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Abstract

Photobiomodulation (PBM) describes the application of light at wavelengths ranging from 400-
1100nm to promote tissue healing, reduce inflammation and promote analgesia. Traditionally, red
and near-infra red (NIR) light have been used therapeutically, however recent studies indicate that
other wavelengths within the visible spectrum could prove beneficial including blue and green light.
This review aims to evaluate the literature surrounding the potential therapeutic effects of PBM with
particular emphasis on the effects of blue and green light. In particular focus is on the possible
primary and secondary molecular mechanisms of PBM and also evaluation of the potential effective
parameters for application both in vitro and in vivo. Studies have reported that PBM affects an array
of molecular targets, including chromophores such as signalling molecules containing flavins and
porphyrins as well as components of the electron transport chain. However, secondary mechanisms
tend to converge on pathways induced by increases in reactive oxygen species (ROS) production.
Systematic evaluation of the literature indicated 72% of publications reported beneficial effects of
blue light and 75% reported therapeutic effects of green light. However, of the publications
evaluating the effects of green light, reporting of treatment parameters was uneven with 41% failing
to report irradiance (mW/cm?2) and 44% failing to report radiant exposure (J/cm?). This review
highlights the potential of PBM to exert broad effects on a range of different chromophores within
the body, dependent upon the wavelength of light applied. Emphasis still remains on the need to
report exposure and treatment parameters, as this will enable direct comparison between different
studies and hence enable the determination of the full potential of PBM.
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1 Introduction

The potential application of what is now known as Photobiomodulation (PBM) was first reported by
Endre Mester in 1967 at Semmelweiss University, Budapest (1). Mester shaved the backs of mice
and shone a ruby red laser emitting a wavelength of 694nm on the backs of a group of mice in order
to investigate carcinogenicity. To his surprise, the hair on the backs of the irradiated mice grew back
faster compared with that of the non-irradiated control group. He called this phenomenon
‘photobiostimulation’ and to date (January 2019), over 6000 papers have been published regarding
the efficacy of PBM in treating a number of ailments by inducing analgesia (2), promoting wound
healing (3) and reducing inflammation (4).

PBM encompasses a broad range of different terminologies including low level laser/light
therapy (LLLT), cold laser therapy and phototherapy. Whilst the term PBM is the most recent
addition to this list, and is currently the preferred Medical Subject Heading Term (MeSH) which
encompasses both the stimulatory and inhibitory mechanisms involved, PBM is also often called
photobiomodulation therapy (PBMT) which further adds to the list of terms for the same therapy.
Figure 1 gives an overview of PBM publications so far.

a) b)
Yearly new PBM articles Photobiomodulation: research overview
620 randomized trials 1340 animal studies
i (" 260 doubleblind ) (" 880 rat studies
§ [ 10single-blind ) ' 260 mouse studies
5 (8 100 rabbit studies
o o
2 2 150 systematic reviews Also studied in-
= 70 meta-analyses Y dogs, pigs. minipigs, monkeys
- Y — sheep, horses, bovines, cats,
III“ sand rats, hamsters, gerbils,
330 narrative reviews ‘ guinea pigs, frogs, toads,
u "'"Ilh.“'lllll bumblebees, fruit flies, sea
! 20( ‘ | 750 in vitro studies ‘ urchin larvae, snails,
roundworms, earthworms and
Year [ 140 case reports / case series| A flatworms

Figure 1: Preliminary PBM research overview based on a personal database of approximately 4,000
scientific articles related to PBM, compiled by manual PubMed and Google Scholar literature search
using more than 80 different keywords (Supplementary file 1). (a) The amount of newly published
PBM-related scientific articles has been increasing steadily during the 21st century, recently reaching
a level of approximately 400 new articles per year. (b) The published research includes experimental
in vitro studies and animal research. Also, a variety of randomized human trials and systematic
reviews have been published so far.

Nonetheless, a growing number of observations suggests that specific wavelengths of
electromagnetic radiation spanning the visible to near infra-red spectrum (400-1100nm) could lead
to photo-physical and photochemical effects that can modulate major biological processes to
achieve therapeutic goals such as cellular proliferation, mitochondrial function and inflammatory
signalling (5) in various eukaryotic organisms, including humans. The majority of the literature
reports the beneficial therapeutic effects of red and near infrared light (red: ~600-750, NIR: ~750-
1100nm) in promoting tissue healing and reducing inflammation (6-14). Nevertheless, controversy
still surrounds the application of PBM in practice, due to the lack of knowledge concerning how PBM
elicits its molecular effects and also a poor understanding of photophysics and radiometric
parameters which affect repeatability and reliability (15). The importance of reporting treatment
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parameters in a more consistent and reliable way has been emphasised in several articles and
guidance for reporting radiometric properties has previously been published (15, 16) to little or no
general avail (17-21). Indeed, those articles that have provided guidance for reporting radiometric
parameters have commonly recommended the consistent reporting of up to ten key radiometric
parameters (wavelength, power, irradiation time, beam area (at the skin or culture surface; this is
not necessarily the same size as the aperture), radiant energy, radiant exposure, pulse parameters,
number of treatments, interval between treatments and anatomical location) (22).

Whilst the majority of the literature supports the application of PBM using wavelengths
between 600-1100 nm, wavelengths <600 nm are less commonly researched or reported. The use of
blue light in particular (400-500 nm) is additionally surrounded by significant controversy relating to
the premise that the margin between ‘safe’ blue light and potentially damaging ultraviolet (UV) light
is not well defined.

UV light is divided into three discrete categories: UV-C (~100-280 nm), UV-B (~280-315 nm)
and UV-A (~315-400 nm) (23). A common misconception is that all UV radiation is associated with
DNA damage and mutagenesis (24). In fact, DNA damage is reportedly more efficient at UV-C and
UV-B wavelengths with a peak absorption at 254 nm which corresponds to absorption by one of the
nucleotide bases of DNA known as thymine, resulting in the formation of thymine dimers and
rendering the DNA molecule inactive and unable to replicate. UV-A radiation on the other hand has
a poor efficiency in inducing DNA damage, because it is not absorbed by native DNA or any of its
bases. However, like red and NIR wavelengths , UV-A wavelengths are able to generate singlet
oxygen (reactive oxygen species, ROS), and if the concentration of these radicals is in sufficient
quantity, they can damage DNA (25). However, ROS in small quantities can be beneficial to cells and
is commonly associated with proposed mechanisms of PBM (26). Indeed, the production of ROS is
likely to be influenced by radiometric parameters, namely, wavelength, irradiance, dose and the
number of photons delivered and again highlighting the importance of these parameters.
Nonetheless, the use of wavelengths in PBM at 400 nm or lower should be utilised in practice with
extreme caution.

In addition, another key caveat regarding the use of blue light for PBM is the low
penetration depth of blue light through tissue compared with that of red or NIR light (27). Whilst
blue light is cited to possess a penetration depth corresponding to an intensity decrease by 1/e (or
approximately 63%) at 1mm, NIR light has a penetration depth of up to 5mm through tissue (28).
However, there is a body of growing evidence supporting the use of PBM using blue light to reduce
inflammation in superficial tissues (29) and promote wound healing (30), as well as being able to
limit bacterial growth (31). Similarly, wavelengths within the green section of the visible spectrum
(495-570 nm) have also gathered considerable interest. Published reports have indicated PBM
effects for green light ranging from improved cellulite appearance (32) to reduced tissue swelling
(33).

This review aims to evaluate the main primary and secondary mechanisms involved in light
transduction in particular with blue and green wavelength of light. Secondly we focus on evaluation
of current literature regarding the therapeutic efficacy of blue and green PBM.
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2 Primary mechanisms of PBM

According to the Grotthuss—Draper law, commonly termed “the First Law of Photochemistry”,
photochemical reactions are dependent on the absorption of light by a system. Subsequently in this
section, we provide a review of the literature of the most often proposed cellular photoacceptors
(chromophores) that are reported to mediate the biological effects in PBM. We cover in particular
the possible photoacceptors responsible for the transduction of blue and green wavelengths of light.

2.1 Cytochrome c oxidase

It has been proposed that PBM acts directly on the electron transport chain located in the
mitochondrial membrane, specifically on the enzyme cytochrome c oxidase (CCO), also known as
complex IV (34). The electron transport chain is comprised of five complexes: complex | (NADH-CoQ
reductase), complex Il (succinate dehydrogenase), complex lll (cytochrome c reductase), cytochrome
c oxidase and complex V (ATP synthase). Electrons are passed systematically down the chain of these
complexes in order to generate a proton gradient to provide the activation energy for ATP synthase
to catalyse the production of ATP (35). CCO is responsible for the conversion of molecular oxygen
(0,) to two molecules of water (H,0). CCO contains two copper centres (Cus, Cug) and two hemes
(cytochrome a, cytochrome as), which are involved in redox reactions within the enzyme.

The most widely accepted explanation for the beneficial photobiological effects of red and
near-infrared light has been the “CCO theory” largely established by Tiina Karu in the 1990s. It posits
that the light-cell interaction responsible for the observed PBM effects occurs initially at the redox-
active copper atoms of CCO complex in the mitochondrial electron transport chain (36-39). The CCO
theory was based on Karu’s earlier findings in the 1980s, which showed that the position of peaks in
the action spectrum measured for a variety of light-induced cellular changes (including DNA
synthesis, RNA synthesis and cell attachment) were practically identical. These findings suggested
that a universal cellular photoacceptor could be capable of absorbing those specific wavelengths and
producing cellular changes affecting multiple cellular compartments. The observed peaks in the
action spectrum were located within the blue (404 nm), red (620 and 680 nm) and near-infrared
(760 and 820 nm) parts of the electromagnetic spectrum (36).

Various in vitro and in vivo studies have observed effects related to increased mitochondrial
activity, including increased ATP levels, ROS levels, and mitochondrial membrane potential following
irradiation. Interestingly, the time it takes for these effects to become evident varies from minutes
to hours depending upon the experimental settings (40-42). Effects on mitochondrial function have
also been demonstrated in animal (43, 44).

