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Abstract

Background—Antibiotic resistance is one of the most serious health threats to modern medicine.
The lack of potent antibiotics puts us at a disadvantage in the fight against infectious diseases,
especially those caused by antibiotic-resistant microbial strains. To this end, an urgent need to
search for alternative antimicrobial approaches has arisen. In the last decade, light-based therapy
has made significant strides in this fight to combat antibiotic resistance among various microbial
strains. This method includes utilizing antimicrobial blue light, antimicrobial photodynamic
therapy, and germicidal ultraviolet irradiation, among others. Light-based therapy is advantageous
over traditional antibiotics in that it eradicates microbial cells rapidly and the likelihood of light-
resistance development by microbes is low.

Methods—This review highlights the patents on light-based therapy that were filed
approximately within the last decade and are dedicated to eradicating pathogenic microorganisms.
The primary database that was used for the search was Google Patents. The searches were
performed using the keywords including blue light, antimicrobial photodynamic therapy,
ultraviolet irradiation, antibiotic resistance, disinfection, bacterium, fungus, and virus.

Results—Forty-five patents were obtained in our search: 9 patents for the antimicrobial blue
light approach, 21 for antimicrobial photodynamic therapy, 11 for UV irradiation, and lastly 4 for
other light-based anti-infective approaches. The treatments and devices discussed in this review
are interestingly enough able to be used in various different functions and settings, such as dental
applications, certain eye diseases, skin and hard surface cleansing, decontamination of internal

Send Orders for Reprints to reprints@benthamscience.ae

"Address correspondence to this author at the Wellman Center for Photo-medicine, Massachusetts General Hospital, BAR 404B, 55
Fruit Street, Boston, MA, 02114, USA; Tel: 617-726-6169; tdai@mgh.harvard.edu.

CONSENT FOR PUBLICATION

Not applicable.

CONFLICT OF INTEREST

The authors declare no conflict of interest, financial or otherwise.

DISCLAIMER: The above article has been published in Epub (ahead of print) on the basis of the materials provided by the author.
The Editorial Department reserves the right to make minor modifications for further improvement of the manuscript.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ahmed et al.

Page 2

organs (e.g., the stomach), decontamination of apparel and equipment, eradication of pathogenic
microorganisms from buildings and rooms, etc. Most of the devices and inventions introduce
methods of destroying pathogenic bacteria and fungi without harming human cells and tissues.

Conclusions—L.ight-based antimicrobial approaches hold great promise for the future in regards
to treating antibiotic-resistant infections and related diseases.

Keywords

light-based therapy; antimicrobial blue light; antimicrobial photodynamic therapy; germicidal UV
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1. INTRODUCTION

In 2013, the Center for Disease Control and Prevention (CDC) released a detailed report
titled Antibiotic Resistance Threats in the United States [1]. The report highlights the
significance of current antibiotic-resistant threats in the U.S. (classified by microorganisms),
distinguishes between the different degrees of severity, and prioritizes the pathogenic
microorganisms into one of three categories: urgent, serious, and concerning threats.

The CDC estimates that in the US, over 2 million people are sickened every year due to
antibiotic-resistant infections, with at least 23,000 dying as a result [1]. The most staggering
fact regarding this is the total economic cost of antibiotic resistance to the U.S. economy,
which has been difficult to calculate. Estimates have varied, but have ranged to as high as
$20 billion in excess direct healthcare costs, with additional costs to society for lost
productivity as high as $35 billion per year [2].

The transmission of antibiotic-resistance among microorganisms has arisen due to the
excessive use and abuse of antibiotics [2,3]. As a response to this, researchers and scientists
have begun to consider alternative treatments, such as light-based antimicrobial therapy. This
form of therapy can act as a treatment for a vast array of antibiotic-resistant infections. This
review highlights the patents on light-based therapy that were filed approximately within the
last decade and are dedicated to eradicating pathogenic microorganisms. These approaches
include antimicrobial blue light (aBL), antimicrobial photodynamic therapy (aPDT),
germicidal ultraviolet (UV) irradiation, etc.

2. METHODS

This review highlights the patents on light-based therapy that were filed approximately
within the last decade and are dedicated to eradicating pathogenic microorganisms. The
primary database that was used for the search was Google Patents. The searches were
performed using the keywords including blue light, antimicrobial photodynamic therapy,
ultraviolet irradiation, antibiotic resistance, disinfection, bacterium, fungus, and virus.
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3. RECENT PATENTS ON LIGHT-BASED ANTI-INFECTIVE APPROACHES
3.1. Antimicrobial Blue Light

Blue light within the range of 400-470 nm excites the endogenous photosensitizing
chromophores in microbial cells, leading to the generation of reactive oxygen species (ROS)
that are toxic to the microbial cells (Fig. 1) [4]. An advantage of treating microbial
infections locally with aBL is that there are little or no side effects on humans or animals [5-
7]. In addition to treating infections, aBL can be utilized for many other purposes, such as
air disinfection, surface disinfection of materials, and most importantly wound protection
and tissue disinfection. Table 1 summarizes the recent patents pertaining to aBL as discussed
in details below, most of which are on the development of devices for the delivery of aBL.

