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Abstract

Blue light, particularly in the wavelength range of 405-470 nm, has attracted increasing attention
due to its intrinsic antimicrobial effect without the addition of exogenous photosensitizers. In
addition, it is commonly accepted that blue light is much less detrimental to mammalian cells than
ultraviolet irradiation, which is another light-based antimicrobial approach being investigated. In
this review, we discussed the blue light sensing systems in microbial cells, antimicrobial efficacy
of blue light, the mechanism of antimicrobial effect of blue light, the effects of blue light on
mammalian cells, and the effects of blue light on wound healing. It has been reported that blue
light can regulate multi-cellular behavior involving cell-to-cell communication via blue light
receptors in bacteria, and inhibit biofilm formation and subsequently potentiate light inactivation.
At higher radiant exposures, blue light exhibits a broad-spectrum antimicrobial effect against both
Gram-positive and Gram-negative bacteria. Blue light therapy is a clinically accepted approach for
Propionibacterium acnes infections. Clinical trials have also been conducted to investigate the use
of blue light for Helicobacter pylori stomach infections and have shown promising results. Studies
on blue light inactivation of important wound pathogenic bacteria, including Staphylococcus
aureus and Pseudomonas aeruginosa have also been reported. The mechanism of blue light
inactivation of P. acnes, H. pylori, and some oral bacteria is the photo-excitation of intracellular
porphyrins and the subsequent production of cytotoxic reactive oxygen species. Although it may
be the case that the mechanism of blue light inactivation of wound pathogens (e.g., S. aureus, P.
aeruginosd) is the same as that of P. acnes, this hypothesis has not been rigorously tested. Limited
and discordant results have been reported regarding the effects of blue light on mammalian cells
and wound healing. Under certain wavelengths and radiant exposures, blue light may cause cell
dysfunction by the photo-excitation of blue light sensitive chromophores, including flavins and
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cytochromes, within mitochondria or/and peroxisomes. Further studies should be performed to
optimize the optical parameters (e.g., wavelength, radiant exposure) to ensure effective and safe
blue light therapies for infectious disease. In addition, studies are also needed to verify the lack of
development of microbial resistance to blue light.
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1. Introduction

The rapidly increasing emergence of antibiotic resistance may be leading to the end of a
period that has extended over the past 50 years termed "the antibiotic era" (Nordmann et al.,
2011). Bacteria replicate very rapidly and a mutation that helps a microbe survive in the
presence of an antibiotic drug will quickly become predominant throughout the microbial
population. Recently, the New Delhi metallo-B-lactamase (NDM-1) (Nordmann et al., 2011;
Park, 2010), that confers resistance to penicillins, cephalosporins and in most cases to
carbapenems, has been found in the United States (Mochon et al., 2011; Savard et al., 2011).
The inappropriate prescription of antibiotics for viral diseases, the failure of some patients to
complete their treatment regimen, and overuse of antibiotics in livestock feedstuffs also
exacerbate the problem. Many physicians are concerned that several bacterial infections
soon may become untreatable. In addition to its adverse effects on public health, antibiotic
resistance contributes to higher health care costs (Filice et al., 2010; Mauldin et al., 2010).
Treating resistant infections often requires the use of more expensive or more toxic drugs
and can result in longer hospital stays for infected patients. As a result, a major research
effort has been led to find alternative antimicrobial approaches to which, it is hypothesized,
bacteria will not be easily able to develop resistance.

As a non-pharmacological technique, light-based antimicrobial therapies, including
photodynamic therapy (PDT) (Dai et al., 2011a; Dai et al., 2009a; Dai et al., 2009b; Dai et
al., 2010; Hamblin and Hasan, 2004) and ultraviolet C (UVC) irradiation therapy (Dai et al.,
2012a; Dai et al., 2011b; Dai et al., 2012b; Taylor et al., 1993; Thai et al., 2005), have been
extensively investigated as alternatives to traditional antibiotics. Advantages of light-based
antimicrobial therapies include equal killing effectiveness regardless of antibiotic resistance.
However, one major disadvantage of PDT as a two-part (dye + light) combination approach
is the challenge of introducing photosensitizers into certain bacteria (Wainwright, 1998) and
into infected tissues and less than perfect selectivity of many photosensitizers for microbial
cells over host tissue. The use of UVC irradiation, on the other hand, has different
limitations due to its detrimental effects on mammalian cells and possible damage to host
tissue (Dai et al., 2012b).

Another novel light-based approach, blue light therapy, is attracting increasing attention due
to its intrinsic antimicrobial effect without the addition of exogenous photosensitizers. In
addition, it is accepted that blue light is much less detrimental to mammalian cells than
ultraviolet irradiation (Kleinpenning et al., 2010). The mechanism of the antimicrobial effect
of blue light is still not fully understood. The commonly accepted hypothesis is that blue
light excites endogenous intracellular porphyrins, and this photon absorption then leads to
energy transfer and ultimately, the production of highly cytotoxic reactive oxygen species
(ROS) — most notably singlet oxygen (10,) (Ashkenazi et al., 2003; Hamblin et al., 2005;
Maclean et al., 2008b) in a similar manner to PDT.

Drug Resist Upaat. Author manuscript; available in PMC 2013 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dai et al.

Page 3

In this review, we will discuss blue light microbial signaling as well as its implications for
antimicrobial therapies, the broad antimicrobial efficacy of blue light, the mechanism of the
antimicrobial effect of blue light, the effects of blue light on mammalian cells, and the
effects of blue light on wound healing. To the best of our knowledge, this is the first review
on blue light therapy for infectious diseases.

2. Blue light signaling in microbial cells and implications for light
inactivation of bacteria

2.1. Blue light regulates biofilm formation and pathogeneses of bacteria

New exciting discoveries have been made concerning how microbial physiology changes in
response to changes in environmental light exposure. Until recently, these responses were
regarded as specialized adaptations involving a small sub-group of phototrophic bacteria.
However, the genomes of many photosynthetic and chemotrophic bacteria, which are not
known to have photophysiological responses to light, also encode photoreceptor proteins.
The discovery of those photoreceptors has triggered the formulation of new concepts that
not only phototrophic bacteria but also photosynthetic and chemotrophic microbes can sense
light (Gomelsky, 2010). There is supportive evidence that a lifestyle choice of some bacteria
between the motile single-cellular planktonic state and the multicellular surface-attached
community state (biofilm) is photo-regulated by a range of mechanisms including bacterial
two-component systems, the second messenger cyclic di-GMP system, and direct
interactions of photoreceptors with transcription factors (Purcell et al., 2007; van der Horst
et al., 2009). It was also observed that light plays an important role in an important decision
that some pathogenic bacteria have to make between environmental and pathogenic
lifestyles (Mussi, 2010; Ondrusch and Kreft, 2011; Swartz et al., 2007). Blue light has been
identified as a key factor that can affect all these physiological responses.

An example of blue light induced regulation of biofilm and blue light inactivated
pathogenesis involves the opportunistic human pathogen Acinetobacter baumannii (Mussi,
2010). Based on spectral, genetic, and functional studies, the investigators found that A.
baumannii ATCC 17978 senses and responds to blue light through a process that depends on
the expression of a functional blue-light-sensing A (6s/A) gene, which codes for the
production of a BLUF (blue light sensing using flavin)-containing photoreceptor and is the
only photo receptor identified in the A. baumannii. Motility, biofilm formation, and pellicles
were observed only when bacterial cells were incubated in the dark. The effect of blue light
on A. baumanniivirulence was tested using a filamentous strain of Candida albicans, which
served as a model of A. baumanniiinteractions with human alveolar epithelial cells (i.e. C.
albicans filaments were used as a model of human alveolar epithelial cells in the study). It
was observed that, the killing of C. albicans filaments by A. baumanniiwas increased by
more than 100 times when C. albicans were co-cultured with A. baumanniiin the presence
of blue light compared to in the absence of blue light (Mussi, 2010).

2.2. Blue light sensing receptor families: blue revival

Losi and Gartner (Losi, 2011) have referred to a “blue revival” defined by the identification
and molecular characterization of long sought after-plant blue light receptors, employing
flavins as chromophores - chiefly classified as cryptochromes and phototropins. The latter
photo receptors are the first-discovered members of the so-called light, oxygen, voltage
(LOV)-protein family, largely spread among bacteria, fungi, archaea, and plants. Many
sequenced microbial genomes during the last few years have added BLUF to the family of
blue light receptors, and have led to intense "genome mining" efforts, which have
highlighted the intriguing wealth of blue light sensing in prokaryotes (Kanazawa, 2010;
Tang, 2010; Tschowri, 2009). In addition to LOV and BLUF, a third member of “blue
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revival” list is the photoactive yellow protein (PYP). Functional analysis of PYP in the
heterotrophic deep sea bacterium /diomarina loihiensis revealed 1) an unexpected functional
versatility in the PYP family of photoreceptors; 2) that light suppressed biofilm formation
and determined the bacterial living preferences (van der Horst, 2009). Similar studies have
been performed in fungi (Rodriguez-Romero, 2010) and cyanobacteria (Pisciotta, 2010;
Rockwell, 2011).