Interestingly there remains no clear understanding, however, of the exact events that occur
within the electron transport chain or the enzyme CCO during light absorption to produce these
effects. A multitude of hypotheses have been proposed, including photodissociation of nitric oxide
(NO), changes in CCO redox properties with acceleration of electron transfer, superoxide generation
and biochemical changes related to transient heating of irradiated photoacceptors (45). It has also
been suggested that cytochrome c oxidation by CCO might be catalysed by red light irradiation (46).
However, a later replication study failed to confirm this effect, and also raised doubts indicating that
the initial positive results could have been experimental artefacts due to lack of detergent used for
the CCO solubilization (47). An alternative explanation for the observed mitochondrial effects could
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also be an increased efficiency of CCO proton pumping (48). Regardless, the very limited amount of
observations allows no firm conclusions to be made on the subject.

The hypothesis of NO photodissociation from CCO is relatively popular, and based on the
understanding of the reversible inhibitory effects of NO on CCO (49, 50). There is some evidence
suggesting that light can attenuate the mitochondrial inhibitory effects of NO (51) and some
suggesting that NO can also inhibit the cellular effects of light (52). Light has been shown to increase
NO levels in cells and blood (53). However, the evidence is not completely consistent. One
experiment failed to demonstrate the protective effect of red light against NO-induced inhibition of
mitochondrial respiration, but demonstrated partial protective effects with blue light (442 nm) (54).
Another experiment with blue light (430 nm) recovered the mitochondrial function that had been
inhibited by nitric oxide at the levels generated under septic conditions (55). Hence, demonstrating
wavelengths outside the red and NIR range could be effective in modulating mitochondrial activity.

2.2 Opsins

Opsins are G-protein coupled receptors that have gained considerable interest in phototherapy
research due to their excitation by blue or green light (56) (see Figure 2). Opsins can be divided into
subcategories dependent upon the location they are expressed.

Opsin 1 (OPN1) and 2 (OPN2) expression is localised to the retina in the eye. OPN1 is expressed
by cone cells, photoreceptors within the eye that recognise coloured light and can be subdivided
into three types: OPN1 short wavelength (OPN1-SW), OPN1 medium wavelength (OPN1-MW) and
OPN1 long wavelength (OPN1-LW). Conversely, OPN2 (rhodopsin) is expressed by rod
photoreceptors, cells that recognise dim light and are important in peripheral vision (17). Three
further opsins are expressed within the human body including OPN3 (encephalopsin), OPN4
(melanopsin) and OPN5 (neuropsin) all of which exhibit an absorption spectrum ranging between
380-496 nm. Notably, OPN expression has been detected throughout the body with the expression
of OPN2, OPN3 and OPNS5 being found in epidermal skin (57) and the expression of OPN3 in the
brain (58).

A number of publications have explored the role of OPNs in blue light mediated PBM
signalling both in vitro and in vivo. For example, Regazetti et al. (44) explored the effects of
irradiation at 415 nm (50 J/cm?) or 465 nm (62.5 J/cm?) on the regulation of pigmentation through
OPN signalling. The authors concluded that OPN3 could provide a novel target for regulating
melanogenesis (59). Oritz et al. [45] also explored the effects of irradiation at 400 nm or 460 nm on
the influence of signalling through OPN3 and OPN4 on pulmonary vaso-relaxation (60). The authors
concluded that blue light induced vaso-relaxation and reduced arterial relaxation, through OPN3 and
OPN4 signalling. A series of further publications have also evaluated the role of blue light in
influencing opsin signalling to regenerate visual pigments (61) and promote hair regrowth (56).
Notably, whilst there is a wealth of literature supporting the idea that opsin signalling influences
responses both in vitro and in vivo, the molecular and cellular mechanisms of this signalling pathway
are yet to be fully elucidated.

Current literature indicates that different opsins are coupled to different subtypes of G-
proteins and hence induce different signalling pathways. For example OPN4 is coupled to Gq
(activates the phospholipase C pathway) whilst other opsins (OPN1, OPN2, OPN3 and OPN5) are
coupled to Go (inhibits adenylate cyclase), Gi (inhibits adenylate cyclase), Gt (transducing, activates
phosphodiesterase 6) and Gs (activates adenylate cyclase) (62-64).
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It is proposed that one downstream target of opsins is transient receptor potential (TRP)
channels, particularly the TRPV1 subtype (capsaicin receptor), which has been cited to be activated
by light (65). TRP channels are ligand-gated ion channels. When a stimulus is applied, the TRP
channel opens and this enables a flood of calcium (Ca?*) ions into the cytoplasm of the cell. In turn,
Ca?* then induces the activity of calcium/calmodulin dependent kinase Il (CAMKII), which in turn
induces the phosphorylation of the transcription factor, cAMP response element-binding protein
(CREB) located in the nucleus. In turn, CREB induces a series of changes in gene transcription
ultimately proposed to lead to some of the beneficial effects of PBM, seen both in vitro and in vivo
(59, 64). Figure 2 highlights the current proposed molecular mechanisms relating to how blue and
green light PBM triggers opsin signalling. It has also been shown that increased activity of TRP
channels induces ROS generation (66) and thus the activation of the Ras pathway, a key pathway
involved in the modulation of the activity of small GTPases, ultimately leading to the modulation of
calcium signalling and apoptosis (67). Hence, these mechanisms may explain current findings which
indicate that blue light induces significant increases in ROS production (19, 68-72). However,
evidence also suggests this may be due to the effects of blue light on mitochondrial activity, inducing
increases in ROS production as a result of the stimulation of the electron transport chain (73).
Therefore, whilst there is a wealth of literature suggesting that blue light induces the activity of
opsins and TRP channels, the pathway that links these two complexes is yet to be elucidated.
Therefore, further work is required to determine the molecular mechanisms involved.
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Figure 2: Possible molecular mechanism of blue light PBM in which an opsin receptor is
activated by blue light, which induces a conformational change in the cis-retinaldehyde cofactor,
allowing it to act as a guanine nucleotide exchange factor. This then enables the dissociation of
guanosine diphosphate (GDP) from subunit Ga of the associated G protein and the binding of
guanosine triphosphate (GTP). In turn this provides the activation energy to enable Ga to
dissociate from GB and Gy (the other subunits of the G protein) and enables signalling of Ga
through a series of pathways including the cAMP and phosphatidylinositol pathways. In turn,
signalling through these pathways is understood to induce the downstream activity of transient
receptor protein (TRP) channels including the capsaicin receptor (TRPV1), which causes a flood
of calcium ions into the intracellular space, resulting in the activation of calcium/calmodulin
dependent protein kinase-1l (CAMKII) and thus the phosphorylation of CREB (a transcription
factor). CREB then induces a series of transcriptional events.

2.3 Flavins and flavoproteins

Blue light (400-500 nm) is known to excite flavins and flavoproteins including flavin mononucleotide
(FMN) and flavin adenine dinucleotide (FAD) (74). A well-characterised family of flavin containing
complexes is called “cryptochromes” (75). Notably, cryptochromes have been widely documented to
absorb blue light (76) and are proposed to be involved in the regulation of the circadian rhythm in
mammals (77). Notably, FMN is also found within complex | of the electron tramsport chain and it is
proposed that blue light provides the activation energy for FMN to catalyse the reduction of oxygen
(O;) to superoxide (O,7+)(78). Hence, blue light is understood to induce increases in the levels of
circulating ROS (79). Complex Il is also a flavin (contains FADH;) containing cytochrome (80), and also
absorbs blue light (81). Hence, it is plausible that like red and NIR light, blue light could affect
mitochondrial activity. Indeed, Serrage et al demonstrated that blue light (400-450 nm, 5.76 J/cm?)
was as effective in inducing increases in mitochondrial activity as NIR light (810 nm, 5.76 J/cm? (82)).
However, further work is required to validate this hypothesis to determine whether blue light can
modulate the activity of flavin containing complexes of the ETC.
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2.4 Porphyrins

Porphyrins, a group of heterocyclic organic compounds found complexed to proteins ranging from
haemoglobin (83), to cytochrome p450 enzymes (84), to complex IV of the electron transport chain
(CCO) (85) are known to possess a typical Soret band at 400-420m and hence possess the ability to
absorb blue light (86). Blue light of wavelengths between 400-415nm induces the 1t to m* transition
in porphyrin rings (87). Wavelengths between 400-420nm could oxidise porphyrin containing heme
groups (found within complex V), whilst a wavelength of 450 nm could induce CuB (a component of
complex IV) reduction hence inducing complex IV oxidation or reduction respectively (88).

When evaluating the influence of PBM on mitochondrial electron transport chain activity,
Evgeny et al concluded that blue light application (442 nm, 30 mW/cm?, 3 J/cm?) induced significant
increases in complex IV activity and cell metabolic activity, compared to NO which inhibited cell
responses (54). Also, Ankiri et al reported that complex IV possesses a maximal absorption at 410 nm
and hence this could be due to porphyrins contained within the complex (89). Similarly, Del Olmo-
Aguado et al evaluated the effects of blue light on retinal ganglion cell mitochondrial activity. The
authors concluded that blue light upregulated the activities of complexes Ill, IV and V of the electron
transport chain, but also induced significant reduction in cell viability, and induced apoptosis (90).
These data indicated a possible role of blue light in affecting porphyrin-containing complexes of the
electron transport chain.

Cytochrome p450s (CYPs) are also porphyrin-containing complexes that have gained interest
in phototherapy research, as their activation by blue light has been cited (91). CYPs are a family of
proteins that contain heme and are vital for drug metabolism. The p450 element of the cytochrome
refers to the protein absorption spectra, since CYPs exhibit a maximal absorption peak at 450 nm
when bound to carbon monoxide (92). CYPs are membrane bound proteins and can be located
either in the endoplasmic reticulum or the inner mitochondrial membrane. Mitochondrially-located
CYPs including cytochrome P450 reductase, transfer electrons from nicotinamide adenine
dinucleotide phosphate (NAPDH) and thus could play a role in ETC activity (93).

Interestingly, Becker et al evaluated the effects of blue LED irradiation (453 nm, 23 mW/cm?,
41.4 J/cm?) on the proliferation and gene expression of keratinocytes, and found that irradiation
induced a decrease in cell proliferation. However, the authors also reported that blue light induced
significant increases in the transcription of electron transport chain-related genes, cytochrome P450-
related genes and also genes relevant to steroid hormone synthesis (94). Becker and colleagues also
reported that genes relevant to inflammation were significantly down-regulated due to this
exposure, and proposed that this may be due to the induction of steroid hormone biosynthesis via
the CYPs pathway. Hence, these data provide an additional hypothesis as to how blue light PBM
could affect cellular signalling.