Patent US20060085052A1 describes an apparatus of using aBL for treating local microbial
infections [8]. It includes a lamp which emits blue light between 400 and 550 nm. The
temperature of the exposed tissue and/or organ is < 42 °C (the threshold temperature of
tissue damage) during the treatment or immediately after the treatment, which enables a
phototoxic effect on microbial cells to be exerted. This apparatus is low-cost and has been
proven to be especially useful for dental and skin surface applications.

In patent US9039966, an approach is provided for inhibiting Gram-positive bacteria using
aBL [9]. These bacteria include Staphylococcus (MRSA), Streptococcus, Enterococcus, and
Clostridium species, and are selectively inactivated by aBL. It is reported that light between
400 and 500 nm is preferable, with optimal inactivation at 405 nm. In addition, some
bacteria are commensal in that they colonize and live on healthy human tissues without
harming them, but become pathogenic once the host’s immune system is compromised.
Therefore, the system also takes into account “potentially pathogenic” bacteria and
eradicates them as well by inhibiting the growth ability of the bacteria.

Patent US20120310307 introduces an approach for the treatment of fungal infections using
aBL [10]. The apparatus includes one or more blue light-emitting diodes (LEDs), which are
applied externally to the infection zone periodically at scheduled times with continuous or
pulsed irradiation. A sufficient irradiance and exposure time can produce a sufficient level of
ROS, which is lethal to the fungal cells (conidia or hyphae). However, the tissue or organ
around the infected zone is not adversely impacted by aBL under the therapeutic radiant
exposures for treating fungal infections. aBL is able to penetrate the skin or nail and reach
the infected zone depending on the scattering and absorption within the human tissue or
organ. Therefore, the approach makes it possible to treat fungal infections underneath the
skin or nail plate without having to remove the surface.

To perform deodorizing medical treatments, a device is introduced by patent
DE102013202122A1 with antimicrobial function for cosmetic treatment of human tissue
and skin [11]. The apparatus is assembled using a handset, a light source and a positioning
device. The independent manageable handset unit comprises a container. The light source
includes an optical fiber which delivers aBL between 400 and 410 nm. The positioning
device adjusts the irradiance of aBL, while a control unit controls the radiant exposure.
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A similar device for cosmetic and medical treatments, such as antimicrobial treatment of the
human skin, is described in patent DE102012224183A1 [12]. Like the device discussed
above, this device also includes a unit to control the radiant exposure of aBL. In addition, it
includes an actuator for adjusting the irradiance. The device also has an independently
manageable handset unit provided with a power supply. An LED is provided for the
emission of light between 250 and 700 nm.

aBL has also been proven to be successfully useful for dental applications. Peri-implantitis is
the destructive inflammatory process that affects the soft and hard tissues surrounding dental
implants. Traditional treatments include removing dead tissue, antibiotics, and improved
dental hygiene such as using mouthwash and washing with chlorhexidine. Patent
W02014136255A1 introduces an aBL therapy device for peri-implantitis [13]. The device is
cylindrical with the bottom unit placed around the implant. Provided on the inner surface is
an opening for light irradiation, while on the bottom surface is a fungicide outlet. It also
includes a wave-generating source, a sterilization apparatus, and a material supply source.
The light wavelength is between 400 and 500 nm.

Another patent (US8021148) on dental application is the invention of an intraoral LED used
to treat intraoral infections [14]. The device is composed of a light source, a power source,
and a bite-activated power switch. The size and shape of the device fits comfortably within
an individual’s oral cavity. The light source emits wavelengths of 350—700 nm, irradiance
ranging from 1 to 1000 mW/cm? and therefore radiant exposures between 0.1 to 1000 J/cm2.
The entire device is encapsulated by a waterproof case. The light source is positioned so as
to emit aBL to a portion of the tongue, teeth, gums, and to one or more lingual, buccal,
palatal or facial surface. Additionally, the device includes a compartment for storing an
antimicrobial agent or drug that enhances the therapeutic effect of the intraoral device and an
optional timer.

Also essential to dental health is the cleanliness of the oral cavity. To address this issue, a
device is invented in patent US8186997 [15]. The device can detect and remove plaque from
the oral cavity as well as clean and irradiate the surface of a tooth in the oral cavity. During
the treatment, a fluorescent agent is applied onto the tooth and then excited by incidental
irradiation of a suitable wavelength to provide a fluorescent emission. A portion of the
fluorescent emission can be collected over a time period before the initiation of the aBL
exposure, determining a first average plaque value (APV1), and over a second-time period
after the aBL exposure, determining a second average plaque value (APV2). APV1 and
APV2 are then compared to determine the amount of plaque present before and after
fluorescent emission and whether the treatment is effective or not. The light source typically
emits wavelengths of 450 to 500 nm, although the range may vary depending on the
particular fluorescent drug applied to the surface of the oral cavity.