2.3. Summary

Blue light can be sensed by numerous bacteria and can induce physiological responses
elicited by the blue light receptors. As a result of this, blue light can regulate bacterial
motility, suppress biofilm formation, and subsequently potentiate light inactivation of
bacteria. On the other hand, the presence of blue light may also activate or increase bacterial
virulence. To better understand how blue light can affect bacterial virulence and biofilms,
further studies are needed to answer the following questions; to what extent blue light
affects biofilm formation and dispersal, and through what mechanism blue light can activate
virulence factors and modulate pathogenesis, etc. (Gomelsky, 2010).

3. Bactericidal efficacy of blue light

3.1. In vitro studies

3.1.1. Blue light inactivation of Propionibacterium acnes—-~. acnesis a gram-
positive bacterium held to be (partly) responsible for acne symptoms and the antimicrobial
resistance of P. acnes has been a worldwide problem (Eady et al., 2003). In an /n vitro study
carried out by Kawada et al (Kawada et al., 2002), five P. acnes strains isolated from
randomly-selected acne patients were used to assess the antimicrobial efficacy of blue light
(407-420 nm). Bacterial suspensions were exposed to blue light for 60 min at a distance of
25 cm with an irradiance of 90 mW/cm? (i.e., total radiant exposure 324 J/cm? at the lamp
aperture). P. acnes viability was decreased by 15.7% and 24.4%, respectively, immediately
and at 60 min after the irradiation.

In another study, Ashkenazi et al (Ashkenazi et al., 2003) used an intense blue light lamp
(407-420 nm) to inactivate P. acnes. Cultures in the test tubes were subjected to illumination
by placing the test tubes horizontally in order to obtain maximal exposure to the blue light.
Some cultures were illuminated again after 24 h and some were even illuminated three
times, after an additional 24 h. The lamp was located 10 cm above the horizontal test tube
and produced 20 mW/cm? homogeneous illumination at the culture tube surface. Two
ventilators are also located near the lamp on both sides in order to prevent any heating of the
illuminated samples. The viability of 24 h cultures grown anaerobically in liquid medium
was reduced by less than 2-logqg units (99%) when illuminated once with a light dose of 75
Jlcm?. Better photo inactivation effects were obtained when cultures were illuminated twice
or three times consecutively with a light dose of 75 J/cm? and an interval of 24 h between
illuminations. The viability of the culture under these conditions decreased by 4-logg units
(99.99%) after two illuminations and by 5-logyg units (99.999%) after three illuminations.
X-ray microanalysis and transmission electron microscopy revealed structural damages to
membranes in the illuminated A. acnes.

3.1.2. Blue light inactivation of Helicobacter pylori—H. pyloriis a gram-negative
microaerophilic bacterium which selectively colonizes the mucus layer of the human
stomach and may cause peptic ulcer and adenocarcinoma. A study using a 405-nm diode
laser for inactivation of H. pylori in vitro was carried out by Hamblin ef a/ (Hamblin et al.,
2005). The laser provided a 2-cm-diameter spot with an irradiance of 100 mW/cm? on the
surface of the bacterial suspension. Two hundred (200) pL of bacterial suspension was
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added to each well of a hanging drop slide that was placed on a black background to avoid
reflectance of light. All seven strains tested, including strain ATCC 700824 that expresses
virulence factors and a multi antibiotic resistant strain, were killed at least 99.9% by 20 J/
cm? of light exposure, suggesting that 405-nm light might be applied to inactivate antibiotic-
resistant strains.

3.1.3. Blue light inactivation of oral bacteria—Fukui et al (Fukui et al., 2008) used a
light source with the wavelength ranging from 400 to 700 nm to determine the most
effective wavelength for inhibiting Porphyromonas gingivalis, a bacterium responsible for
periodontal disease. It was reported that growth of 2. gingivalisirradiated at 400 nm and 410
nm was significantly suppressed compared with a non-irradiated control, whereas
wavelengths of 430 nm and longer produced no significant inhibition.

Therefore, Fukui et al (Fukui et al., 2008) subsequently tested the efficacy of blue light
against P. gingivalis by using a light-emitting device equipped with monochromatic
wavelength of 405 nm,. Two hundred (200) pL of suspension was applied to each well of
96-well culture plates. An exposure to 15 J/cm? (measured at the lamp aperture) blue light
produced significant inhibition of £. gingivalis (more than 75% inhibition compared with the
non-irradiated control) under all irradiation conditions of 50 mW/cm? for 300 s, 200 mW/
cm? for 75 s, or 400 mW/cm? for 38 s.

Soukos et al (Soukos et al., 2005) found that broadband light (380-520 nm) can kill oral
bacteria in culture medium and in dental plaque samples obtained from human subjects with
chronic periodontitis. In culture medium, Prevotella intermedia and Prevotella nigrescens
were completely killed (>5-logyg-cycle reduction) by exposure to 4.2 Jicm? light. Prevotella
melaninogenica was reduced by 70% by exposure to 4.2 J/cm? (P<0.008) and completely
killed by exposure to 21 J/cm2. The viability reduction values of P. gingivalis were 22.75%
(P<0.001), 87.45% (P<0.00002), and 98.52% (~<0.000001) after exposure to 4.2, 21, and 42
Jlem? light, respectively.

Feuerstein et al (Feuerstein et al., 2004) tested the effect of blue light at wavelengths of 400-
500 nm on the viability of oral bacterial, including P. gingivalis, Fusobacterium nucleatum,
Streptococcus mutans and Enterococcus faecalis. Bacteria in suspension or on agar plates
were exposed to three photo-curing light sources, quartz-tungsten-halogen lamp, light-
emitting diode and plasma-arc, at the irradiances between 260 and 1300 mW/cm? for up to 3
min. The results showed the minimal inhibitory dose for P. gingivalisand F. nucleatum was
16-62 J/cm?, a value significantly lower than that for S. mutansand E. faecalis (159-212 J/
cm?). The authors suggested that blue light induces a phototoxic effect mainly on Gram-
negative periodontal pathogens.

3.1.4. Blue light inactivation of S. aureus, P. aeruginosa and other bacteria—
By using a 405-nm superluminous diode light source, Enwemeka et al (Enwemeka et al.,
2008) investigated the effect of blue light on two strains of methicillin-resistant S. aureus
(MRSA): USA 300 strain of community-acquired MRSA and 1S853 strain of hospital-
acquired MRSA. Each strain was separately diluted to a cell count of 5x108 colony forming
units (CFU)/mL in 0.9% normal saline. Then, the bacteria were volumetrically streaked onto
round 35-mm petri plates with tryptic soy agar and exposed to blue light. The light aperture
was placed at a standard distance of 1-2 mm perpendicularly above each open plate with the
irradiance of 100 mW/cm? at the lamp aperture. Maximum eradication of the USA-300
(92.1%) and the 1S-853 colonies (93.5%) was achieved within 9.2 and 8.4 min of irradiation,
respectively.
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In another study carried out by the same group (Enwemeka et al., 2009), the authors
reported the effect of a different wavelength of blue light (470 nm) on the same two strains
of MRSA: USA 300 and 1S-853. The irradiance at the lamp aperture was 30 mW/cm? and
the lamp was place at 1-2 mm perpendicularly above each open plate with bacterial culture.
Both strains lost nearly 30% CFU with as little as 3 J/cm? of light exposure. As much as
90.4% 02f the US-300 and the 1S-853 colonies, respectively, were killed with an exposure of
55 Jlem=.

An in vitro study to evaluate the antimicrobial effect of 405 and 470 nm blue light on S.
aureus and P. aeruginosa was carried out by Guffey et al (Guffey and Wilborn, 2006).
Bacterial suspensions were firstly inoculated on agar plates and then the plates were
irradiated with super luminous diode probes with peak emission at 405 or 470 nm.
Irradiation was timed to yield 1, 3, 5, 10, and 15 J/cm? exposures with two agar plates for
each light exposure. With 405-nm light, the maximum CFU reduction of 95.1% was
achieved for P. aeruginosa at the light exposure of 10 J/lcm? and 87.9% for S. aureusat 15 J/
cm2. With 470-nm light, the maximum CFU reduction of 96.5% was achieved for P,
aeruginosa at the light exposure of 5 J/cm? and 62.0% for S. aureus at 15 J/cmZ.
Interestingly, the authors reported lower CFU reductions at higher light exposures for ~.
aeruginosa at both 405 and 470 nm (e.g., at 470 nm, 96.5% CFU reduction at 5 J/cm? but
only 39.3% CFU reduction at 15 J/cm?2), which were not observed in other studies. One
possible reason might be the small number of replicates used in the study (only two plates
for each light exposure) and large standard deviations were seen with the data.