2.5  Nitric oxide (NO)-containing compounds and nitrite reductases

In addition to the NO photodissociation hypothesis (see Section 2.1), there is some literature
suggesting that light-mediated effects are related to the synthesis combined with, or without, the
release of NO due to light exposure.
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Firstly, CCO has also been shown to function as a nitrite reductase, thus being able to produce NO
locally in the mitochondria. This nitrite-dependent NO synthesis in isolated mitochondria has been
demonstrated to increase by yellow light (590 nm), without any concomitant increase in
mitochondrial oxygen consumption (100). These data suggest that light-induced cellular effects do
not necessarily have to be coupled with changes in mitochondrial respiration.

Secondly, there is also evidence that certain wavelengths of light can induce the release of NO
from photolabile sources of stored NO, such as nitrosyl hemoglobin (HbNO), nitrosyl myoglobin
(MbNO), S-nitrosothiols (RSNO) or dinitrosyl iron complexes (DNIC). This effect is reportedly much
greater with red light (670 nm) compared with some longer wavelengths that have been examined,
including 740 nm and 830 nm (101, 102). NO release from some S-nitrosothiols (RSNOs) has also
been demonstrated with ultraviolet (340 nm) and green (545 nm) wavelengths of light (103). Blue
light (420-453 nm) has been shown to be capable of eliciting NO release from S-nitrosoalbumin
(SNO-AIb), HbNO and aqueous nitrite solutions (104) (105).

3 Secondary mechanisms of PBM

From evaluation of the possible hypotheses of the primary mechanisms of PBM, it is apparent that
several pathways converge on the induction of the same signalling molecules; i.e. ROS. Therefore,
this section of the review evaluates the possible effects of PBM on ROS-related pathways. It is
prudent to highlight this review evaluates the effects of PBM on a number of downstream targets.
PBM may modulate a variable number of these targets, dependent upon the dose of light used, the
wavelength employed and also the in vitro/in vivo model light is applied to. The same is true for the
primary mechanisms of PBM, illustrated in section 2.

3.1  Nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB)

ROS production instigates a signalling cascade ultimately leading to the phosphorylation of IkB, an
inhibitor of the pro-inflammatory transcription factor NFkB. In its inactive state IkB is bound to NFkB
in the cytoplasm, however, once phosphorylated, IkB dissociates from NFkB and is targeted to the
proteasome for degradation. This then allows the translocation of free NFkB to the nucleus binding
to DNA, and initiation of a series of gene transcription changes, mRNA production and potential
downstream expression of key cytokines, chemokines and growth factors including interlukin-8 (IL-
8), IL-6 and vascular endothelial growth factor (VEGF (106-109)).

A number of authors report the modulation of NFkB by light. For example, Chen et al
reported that irradiation at 810 nm and radiant exposure of 0.003 J/cm? induced the activation of
NFkB through increased ROS production induced by light (40). Similarly, Curra et al evaluated the
effects of a 660 nm diode laser on NFkB protein levels using an in vivo hamster model of oral
mucositis (110). The authors concluded that PBM reduced disease severity through the activation of
the NFkB pathway. Conversely, PBM reportedly may reduce NFkB activation and subsequently
reduce the expression of pro-inflammatory mediators in several diseases (111). Interestingly, de
Farias Gabriel also reported that application of 660nm (4J/cm?2) modulated NFkB activation leading
to keratinocyte migration, resulting in improved wound healing in a rat model for oral epithelial
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wound healing (112). Hence, modulation of NFkB not only affects pathways related to inflammation
but also those influencing wound healing.

Another gene directly regulated by NFkB activation is cyclooxygenase-2 (COX-2). Its main
role is to catalyse the conversion of arachidonic acid to prostaglandins including PGE2 (113). PGE2
has then been reported to be involved in the activation of a variety of pathways including cyclic
adenosine monophosphate/protein kinase A (cCAMP/PKA) signalling (114, 115).

To stimulate activity of the cAMP pathway, PGE2 binds to prostaglandin E, receptor 4 (EP4).
EP4 is a GPCR coupled to a stimulatory G protein (Gs). On binding, PGE; induces a conformational
change activating Gs, which then activate adenylyl cyclase to catalyse the conversion of ATP (a
second molecule whose production is increased by PBM) to cAMP (116). cAMP then induces the
activation of protein kinase A (PKA) leading to the phosphorylation of transcription factors including
CREB (117). Several authors have reported the effects of PBM on NFkB induced signalling. Lim et al
reported that irradiation at 635 nm modulated both COX2 and PGE, protein expression (118).
Current literature also indicates the effects of PBM on a series of signalling proteins/molecules
implicated in this pathway, including CREB (119).

Another key molecule modulated by NFkB signalling is VEGF, a growth factor central to the
promotion of angiogenic events (120, 121). Literature reports indicate that activation of EP4 induces
the upregulation of the expression of VEGF and several authors have reported the effects of PBM on
VEGF expression and activity. Tim et al concluded that 830 nm irradiation of male Wistar rats with
induced bone defects induced significant increases in COX2 and VEGF expression (122), and das
Neves et al also reported an increase in VEGF expression following irradiation of male Wistar rats
with transverse rectus abdominis musculocutaneous flap at 660 nm or 830 nm (107). Cheng et al
also reported application of 450nm light induced significant increases in COX2 and VEGF in a dose
dependent manner (0.001-0.1J/cm?) relative to lipopolysaccharide treated microglial cells (123).
Hence, the effects of blue, red and NIR light on NFkB associated pathways have been reported in a
handful of studies. However, none to date have evaluated the effects of green light on these
pathways. Hence, it will be prudent in the future to evaluate the wavelength and dose dependent
effects of light on downstream targets of PBM.

3.2 Transforming growth factor-8 (TGFB) signalling

Transforming growth factor-f (TGF-B) molecules represent a family of growth factors in which
there are three mammalian isoforms: TGF-B1, TGF-B2 and TGF-B3. They have been extensively
documented for their crucial role in wound healing processes (124) and in promoting angiogenesis
and fibrosis (125). They are secreted by a variety of cell types in inactive form as latent-TGF- in
which a TGF-B dimer held together by disulphide bonds is non-covalently bound to a pro-domain
known as latency associated peptide (LAP). This complex is also commonly referred to as small latent
complex (SLC). The dissociation of this complex to enable activation of free TGF-B can be induced by
a range of activation stimuli including heat and pH changes (126, 127). Notably, one mechanism of
particular interest here is that PBM could induce activation of TGF-3 signalling (128-130). In a recent
study Arany et al employed a laser emitting a wavelength of 904 nm with radiant exposure outputs
ranging from 0.1-6 J/cm? and concluded that PBM was able to activate latent-TGFB1 (131). It has
subsequently been hypothesised that light induces an increase in levels of ROS including superoxide
(027) (132) which interacts with the methionine 253 amino acid residue on LAP (133). This, in turn,
then induces a conformational change in LAP, enabling its dissociation from TGF-B enabling it to bind
with high affinity to its cell-surface receptors, including TGF-B receptors (TGFBRI, TGFBRII and
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TGFBRIII). Notably, TGFBRIIl binds TGF-B1 and then transfers it to TGFBRI and TGFBRII, which are
both serine/threonine kinases. In turn, these receptors phosphorylate transcription factors including
“small mothers against decentaplegic” (Smad). Once phosphorylated Smad2 and Smad3 bind Smad4,
the complex then translocates to the nucleus and interacts with transcriptional coactivators
including p300, a nuclear scaffolding protein. This signalling then enables the binding of the complex
with the Smad binding element, leading to the transcription of multiple target genes (134).

Interestingly, several authors have also provided evidence for an increase in the activity of
Smad proteins following irradiation. The Smad family is comprised of the receptor Smads (Smad-1, -
2,-3, -5 and -8/-9), the inhibitory Smads (Smad-6 and -7) and the co-Smad, Smad-4. Hirata et al
found that irradiation at 805 nm induced increases in phosphorylation of Smad-1/-5/-8 (135).
Interestingly, Dang et al also found an increase in phosphorylated Smad proteins, specifically Smad-2
and Smad-4 following irradiation at 800 nm (136). Similarly, Yuchao et al reported application of
475nm light induced significant increases in Smad2 phosphorylation. Providing evidence that blue
light may also show efficacy in modulating TGFp signalling (137). Hence, these data indicate the
possible involvement of TGF-B signalling through Smad proteins during the transduction of the
molecular effects of PBM. However, other pathways are also induced by TGF-B signalling including
the mitogen associated protein kinase pathway (MAPK (138)). Therefore, it will be interesting to
determine how PBM, modulates TGF-B signalling through these interlinked pathways, and which
wavelengths of light can induce which pathway.

3.3 Nuclear factor erythroid 2—related factor 2 (Nrf2) signalling

Nrf2 is a protein in the “basic leucine zipper protein” (bZIP) family and is implicated in regulation of
the expression of antioxidant proteins (139). Increases in ROS production lead to the dissociation of
Nrf2 from its inhibitor, Keapl, targeting it for degradation. This enables Nrf2 to translocate into the
nucleus and induce the transcription of antioxidant genes, due to the binding of Nrf2 to antioxidant
response elements (AREs). To date, only a handful of studies have evaluated the effects of PBM on
Nrf2 expression and activity. Interestingly, Sohn et al reported an increase in Nrf2 gene expression
following irradiation at 635 nm (140). Similarly, Trotter et al also found that application of blue light
induced significant increases in Nrf2 expression in vitro (141). This acts as a feedback mechanism
following NFkB activation so the interaction of these two pathways may be important in PBM
modulation of chronic inflammatory diseases. Indeed a differential upregulation of Nrf2 may be
important in such diseases. However, further work will be required to fully dissect the effects of blue
and green light on Nrf2 signalling.