Patent US20100076526 introduces a light-based personal care device [16]. It includes a
method for a safe and simple broad-spectrum treatment for halitosis (the technical term for
“bad breath”) and other bacterial infections of the non-dental upper respiratory tract. This
invention utilizes pulses of photothermal energy rich in blue light wherein at least 70% of
the pulse energy in the visible spectrum is polychromatic and is within the blue light region
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of 400 to 500 nm. Light is topically applied to the internal surfaces of the upper respiratory
tract to destroy or inhibit the bacteria without the use of antibiotics. The apparatus is a
handheld energy applicator composed of a light output head suitable for treating the back of
the tongue and the tonsils, which may be interchangeably provided with extensions to reach
the sinuses. The energy applicator can be supported and guided by a mounting device held
between a patient’s teeth. The device also includes preparative treatment of the target
surfaces with a photosensitizing agent. Optionally, a pre-treatment procedure may be
employed to remove detritus and microfloral overgrowths that may mask deeply-seated
microorganisms.

There have been a substantial number of pre-clinical studies of aBL have been carried out
[4]. It has been shown that the majority of the important bacteria and fungi are sensitive to
aBL [4]. aBL is much less harmful to microbes than to host cells [17-20], therefore, there is
a therapeutic window where the microbes can be selectively inactivated over host cells by
aBL. Some pre-clinical studies also showed that no aBL-resistance development was
observed by microbes after up to 10 cycles successive sub-lethal aBL inactivation
[17,18,21]. In addition, aBL was also found to have synergistic effect with other
antimicrobials, such as medicinal plants and their extracts [22-25], antibiotics [26,27], and
disinfectants [28-30]. In contrast to pre-clinical studies, very few clinical studies have been
reported so far. Two clinical studies of dental application demonstrated that aBL
significantly reduced the bacterial burden of human dental plaque [31, 32]. No aBL-induced
adverse effect was observed [31].

3.2. Antimicrobial Photodynamic Therapy

Photodynamic therapy (PDT) involves the use of nontoxic photosensitizers (PSs) combined
with harmless visible light of the suitable wavelength in order to excite the PS. During PDT,
PSs in the excited triplet state transfer energy directly (type Il reaction) or electrons
indirectly (type | reaction) to the ground state molecular oxygen in order to produce ROS to
inactivate target cells (e.g., bacteria, fungi, etc.) and tissues (e.g. vascular closure) (Fig. 2)
[34]. Although the effect of PDT against microorganisms were found in the early stages of
PDT, its potential against microbial diseases was not fully exploited due to the discovery of
antibiotics, which made people once believe that microbial diseases would never threaten the
health of human beings.

However, with the rapid emergence of antibiotic resistance, antimicrobial photodynamic
therapy (aPDT) or photodynamic inactivation (PDI) has been proposed as an alternative
method to eradicate pathogenic microorganisms, such as bacteria and fungi. Because of the
rapid and effective actions of ROS as well as its multi-targeted nature, resistance to aPDT is
less likely to be induced by microorganisms. Until now, aPDT has been utilized for the
disinfection of blood products, especially the inactivation of virus in frozen plasma [36-42].
In addition, it is especially useful for the treatment of infections in the mouth (oral),
orthopedics, and dermatology [34,43-48].

In recent years, studies of aPDT were mainly focused on the design of devices or accessories
to deliver light and PSs suitably (Table 2) [57-61], the optimization of light exposure and PS
dose for clinical treatment (Table 2) [62], and the design and synthesis of PSs or
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photosensitive formula to screen infections quickly and eradicate pathogenic
microorganisms effectively (Table 2) [63-77]. Among these focuses, the most common issue
is how to efficiently photo-inactivate microbial cells while minimizing the side effects on
host cells and tissues, and one of the crucial points is the design of PSs. An ideal PS should
selectively bind microbial cells over normal host cells. Until now, a variety of PSs such as
porphyrin derivatives, transition metal complexes, conjugated polymers, nanoparticles, and
novel organic chromophores have been studied for aPDT (Fig. 3) [49-56].

Combining a PS with a pathogen-targeting agent or a carrier is one prospective approach for
the selective binding of microorganisms [78,79]. In patent US6462070, PSs are conjugated
to a small antimicrobial peptide (SAMP) for targeting microorganisms [80]. The SAMP can
be histatins, defensins, cecropins, magainins, Gram-positive bacteriocins and peptide
antibiotics. As shown in Fig. 4, after combing PS chlorin e6 with SAMP polylysing, the
cationic conjugate was selectively phototoxic to Porphyromonas gingivalis compared to
mammalian cells, and 99.9% of the bacteria were killed while the viability loss of HCPC-1
cells was less than 2%.

In patent US6977075, PS conjugates are invented specifically to treat mycobacterial
infections or any disease that is caused or aggravated by an intracellular pathogen [81]. In
general, mycobacteria are phagocytosed by macrophages where they are “sheltered” from
many antibiotic drugs and from the subject’s immune system. In this patent, PSs are featured
as being conjugated to a targeting moiety, which can be a polypeptide or a SAMP that
targets macrophages or interacts with a microbe.

The term “carbohydrate receptor” means a carbohydrate compound or carbohydrate moiety
of a compound which selectively binds to microorganisms. The carbohydrate receptor may
have as few as one sugar unit or several sugar units [82—85]. In patent US20120263625A1,
dihydroxychlorins or p-functionalized chlorins are conjugated to carbohydrate moieties [86].
These conjugates exhibit effective antibacterial abilities against both Gram-positive and
Gram-negative bacteria, including their resistant strains. Since the aPDT effects could be
decreased remarkably while blood serum or blood exists, this patent also highlights the
excellent photo-inactivation abilities of these conjugates in complex environments, including
blood, serum and other body fluids present in a patient’s body.