Maclean et al (Maclean et al., 2008a) screened the visible light spectrum by using a xenon
broad white-light source with a selection of filters and found that blue light of wavelength
between 400-420 nm was bactericidal to S. aureus, including MRSA. The maximum
inactivation occurred at 4055 nm. A 2.4-log1g CFU reduction was achieved when the
bacterial suspension (2 mL volume in each well of a 12-well micro-plate, giving a liquid
depth of 7.2 mm) exposed to a light exposure of 23.5 J/cm? at 405+5 nm.

As aresult, in a later study, Maclean et al (Maclean et al., 2009) tested the bactericidal effect
of 405-nm light from a LED array on selected medically important bacteria, including
Gram-positive S. aureus, Staphylococcus epidermidis, Streptococcus pyogenes,
Enterococcus faecalis, and Clostridium perfringens, and Gram-negative A. baumannii, P.
aeruginosa, Escherichia coli, Proteus vulgaris, and Klebsiella pneumoniae. A 2-mL volume
of bacterial suspension with a depth of 7 mm, stirred by a mini magnetic bar, was held
within one well of a 12-well micro plate. The LED array was then placed on top of the well
with bacterial suspension. The irradiance at the surface of the suspension was around 10
mW/cmZ. The experimental arrangement was such that no build-up of heat occurred around
the LED or was transmitted to the bacterial suspension. The results showed that both Gram-
positive and Gram-negative species were successfully inactivated, with the general trend
showing Gram-positive species to be more susceptible than Gram-negative bacteria (Fig. 1).
Detailed investigation of the bactericidal effect of the blue-light on S. aureus suspensions,
for a range of different cell densities of 103-10% CFU/mL, demonstrated that 405-nm LED
array illumination could cause complete inactivation at high cell densities: inactivation
levels corresponding to a 9-logqg-unit reduction were achieved.

Lipovsky et al (Lipovsky et al., 2010) tested the efficacy of blue light in killing wound
pathogenic bacteria S. aureusand E. coli. Light sources were LED arrays at 415 and 455 nm
with the irradiance of 100 mW/cm? at the surface of target. Bacteria were exposed to the
blue light in two different cultures: suspension and culture on agar plate. The authors
observed an increase in cell count when S. aureus was illuminated with 415 nm at a light
exposure of 30 J/cm2. A maximal reduction in viability, 90%, was measured for S. aureus
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after illumination with 415 nm light at 120 J/cm?2. lllumination at 455 nm was less effective
for killing S. aureus. Only 50% reduction was obtained following an exposure of 120 J/cm2.
E. coliwas much more susceptible to blue light. An almost complete reduction occurred
after an exposure of 30 J/cm? at 415 nm, and a total reduction of between 98% and 99.9%
was achieved following a light exposure of 60 J/cm2. Illumination with 455 nm resulted in
dose-dependent cytotoxicity, with the highest reduction in cell count, of 90%, observed after
an exposure of 120 J/cm2. Unlike S. aureus, neither 415 nm nor 455 nm enhanced
proliferation of £. coliat any light exposure. The results of blue light illumination (415 or
455) on plates were similar to those obtained for suspensions of S. aureusor E. coli.

3.1.5. Summary—It has been found that blue light can mediate a broad-spectrum
antimicrobial effect, including both Gram-negative (Feuerstein et al., 2005; Guffey and
Wilborn, 2006; Hamblin et al., 2005; Lipovsky et al., 2010; Maclean et al., 2009; Soukos et
al., 2005) and Gram-positive bacteria (Ashkenazi et al., 2003; Enwemeka et al., 2009;
Enwemeka et al., 2008; Feuerstein et al., 2005; Guffey and Wilborn, 2006; Kawada et al.,
2002; Lipovsky et al., 2010; Maclean et al., 2008a, 2009). Studies were carried out to screen
the visible spectrum and determine most effective antimicrobial wavelength (Fukui et al.,
2008; Maclean et al., 2008a). While the wavelength range of 402-420 nm has been reported
to be the most effective range of spectrum, 455 and 470 nm have also been found to be of
antimicrobial potential for some bacterial species (e.g., S. aureus). 1t would be of great
interest to elucidate the mechanisms underlying antimicrobial effect of blue light, for
example to identify the intracellular photosensitizing chromophores in different bacterial
species, so optimal therapeutic wavelength can be determined in a bacterial species
dependent manner. The antimicrobial efficacy of blue light varies significantly between
different studies. This might be due to the different experimental conditions in different
studies, including light sources (wavelength spectrum, laser or LED, etc), light exposures,
bacterial species and strains, culture conditions (cultures in liquid media or on agar plates),
etc. In some studies (Enwemeka et al., 2009; Enwemeka et al., 2008; Fukui et al., 2008;
Kawada et al., 2002), only the light exposures or irradiances at the lamp apertures were
reported and these parameters on the surfaces of cultures were not provided. As a result, it is
difficult to quantitatively compare the outcomes of these studies with other studies. The
studies on the /n vitro antimicrobial effect of blue light are summarized in Table 1.

3.2. Animal studies

Fan et al (Fan et al., 2012) developed an animal model of acne by intradermal injection of ~.
acnes in rat auricular tissue. Female Sprague-Dawley rats aged 3-5 weeks, weight 100-120
g, were used. The investigators then tested the efficacy of intense pulsed blue light (420 nm)
on the treatment of acne in the rat model. Levels of tumor necrosis factor alpha (TNF-a) and
matrix metalloproteinase 2 (MMP-2), markers of inflammation implicated in acne, were
assessed by immunohistochemistry and quantitative polymerase chain reaction (PCR).
Results indicated that treatment with intense pulsed blue light led to marked improvement
after 6 bi-weekly treatments. TNF-a and MMP-2 levels correlated with the extent of
acneiform activity were reduced by treatment with blue light.

Preliminary experiments conducted in our laboratory have shown that blue light can be
effective in mouse models of bacterial infection in wounds and burns (Dai et al, manuscripts
in preparation). Using bioluminescent bacteria and a low light imaging camera (Demidova et
al., 2005) we have been able to demonstrate that 415-nm LED illumination can reduce the
bacterial burden by up to 3 logyg-units in a light dose dependent manner in both S. aureus
and P. aeruginosa infections. In the case of the virulent P, aeruginosablue light therapy of
localized infections can prevent mice dying from systemic infections.
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3.3. Clinical studies

3.3.1. Treatment of acne vulgaris—Acne vulgaris is one of the most common disorders
for which patients seek dermatologic care (Kim and Armstrong, 2011). The disease burden
of acne ranges from facial scarring to social, psychological, and emotional distress as well as
self-perception of poor health. Penicillin, which does not suppress P. acnes, is found to be
clinically ineffective in the treatment of acne (Tan and Tan, 2005).

An open label clinical trial on the treatment of acne vulgaris using a metal halide lamp (407-
420 nm) was carried out by Kawada et al (Kawada et al., 2002). Thirty (30) patients with
mild to moderate acne lesions involving the face and/or the back and/or the chest
participated in this study. Each patient received treatments twice a week up to 5 weeks. Blue
light therapy achieved a marked reduction of comedones, papules, pustules, and comedones
+ papules + pustules by 45.5, 59.3, 46.8, and 51.2% at 3 weeks, as well as by 57.8, 69.3,
73.3, and 64.0% at 5 weeks, respectively. Assessment of efficacy by the investigators
showed that 77% of the patients were improved by week 5. By week 5, 40% of the patients
showed marked improvement or clearance of their acne lesions.

A similar study was carried out by Noborio et al (Noborio et al., 2007) using an intense blue
light source (405-420 nm). In this study, the treatment dose was 4 J/cm? per pulse and each
area received six pulses of light. After the first pulse was delivered, the hand piece was
moved to the next area and the face was covered in a circular manner six times. The
treatment was performed once or twice a week until the patient had satisfactory results. Of
the 10 patients, eight showed an improvement with this phototherapy, and the mean
treatment time was 12.4 treatments. The reduced acne severity score reflected the apparent
clinical improvement in inflammatory acne, such as a decrease in the number of prominent
pustules.