3.4  Mitogen activated protein kinase (MAPK) signalling

Mitogen activated protein kinases (MAPKs) are a family of serine/threonine protein kinases that play
an essential role in the regulation of a diverse number of cellular activities ranging from cell
signalling to cell death. There are three subgroups of MAPKs including extracellular signal regulated
kinases (ERKs including ERK-1 and ERK-2), p38 MAPKs (p38a, p38pB, p38y and p383) and c-Jun-N-
terminal kinases (JNKs including JNK-1, JNK-2 and JNK-3). The three subgroups of MAPKs are finely
regulated by a series of different kinases. Their activation is initiated by first the induction of MAPK
kinase kinase (MAP3K) which in turn phosphorylates MAPK kinase (MAP2K). This then finally leads to
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the phosphorylation and activation of the MAPKs. Each MAPK is regulated by specific kinases as
described below:

3.4.1 Extracellular-regulated kinase (ERK) signalling

The activity of the ERK pathway can initially be induced by receptor tyrosine kinases including
TGFBR1, a member of the TGFp signalling pathway previously proposed to play a role in transducing
the effects of PBM (131). The activation of TGFBR1 enables the downstream activation of Ras-
activating protein, which catalyses the phosphorylation of inactive Ras bound to guanosine
diphosphate (Ras-GDP) to form active Ras guanosine triphosphate (Ras-GTP). Ras then
phosphorylates Raf, which in turn phosphorylates MEK, which ultimately induces phosphorylation of
ERK, culminating in gene transcription changes that lead to proliferation, differentiation or
apoptosis. Interestingly, several authors have reported the effects of PBM on signalling molecules
involved in this pathway. In their study, Kim et al evaluated the response of human outer root
sheath cells to PBM at wavelengths of 415 nm, 525 nm, 660 nm or 830 nm (142). Notably they found
that PBM induced an increase in ERK phosphorylation.

3.4.2 p38 MAPKs

The p38 MAPK pathway is activated by an array of stimuli including inflammatory cytokines, heat
shock or ligands for G-protein coupled receptors (GPCRs). These stimuli induce the activation of an
array of MAP3Ks including TGFp activated kinase-1 (TAK1). Activation of MAP3Ks enables the
phosphorylation of MEK3 or MEK®. In turn, these kinases phosphorylate members of the p38 family,
inducing their activation and hence a series of downstream effects including modulation of cytokine
production and apoptosis (143).

Several authors have reported the effects of PBM on p38 MAPK signalling. Interestingly,
both Kim et al and Chu et al concluded that red light PBM induced increased p38 phosphorylation
and therefore increases in the activity of this pathway (142, 144). However, a further study
concluded that following application of red light, there was a decrease in p38 phosphorylation (145).
The difference in response may be due to the difference in radiant exposures employed in the
different studies. For example, the authors reporting an increase in p38 phosphorylation when using
a light source with a radiant exposure output of less than 12 J/cm?, whilst, a radiant exposure of 18
J/em? induced a decrease in p38 phosphorylation. Hence, this may show a biphasic dose response in
which lower doses of light induce stimulatory effects whilst higher doses cause inhibitory effects.
However, further work will be required to evaluate this hypothesis, particularly with reference to
blue and green light.

3.4.3 c-Jun N-terminal kinase (JNK)

The JNK pathway is activated by an array of stimuli including cytokines, growth factors and the
ligation of specific receptors. In turn these stimuli activate some of the same MAP3Ks induced in the
p38 MAPK pathway including apoptosis signal-regulating kinase 1 (ASK1), mitogen-activated protein
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kinase kinase kinase (MEKK1) and mitogen-activated protein kinase kinase kinase 3 (MEKK3). In turn,
these MAP3Ks can phosphorylate either MKK4 or MKK7, Mitogen-activated protein kinase kinases
(MAP2Ks) specific to the JNK pathway. MKK4 and MKK7 can also activate MKK3 and 6, enabling the
activation of the p38 MAPK pathway (146).

Interestingly, Silva et al explored the effects of 780 nm light at a radiant exposure of 10
J/cm? on JNK phosphorylation of mice with diet-induced obesity. They concluded that PBM induced
a significant reduction in JNK phosphorylation and hence could prove useful in treating effects
induced by a high fat diet (147). Similarly, in a mouse model for depression, Salehpour et al
evaluated the effects of 810 nm light at a radiant exposure of 33.3 J/cm? and found that PBM
induced reductions in JNK phosphorylation and other members of the MAPK signalling pathway
including p38 (148). The authors also reported that treatment induced decreases in the serum levels
of key pro-inflammatory cytokines, including Tumour necrosis factor-a (TNF-a). Hence, these data
provide evidence that PBM could modulate JNK signalling and therefore downstream effects,
including the production of pro-inflammatory cytokines. However, the effects of blue and green light
on INK signalling are yet to be explored, hence future work may endeavour to evaluate the
wavelength dependent effects of PBM on the JNK pathway.

4 Invitro and in vivo application of blue and green light PBM therapy

4.1 Introduction

Whilst a number of reviews have been published detailing the possible therapeutic efficacy of red
and NIR PBM (132, 158), none to date have extensively explored the effects of blue or green light
either in vitro or in vivo. Hence, this section investigates the potential of blue and green light PBM in
therapeutic application to determine whether these short wavelengths of light could be efficacious.

4.2 Methods

To assess literature surrounding the effects of green and blue light PBM, a systematic review of
relevant literature was performed using Scopus. The Scopus database was employed as a means to
undergo key word searches to provide an overview of literature regarding the effects of blue and
green light PBM. Future work may endeavour to use a broader range of databases including
MEDLINE and PubMed to evaluate the effects of blue and green light PBM.

The two searches outlined in Figure 3 were performed separately and a series of key terms
and wavelengths were included to refine the search. Following literature searches, the results were
filtered for ‘articles only’ and for articles published within the past ten years (25/1/2008-25/1/2019).
This timeline was selected to ensure a manageable sample of articles were included in the review,
where key MeSH accepted terms were relevant to articles (including LLLT and PBM) investigated.
Key words described in Figure 3 were input into the Scopus database and systematic evaluation
ensured irrelevant articles were excluded from the review. For example, those reporting the use of
PBM but using biological assays including ‘Alamar blue’ (cell metabolic activity assay) or ‘trypan blue’
(a vital stain used to differentiate between live and dead cells in vitro) were not included as they did
not specifically report the effects of blue light in vitro or in vivo. Other exclusion criteria included
elimination of articles that reported the effects of lasers on remodelling tissue at a high power. For
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example, photoselective vaporisation commonly uses lasers emitting green light and the procedure
involves the burning away of excess tissue to enable normal urine flow through the prostate (159).
As PBM is commonly defined as modulation of tissue response rather than removal of tissue, these
articles were excluded. Review articles were also excluded from analysis. Articles selected for review
were then assessed in terms of the reporting of light properties (including wavelength, irradiance,
radiant exposure, exposure time and beam area), the application of the light source (i.e. in vitro, in
vivo or ex vivo) and the outcome of each study (therapeutically beneficial or harmful).
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Papers found in initial Scopus search using following
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‘Photobiomodulation’ OR ‘PBM’ OR ‘LLLT" OR ‘Low
AND Level AND light AND therapy’ OR ‘LILT’ OR ‘Low

ARITY lemdbnemeibis ARIM L ialhés ARIM $lharames
ANNL el I)Ily RANL LIBIIL HIHU Ll ICId'.J)" Ul'\

‘Photobiostimulation” AND NOT ‘Photodynamic AND
therapy’ OR ‘PDT’

N=317

b

Filtered for:
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25/1/2008-25/1/19

Papers found in initial Scopus search using following
terms:

‘green AND light” OR ‘500nm’ OR ‘505nm” OR ‘520nm’
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PBM - .
2) Article type 2) Review article
(N=2)
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2) Article type

Y

Total included in review:
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501

\4
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1) Notrelevant to
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* Discussed
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vaporisation (N=23)
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therapy or induction
of
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es through light
application (N=39)
+ Other (N=51)
2) Review article
(N=1)

Total=114

Total included in review:

N=33

Figure 3: Flow chart describing the strategy employed to identify relevant articles illustrating the effects of a) blue light and
b) green light PBIM.

15




502
503

504
505
506

507
508

509
510
511

512
513
514
515
516
517
518
519
520
521

522
523
524
525
526
527
528
529
530

531
532
533
534
535
536
537
538
539
540
541
542
543
544

4.3  Results

A Scopus search was undergone to identify publications citing key words illustrated in Figure 3 and
published within the following time frame: 25/1/2008-25/1/2019. This would then enable
identification of key parameters that may induce beneficial effects in vivo.

4.3.1 Blue light PBM

An initial search employing the Scopus database resulted in 317 articles citing the search terms
described in Figure 3a, articles were then subsequently filtered and screened, and it was concluded
that 68 articles were suitable for further review (17-21, 29-31, 64, 68-73, 79, 89, 160-210).

Of the articles reviewed, 72% (49/68) reported a positive effect following the application of
blue light, with 7% (5/68) reporting negative effects and 21% (14/68) reporting no significant effect.
Whilst, the majority of articles within this review reported the effects of PBM on tissue, a handful
also evaluated the bactericidal effect of blue light PBM (3/68 (167, 192, 199)). Although, the
mechanism of blue light in inducing bacterial cell death is not a focus of this current review, we felt it
important to highlight this as a further application of PBM which has therapeutic application (211).
Notably however, the parameters required to induce a bactericidal effect (>55J/cm?) are much
higher than those applied to induce tissue effects (<55J/cm?). Hence, when exploring possible
beneficial parameters for tissular applications, articles evaluating the antimicrobial properties of
blue light were excluded.

When evaluating the recording and reporting of treatment parameters, it was found that
68% (46/68) of articles failed to report any information regarding light characterisation procedures
and relied entirely on the manufacturers reported values. Of the other 22 articles, the light
characterisation procedures reported were minimal, where the majority reported either analysis of
power or irradiance output of a light source (12/22 (68, 73, 160, 164, 168, 169, 174, 179, 195, 197,
204, 206)). Interestingly, these figures are similar to those reported by Hadis et al in which 76% of
articles evaluated failed to report the use of any light characterisation techniques (15). A series of
other key parameters were also not reported in full by authors including irradiance (29%, 20/68),
exposure time (34%, 23/68), radiant exposure (38%, 26/68) and beam area (82%, 56/68).