Conjugating PSs with siderophores to construct a transportation system is another example
[87-90]. Almost all microorganisms require iron (Fe) as an essential nutrient. For example,
micromolar concentration of Fe is important for enteric bacteria, such as Sa/monella and
Escherichia coli, in order to replicate and colonize in the vertebrate host. Bacteria are able to
biosynthesize and export the iron-chelating compound siderophore to scavenge Fe from the
host. After conjugating PSs with siderophores, the conjugates are able to specifically target
bacteria or fungi and are not taken up by mammalian cells, thus exhibiting selective photo-
inactivation ability against pathogenic microorganisms over host cells.

Aside from conjugating PSs to a target moiety, researchers are also exploring the possibility
of designing special PSs that could bind more efficiently with microorganisms than
mammalian cells [91-93]. To this end, efforts have been made to discover the differences of
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3D structures between bacterial and mammalian cells. In general, the structures of Gram-
positive and Gram-negative bacteria are quite different (Fig. 5) [94]. Both types of bacteria
contain an outer cell wall. Specifically, the outer wall of Gram-positive bacteria is about 15—
80 nm thick and contains up to 100 layers of peptidoglycan in which lipoteichoic and
negatively-charged teichuronic acids intervene. This wall is relatively porous and allows
various macromolecules (molecular weight [Mw] 30-60 kDa) [95,96] to readily diffuse
towards the inner plasma membrane and thus does not significantly affect the diffusion of
commonly used PSs as long as the Mw does not exceed 1500-1800 Da. For the outer wall of
Gram-negative bacteria, the peptidoglycan layer is relatively thin (~7 nm). However, there is
an additional outer layer that is densely packed and highly negatively-charged (10-15 nm)
and surrounds the peptidoglycan layer. Due to this permeability barrier, Gram-negative
bacteria can inhibit the penetration of host cellular and humoral defense factors and exhibit
more resistance against antibiotics. It is reported that only relatively hydrophilic compounds
(Mw lower than 600-700 Da) are able to diffuse through some of the porin channels of
Gram-negative bacteria [97,98].

Studies have revealed that the negative transmembrane potential in bacterial cells is much
higher than that in mammalian cells. More importantly, the negative charges are located on
the outer wall of bacteria but within the inner leaflets of mammalian cells. Zhu et af.
reported that a cationic conjugated polymer with a relatively high quaternary ammonium
ratio selectively combined with bacterial cells but did not bind to Jurkat T cells, indicating
that the membrane charge difference between bacteria and mammalian cells was large
enough to be clearly distinguished by cationic PSs [91,92]. Additionally, positively-charged
PSs can bind to negatively-charged bacterial cell walls via electrostatic interaction and
efficiently inactivate both Gram-positive and Gram-negative bacteria by not only the
destructive effects of 105, but also by the destabilization and interruption of native organized
bacterial cell walls [97,98].

One issue especially of note is that, as stated above, Gram-negative bacteria are more
resistant to commonly used antibiotics and antibacterial photodynamic processes because of
the additional outer layer. Therefore, to efficiently photo-inactivate Gram-negative bacteria,
strategies to improve the penetration of PSs through the bacterial cell wall have been widely
explored [99]. Obviously, cationic PSs possess advantages in this issue based on electrostatic
interactions with the negatively-charged bacterial cell wall. Besides this, another method is
coupling or combing PSs with positively-charged entities, such as EDTA, poly-L-lysing,
polyethylenimine, and polymyxin B nonapeptide (PMBN) [100-102]. Moreover, PSs can
also be combined with surfactant materials, such as sodium dodecyl sulfate (SDS),
cetrimide, or benzalkonium chloride in order to mediate aPDT against bacteria, fungi, and
their biofilms [99].

Based on the promising /n vitro studies of aPDT, scientists have begun investigating the /n
vivo effects of aPDT. Dai et al. developed a burn wound infection model utilizing a Gram-
negative bacterium, Acinetobacter baumannii [103]. A polyethylenimine chlorine (e6) (PEI-
ce6) conjugate was applied as the PS, and a 660 nm non-coherent red light was set up as the
light source. Results revealed that the aPDT that started on Day 0 was able to reduce the
bacterial load in mice by about 3-logig CFU, indicating the effectiveness of this application
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of aPDT. Due to the rapid emergence of antibiotic-resistant microbial strains, alternative
antimicrobial approaches such as aPDT are drawing more attention.

Clinical applications of aPDT has been mainly in dermatology for acne using 5-
aminolevulanic acid (ALA) and in dentistry using phenothiazinium dyes [47]. A recent
study conducted ALA-aPDT in 13 Korean patients with inflammatory acne vulgaris, and
found it to be effective and with no adverse effects [104]. In another study, Braun et al.
reported that in patients with chronic periodontitis, clinical outcomes of conventional
subgingival debridement were improved by adjunctive aPDT using toluidine blue ortho as
the photosensitizer [105]. aPDT administered after the scaling and rooting planning
treatment in patients with periodontitis infected with Fusobacterium nucleatum reduced
periodontal inflammatory symptom and successfully eradicated the infection [106].