In a prospective study, Ammad et al (Ammad et al., 2008) evaluated the use of intense blue
light within the spectral range of 415-425 nm (peak 420 nm) in the treatment of acne
vulgaris. Twenty one (21) patients with mild to moderate facial acne were treated. All
patients were given 14-min treatment sessions twice a week for 4 weeks. Significant
improvement was achieved in the Leeds Acne Grade (£=0.001). The inflammatory (P =
0.001) and noninflammatory (2= 0.06) lesion counts also improved significantly. A similar
change was noted in the Dermatology Life Quality Index (DLQI) (P= 0.001); a degree of
significance was also achieved in the patients' and the investigators' visual analog scale
(VAS) scores (P=0.01 and P=0.001, respectively). P. acnes CFU counts failed to show a
significant decrease at the end of the treatment and remained almost constant (= 0.660). In
conclusion, the investigators believed that blue light does appear to have some role in the
management of ache and may be beneficial for the treatment of a select group of mild to
moderate acne patients.

Omi et al (Omi et al., 2004) reported a study on the use of 420-nm intense light for the
treatment of acne. A total of 28 adult healthy volunteers with facial acne were treated with a
total of eight serial biweekly 15-min treatment sessions. Clinical counts of acne, as well as
moisture, sebum and pH measurements were taken between each session. Nine of the 28
patients were followed for 2-3 months after the last treatment. Detection of bacteria in acne
pustules was analyzed by culture and by PCR. Ultrastructural changes were examined in
eight patients after four sessions of the light therapy. Overall, there was a 64.7%
improvement in acne lesions. There were no bacterial changes before or after the therapy,
although damaged P. acnes were observed at the ultrastructural level.

Wheeland and Dhawan (Wheeland and Dhawan, 2011) evaluated the efficacy and
tolerability of treating mild-to-moderate facial acne using a hand-held LED blue light (410
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nm) device in conjunction with a proprietary foam cleanser and skin rebuilding serum.
Treatment were performed twice daily for eight weeks, plus the cleanser before treatments
and the serum after each evening treatment. Among 33 subjects aged 25— 45 years old, 28
completed. In a 3 cm x 5 cm target area receiving a daily dose of 29 J/cm?, treatment was
associated with significant reductions from baseline in the inflammatory lesion count from
week 1 onward (P <0.01) and in the non-inflammatory lesion count from week 4 onward (P
<0.05). The number of flares was significantly reduced from baseline from week 2 onward
(P<0.05), and flare severity and flare redness were significantly reduced from baseline from
week 4 onward (P <0.01 and £ <0.05, respectively). At week 8, more than 90 percent of
subjects reported improvements in their skin's overall appearance, clarity, radiance, tone,
texture and smoothness.

A similar study was performed by Gold et al (Gold et al., 2009). Twenty one (21) patients
with mild-to-moderate facial acne were treated with self-applied, blue light LED (414 nm)
once daily for six minutes for a period of eight weeks. During the study period, the total
number of comedones on the face had significantly reduced for the assessment at Day 7
(P<0.019) and at Day 28 (~<0.001). The total number of open comedones (blackheads) on
the face during the treatment period was reduced significantly (P<0.02) for assessment at
treatment Day 7 (P<0.005) and for the assessment at Day 28. The total number of closed
comedones (whiteheads) on the face during the treatment period, was reduced significantly
(P<0.007) for the assessment at Day 28. The total number of papules during treatment had
reduced significantly for assessment at Day 7 (P<0.048) and Day 28 (/<0.005). The total
number of pustules during treatment had reduced, but this difference was not statistically
significant.

In another study, Morton et al (Morton et al., 2005) utilized a blue LED light source (409-
419 nm) in 30 subjects with mild to moderate facial acne. Over 4 weeks, patients received
eight 10- or 20-min light treatments at 40 mW/cm2. An overall effect on inflammatory
counts was observed at week 5, and a statistically significant decrease in inflamed counts
was detected at the week 8 assessments, which continued to week 12.

Clinical pictures (before and after pictures) of a representative patient treated at Wellman
Center for Photomedicine, Massachusetts General Hospital with blue light and showing
marked improvement are shown in Figure 2.

3.3.2. Treatment of H. pylori infection in human stomach—H. py/ori colonizes the
mucus layer of the human stomach and duodenum, causes chronic gastritis, gastric ulcer,
and is a risk factor for gastric adenocarcinoma. There is an over 20% failure rate in
antibiotic therapy (Gisbert and Pajares, 2002; Suzuki et al., 2010), which is increasingly due
to antibiotic resistance (Megraud and Lamouliatte, 2003).

A pilot clinical study was carried by Ganz et al (Ganz et al., 2005) in 10 patients (aged
between 26 and 75) using blue light at 405 nm to eradicate H. pyloriin regions of the gastric
antrum. Light was delivered from a diode laser via a flexible optical fiber, which was passed
through the biopsy channel of the endoscope and gave a 1-cm diameter spot on the gastric
mucosa (Figure 3). Weighed biopsies were taken from treated and non-treated control spots
in the gastric antrum and colonies quantitatively cultured. It was found that, after an
exposure of 40.5 J/cm?2, the mean reduction in H. pylori colonies per gram tissue between
treated and control spots was 91% (/~P<0.0001). Some patients had reductions approaching
99%.

In a later study, Lembo et al (Lembo et al., 2009) conducted a prospective pilot trial using a
novel light source consisting of laser diodes and diffusing fibers to deliver 408-nm
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illumination at escalating total fluences to the whole stomach. The light source included a
catheter sheath enclosing a multi-segment balloon, which was inflated in the stomach to
assist in the positioning of the light wand. The non-illuminated catheter is shown in Figure
4A and after illumination in Figure 4B. Eighteen (18) adults with H. pyloriinfection were
treated at three U.S. academic endoscopy centers. A dose escalation study design was
employed, in which five patients were exposed to light therapy for 15 min; five (5) patients
were exposed for 30 min; seven were exposed for 45 min, and one was exposed for 60 min.
Patients were evaluated at enrollment, at 5 days post-treatment, and again at 5 weeks (7
days) post-treatment using a non-invasive urea breath test. Nine gastric biopsies were taken
immediately pre-light treatment and at the conclusion of light treatment during the
endoscopy procedure to allow quantitative microbiological culture and measure the level of
H. pylorieradication achieved using the light therapy. Pre- and post-treatment biopsies were
obtained from the following sites during endoscopy: antrum at 2, 3, and 4 cm from the
pylorus; greater curvature of the corpus at 3, 4, and 5 cm proximal to the angulus; fundus
and cardia at 2, 3, and 4 cm from the GE junction. The largest reduction in bacterial load
was in the antrum (>97%), followed by body (>95%) and fundus (>86%). There was a
correlation between log reduction and initial bacterial load in the antrum. There was no
dose—response seen with increasing illumination times. The urea breath test results indicated
that the bacteria repopulated in days following illumination.

Table 2 shows the summary of the clinical studies on blue light treatment for acne and H.
pyloriinfections discussed in this review.

3.3.3. Environmental decontamination of hospital isolation room—Maclean et al
(Maclean et al., 2010) assessed the effectiveness of a high-intensity narrow spectrum light
(HINS-light) for the reduction of environmental bacterial contamination on surfaces at
various sites within a hospital isolation room. The HINS-light, installed as ceiling-mounted
light sources, was generated from a matrix of LED which emitted 405 nm light with full-
width half-maximum of 14 nm. The HINS-light was designed to irradiate a surface area of
10 m?, and the levels of light irradiance were set, on the basis of extensive laboratory
experimentation, to be sufficient to cause significant inactivation of exposed bacteria within
the room environment. When the room was unoccupied, use of HINS-light resulted in 90%
reduction of surface bacterial levels and when the room was occupied by an MRSA-infected
burns patient, reductions between 56% and 86% were achieved, with the highest reduction
(86%) measured following an extended period of HINS light operation.

In addition, an on/off intervention study was carried out by the authors to compare the
bacterial contamination levels on contact surfaces within an occupied isolation room, with
and without the HINS-light EDS in operation (Maclean et al., 2010). The room was
occupied by an MRSA-positive female patient with 35% TBSA burn from a house fire. The
study was conducted over a 15 day period divided into three phases: a four-day pre-HINS
phase; a five-day HINS-on phase; and a six-day post-HINS-off phase. Samples from 70 sites
were collected twice during each of the three phases, with a minimum of two days between
sampling. It was reported that surface bacterial levels were reduced by 62% by HINS-light
EDS treatment and returned to pretreatment contamination levels two days after the system
was switched off.

In general, these reductions of S. aureusand MRSA by HINS-light treatment were greater
than the reductions achieved by normal infection control and cleaning activities alone. The
authors concluded that HINS-light EDS, used as a supplementary procedure, can make a
significant contribution to bacterial decontamination in clinical environments.
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In a similar study carried out by the researchers from the same group, Bache et al (Bache et
al., 2011) assessed the use of the HINS-light in two different burn unit environments: an
isolation room housing burn inpatients and the burn outpatient clinic, through which several
patients pass each day, so total decontamination of the room between patients is almost
impossible to achieve. The light sources were installed in the ceilings of the inpatient
isolation room and outpatient clinic room. Environmental samples were collected from
inpatient isolation room and the outpatient clinic, and comparisons were then made between
the bacterial contamination levels observed with and without use of the HINS-light. Over
1000 samples were taken. Inpatient studies, with sampling carried out at 08:00 am,
demonstrated a significant reduction in the average number of bacterial colonies following
HINS-light EDS use of between 27% and 75% (P < 0.05). There was more variation when
samples were taken at times of increased activity in the room. Outpatient studies during
clinics demonstrated a 61% efficacy in the reduction of bacterial contamination on surfaces
throughout the room during the course of a clinic (P=0.02).