From those articles reporting parameters, median values could be calculated. For example,
for those articles reporting a positive effect of PBM, a median value of radiant exposure of 7.8 J/cm?
(range: 1.5-90J/cm?) was determined. In fact, 63% (17/27) of articles reporting both positive effects
of PBM used radiant exposure values <10 J/cm?. Interestingly, only one article reported a beneficial
effect of PBM on tissue at a radiant exposure >55 J/cm? (196). For articles reporting negative effects
of PBM, a median radiant exposure of 7.5 J/cm? (range: 3-183.43)/cm?) was calculated. However, of
the 5 articles reporting a negative effect of PBM only 4 reported radiant exposure values, 3 of which
were >30 J/cm?. Interestingly of those reporting no significant effect of blue light, an average radiant
exposure of 8J/cm? was reported (range: 0.378-80J/cm?). In which, 4/7 of those articles studied
reported the radiant exposure utilised in experimentation. Hence, it is apparent from these findings
that further work is required to gain a better understanding of the biphasic effect of blue light and
also to demonstrate the importance of recording and reporting treatment parameters. Table 1
summarises the studies evaluated in this review including the study type, reported parameters and
outcomes.
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545 Table 1: Citations identified from a review of the literature evaluating the effects of blue light PBM
546 using the following search terms: ‘Blue AND light’ OR ‘400 nm’ OR ‘405 nm’ OR ‘420 nm’ OR ‘450 nm’
547 OR ‘475 nm’ OR ‘480 nm’ AND ‘Photobiomodulation” OR ‘PBM’ OR ‘LLLT’ OR ‘Low AND Level AND
548 light AND therapy’ OR ‘LILT’ OR ‘Low AND Intensity AND Light AND therapy’ OR ‘Photobiostimulation’
549  AND NOT ‘Photodynamic AND therapy’ OR ‘PDT’

Citation
1. Mignon et al, 2018(19)

Light Source

Source: LED
Wavelength (nm): 450,
490, 550, 650 and 850
Power (mW):
Frequency (Hz):

Spot area (cm?):

Dose Study type
Irradiance (mW/cm?): 30 In Vitro: Human

(450 nm), 30 (490 nm), 30 reticular and papillary
(550 nm), 7 (590 nm), 60 dermal fibroblasts
(655 nm), 80 (850 nm)

Time (s):

Energy (J):

Radiant exposure (J/cm?):

0-250 (dependent upon

wavelength)

Conclusion

450nm light at 30J/cm? induced 50%
reductions in cell metabolic activity.
450nm and 500nm induced stronger
inhibitory effects on reticular DFs vs
papillary DFs. 450nm light induced
increases  in intracellular  ROS
production. Blue and NIR light
induced changes in some similar gene
groups. However, more genes were
downregulation following irradiation
with blue light compared to NIR. Blue
light also downregulated expression
of genes associated with the TGF-
pathway.

2.Tani et al, 2018 (191)

Source: LED

Irradiance (mW/cm?): 12.59  In Vitro: human

Blue light had no significant effect on

Wavelength (nm): 405, Time (s): 30 osteoblasts and human molecular signalling. 635nm light
635, 808 Energy (J): mesenchymal stromal could be effective in promoting or
Power (mW): Radiant exposure (J/cm?): cells. improving bone regeneration as
Frequency (Hz): 0.378 shown through molecular analysis.
Spot area (cm?):

3.Priglinger et al, 2018 (197) Source: LED Irradiance (mW/cm?): 40 In Vitro: Stromal Blue, green and red light did not have

Wavelength (nm): 475,
516, 635

Power (mW):
Frequency (Hz): pulsed
2.5 (pulse rate 50%)
Spot area (cm?):

Time (s): 600 Vascular fraction cells
Energy (J):
Radiant exposure (J/cm?):

24

a cytotoxic effect on cells. Red and
green light induced significant
increases in vascular endothelial
growth factor expression.

4.Falcone et al, 2018 (175)

Source: LED
Wavelength (nm): 453
Power (mW):
Frequency (Hz): 5% duty
cycle, 100Hz

Spot area (cm?):

In Vivo: effects on
inflammation and skin
barrier recovery.

Irradiance (mW/cm?): 10
(cw), 200 (pulsed)

Time (s): 1800

Energy (J):

Radiant exposure (J/cm?):
18

Reduced IL-1a following irradiation.

5.Veleska-Stevkoska and Koneski, 2018 (21)

Source: LED
Wavelength (nm): 410
and 470

Power (mW):

In Vivo: Haemostasis in
oral surgery (bleeding
from tooth
extractions).

Irradiance (mW/cm?): 750
Time (s): 10-20

Energy (J): 50-100
Radiant exposure (J/cm?):

Blue light shortens bleeding time from
extraction socket.

Frequency (Hz): 7.5-15
Spot area (cm?): 1.25
6. Castellano-Pellicena et al, 2018 (17) Source: LED Irradiance (mW/cm?): In vitro and ex vivo: Blue light stimulated metabolic

Wavelength (nm): 447,
505, 530, 655 and 850
(24 well) or 453, 656 (ex
vivo)

Power (mW):
Frequency (Hz):

Spot area (cm?):

Time (s): 1200 (24 well)
Energy (J):

Radiant exposure (J/cm?):
453 nm- 2, 656 nm- 30

Keratinocytes and
human skin epidermis

activity of cultured keratinocytes. Low
levels of blue light reduced DNA
synthesis and stimulated keratinocyte
differentiation. Level of
differentiation induced by blue light
was reduced in opsin 3 (OPN3)
knockdown, suggesting OPN3 may be
Important in blue light induced
restoration of barrier function.

7. Fekrazad et al, 2018(176)

Source: Laser

Irradiance (mW/cm?): 266 In vitro: Mesenchymal

Cartilage markers were upregulated

Wavelength (nm): 810, (blue), 266 (green) 167 stem cells. by 810nm and 810-485nm light. Red

660, 532, 485, (red), 1333(NIR) and blue-green irradiation induced

combinations: 810-660, Time (s): 3-24 (dependent expression of COLL. Blue, blue-green

810-485, 660-532, 660- upon wavelength) and green light irradiation reduced

485 Energy (J): osteocalcin expression. Stimulatory

Power (mW): 30-200 Radiant exposure (J/cm?): effects on osteogenesis were seen for

(dependent on 4 (8 for combination) red and near infra-red lasers but

wavelength) green light had inhibitory effects. Blue

Frequency (Hz): light was not reported to induce

Spot area (cm?): 0.113- inhibitory effects.

0.18 Cons: Parameters differ considerably
from one wavelength to the next,
particularly when evaluating
combination  treatments. Making
results of which wavelength is most
effective questionable.

8. Rocca et al, 2018 {183} (198) Source: diode laser (450 Irradiance (mW/cm?): 280 In Vivo: The diode lasers proved more
nm, 635 nm, 808 nm, (808 nm), 280 (450 nm), Human effective than the Er:YAG in reducing

Er:YAG laser (2940 nm)
Wavelength (nm): 2940,

1000 (63 5nm)
Time (s): 60 (2940 nm),

pain scores over a 7 day period.
635nm had the most immediate
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808, 450, 635

Power (mW): 200 (635
nm), 1500 (808 nm), 500
(450nm)

Frequency (Hz): 20
(Er:YAG)

Spot area (cm?):

3x30 (635 nm), 60 (808 nm),

60 (450 nm)
Energy (J):
Radiant exposure (J/cm?):

76.43 (Er:YAG), 36 (635 nm),

50 (808 nm), 17 (450 nm)

effect, but there was no significant
difference pain score using the 3
diode lasers after 7 days.

9. Wang et al, 2018 (208)

Source: LEDs
Wavelength (nm): 405
Power (mW): 200
Frequency (Hz):

Spot area (cm?):

Irradiance (mW/cm?): 20
Time (s): 900

Energy (J):

Radiant exposure (J/cm?):
12

In Vitro:
Whole blood samples
(human)

No significant change in the
absorption spectra exhibited by blood
following irradiation.

10. Kim et al, 2017(187)

Source: LEDs
Wavelength (nm): 410,
630, 830

Power (mW):

Irradiance (mW/cm?):
Time (s):

Energy (J):

Radiant exposure (J/cm?):

In Vivo:
Mouse model

Wound closure percentage over 10
days was greatest when an 830nm
LED wused. Increased TGF-B and
collagen 1 but downregulated

Frequency (Hz): SMAD?7.
Spot area (cm?):
11.Rohringer et al, 2017 (68) Source: LED Irradiance (mW/cm?): 80 In Vitro: Human Red and green light induced

Wavelength (nm): 475,
516, 635

Power (mW):
Frequency (Hz): 50%
pulse rate, 2.5Hz

Spot area (cm?):

Time (s): 600

Energy (J):

Radiant exposure (J/cm?):
24

umbilical vein
endothelial cells

proliferation and  migration of
endothelial cells whilst blue light had
no significant impact. Blue light only
induced significant increases in ROS
production.

NOTE: irradiance and irradiation time
values do not correlate with fluency.
Cells irradiated at 20% confluency —
may explain negative effects of blue
light.

12.Wang et al, 2017 (64)

Source: LED array (415
nm), Filtered lamp (540
nm), Diode laser (660 nm
and 810 nm)
Wavelength (nm): 415,
540, 660, 810

Power (mW):

Frequency (Hz):

Spot area (cm?): 4

Irradiance (mW/cm?): 16
Time (s): 188

Energy (J):

Radiant exposure (J/cm?):
3

In vitro: human
adipose-derived stem
cells.

Blue and green light induce significant
increases in intracellular calcium and
ROS, reduce mitochondrial membrane
potential, lower intracellular pH and
reducing cellular proliferation. Red
and NIR light have the opposite effect.
Labelled fluency as irradiance.
Different delivery systems may alter
light delivery (coherent vs non-
coherent light sources).

13.Wang et al, 2017(69)

Source: LED
Wavelength (nm): 480,
560, 660 and white (400-

Irradiance (mW/cm?): 250
Time (s):
Energy (J):

In vitro and in vivo:
Irradiated fertile
broiler eggs and

Green PBM promoted muscle growth
and satellite cell proliferation through
insulin growth factor-1 signalling in

750) Radiant exposure (J/cm?): isolated skeletal late embryogenesis.
Power (mW): 3000 muscle and satellite
Frequency (Hz): cells.
Spot area (cm?):
14.Choe et al, 2017 (171) Source: LED Irradiance (mW/cm?): 16 In Vitro: Hela cells Blue light and high frequency

Wavelength (nm): 622,
535, 462

Power (mW): 24000
Frequency (Hz):

Spot area (cm?):

Time (s): 600-1800 (daily)
Energy (J):
Radiant exposure (J/cm?):

(cancer cell line).

ultrasound induced significant
reductions in cell density when
compared to red and green light
combined with ultrasound. This could
be beneficial in alleviating cancer cell
proliferation.

15.Buscone et al, 2017 (170)

Source: LED
Wavelength (nm): 453,
689

Power (mW):
Frequency (Hz):

Spot area (cm?):

Irradiance (mW/cm?):
Time (s):

Energy (J):

Radiant exposure (J/cm?):
3.2

In vitro and ex vivo:
hair growth and outer
root sheath cells.