3.3. Germicidal Ultraviolet Irradiation

Germicidal ultraviolet (UV) irradiation has been found to have significantly positive effects
on treating microbial infections. The mechanism of action of UV inactivation of
microorganisms is to damage the genetic material in the nucleus of the microbial cell or
nucleic acids in the virus [107]. The ultraviolet C (UVC) spectrum, especially in the range of
250-270 nm, is strongly absorbed by the nucleic acids of a microorganism and, therefore, is
the most lethal range of wavelengths for microorganisms (Fig. 6). The penetration depth of
UVC radiation into human skin is very limited and therefore the risk of skin cancer is very
low, even when unprotected body parts are exposed to UVC.

Like aBL and aPDT, germicidal UVC irradiation has been found to be highly applicable for
dental applications. Patent US20070099154A1 introduces the application of UVC to a
patient’s mouth in order to eliminate bacteria during a dental procedure [108]. Through this
method, the risk of bacterial infection to both the patient and the oral surgeon is greatly
reduced. The instrument comprises a handle, a tool portion attached to the handle that can be
applied to the mouth of the patient, and a UVC lamp mounted on the handle to irradiate a
portion of the patient’s mouth during a dental surgery.

In addition to dental applications, UV irradiation has also been found to be able to treat
human eye infections. In patent US9474811B2, infections of body tissues, specifically those
in the eye, are treated with low radiant exposures of UVC [109]. The treatment device
contains a LED which produces UVC at about 265 nm with a power output of 5 mW. The
UVC irradiation is directed onto a zone of tissue that is approximately 4 mm in diameter.
Exposure time of 1 s has been found to be effective, which is equivalent to a radiant
exposure of 4 mJ/cm?. Longer exposure times and higher radiant exposures may be used for
more resistant infections, but can be harmful if the exposure time is overlong. The
irradiation can be delivered endoscopically to treat internal infections or to prevent infection
during eye surgery. The device can be handheld or mounted onto a support.

In patent US20080065175A1, a handheld UV irradiation device is introduced to treat
bacterial, viral, fungal and parasitic infections found in many of the body’s anatomical
orifices [110]. Such infections include MRSA colonies that may be present in the nose or on
the skin, as well as viral infections such as avian influenza, with the goal of eliminating or
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significantly reducing the infectious colonies without damaging the underlying tissue of the
patient. Another aspect of the patent is to provide a device for treating various sexually
transmitted diseases (STDs) such as Gonococcal and Non-gonococcal urethritis. 1t is also
stated that the device can be used to treat common yeast and fungal infections in the vagina.

Patent US20090143842A1 demonstrates a light-based therapy device used to treat
infections, diseases, and disorders such as cancerous cells or parasites in humans and
animals [111]. It can be specifically employed to treat fungal and bacterial infections within
the nails of the hands and the feet, which are normally difficult to treat using oral or topical
drugs. This invention employs a variety of germicidal lights, such as continuous or pulsed
UVC irradiation, and contains synergistic wavelengths, which are visible or infrared
wavelengths that have germicidal characteristics. The device can accomplish the following
goals: either inactivate or destroy pathogenic microorganisms or cells that are unwanted,
condition the treated area so that it automatically resists or destroys microorganisms or
unwanted cells, or can be combined with other treatments such as medications for enhanced
antimicrobial effect.

In addition to external applications, germicidal UV has also been found to be effective
within the human body. Helicobacter pyloriis a Gram-negative bacterium that is found
within the stomach. H. pyloriinfections are the cause of several gastrointestinal disorders
associated with an increased secretion of gastric acid. So far, the eradication of this
bacterium is completed by the combination of several expensive antibiotics that have strong
side effects, and a number of increasingly resistant H. pylori strains have been found.
Therefore, patent DE102010010763A1 provides an alternative method of using UVC
irradiation for eradication of H. pylori[112]. In this process, a gastric tube is inserted
through the mouth and into the stomach (similar to a feeding tube) for a prolonged period of
time, while a small light source is embedded in the tube. The UVC irradiation is then
generated using LED or gas discharge lamps.

UV irradiation has also been proven to be successful for disinfection or sterilization
purposes. Patent US20110215261A1 describes a UV system to disinfect the hard surfaces in
a room while minimizing missed areas due to shadows [113]. This is accomplished by
providing multiple UV irradiation towers that can be placed in several areas of a room such
that the shadowed areas are eliminated. The towers can be transported by a cart that is low to
the ground such that the towers may be loaded and unloaded easily by a single operator. The
system is able to be controlled remotely so that during activation of the system, no operator
needs to be present, and the power can automatically be cut off in case another person enters
the room.

In another patent (US20120126134A1), a UV area sterilizer or disinfector is designed so
that it can be incorporated into a building structure where concern exists regarding the
presence of pathogenic bacteria on environmental surfaces [114]. UVC is directed to
architectural partitions of an enclosed area, and the architectural partitions reflect UVC to
inactivate pathogens in the area. The device transmits a calculated radiant exposure of UVC
from a fixture that is mounted to an architectural partition in the enclosed area. Once an
effective cumulative exposure of UVC has been reflected to radiation sensors, the device
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shuts down. The device also allocates power to specific UVC emitters so as to direct UVC
irradiation more uniformly throughout the area.