3.3.4. Summary—-BIlue light, with the wavelength range of 405-425 nm, has been
employed in clinic to treat mild to moderate acne vulgaris, of which P. acnes is the causative
pathogen. While the overall outcomes in all the studies were shown to be positive,
discrepancies were reported in the therapeutic efficacies of different studies (Ammad et al.,
2008; Gold et al., 2009; Kawada et al., 2002; Morton et al., 2005; Noborio et al., 2007; Omi
et al., 2004; Wheeland and Dhawan, 2011). It was likely that the discrepancies were due to
the different light delivery protocols used in the studies, differences in the spectra of light
sources, variable situations of patient populations, etc. Clinical trials (Ganz et al., 2005;
Lembo et al., 2009) have also been conducted to investigate the therapeutic efficacy of blue
light for the treatment of gastritis, of which H. py/oriis the responsible pathogen. In general,
the clinical use of blue light for infectious disease is still at the early stage of development,
for example, the sample sizes of all published clinical studies are very limited (7<30), the
target bacteria are mainly limited to . acnesand H. pylori. Further studies with larger
sample size are warranted to optimize the parameters of blue light therapy, and to investigate
the use of blue light for infections caused by bacteria other than P. acnesand H. pylori. Blue
light has also been used for the environmental decontamination of hospital isolation room, to
inactivate nosocomial pathogens including MRSA (Bache et al., 2011; Maclean et al., 2010)

4. Mechanisms of antimicrobial effect of blue light

4.1. Blue light inactivation of bacteria is oxygen dependent

Maclean et al (Maclean et al., 2008b) investigated the role of oxygen in the visible light
inactivation of S. aureus. A xenon broadband white-light source together with a 400-nm
long-pass filter was used for the visible-light exposure of bacterial suspensions. Oxygen
enhancement was achieved by flowing oxygen over the surface of the S. aureus suspension
during light illumination and results demonstrated an increased rate of bacterial inactivation,
with approximately 3.5 times less specific dose being required for inactivation compared to
that for a non-enhanced control. Oxygen depletion was achieved through the addition of
oxygen scavengers to the S. aureus suspension, and significantly reduced bacterial
inactivation was observed in the presence of oxygen scavengers. The authors concluded that
the nature of the mechanism occurring within the visible-light-exposed S. aureus is
photodynamic inactivation through the photo-excitation of intracellular porphyrins.

In a similar study, Feuerstein et al (Feuerstein et al., 2005) elucidated the mechanism of blue
light phototoxicity on P. gingivalis and F. nucleatum. Bacteria were exposed to blue light (1)
under aerobic and anaerobic environments and (2) in the presence of scavengers of ROS.
Phototoxicity was not observed when the bacteria were exposed to light under anaerobic
conditions. Dimethy! thiourea, a hydroxyl radical scavenger, was effective in reducing
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phototoxicity (£<0. 05). These results support the assumption that the phototoxic effect of
blue light on the periodontopathogenic bacteria is oxygen dependent and that hydroxy!l
radicals play an important role in this process.

4.2. Intracellular porphyrins have been identified in bacteria susceptible to blue light

inactivation

Hamblin et al (Hamblin et al., 2005) hypothesized that the inactivation of H. pyloriby
visible light with a peak in the action spectrum about 400 nm was due to the intracellular
accumulation of a metal free porphyrin that produces ROS upon illumination. The
hypothesis was tested by carrying out fluorescence emission spectroscopy on H. pylori
cultures of five strains with different ages. After centrifuge, the culture supernatants from
the H. pylori suspensions were excited at 405 nm and scanned the emission between 580 and
720 nm. It was observed that the supernatants contained an emission peak centered at 622
nm, almost midway between the emission peaks of coproporphyrin I dichloride (CP) (610
nm) and protoporphyrin IX (PPIX) (632 nm). The investigators then correlated the measures
of the fluorescence intensity in the culture supernatants with the amount of inactivation
observed in many experiments that gave variable degrees of light-mediated inactivation with
different strains of H. pylori and particularly with cultures of different ages. The reciprocal
of the survival fraction after 10 J/cm? blue light was taken as the measure of cytotoxicity.
The authors observed an excellent positive correlation over several orders of magnitude
between the porphyrin fluorescence in the medium and the cytotoxicity (Figure 5). To
further identify and confirm the existence of free porphyrins in the four-day old culture
supernatant, the investigators carried out analysis by solvent extraction and capillary
electrophoresis with-laser-induced fluorescence detection and comparison with porphyrin
standards. The concentrations of both CP and PPIX measured in the supernatants from the
five different H. py/ori strains were roughly comparable, ranging from 10 to 20 nM for CP
and from 12 to 42 nM for PPIX.

Ashkenazi et al (Ashkenazi et al., 2003) confirmed that £. acnes is capable of producing
endogenous porphyrins with no need for any trigger molecules such as 5-aminolevulinic
acid. Extracts from growing cultures demonstrated emission peaks around 612 nm, which
were characteristic for porphyrins. Endogenous porphyrins were determined and quantified
after their extraction from the bacterial cells by fluorescence intensity and by elution
retention time on high-performance liquid chromatography (HPLC). The porphyrins
produced by P. acnes were mostly coproporphyrin, as shown by the HPLC elution patterns.

By using HPLC, Soukos et al (Soukos et al., 2005) identified and quantified the endogenous
porphyrins in periodontal disease causing bacteria including P. intermedia, P. nigrescens, P.
melaninogenica, and P. gingivalis. HPLC revealed that these bacteria expressed different
porphyrin patterns including uroporphyrin, heptacarboxyl porphyrin, hexacarboxyl
porphyrin, pentacarboxyl porphyrin, isocoproporphyrin, coproporphyrin, and
protoporphyrin. The total amounts of porphyrin were 267, 47, 41, and 2.2 ng/mg-protein in
P. intermedia, P. nigrescens, P. melaninogenica, and P. gingivalis, respectively. The authors
suggested that blue light could achieve rapid and selective elimination of periodonto-
pathogenic bacteria by exciting their endogenous porphyrins.

4.3. Summary

Studies have found that blue light inactivation of bacteria is oxygen dependent (Feuerstein et
al., 2005; Maclean et al., 2008b), suggesting that the antimicrobial effect of blue light is
associated with the photo-excitation of intracellular chromophores and the subsequent
generation of cytotoxic ROS such as singlet oxygen. Intracellular photosensitizing
porphyrins were found in P. acnes (Ashkenazi et al., 2003), H. pylori (Hamblin et al., 2005),
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and some oral bacteria (Soukos et al., 2005). Different porphyrin patterns were observed in
different bacteria (Table 3). Although it is commonly considered that blue light inactivation
of wound pathogenic bacteria (e.g., S. aureus, P. aeruginosa) is also due to the photo-
excitation of intracellular porphyrins, this hypothesis has not yet been rigorously proved,
and it is necessary to verify the existence of intracellular photosensitizing porphyrins or
identify alternative non-porphyrin intracellular photosensitizing chromophores.

5. Effects of blue light on mammalian cells

To employ blue light for the treatment of infections, it is clearly important to understand the
effects of blue light on host cells and tissues so that unacceptable damage to host cells and
tissues is not inflicted. However, very limited studies have been reported so far in this area.

5.1. In vitro studies

Shnitkind et al (Shnitkind et al., 2006) demonstrated that blue light has anti-inflammatory
effects on keratinocytes. Two immortalized keratinocyte cell lines, HaCaT and h TERT1,
were illuminated with narrow-band blue light (420 nm) at an exposure of 54 mJ/cm? or 134
mJ/cm?. IL-1a and ICAM-1 were used as the markers for inflammation. The results showed
that blue light treatment of HaCaT and hTERT cells resulted in inhibition of cytokine-
induced production of IL-1a. The levels of IL-1a decreased by 82% in HaCaT and by 75%
in hTERT cells.