Blue light at low radiant exposure
stimulate hair growth ex vivo.

16. Santos et al, 2017 (70)

Source: LED
Wavelength (nm): 405
Power (mW):
Frequency (Hz):

Spot area (cm?): 0.27

Irradiance (mW/cm?): 300
Time (s): 30-60

Energy (J):

Radiant exposure (J/cm?):

In vitro: Subventricular
zone (SVZ) cell culture.

Blue light induced transient increases
in ROS, causing increased neuronal
differentiation and increases retinoic
acid receptor levels. The effects are
heightened with the addition of light
reactive nanoparticles.

17. Fekrazad et al, 2017(18)

Source: laser: GaAs (405
nm, 532 nm), InGaAIP
(660 nm) and GaAlAs
(810 nm)

Wavelength (nm): 405,
532, 660, 810

Power (mW):
Frequency (Hz):

Spot area (cm?): 1

Irradiance (mW/cm?): 200
Time (s):

Energy (J):

Radiant exposure (J/cm?):
15

In Vivo: Male Wistar
rats (n=60)

Green, blue, red and infrared light
irradiation may accelerate healing
process.

18.Lee et al, 2017(190)

Source: LED
Wavelength (nm): 410,
630, 830

Power (mW):
Frequency (Hz):

Spot area (cm?):

Irradiance (mW/cm?): 205
(405nm), 172 (630), 50
(830)

Time (s):

Energy (J):

Radiant exposure (J/cm?):

In Vitro: Keloid
fibroblasts

Blue did not affect cell viability. COL1
gene and protein expression
decreased significantly after
irradiation with blue light and may be
effective  in  preventing  keloid
formation.
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19.

Alba et al, 2017 (29)

Source: LED (470) and
laser (660)
Wavelength (nm): 470
and 660

Power (mW):
Frequency (Hz):

Spot area (cm?):

Irradiance (mW/cm?):

Time (s): 180 (470), 60 (660)
Energy (J): 6-8

Radiant exposure (J/cm?):

In Vivo: treatment of
acne vulgaris

The combined use of red and blue
light proved beneficial in reducing
inflammation and enhancing wound
healing when compared to the use of
salicylic acid for treatment.

20.

Mignon et al, 2017(193)

Source: LED
Wavelength (nm): 400,
500, 530, 590, 655, 850

Irradiance (mW/cm?): 3-80
Time (s):
Energy (J):

In Vitro: Human dermal
fibroblasts

The effects of blue light on cell
metabolism were dramatically
influenced by FBS concentration,

Power (mW): Radiant exposure (J/cm?): confluency level of cells and the
Frequency (Hz): 2-30 fluency values applied to cells.
Spot area (cm?):

21. Yoshimoto et al, 2017(210) Source: LED Irradiance (mW/cm?): 30 In Vitro: Human colon Blue light irradiation reduced cancer

Wavelength (nm): 465
Power (mW):

Time (s): 1800
Energy (J):

cancer cells (HT-29 or
HCT-116)

cell viability. However, this effect was
reversed in an Opsin 3 (Opn3)

Frequency (Hz): Radiant exposure (J/cm?): knockdown.
Spot area (cm?): 54

22.Yuan et al, 2017(71) Source: LED Irradiance (mW/cm?): 20 In Vitro: Bone marrow- Blue light inhibited osteogenic
Wavelength (nm): 470 Time (s): 60-3600 derived mesenchymal differentiation, induced apoptosis as a
Power (mW): Energy (J): stem cells (BMSCs) result of increased ROS production
Frequency (Hz): Radiant exposure (J/cm?): and DNA damage.
Spot area (cm?):

23. Monrazeri et al, 2017 (194) Source: LED Irradiance (mW/cm?): 100 In vivo: Combining all three wavelengths
Wavelength (nm): 630, (630 nm) Human reduced abdominal girth significantly.
808, 450 Time (s):
Power (mW):100 (630 Energy (J): 48) per point
nm and 808 nm), 3000 Radiant exposure (J/cm?):
(450 nm)
Frequency (Hz):
Spot area (cm?): 1

24. Li et al, 2016(191) Source: LED Irradiance (mW/cm?): 50 In vivo: Red light was more effective in

Wavelength (nm): 630,
460

Power (mW):100
(630nm and 808nm),
3000 (450nm)
Frequency (Hz):

Spot area (cm?): 300

Time (s): 900-1800
Energy (J):

Radiant exposure (J/cm?):
45-90

Japanese big ear white
rabbits, induced
wound model
(incisions in back)

promoting wound healing than blue
light.

25.

Khori et al, 2016 (186)

Source: Laser
Wavelength (nm): 405,
532, 632

Power (mW): 1-3
Frequency (Hz):

Spot area (cm?):

Irradiance (mW/cm?):
Time (s): 600 (10
treatments, 3 times a week)
Energy (J):

Radiant exposure (J/cm?):

In vivo and in vitro:
BALB/c inbred female
mice and mouse
mammary carcinoma
cell line (4T1).

Blue light reduced tumour volume
and gene expression markers for
tumorigenesis.

26.

AlGhamdi et al, 2016 (161)

Source: laser
Wavelength (nm): 457,
635, 355

Power (mW):
Frequency (Hz):

Spot area (cm?):

Irradiance (mW/cm?): 25
Time (s): 80

Energy (J):

Radiant exposure (J/cm?):
2

In Vitro: Melanocytes
from normal human
melanocytes.

PBM at all wavelengths induced the
production of stage | melanosomes to
the highest levels relative to control
cells. In particular, red and blue laser
PBM induced the highest increase in
% level of stage | melanosomes. This
indicates significant stimulation of
melanogenesis.

27.

Wang et al, 2016 (209)

Source: LED array (420),
Filtered lamp (540),
Diode laser (660, 810).
Wavelength (nm): 420,
540, 660, 810

Power (mW):

Irradiance (mW/cm?): 16
Time (s): 188 (five times,
every 2 days).

Energy (J):

Radiant exposure (J/cm?): 3

In Vitro: Human
adipose-derived stem
cells.

Blue and green light were effective in
stimulating osteoblast differentiation
and increasing intracellular calcium
levels than red and near infra-red
light. Blue and green light could
activate  light-gated calcium ion

Frequency (Hz): channels.
Spot area (cm?): 4
28. Masson-Meyers et al, 2016(30) Source: LED Irradiance (mW/cm?): 30 In Vitro: Human Blue light and radiant exposure of

Wavelength (nm): 470
Power (mW): 150
Frequency (Hz):

Spot area (cm?):

Time (s):

Energy (J):

Radiant exposure (J/cm?):
3,5, 10,55

Dermal Fibroblasts

5J/cm? improved wound healing,
increased protein concentration and
reduced IL-6 secretion significantly.
There was no effect of irradiation on

cell viability.
29. Ashworth et al, 2016 (164) Source: LED Irradiance (mW/cm?): Ex Vivo: Rat or mouse All four wavelengths at the highest
Wavelength (nm): 450, Time (s): spinal cord slices intensity output reduced
510, 660, 860 Energy (J): immunoreactivity.
Power (mW): Radiant exposure (J/cm?):
Frequency (Hz): Other:
Spot area (cm?): photons/cm?/s
30. Figurova et al, 2016 (178) Source: LED Irradiance (mW/cm?): 8 In Vivo: Minipigs Combined red and blue light therapy

Wavelength (nm):
685/470 combined
Power (mW):
Frequency (Hz):
Spot area (cm?):

Time (s):

Energy (J):

Radiant exposure (J/cm?):
3.36

induced improved tissue healing
relative to control groups.
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31. Becker et al, 2016 (165)

Source: LED
Wavelength (nm): 453
Power (mW):
Frequency (Hz):

Spot area (cm?):

Irradiance (mW/cm?): 23
Time (s): 1800

Energy (J):

Radiant exposure (J/cm?):

In Vitro: Melanoma
cells

The effects of blue light on cell
viability were dose dependent and
blue light down regulated anti-
inflammatory genes but upregulated
genes associated with apoptosis.
Significant decreases in viability were
witnessed after irradiation times of
1800s.

32. Dereci et al, 2016 (173)

Source: LED (blue, 400-
490), GaAlAs diode laser
(NIR, 980nm)
Wavelength (nm): 400-
490, 980

Power (mW):
Frequency (Hz):

Spot area (cm?):

Irradiance (mW/cm?): 12
(400-490), 200 (980)

Time (s):

Energy (J):

Radiant exposure (J/cm?):
13 (400-490, 20 (980)

In Vivo: Wistar rats

Whilst high doses of blue light were
inhibitory, low doses proved
efficacious in  promoting  bone
regeneration to similar levels to NIR
light.

33. Takhtfooladi and Sharifi, 2015 (204)

Source: GaAlAs (680),
LED (650, 450)
Wavelength (nm): 680,
650, 450

Power (mW): 10 (680)
Frequency (Hz): Pulsed
(no info, 680 only)
Spot area (cm?): 0.4
(680), 1.5 (650, 450)

Irradiance (mW/cm?):

Time (s): 200s (680), 600s
(450, 650) 14 days

Energy (J):

Radiant exposure (J/cm?):
10 (680), 650 (2.4), 450 (2.4)

In Vivo: New Zealand
rabbits

Blue and red LEDs had no significant
effect on cell proliferation or
myelination. Conversely, laser red
light had a significant effect. This may
be due to the pulsed modality of the
laser light source.

34, Fekrazad et al, 2015 (177)

Source: laser
Wavelength (nm): 630,
532,425

Power (mW): Frequency
(Hz):

Spot area (cm?):

Irradiance (mW/cm?): 50
(630 nm and 532 nm), 55
(425 nm)

Time (s):

Energy (J):

Radiant exposure (J/cm?): 2

In Vivo:
Diabetes induced male
Wistar rats

All  three wavelengths induced
significant increases in wound healing,
where red light was most effective.

35. Masson-Meyers et al, 2015 (192)

Source: LED or Laser
Wavelength (nm): 405
Power (mW):

Irradiance (mW/cm?):
Time (s): 900, 1800, 14400
Energy (J):

In Vitro: Methicillin
Resistant
Staphylococcus Aureus

Both LED and laser proved efficacious
in supressing bacterial growth to
significant levels at all four radiant

Frequency (Hz): Radiant exposure (J/cm?): (MRSA) exposure values evaluated.
Spot area (cm?): 40, 54, 81, 121

36. Schafer and McNeely, 2015 (199) Source: LED Irradiance (mW/cm?): 30 In Vitro: The effects of blue light combined
Wavelength (nm): 405 Time (s): Staphylococcus with ultrasound were dose dependent
Power (mW): Energy (J): Epidermis, where it is proposed that bacterial
Frequency (Hz): Radiant exposure (J/cm?): Staphylococcus Aureus cells become more susceptible to the

Spot area (cm?):

and Propionibacterium
Acnes

antimicrobial effects of blue light
following ultrasound application.

