduction
of bacterial number within the treatment time of 90 s was less than 1-log. Thus, the
clinical benefit of this treatment is still unclear. The other example is the ultrasonic
scaler used for periodontal therapy. It has been reported that hydroxyl radicals are
generated during scaling around ultrasonic scaler tip [66—68]. However, the role of
hydroxyl radicals generated by ultrasonic scaler is still unknown.

The microbicidal activity of ultrasound irradiation varies dependently on the
type of microorganisms treated (i.e. Gram-positive or negative bacteria, spore
forming bacteria, and fungi). In addition, it has been reported that the microbicidal
activity of ultrasound irradiation alone is relatively low (<1-log) and/or requires
extended irradiation time (~60 min) unless it is used at high intensity [69]. There-
fore, as suggested by Piyasena et al. [60], it would be beneficial to use ultrasound in
conjunction with other disinfection techniques, such as heat treatment, antiseptics
and antibiotics.

17.2.3 Other Hydroxyl Radical Generation Systems

More recently, we found that photo-irradiated polyphenolic compounds could
generate hydroxyl radicals as well as H,O,. Since it has been reported that
polyphenolic compounds exert antimicrobial effect via production of H,O, by
auto-oxidation in a liquid medium [70, 71], we tried to enhance the antimicrobial
activity by means of exposure of polyphenolic compounds to blue light, which
enhances the H,O, production through photo-oxidation of the compounds resulting
in hydroxyl radical production via photolysis of the resultant H,O, (Fig. 17.2).
Nakamura et al. demonstrated that hydroxyl radicals were generated when gallic
acid, a polyphenolic compound, was irradiated with blue light (wavelength:
400 nm) at an irradiance of 80 mW/cm? [72]. It was also demonstrated that S. aureus
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was killed by the photo-irradiation of gallic acid with a >5-log reduction of viable
counts within 15 min. Since the bactericidal activity was attenuated by adding
hydroxyl radical scavengers, such as dimethyl sulfoxide and sodium formate, it is
suggested that the hydroxyl radical is the main contributor to the bactericidal effect.
Later, they showed similar bactericidal activity of photo-irradiated proantho-
cyanidin which is also a type of polyphenolic compounds [73]. The advantage of
this disinfection technique is that polyphenols are supposed to be safe for humans
because they are edible compounds naturally occurring in fruits, vegetables, nuts,
seeds, and flowers. In addition, since those polyphenolic compounds are notewor-
thy for its antioxidative activity [74, 75], they might alleviate the oxidative damage
in the tissue after the disinfection treatment. Therefore, it is expected that this
disinfection technique is applicable to the fields of medical and food sanitation.

Based on the findings described above, we studied the combination effect of
photolysis of H,O, and photo-irradiation of proanthocyanidin. Since both disinfec-
tion techniques utilize the same light source (wavelength: around 400 nm), they can
be performed at once if the liquid contains H,O, and proanthocyanidin. Ikai
et al. demonstrated that combination of H,O, and proanthocyanidin worked syner-
gistically to kill S. mutans when photo-irradiated [76]. This synergistic effect would
probably contribute to shortening the treatment time and/or to reducing the con-
centration of H,O, for more safety.

17.3 Summary

In the present review, we described our recent works on microbicidal effect of the
artificially generated hydroxyl radicals. As discussed above, the microbicidal
activity of hydroxyl radicals is sufficient to kill bacteria in an experimental biofilm
as well as planktonic bacteria and fungi within a short-treatment time. At the same
time, the safety aspect is also confirmed by an in vivo study and a literature review.
Therefore, they can be applicable as novel disinfection treatments in medical/dental
therapy. Further studies are in progress to understand the bactericidal mechanism of
each disinfection system and also of a combination of each system for the more
sophisticated medical devices.

Open Access This chapter is distributed under the terms of the Creative Commons Attribution
Noncommercial License, which permits any noncommercial use, distribution, and reproduction in
any medium, provided the original author(s) and source are credited.
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