Liebmann et al (Liebmann et al., 2010) evaluated the effects of blue light from LED arrays
on endothelial cells and primary human keratinocytes. Panels of LED arrays with the
following peak wavelengths were used: 412, 419, 426, and 453 nm, each with a bandwidth
of 20-30 nm at 50% power. Cell cultures were placed at a distance of 50 mm under the LED
array and were irradiated every 24 hours on 3 successive days with different radiant
exposures. It was observed that irradiation with wavelengths of 412, 419, and 426 nm at
high radiant exposures (66-100 J/cm?2) and 453 nm wavelength at very high radiant
exposures (4500 J/cm?) is cytotoxic for skin-derived endothelial cells as well as
keratinocytes. Irradiation with nontoxic radiant exposures significantly and dose
dependently reduces proliferation in both endothelial cells and keratinocytes. This reduction
in proliferation was found to be due to an initiation of differentiation, as proven by the
measured expressional increase of the respective markers in keratinocytes. Using bovine
serum albumin (BSA) as a model protein, the authors showed that blue light up to a
wavelength of 453 nm is capable of releasing nitric oxide (NO) from nitrosated proteins, but
not from nitrite, and that NO can initiate differentiation in human keratinocytes.

Wataha et al (Wataha et al., 2004b) assessed the effect of blue light from three common
dental light sources, quartz—tungsten—halogen (QTH), plasma-arc (PAC), and laser, on the
cellular function of 3T3 mouse fibroblasts /n vitro. For each source, the majority of the light
flux fell between 400 and 500 nm. Mouse fibroblasts were exposed to light from the dental
light sources for the equivalent durations used in clinic, with total energy exposures ranging
from 1.3 to 60 J/cm?2. The light tip was placed 7.5 mm from the bottom of the culture well
where cells were attached. To directly compare the three light sources, additional
experiments were done using equivalent total light exposures from each source by adjusting
the exposure durations for each light source. Cellular function was assessed by succinic
dehydrogenase (SDH) activity of mitochondria. Results showed that exposures ranging from
5 J/cm? (laser) to 15 J/cm? (PAC, QTH) irreversibly suppressed SDH activity nearly 100%
when compared to no-light controls up to 72 h post-exposure. For the PAC and QTH
sources, exposures as low as 3.5 J/lcm? also irreversibly suppressed SDH activity. When
equivalent radiant exposures were used from each light source, exposures of 1 J/cm? did not
suppress SDH activity for the QTH and laser sources, but significantly (50%) suppressed
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SDH for the PAC source, indicating a difference in the biological effects of the outputs of
the different light units. Equivalent light exposure experiments also indicated a definite
dependence of SDH activity on the total light exposure.

In another study, Godley et al (Godley et al., 2005) reported that blue light induced
mitochondrial DNA damage and free radical production in human primary retinal epithelial
(PRE) cells. Confluent cultures of human PRE cells were exposed to visible light (390-550
nm at 2.8 mW/cm?) for up to 6 h. A small loss of mitochondrial respiratory activity was
observed at 6 h compared with dark-maintained cells, and this loss became greater with
increasing time. Light exposure significantly damaged mitochondrial DNA at 3 h (0.7
lesion/10 kb DNA) compared with dark maintained controls. However, by 6 h of light
exposure, the number of lesions was decreased in the surviving cells, indicating DNA repair.
Isolated mitochondria exposed to blue light generated singlet oxygen, superoxide anion, and
hydroxyl radical. Antioxidants confirmed the superoxide anion to be the primary species
responsible for the mitochondrial DNA lesions. The authors conclude that visible light can
cause cell dysfunction through the action of ROS on DNA and that this may contribute to
cellular aging, age-related pathologies, and tumorigenesis.

Hockberger et al (Hockberger et al., 1999) showed that blue light stimulated H,O»
production in cultured mouse (3T3 fibroblasts), monkey (kidney epithelial cells), and human
(foreskin keratinocytes) cells. The cultured cells were exposed to blue light in several
wavelength ranges filtered from a xenon arc lamp: 400-410, 445-455, 450-490, or 485-495
nm. The production of H,O, was detected by a classical histochemical staining. The
investigators found that H,O, originated in peroxisomes and mitochondria, and it was
enhanced in cells over- expressing flavin-containing oxidases. These results support the
hypothesis that photo-reduction of flavoproteins underlies light-induced production of H,0,
in cells. Because H,0, and its metabolite, hydroxyl radicals, can cause cellular damage,
these ROS may contribute to pathologies associated with exposure blue light.

5.2. In vivo studies

A small scale clinical trial was conducted by Kleinpenning et al (Kleinpenning et al., 2010)
to investigate the effects of blue light, with a range of 390-460 nm and a peak emission of
420 nm, on normal skin of healthy volunteers. Eight (8) healthy volunteers with skin type I-
111 were irradiated with blue light on five consecutive days. Each day, 20 J/cm? was given
on the unprotected area of 15-cmx15-cm on the buttocks to a cumulative dose of 100 J/cm?.
Skin biopsies were analyzed with respect to photodamage (p53, vacuolization, sunburn
cells), skin ageing (elastosis, matrix metalloproteinase-1), and melanogenesis (Melan-A). No
inflammatory cells and sunburn cells were visible before or after irradiation. A significant
increase in the perinuclear vacuolization of keratinocytes was demonstrated during treatment
(P=0.02) with a tendency towards significance after cessation of treatment (A=0.09). No
significant change in p53 expression was observed. Signs of elastosis and changes in matrix
metalloproteinase-1 (MMP-1) expression were absent. Minimal clinical hyperpigmentation
of the irradiated skin was confirmed histologically with a significant increase in Melan-A-
positive cells (P=0.03). The authors concluded that the (short-term) use of visible blue light
in dermatological practice is safe.

5.3. Summary

Limited /n vitro studies that have been reported so far (Godley et al., 2005; Hockberger et
al., 1999; Liebmann et al., 2010; Wataha et al., 2004b) that showed that blue light, under
certain wavelength range and light exposures, might be toxic to mammalian cells including
keratinocytes, fibroblasts, retinal epithelial cells, skin-derived endothelial cells, etc. The
mechanism of the cytotoxic effect of blue light on mammalian cells is similar to that on
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bacteria, which is associated with the photo-excitation of intracellular chromophores
sensitive to blue light and the subsequent generation of cytotoxic ROS. It was suggested that
the blue light damages mammalian cells by generating ROS from mitochondria or/and
peroxisomes (Hockberger et al., 1999), which possess blue light sensitive chromophores:
flavins and cytochromes. The light absorption of flavins peaks at 460 nm (Massey, 2000).
These studies also indicated that blue light induced damages to mammalian cells in a
wavelength dependent manner.

In contrast to the /n vitro studies discussed above, an /n vivo study (Kleinpenning et al.,
2010) reported minimal side effects of blue light on human skin. The discrepancies between
different studies are attributable to many factors, for example, light exposure, the
wavelength spectrum of the light source, etc. For /n vivo situations, as the light decays when
it penetrates into the tissue, the light energy received by the cells is significantly less than
the light energy received on the skin surface. As a result, under the equivalent light
exposures, cell damage observed /n vivo will be significant lower than those /n vitro. Further
studies should be performed to examine the effect of blue light, in the therapeutic
wavelength range used for infections and at the effective antimicrobial exposures (the
exposures required to effectively treat infections), on host cells and tissues.

The identification of the blue light sensitive chromophores in mammalian host cells is of
similar importance as it is in pathogenic bacteria. Ideally, the blue light wavelength used
should selectively excite the chromophores in pathogenic bacteria while the photo-excitation
of chromophores in mammalian cells should be avoided or minimal. Table 4 shows the
summary of the studies on the blue light effects on mammalian cells.

6. Effects of blue light on wound healing

Given the growing interest in blue light therapy for wound infections, it is important to
investigate the utility that blue light may have in wound healing.

McDonald et al (McDonald et al., 2011) investigated whether blue light could be employed
to maintain tissue sterility without damaging the wound-healing cells. The fibroblast (NIH/
3T3)-populated collagen lattice (FPCL) was used as an /n vitro model of wound healing, and
the effect of blue light on contraction was examined. The FPCLs were exposed to blue light
(405 £10 nm) 24 h after seeding. Treatments were carried out using light intensities of 3.6—
15 mW/cm? for 1 h, giving a total dose of 13-54 J/cm?, respectively. The results showed
that exposure of 3T3 fibroblast cells to 1 h of blue light with intensities < 5 mW/cm? (or
light dose < 18 J/cm?2) did not have an inhibitory effect on fibroblast function. The authors
concluded that exposing an open wound to these intensities for 1 h would not have a
detrimental impact on the wound healing process.