37. Niu et al, 2015 (195)

Source: LED
Wavelength (nm): 405,
630, 660

Power (mW):
Frequency (Hz):

Spot area (cm?):

Irradiance (mW/cm?):
161pW/cm?nm (405 nm),
300puW/cm?nm (630 nm),
545uW/cm?nm (660 nm)
Time (s): 600

Energy (J):

Radiant exposure (J/cm?):
1.604 (405 nm), 3.409 (630
nm), 6.538 (660 nm)

In Vitro: Keratinocytes

The combination of blue light, red
light and curcumin was able to
regulate proliferation and apoptosis
of keratinocytes. Without curcumin,
light did not influence cell viability.

38. AlGhamdi et al, 2015 (162)

Source: diode laser
Wavelength (nm): 355,
457, 635

Power (mW):

Irradiance (mW/cm?): 25
Time (s): 20-200

Energy (J):

Radiant exposure (J/cm?):

In Vitro: Melanocytes

Blue laser proved most efficacious in
promoting cell proliferation and
migration.

Frequency (Hz): 0.5-5
Spot area (cm?):
39. Pfaff et al, 2015 (196) Source: LED Irradiance (mW/cm?): 100 In Vivo: Treatment of Blue light proved to significantly

Wavelength (nm): 453
Power (mW):
Frequency (Hz): High
(200mW/cm?) and low
(100mW/cm?) duty
cycles employed

Spot area (cm?):

(low), 200 (high)

Time (s): 1800

Energy (J):

Radiant exposure (J/cm?):
90

patients with mild
Psoriasis Vulgaris (Pv).

reduce Pv severity at both irradiance
outputs.

40. Bumah et al, 2015(167)

Source: LED
Wavelength (nm): 470
Power (mW): 150 (18
delivered to cultures)

Irradiance (mW/cm?): 30
Time (s):

Energy (J):

Radiant exposure (J/cm?):

In Vitro: MRSA

Blue light alone is effective in
supressing MRSA growth, where there
was no significant difference in the
effect of blue light and the

Frequency (Hz): 55 combination of blue light and
Spot area (cm?): hyperbaric oxygen.
41. Jung et al, 2015 (183) Source: LED Irradiance (mW/cm?): In Vitro: Human Blue and red light influence lipid

Wavelength (nm): 415,
630
Power (mW):

Time (s): 76-615
Energy (J):
Radiant exposure (J/cm?):

Sebocytes

production and may have beneficial
effects on acne through the
suppression of sebum production.

Frequency (Hz): 5-40
Spot area (cm?):
42. Teuschl et al, 2015 (206) Source: LED Irradiance (mW/cm?): 50 In Vitro: C2C12 Blue light reduced cell proliferation

Wavelength (nm): 470,
630

Time (s): 600 (5 times, once
per day)

(myoblast), NIH/3T3
(fibroblast), BICR10

and promoted necrosis. Red light
promoted cell proliferation and
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Power (mW): 1000

Energy (J):

(keratinocytes)

increased rate of wound healing.

Frequency (Hz): Radiant exposure (J/cm?):
Spot area (cm?): 30

43. Hadis et al, 2015(181) Source: LED Irradiance (mW/cm?): 3.5 In Vitro: Dental Pulp Blue light had no significant effect on
Wavelength (nm): 400- Time (s): 15-120 cells (DPCs) DPCs whilst wavelengths of 625nm,
900 Energy (J): 660nm, 789nm and 800nm induced
Power (mW): Radiant exposure (J/cm?): significant increases in mitochondrial
Frequency (Hz): 0.05-0.42 activity. Particularly after 24hrs and
Spot area (cm?): irradiation periods of 30s.

44, De Sousa et al, 2015 (31) Source: LED Irradiance (mW/cm?): In Vitro: Blue light inhibited bacterial growth at
Wavelength (nm): 450 Time (s): 0-343 Staphylococcus aureus, fluency values greater than 6J/cm?.
Power (mW): 70 Energy (J): Pseudomonas
Frequency (Hz): Radiant exposure (J/cm?): aeruginosa
Spot area (cm?): 0.00785  3-24

45. Gold et al, 2014 (180) Source: LEDs Irradiance (mW/cm?): In Vivo: Induced a reduction in acne vulgaris
Wavelength (nm): 405- Time (s): Human inflammatory lesions. Did induce
460 Energy (J): increases in skin temperature up to
Power (mW): Radiant exposure (J/cm?): 41°.
Frequency (Hz):
Spot area (cm?):

46. Schoenly et al, 2014(200) Source: laser Irradiance (mW/cm?): In Vitro: Removal of calculus is thickness

Wavelength (nm): 400 Time (s): Human teeth dependent and can occur at radiant
Power (mW): Energy (J): exposure <5J/cm?
Frequency (Hz): 60ns Radiant exposure (J/cm?):
laser pulse <8
Spot area (cm?):

47. Buravlev et al, 2014 (73) Source: LED Irradiance (mW/cm?): In Vitro: Mitochondria Blue light restored nitric oxide
Wavelength (nm): 442 Time (s): 30-300 isolated from male inhibited rates of respiration to
Power (mW): 70 Energy (J): albino rat livers. normal. It is hypothesised blue light
Frequency (Hz): Radiant exposure (J/cm?): irradiation induces photolytic

Spot area (cm?): 0.00785

30

destruction of nitrosyl complexes that
inhibit the activities of complex | and
11l of the electron transport chain.

48.

Sinclair et al, 2014 (203)

Source: LED
Wavelength (nm): 465,
574

Power (mW):
Frequency (Hz):

Spot area (cm?):

Irradiance (mW/cm?):
0.0848 (blue), 0.0185
(yellow)

Time (s): 2700

Energy (J):

Radiant exposure (J/cm?):
Other: 68 lux,
1.21xphotons/cm?/s

In Vivo: Patients with
traumatic brain injury
(TBI)

Blue light is effective in alleviating
fatigue and daytime sleeping
following TBI

49. Hochman et al, 2014 (182) Source: LED (470 nm and Irradiance (mW/cm?): In Vivo: Skin of adult Infrared (808nm) laser irradiation
660 nm) and Laser (660 Time (s): 114 (LED), 396 male Wistar rats. enhances neuropeptide secretion in
nm and 808 nm, no (laser) healthy rat skin, whilst other sources
details of laser source) Energy (J): 40 (both) of light and wavelengths had no
Wavelength (nm): 470, Radiant exposure (J/cm?): significant impact.

660, 808 80 (LED), 1429 (laser)
Power (mW): 100
(808nm, 660nm Laser)
and 350 (470nm and
660nm LED).
Frequency (Hz):
Spot area (cm?): 0.5
(LED), 0.028 (laser)
50. Dungel et al, 2014(174) Source: LED Irradiance (mW/cm?): 50 In Vivo: Sprague- Both wavelengths promoted

Wavelength (nm): 470,
629

Power (mW):
Frequency (Hz):

Spot area (cm?):

Time (s): 600

Energy (J):

Radiant exposure (J/cm?):
30

Dawley rats

angiogenesis, improved tissue
perfusion, reduced tissue necrosis and
therefore promoted wound healing.

51.

KazemiKhoo and Ansari et al, 2014 (185)

Source: Optical fiber
Wavelength (nm): 405,
632.8

Power (mW): 1.5
Frequency (Hz):

Spot area (cm?): 0.01

Irradiance (mW/cm?):

Time (s): 1800 (every other

day, 14 sessions)
Energy (J):
Radiant exposure (J/cm?):

In Vivo: Intravascular
laser irradiation of
blood in type 2 diabetic
patients and
measurements of
changes in blood sugar.

Both wavelengths induced significant
decreases in blood sugar levels.

52.

Burvalev et al, 2014 (168)

Source: Laser (442 nm,
532 nm) and LED (650
nm)

Wavelength (nm): 442,
532, 650

Power (mW): 20
Frequency (Hz):

Spot area (cm?): 1.57

Irradiance (mW/cm?): 30
Time (s): 30-300

Energy (J):

Radiant exposure (J/cm?):
3-31

In Vitro: Mitochondria
isolated from rat liver.

Laser of mitochondria at 442nm
restored mitochondrial respiration
inhibited by NO. Blue light also
restored complex IV activity but not
complexes I-lll. Other wavelengths
had no significant effect.

53.

Turrioni et al, 2013(207)

Source:

Wavelength (nm): 450,
630, 850

Power (mW):
Frequency (Hz):

Spot area (cm?):

Irradiance (mW/cm?):
Time (s):

Energy (J):

Radiant exposure (J/cm?):

In Vitro:
Human dentin

All three wavelengths passed through
the dentin barrier. LED power loss and
transmittance varied dependent upon
dentin thickness and wavelength.
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54. Kazemi Khoo et al, 2013(184)

Source: laser
Wavelength (nm): 405
Power (mW): 1.5

Irradiance (mW/cm?):
Time (s): 1800
Energy (J):

In Vivo:
Human diabetic
patients

Resulted in modulation of metabolites
associated with type 2 diabetes
following intravenous PBM.

Frequency (Hz): Radiant exposure (J/cm?):
Spot area (cm?):
55. Cheon et al, 2013 (79) Source: LED Irradiance (mW/cm?): 3.55 In Vivo: Sprague Blue and green light promoted wound

Wavelength (nm): 470,
525, 633

Power (mW):
Frequency (Hz):

Spot area (cm?):

(470nm), 4.02 (525nm) and
6.78 (633nm)

Time (s): 3600 (9 days)
Energy (J):

Radiant exposure (J/cm?):

Dawley rats and
histological analysis

healing  significantly. Red light
promoted collagen production.

56. Burvalev et al, 2013 (169)

Source: HeCd laser (442
nm) diode pumped solid
state laser (532 nm) and
LED (650 nm)
Wavelength (nm): 442,
532, 650

Power (mW): 20
Frequency (Hz):

Spot area (cm?): 1.57

Irradiance (mW/cm?):
Time (s): 30-300 (1
treatment)

Energy (J):

Radiant exposure (J/cm?):

In Vivo:
Lipopolysaccharide B
was applied through
intraperitoneal
injection to outbred
albino rats.
Mitochondria were
then isolated from rat
liver.