Patent US20120223216A1 reports a sterilization system for eradicating biological
contaminants [115]. The system includes a self-propelled robotic mobile platform for
locating and eradicating pathogenic bacteria and virus on floors, objects, walls, cabinets,
angled structures, etc., using one or multiple UV irradiation sources. A controller allows the
system to adjust the radiant exposure of UV irradiation received by a surface by changing
the intensity of energy input to a UV source, the distance between a UV irradiation source
and a surface being irradiated, the speed of the platform to affect the time of exposure, and
by returning to contaminated areas for additional exposure. The platform also includes a
sensor that is capable of detecting the fluorescence of biological contaminants irradiated
with UV to locate the contaminated areas. The system is thus capable of a “seek and
destroy” functionality by navigating towards the contaminated areas and irradiating such
areas with UV.

Another decontamination invention involves an apparatus for disinfecting an object by
removing a biologically-active contaminant from the object (patent US8710460) [116]. The
apparatus includes a housing which encloses a disinfection chamber, where a portion of the
object is inserted into the chamber in order for it to be disinfected. A UV source emits UV
irradiation to be imparted on the portion of the object that is inserted into the chamber for
inactivating at least a portion of the biologically-active contaminant(s) present on the object.

Disinfection and decontamination of human body parts is considered a hot topic that is
highly investigated by many researchers and scientists. Patent US9095704 introduces a
method of mitigating the effect of pathogenic microorganisms found in the body, including
providing a light applicator with a housing chamber, a power supply, and at least one light
source configured to emit UV irradiation [117]. It directs the applicator towards a body
surface or body part so as to directly irradiate the surface for a certain period of time.

Aside from body parts, medical apparel also requires significant decontamination due to
constant presence in hospitals and laboratories around bacteria. Patent US9162001 provides
an apparatus for disinfecting and sterilizing medical or laboratory apparel, accessories,
equipment, etc. It comprises a cabinet, a disinfecting system housed within the cabinet, a
disinfecting agent, and an embedded computer or a programmable logic controller (PLC)
housed within the cabinet. The PLC controls one or more systems of the apparatus. The
cabinet has advanced tracking features that can track the apparel or accessories being
disinfected. The PLC is also capable of sending electronic messages to users or additional
computers for further transmission of information at regular intervals.

A large number of studies regarding UV inactivation of microbes have been carried out
[107]. In vitro studies demonstrated that UV, especially, UVC irradiation is highly
germicidal [107]. Animal studies showed UVC irradiation significant reduced bacterial
burden in mouse wounds [107]. The results from the animal studies were endorsed by
clinical studies, which indicated that UVC irradiation efficiently eradicated pathogenic
microbes in infected chronic wounds [121,122] and toenails [107]. One of the concern of
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using UV irradiation is its genotoxic effect on host cells. However, UV irradiation should be
an appropriate approach for the disinfection of environment and equipment.

3.4. Other Light-Based Anti-Infective Approaches

2.4.1. Dual Wavelength Irradiation Antimicrobial Treatment—A dual-wavelength
irradiation system for endodontic treatment is described in patent WO2014116659A1 [123].
In the system, a special fluid is placed within a root canal. The fluid absorbs irradiation of a
first wavelength between 1,500 and 3,000 nm, and is transparent to irradiation of a second
wavelength between 700 and 1,500 nm. Irradiation of the first wavelength is applied inside a
pulp chamber just above the root canal, or at a depth inside the fluid-filled canal. The
irradiation at the first wavelength is in short pulses with the durations ranging from 1 nsto 1
ms and the pulse energy within 1 mJ to 600 mJ. The irradiation of the first wavelength
induces pressure waves in the fluid. These pressure waves may be generated at a single
frequency or mixed frequency ranging from the audible range, 20 Hz, to ultrasound and up
to 20 MHz. The pressure waves may also include a shockwave, which is a pressure wave
traveling at or faster than the speed of sound in a fluid medium. The pressure waves
eradicate bacteria by damaging the cell membrane and facilitate the removal of soft tissue
and smear layer. Bacteria damaged by the effects of the first wavelength are more
susceptible to antimicrobial treatments, including chemical and thermal methods. Irradiation
of the second wavelength is applied inside the pulp chamber just above the root canal, or at a
depth inside the fluid-filled canal, in long pulses with the durations ranging from 1 nsto1s
and an average power ranging from 1 mW to 10 W. The irradiation of the second wavelength
causes thermal disinfection. The combined irradiation of the first and the second wavelength
enables a synergistic effect, where the pressure waves resulting from the irradiation of the
first wavelength increase the efficacy of the thermal disinfection resulting from the
irradiation of the second wavelength.