In an animal study using rats, Adamskaya et al (Adamskaya et al., 2011) examined the
effects of blue (470 nm) light from LED arrays on the wound healing in excisional wounds.
Male Sprague Dawley rats weighing 300-350 g were shaved and two circular full thickness
excisional wounds were created under sterile conditions on the dorsum of each rat, including
the panniculus carnosus. Animals were divided into two groups (7= 6): Group 1 treated
with red LED and Group 2 was not illuminated. In the blue light treated group, the rats with
excisional wounds on either the left or right side were illuminated post- wounding and on
five consecutive days for 10 min at the irradiance of 50 mW/cmZ. It was observed that blue
light significantly decreased wound size on day 7, which correlated with enhanced
epithelialization. Blue light also decreased keratin-1 mRNA on day 7 post-wounding, while
keratin-10 mRNA level was elevated in both light treated group compared to control.
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Another animal study was performed by Soyer et al (Soyer et al., 2011) to evaluate the
effect of blue light on growth factor levels responsible for wound healing in neonatal rat
skin. Eighteen (18) Wistar albino newborn rats less than 7 days old and weighing 7 + 2 g
with both sexes were included in the study. The animals were randomized into 3 groups:
control, blue light, and sham (7= 6). Both the control group and blue light treated group had
1-cm median dorsal skin incision. In the control group, 1 x 1 cm of dorsal skin was sampled
including the incised skin. Blue light exposure occurred shortly after the incision. The blue
light treated group received blue light from 5 beams (Bilitron 3006, Fanem, Brasil) with an
aperture-skin distance of 45 cm. Blue light therapy was started 24 h after birth with the mean
light illumination time ranging from 15 +1.5 min to 21+2 h. Sham group consisted of
animals receiving one beam of white light with the same aperture-skin distance and a total
illumination time ranging from 18 + 9.1 min to 26 + 3 h. The irradiance and the wavelength
range of the blue light illumination were not reported in this study. After blue light exposure,
1 x 1 cm dorsal skin samples were obtained from both blue light treated group and sham
group including the median incision. The effect of blue light treatment was evaluated for the
expressions of vascular endothelial growth factor (VEGF), its receptor (VEGFR), and TGF-
B in endothelial vessels and fibroblasts of neonatal skin samples. Results showed that there
was no significant difference between groups in VEGF receptor and transforming growth
factor p expressions. The VEGF levels in endothelial vessels were significantly decreased in
blue light treated group and sham group when compared with the control group (P<0.05).
The investigators concluded that VEGF is a mediator of angiogenesis and may decrease in
neonatal rat skin after light exposure. It can be suggested that decreased levels of VEGF
after blue light application may alter angiogenesis and also may adversely affect the healing
features of neonatal skin.

In summary, discordant results have been reported by the limited studies regarding the
effects of blue light on wound-healing. While two studies (Adamskaya et al., 2011;
McDonald et al., 2011) have showed that blue light has no detrimental impact on wound-
healing cells /n vitro and can accelerate the healing of excisional wounds in adult rats, one
study (Soyer et al., 2011) found that blue light decreased the levels of VEGF and altered
angiogenesis in neonatal skin. The contradictory results might be attributable to different
light sources (wavelength range), different light exposures (a biphasic dose response is
frequently observed in low level light therapy (Huang et al., 2009; Huang et al., 2011)), and
different models (/n vitro or in vivo, ages of animals, etc) used.

7. Discussion

The alarmingly increasing emergence of antibiotic resistance in pathogenic bacteria has
necessitated the search for alternative antimicrobial approaches. Blue light has attracted
much attention due to its intrinsic antimicrobial properties without the involvement of added
exogenous photosensitizers.

Blue light can be sensed by numerous microorganisms and can induce physiological
responses elicited by blue light receptors. As a result of this, blue light can regulate bacterial
maotility, suppress biofilm formation, and potentiate light inactivation of bacteria. On the
other hand, the presence of blue light may also up-regulate bacterial virulence factors.

Blue light therapy is now an accepted protocol for acne vulgaris, and additional clinical
trials have been carried out using blue light for H. pylori gastritis showing promising
outcomes. Blue light may also be effective in oral infections by killing dental anaerobic
bacterial species.

Drug Resist Upaat. Author manuscript; available in PMC 2013 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dai et al.

Page 17

It has been reported in several studies that blue light is effective in inactivating wound
pathogens (both S. aureus (including MRSA) and P. aeruginosa). There are surprisingly no
published preclinical and clinical reports on using blue light for wound infections, which is
one of most common problems encountered in clinical practice. Future studies are of great
interest to test the efficacies of blue light for wound infections in animal models (these are in
progress in our laboratory) and even in clinical trials.

In comparison to PDT, blue light inactivates bacteria without the involvement of exogenous
photosensitizer. As a result, the use of blue light inactivation is easier to accomplish.
Delivery of photosensitizers to the target microbes has been challenging when PDT is used
for infectious diseases. In addition, as the intracellular porphyrins (or other blue light
sensitive chromophores) of bacteria are located inside the bacterial cells, blue light at the
appropriate parameters could selectively inactivate bacteria while preserving host cells. The
ideal wavelength range of blue light should be the one that is selectively absorbed by the
chromophores in pathogenic bacteria but not those in host cells.

One question that will have to be addressed is “Can microbial cells develop resistance to
blue light inactivation?” To our knowledge this question has not yet been experimentally
addressed. The possible development of microbial resistance to photodynamic inactivation
has been studied. After repeated cycles of partial inactivation followed by regrowth,
different bacterial species failed to develop resistance to the photodynamic process after 10
(Tavares, 2010) or even 20 cycles (Giuliani et al., 2010). However development of microbial
resistance to UVC inactivation may be possible (Dai et al., 2012b). At the very least it will
be necessary to repeatedly deliver sub-eradication doses of blue light to susceptible cultures
with regrowth between cycles to investigate whether resistant clones can be selected, or
mutants with increased blue light damage repairing enzymes can be produced.

The biological effects of blue light are often viewed as innocuous and very limited studies
have been carried out in this area. It is reported by limited /in vitro cell culture studies that
blue light at certain wavelength and exposures may induce dysfunction of mammalian cells.
The effect is considered to be attributable to the photo-excitation of chromophores in
mitochondria or peroxisomes (Hockberger et al., 1999; Wataha et al., 2004a). In comparison
to UVC irradiation therapy, there is much less concern about blue-light-induced mutagenesis
effects in mammalian cells. Blue light (>400 nm) absorption by DNA is weak (Sutherland
and Griffin, 1981). A clinical study demonstrated that blue light with a cumulative dose of
100 J/cm? did not cause significant changes in p53 expression (Kleinpenning et al., 2010).

A bottleneck in light-based therapy is the limitation of light penetration in tissue. While the
penetration depth of blue light in tissue is lower than that of red light (Ankri et al., 2010),
which is commonly employed in PDT, blue light can penetrate deeper in tissue than UVC
irradiation. In addition, an increasing number of creative approaches are being investigated
to increase the depth of light penetration in tissue, including optical clearing, interstitial light
delivery, etc.

In general, the use of blue light for the treatment of infectious diseases is a new area that
warrants further investigations. The mechanisms of the bactericidal effect of blue light as
well as the effects of blue light on mammalian cells are still not fully understood. Further
studies should be performed to ensure an effective and safe blue light therapy.
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Fig. 1.

Blue light (405-nm) inactivation of medically important bacteria. (A) Gram-positive
bacteria; (B) Gram-negative bacteria. Irradiance: 10 mW/cm2. (The graphs have been
redrawn based on the data presented in reference (Maclean et al., 2009))
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Fig. 2.
A case of a female acne patient treated at Wellman Center for Photomedicine with marked
clinical improvement. A) before, and B) after blue light (407-420 nm) treatment.
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Fig. 3.

Pilot clinical trial of blue light for gastric H. pylori infection (Ganz et al., 2005). Endoscopic
intra-gastric photograph of a control site (post-biopsy with some visible blood), and the
adjacent treatment site with the spot of laser light visible as a blue circle.
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Fig. 4.

Device for delivery of 408-nm illumination at escalating total fluences to the whole
stomach. A) Light wand balloon before blue light illumination; B) light wand balloon
illuminated by a 408-nm diode laser. Reprinted with permission from (Lembo et al., 2009).
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Fig. 5.

Correlation between height of porphyrin fluorescence emission from H. pylori culture
supernatants and cytotoxicity expressed as reciprocal of surviving fraction after 10 J/cm? of
405-nm light. Reprinted with permission from (Hamblin et al., 2005).

Drug Resist Upaat. Author manuscript; available in PMC 2013 August 01.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Dai et al.