Another duel-wavelength irradiation system using two distinct near-infrared wavelengths
ranging from 865-875 nm and 925-935 nm is reported in patent US20080021370A1 [124].
The purpose of the invention is to destruct bacteria off-site and on-site and, more
particularly, destruct bacteria /77 vivo in medical, dental, and veterinary surgical sites, as well
as other sites in biological or related systems. Because of the low absorption of near infrared
energy in water, the penetration of near infrared irradiation in biological tissue is far greater
than that of far infrared wavelengths. Therefore, with near infrared diode lasers, heat
deposition is much deeper in biological tissue and more therapeutic and beneficial in
eradicating bacterial infections. During the procedure, a significant temperature increase
should preferably occur for a given period of time in the infected site, and subsequently
bacteria are killed by photothermolysis. With traditional near infrared diode optical energy,
bacteria can be killed selectively without causing irreversible heat-induced damage to host
tissues and cells. The laser combination, which emits the two wavelengths either alternately,
continuously, intermittently, or simultaneously, preferably incorporates at least one ultra-
short pulse laser oscillator that is composed of titanium-doped sapphire.

2.4.2. Selective Inactivation of Microorganisms with a Femtosecond Laser—
Tsen and his collaborators developed a method for selectively inactivating pathogenic
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microorganisms with a femtosecond pulsed laser (Patent US20100136646A1) [125]. The
method employs: (a) a light source emitting a wavelength transparent to water, (b) a process
which produces significantly large vibrations on the outer structure of microorganisms
through scattering and not via absorption of light, and (c) a process which targets the
microorganisms but leaves mammalian cells unharmed. The method accomplishes these
goals through proper manipulation and control of the femtosecond pulsed laser via an
impulsive stimulated Raman scattering process.

2.4.3. Laser-Induced Shockwave for Treatment of Infected Wounds—An
invention using laser-induced shockwave for treatment of infected wounds is described by
patent WO2014089552A1 [126]. The system includes the methods that apply a nanosecond
pulsed laser energy to an infected wound, e.g., a wound infected with biofilm, pre-treated
with nano-encapsulated time-released antibiotic-containing compounds and covered with a
laser absorbing composition. The laser-induced shockwave breaks up the bacterial biofilm
while simultaneously stimulating antibiotic penetration of the biofilm. In addition, the
methodological parameters can be manipulated so that the shockwave stimulates the
generation of collagen and other growth factors in the host cells, and subsequently helps
facilitate wound healing. Depending upon the severity of the infection, the process can be
repeated multiple times. Similarly, the process can also be tailored to facilitate wound
debridement.

CONCLUSION

The widespread growth of antibiotic resistance among pathogenic microorganisms has
forced researchers and scientists to search for alternative antimicrobial methods that do not
rely on traditional antibiotics. The field of light-based therapeutics has made significant
progress in this battle to eliminate antibiotic-resistant infections. Many of the common
methods and devices include using aBL, aPDT, and germicidal UV irradiation, while dual-
wavelength infrared irradiation, femtosecond laser irradiation and laser-generated
shockwaves have been implemented in other inventions. Among the three principle light-
based antimicrobial approaches, UVC and aBL are simpler to operate than is aPDT, as no
additional PS is required. UVC is much more efficient than aBL in inactivating
microorganisms. aBL, however, is thought to have the advantage of fewer side effects on
mammalian cells.

Forty-five patents were obtained in our search: 9 patents for the antimicrobial blue light
approach, 21 for antimicrobial photodynamic therapy, 11 for UV irradiation, and lastly 4 for
other light-based anti-infective approaches. The treatments and devices discussed in the
review above are interestingly enough able to be used in various different functions and
settings, such as dental applications, certain diseases in the eye, skin and hard surface
cleansing, decontamination of internal organs such as the stomach, decontamination of
apparel and equipment, elimination of bacteria from buildings and rooms, etc. Most of the
devices and inventions introduce methods of destroying bacteria and fungi without harming
human cells and tissues. This suggests that light-based therapy has an advantage over
traditional antibiotics, and it can be concluded that light-based antimicrobial approaches
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hold great promise for the future in regards to eliminating antibiotic-resistant infections and
diseases.
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Fig. 1.
Antimicrobial blue light.
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Schematic illustration of photodynamic action [35].
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Survival fractions of (a) P. gingivalis and (b) HCPC-1 cells following light exposure of
wavelength 630-710 nm, with the cells previously having taken up chlorin e6 conjugates
[80].
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Schematic representation of the outer wall and cytoplasmic membrane structure in Gram-
positive and Gram-negative bacteria [34].
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Germicidal UV irradiation spectrum [107].
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Table 1

Recent Patents on Antimicrobial Blue Light.

Inventors Patent No. Title

Osnat Feuerstein, Ervin 1. Weiss, Perez
Davidi

Method and means for exerting a phototoxic effect of visible light

US20060085052A1 [8] of microorganisms

John G. Alexander, Michelle Maclean,
Gerald A. Woolsey, Scott J. MacGregor

Bo Zhou US20120310307A1 [10]

US9039966 [9] Inactivation of Gram-positive bacteria

Treatment of fungal infection by light irradiation

Bernhard Banowski, Florian Garnich,

Rainer Simmering DE102013202122A1 [11]

Device for performing deodorizing medical treatment

Bernhard Banowski, Florian Garnich,

Rainer Simmering Device for cosmetic and/or medical treatment

DE102012224183A1 [12]

J. Max Goodson, Nikos Soukos US8021148 [14]

US8186997 [15]

Intraoral light-emitting device

Curt Binner, Megha Reddy Method for cleaning the oral cavity

Control of halitosis-generating and other microorganisms in the

Yosef Krespi, Ashutosh Kacker non-dental upper respiratory tract

US20100076526 [16]

Taro Kanno, Keisuke Nakamura, Yoshimi

Niwano, Minoru Kanno W02014136255A1 [33]

Peri-implantitis therapy device
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Table 2

Recent Patents on Antimicrobial Photodynamic Therapy [57-77].
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Inventors

Patent Number

Description

Peter Paterok

US20120310310 [57]

Materials and accessories for the application of aPDT

Nikolaos S. Soukos et a/

US20150030989 [58]

Handheld dental device for PDT and aPDT

Andrew Wescott et a/

US20160059031 [59]

Catheter/Stent System to activate PDT

Gerhard D. Wieland et a/

CN102802694 [61]

A novel method for microbial depletion in human blood and blood products
using antimicrobial photodynamic therapy

Zewen Lin

CN103610464 [62]

Method and device for carrying out oral-cavity photodynamics therapy on
patient suffering from periodontitis through LED

Shu Wang et a/

CN102731405 [63]

A medical composition which consists of a photosensitizer and a chemical
activator for the treatment of tumors and pathogenic bacteria infection

Graefe Susanna et a/

EP2429498 [64]

New oral formulations for tetrapyrrole derivatives

Cation derivatives of 2,7,12,17-aryl porphycenes, preparation method

Marrugat S. Nonell, et a/ W02012001194 [65] thereof and use of same as photosensitisers in antimicrobial photodynamic
therapy
Fan Lin CN103143015 [66] Application of photosensitizer for treating acne

Fedele Rosalisa et a/

EP2616062 [67]

Use of derivatives of pentaphyrine as antimicrobial and desinfectant agents

Dei Donata

US20140163218 [68]

Novel phthalocyanine derivatives for therapeutic use

Tianjun Liu et a/

CN103601727 [69]

Use of novel amine compound modified protoporphyrin

Gary W. Jones et al

US20140296524 [70]

Halogenated compounds for photodynamic therapy

Fullerene-porphyrin derivate photosensitizer can produce ROS at a low

Chunying Shu et a/ CN103724356 [71] oxygen concentration condition, and has a efficient and broad spectrum
antibacterial ability
Peng Zhang et al W02015134204 [72] Silver nanoparticle-enhanced photosensitizers for inactivation of bacteria
Metal-glycoprotein complexes for treating cancer and destroying microbial
Arkady Mandel W02016116859 [73] cells, such as bacteria, fungi, and protozoa, and destroying viruses
Daniela Vecchio, et a/ WO02016081594 [74] System and method for photo-dynamic procedure
Benzhong Tang and Engui Zhao WO2016078603 [75] Aie luminogens for bacteria imaging, killing, photodynamic therapy and

antibiotics screening, and their methods of manufacturing

George V. Garner and Marianne
Fuierer

W02016039812 [76]

Compositions for photodynamic control of infection

Sherri A. McFarland

EP2976347 [77]

Metal-based coordination complexes are designed as therapeutic &
diagnostic agents for preventing or treating cancers and microbial cells

Min Kyu Oh et a/

KR1020120090317

A microorganism-killing microsphere containing porphyrin/phthalocyanine
and a target agent for aPDT

Aicher Daniel et al

EP2616065

Connecting dihydroxychlorins or p-functionalized chlorins to carbohydrate
moieties to combat standard strains and resistant strains of bacteria
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Table 3

Recent Patents on Germicidal Ultraviolet Irradiation.

Page 28

Inventors

Patent No.

Title

Robert G. Johnson

US20070099154A1 [108]

Method of treating dental patients with ultraviolet C range light

Anant Sharma

US9474811B2 [109]

Method of treating an eye infection using electromagnetic
radiation in the UVC

William E. Cumbie, Douglas B. Juanarena

US20090143842A1 [111]

A process for the eradication of Helicobacter pylori

Joachim C. Arnold, Rainer Kuth, Karl-

DE102010010763A1 [112]

Sterilization system with ultraviolet emitter for eradicating

Gold

Heinz Maier biological contaminants
Jeffery L. Deal, Philip J. Ufkes US20120126134A1 [114] Decontamination apparatus and method
Patrick Flaherty, Bruce L. Winkler, Robert | j550150223216A1 [115] Ultraviolet light applicator system and method

Roderick M. Dayton

US8710460 [116]

Therapeutic radiation device

Stephen B. Pettis

Kevin McGuire US9095704 [117] Hard-surface disinfection system
; Method and apparatus for the disinfection or sterilization of
Russell J. Redmond, Claude Vidal US20080065175A1 [118] medical apparel and accessories
Waldemar J.Lyslo, Mark H.Schwartz, US20110215261A1[119] Hard-Surface Disinfection System

Naresh Sunkara, Ricardo R. Garcia, Nikhil
S. Naikal, Jaya Sunkara

US9162001 [120]

Method and apparatus for the disinfection or sterilization of
medical apparel and accessories
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