Table 1

Summary of blue light inactivation of bacteria /n vitro
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light

nigrescens, P. melaninogenica,
and S. constellatus

Light source Radiant exposure Bacterial species/strains Inactivation efficacy Ref.
407-420 nm metal 324 J/cm? at lamp P. acnes 15.7% reduction in CFU (Kawada et al.,
halide lamp aperture; lamp-target immediately after irradiation; 2002)
distance: 25 cm. 24.4% reduction 60 min after
irradiation.
407-420 nm intense 75-225 J/cm? P. acnes 2 logy at 75 Jicm?, 4 log, g at (Ashkenazi et
light lamp 150 J/em?, and 5 logy at 225 1/ | al-2003)
cm2,
405-nm diode laser 20 J/lcm? H. pylori >99.9% (Hamblin et al.,
2005)
405 nm light-emitting 15 J/cm? at lamp P. gingivalis >75% (Fukui et al.,
device aperture 2008)
380-520 nm broadband | 4.2-42 J/cm? P. gingivalis, P. intermedia, P. P. intermedia and P. nigrescens (Soukos et al.,

>5 logyg at 4.2 Jicm?; P.
melaninogenica>5 log at 21 J/
cm?; P. gingivalis 1.83 logy, at
42 Jjem?.

2005)

400-500 nm light
lamps used for dental
restoration

Irradiance between 260
and 1300 mW/cm? for
up to 3 min

P. gingivalis, F. nucleatum, S.
mutans, and E. faecalis

The minimal inhibitory dose for

P. gingivalisand F. nucleatum

was 16-62 Jicm?, for S. mutans

and S. faecalis was 159-212 J/
cm2,

(Feuerstein et
al., 2004)

405-nm superluminous
diode light

50.4-55.2 J/cm? at lamp
aperture; lamp-target
distance: 1-2 mm

MRSA USA 300; MRSA
1S-853

92.1% for USA 300; 93.5 for
1S-853

(Enwemeka et
al., 2008)

470-nm superluminous

55 J/cm? at lamp

MRSA USA 300; MRSA

90.4% for both strains

(Enwemeka et

positive; 108-180 J/cm?
for gram-negative.

pyogenes, E. faecalls, C.
perfringens, A. baumannii, P.
aeruginosa, E. coll, P. vulgaris,

and K.pneumoniae

diode light aperture; lamptarget 1S-853 al., 2009)
distance: 1-2 mm
405 and 470 nm light 15 Jiem? S. aureus, P. aeruginosa S. aureus 90% at 405 nm, 62% at | (Guffey and
470 nm; P. aeruginosa 95.1% at Wilborn, 2006)
405 nm, 96.5% at 470 nm.
405 nm light 23.5 J/cm? S. aureus 2.4-logqqg (Maclean et al.,
2008a)
405-nm LED 36-216 J/cm? for gram- S. aureus, S. epidermidis, S. 2.6-5.0 logyq for gram positive; (Maclean et al.,

3.1-4.7 log,q for gram negative.

2009)

415 and 455 nm LED

60-120 J/cm?

S. aureus, E. coli. 51

S. aureus 90% at 415 nm; 50% at
455 nm. E. coli 100% at 415 nm;
98-99% at 455 nm.

(Lipovsky et
al., 2010)
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Table 2

Summary of blue light treatment of acne vulgaris and gastritis in human patients
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Acnevulgaris

exposed to light therapy for 15 min;
5 patients were exposed for 30 min;
7 were exposed for 45 min, and one
was exposed for 60 min.

Light source Treatment protocol No. of Outcome Ref.

patients

407-420 nm halide Each patient received treatments 30 77% patients were improved. (Kawada et al.,

lamp twice a week up to 5 weeks. 2002)

405-420 nm intense On average 12.4 treatments; once a 10 80% patients showed an (Noborio et al.,

light week. improvement. 2007)

415-425 nm intense Two treatments a week for 4 weeks. 21 Significant improvement was (Ammad et al.,

light achieved in the Leeds Acne Grade. 2008)

The inflammatory and
noninflammatory lesion counts also
improved significantly.

420 nm intense light They were treated with a total of 28 There was a 64.7% improvement in (Omietal.,
eight serial biweekly treatment acne lesions. 2004)
sessions.

410 nm LED Twice daily for eight weeks. 28 At week 8, more than 90 percent of (Wheeland and
subjects reported improvements in Dhawan, 2011)
their skin's overall appearance,
clarity, radiance, tone, texture and
smoothness.

414 nm LED Blue light was applied to the 21 The total number of comedones on (Gold et al.,

applicable area once daily for six the face had significantly reduced 2009)
minutes for a period of eight weeks. for the assessment at day 7 and at
day 28.

409-419 nm LED Over 4 weeks, patients received eight 30 An overall effect on inflammatory (Morton et al.,
10- or 20-min light treatments at 40 counts was observed at week 5, and 2005)

W/cm?2, a statistically significant decrease in
inflamed counts was detected at the
week 8 assessments, which
continued to week 12.

Gasdtritis

Light source Treatment protocol No. of patients | Outcome Ref.

405 nm diode laser One treatment with an exposure of 10 The mean reduction in H. pylor (Ganzetal,

with a flexible optical 40.5 Jicm?2. colonies per gram tissue between 2005)

fiber treated and control spots was 91%

(P<0.0001). Some patients had
reductions approaching 99%.
408 nm diode laser A dose escalation study design was 18 The largest reduction in bacterial (Lembo et al.,

with diffusing fibers employed, in which 5 patients were load was in the antrum (>97%), 2009)

followed by body (>95%) and
fundus (>86%).
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Intracellular porphyrin patterns observed in different bacteria

Table 3

Bacterial species

Intracellular porphyrins

Ref.

P. acnes

Coproporphyrin

(Ashkenazi et al., 2003)

H. pylori

Coproporphyrin, protoporphyrin

(Hamblin et al., 2005)

P. intermedia

Coproporphyrin, protoporphyrin

(Soukos et al., 2005)

P. nigrescens

Uroporphyrin, heptacarboxyl porphyrin, protoporphyrin

(Soukos et al., 2005)

P. melaninogenica

Coproporphyrin, uroporphyrin, protoporphyrin

(Soukos et al., 2005)

P. gingivalis

Coproporphyrin

(Soukos et al., 2005)
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Effects of blue light on mammalian cells

Table 4
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In vitro studies

Light source

Radiant exposure

Cell type

Treatment outcome

Ref.

Narrow-band blue
light 420 nm.

54 mJ/cm? and 134 mJ/
cm2,

Keratinocyte cell lines:
HaCaT and hTERT.

Blue light has anti-inflammatory
effects on keratinocytes by
decreasing the cytokine-induced
production of IL-1a and ICAM-1.

(Shnitkind et al.,
2006)

LED 412, 419, 426,

66—100 J/cm? for 412,

Human keratinocytes, skin-

Irradiations with 412, 419, 426 nm at

(Liebmann et al.,

and 453 nm. 419, and 426 nm; 4500 J/ | derived endothelial cells. 66-100 J/cm? and 453 nm at 4500 J/ | 2010)

cm? for 435 nm. The cm? is cytotoxic for skin cells.

exposures were measured

at the LED apertures.
Dental light 1.3 to 60 J/cm?. 3T3 mouse fibroblasts. Exposures ranging from 5 J/cm? (Wataha et al.,
sources: quartz— laser) to 15 J/cm? (PAC, QTH) 2004b)
tungsten—halogen irreversibly suppressed SDH activity
(QTH), plasma-arc nearly 100% up to 72 h post-
(PAC), and laser. exposure. For the PAC and QTH
The majority of the sources, exposures as low as 3.5 J/
light flux fell cm? also irreversibly suppressed
between 400-500 SDH activity.
nm.
Visible light 390— Up to 6 h irradiation at Human primary retinal A small loss of mitochondrial (Godley et al.,
550 nm. 2.8 mW/cm? (or up to epithelial cells. respiratory activity was observed at 6 | 2005)

60.5 J/cm?). h. Light exposure significantly

damaged mitochondrial DNA at 3 h.
Xenon arc lamp 20-40 min illumination at | Mouse fibroblasts (3T3), Blue light stimulated H,0, (Hockberger et
filtered to 400-410, | 6.3 mW/cm? (or 7.6 —15.2 | African green monkey production in cultured mammalian al.,, 1999)
445-455, 450-490, Jlem?)., kidney epithelial cells, and cells.
or 485-495 nm. human foreskin
keratinocytes.

I'n vivo study
Light source Radiant exposure Subject Treatment outcome Ref.

Visible light 380—
480 nm with a peak

emission at 420 nm.

Each day, 20 J/cm? was
given to a cumulative
dose of 100 J/cm2,

Eight healthy volunteers
with skin type I-I11 and an
average age of 20.9 years
(19-24 years).

No inflammatory cells and sunburn
cells were visible after irradiation. A
significant increase in the peri-
nuclear vacuolization of
keratinocytes was demonstrated. No
significant change in p53 expression
was seen. Signs of elastosis and
changes in MMP-1 expression were
absent. Minimal clinical
hyperpigmentation of the irradiated
skin was confirmed with a
significant increase in Melan-A-
positive cells.

(Kleinpenning et
al., 2010)

Drug Resist Upaat. Author manuscript; available in PMC 2013 August 01.