Blue light induced a 40% increase in
mitochondrial respiration from LPS
treated animals at a dose of 6J/cm?

57. Kushibiki et al, 2013 (72)

Source: Laser
Wavelength (nm): 405,
664, 808

Power (mW):
Frequency (Hz):

Spot area (cm?):

Irradiance (mW/cm?): 100
Time (s): 60-120

Energy (J):

Radiant exposure (J/cm?):

In Vitro: mouse
preadipocytes (3T3-L1),
prechondrocytes
(ATDC5), myoblasts
(C2C12), mesenchymal
stromal cells (KUSA-
A1), lung cancer cells
(LLC), insulinoma cells
(MINS®), fibroblasts
(NIH-3T3), human
cervix adenocarcinoma
cells (HeLa),
macrophages
differentiated from
lymphocytes (THP-1)
after treatment with
phorbol ester, and rat
basophilic leukemia
cells (RBL-2H3)

After blue light irradiation,
intracellular ROS production was
significantly increased in all cell types
whilst red and near infra-red light had
no significant effect.

58. Fushimi et al, 2012(179)

Source: LED
Wavelength (nm): 456,

Irradiance (mW/cm?): 0.75
(638 nm), 0.25 (456 nm) and

In Vivo and in vitro:
Induced wound model

LED irradiation induced significant
increases in growth factor and

518, 638 0.17 (518 nm) in ob/ob mice cytokine secretion. Green LEDs
Power (mW): 7560 (63 Time (s): 1200 promote wound healing by inducing
8nm), 6930 (456 nm) and  Energy (J): migratory and proliferative mediators.
6840 (518 nm) Radiant exposure (J/cm?):
Frequency (Hz): 0.6 (638 nm), 0.3 (456 nm),
Spot area (cm?2): 30 0.2 (518 nm)

59. Lavi et al, 2012(189) Source: LED Irradiance (mW/cm?): 30 In Vitro: Visible (especially blue) light induce

Wavelength (nm): 400-
505, 600-800

(600-800 nm), 10 (400-505
nm)

Sperm membranes

increase in ROS production in isolate
sperm isolated plasma membranes

Power (mW): Time (s):
Frequency (Hz): Energy (J):
Spot area (cm?): Radiant exposure (J/cm?):
60. Adamskaya N et al, 2011(160) Source: LED Irradiance (mW/cm?): 50 In Vivo: Blue light was effective in inducing

Wavelength (nm): 470,
630
Power (mW): 1000

Time (s): 600
Energy (J):
Radiant exposure (J/cm?):

Induced wound model
(excision wound on
dorsum), Sprague

wound healing and promoting keratin
expression.

Frequency (Hz): Dawley rats
Spot area (cm?):
61. Shuvaeva et al, 2011(202) Source: laser Irradiance (mW/cm?): 20 In vivo: Irradiation with red light proved more

Wavelength (nm): 473,
650

Time (s):
Energy (J):

WKY and SHR rats

effective  than  blue light in
augmenting the constrictive effects of

Power (mW): 20 Radiant exposure (J/cm?): Norepinephrine on pial arteries.
Frequency (Hz): However both exerted a significant
Spot area (cm?): difference relative to the control.

62. Bonatti et al, 2011(166) Source: LED Irradiance (mW/cm?): 125 In vitro: Reduced skin fibroblasts following

Wavelength (nm): 470
Power (mW): 100

Time (s): 60-180
Energy (J): 6, 12, 18

Keloid and skin
fibroblasts, human

irradiation at  183.43)/cm?  but
induced no significant effect on keloid

Frequency (Hz): Radiant exposure (J/cm?): fibroblast number.
Spot area (cm?): 0.8 59.87,122.3,183.43
63. Ankri et al, 2010(89) Source: LED Irradiance (mW/cm?): Computational model 480nm may be useful for treating

Wavelength (nm): 400-
830
Power (mW):

Time (s):
Energy (J):
Radiant exposure (J/cm?):

of human dermis:
photon migration
model

infected wounds whilst 780nm has a
higher  penetration depth and
therefore may be useful for wound

Frequency (Hz): healing.
Spot area (cm?):
64. De Sousa et al, 2010(172) Source: LED Irradiance (mW/cm?): 7.46 In Vivo and In vitro: Green and red LEDs induced increases

Wavelength (nm): 700,

(700 nm), 3.98 (530 nm),

Male Wistar rats with

in fibroblast number relative to the
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530, 460

Power (mW): 15
(700nm), 8 (530nm), 22
(460nm)

Frequency (Hz):

Spot area (cm?): 2.01

10.94 (460 nm)

Time (s): 668 (700 nm),
1250 (530 nm), 456 (460
nm)

Energy (J):

Radiant exposure (J/cm?):
10

excisional wound,
followed by histological
analysis.

control.

65. Ankri et al, 2010(163) Source: LED Irradiance (mW/cm?): 130 In vitro: lllumination induced increase in NO
Wavelength (nm): 400- Time (s): 300 Sperm and endothelial concentration, particularly blue light.
800 Energy (J): cells
Power (mW): Radiant exposure (J/cm?):
Frequency (Hz):
Spot area (cm?):

66. Kushibiki et al, 2010(188) Source: LED Irradiance (mW/cm?): 100 In vitro: Intracellular ROS increased and mRNA

Wavelength (nm): 405 Time (s): 180 Prechondrogenic cells levels relating to chondrogenesis
Power (mW): Energy (J): were elevated.
Frequency (Hz): Radiant exposure (J/cm?):
Spot area (cm?):

67. Sebbe et al, 2009(201) Source: LED Irradiance (mW/cm?): 1.26- In vivo: Increased  bilirubin  degradation,
Wavelength (nm): 472 4.73 Male Wistar rats. important for neonatal jaundice.
Power (mW): Time (s): 8-24h
Frequency (Hz): Energy (J):
Spot area (cm?): Radiant exposure (J/cm?):

68. Tamarova et al, 2009 (205) Source: LED Irradiance (mW/cm?): 40 In vivo: Red light was more effective in

Wavelength (nm): 480-
3400 (range of source,
evaluated ‘red, orange,
yellow, blue, green,
violet’)

Power (mW):
Frequency (Hz):

Spot area (cm?):

Time (s): 600

Energy (J):

Radiant exposure (J/cm?):
2.4 (per minute)

Male albino rats with
area of pain induced by
saline injection

inducing an analgesic effect. However,
all  colours induced significant
increases in analgesia relative to
control.
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A second Scopus database search was undertaken to evaluate the effects of green light PBM using
the terms described in Figure 3b. An initial search resulted in 236 articles being identified and these
articles were subsequently screened for suitability, which then identified 32 relevant articles for
further review (18, 32, 33, 64, 68, 69, 79, 164, 168, 171, 176, 177, 186, 197, 205, 209, 212-227).

When evaluating the outcomes of studies reporting the effects of PBM it was found that
75% (24/32) reported a beneficial effect of green light, whilst 9% (3/32) reported negative effects
and 16% (5/32) reported no significant response. Interestingly, this review also included an article
evaluating the effect of green light PBM on microbial cell death (219) with high radiant exposures
also being used (£172.8 J/cm?). These findings further support the use of other visible wavelengths
of light in applications other than modulation of tissue response. As described previously this article
was also excluded from evaluation of parameters for suitable application to tissue PBM.

Exploration of treatment parameters revealed that 72% (23/32) articles failed to report any
characterisation protocols or relied entirely upon the parameters stated by the manufacturer. In
fact, only one article reported the use of beam profiling to accurately calculate beam area and to
provide representative images of the distribution of spectral irradiance (214). Similar to reports in
section 4.3.1, a series of key parameters were also not always reported including irradiance (41%,
13/32), radiant exposure (44%, 14/32) and beam area (66%, 21/32). In the articles reporting
treatment parameters, median treatment values were also determined. In the articles reporting a
positive effect of green light PBM, there was a median radiant exposure output of 4 J/cm? (range:
0.00362-30J/cm?). Interestingly, it was also found that the most commonly employed wavelength
used in these studies was 532 nm, and 35% (11/32) of studies reported the use of this wavelength.
Further information detailing parameters and study types employed by authors reviewing the effects
of green light PBM are provided in Table 2.
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606 Table 2: Citations identified from a review of the literature evaluating the effects of green and yellow
607 light PBM using the following search terms: ‘green AND light’ OR ‘500 nm’ OR ‘505 nm’ OR ‘520 nm’
608 OR ‘530 nm’ OR ‘540 nm’ OR ‘550 nm’ OR ‘560 nm’ OR ‘570 nm’ OR ‘532 nm’ OR ‘595 nm’ AND
609 ‘Photobiomodulation” OR ‘PBM’ OR ‘Low level light therapy’ OR ‘LLLT’ OR ‘Low intensity light therapy’

610 OR ‘photobiostimulation”’ AND NOT ‘Photodynamic therapy’ OR ‘PDT.’

Citation
1. Priglinger et al, 2018 (197)

Light Source

Source: LED cluster lamp
Wavelength (nm): 475, 516,
635

Power (mW):

Frequency (Hz): 2.5 (pulsed,
50% rate)

Spot area (cm?):

Dose

Irradiance (mW/cm?): 40
Time (s): 120-300

Energy (J):

Radiant exposure (J/cm?): 24

Study type

In Vitro: Adipose tissue
derived stromal vascular
fraction cells.

Conclusion

Green and red light resulted
in increased vascular tube
formation and increased
concentration vascular
endothelial growth factor
(VEGF) concentration. Blue
light had no significant effect.

2. Askhadulin et al, 2018 (213)

Source: Laser

Wavelength (nm): 365, 525,
635

Power (mW): 1-2

Frequency (Hz): 80 (635 nm)
Spot area (cm?): 8 (635 nm)

Irradiance (mW/cm?2): 5000 (635 nm)
Time (s): 120 (365 nm, 635 nm) 300
(525nm), 6 sessions of each

Energy (J):

Radiant exposure (J/cm?):

In Vivo:
Human

Reduced ulcer healing time
and adapted physiological
responses ultimately
preventing relapse.

3. Fekrazad et al, 2018 (176)

Source: Laser

Wavelength (nm): 810, 660,
532, 485, combinations: 810-
660, 810-485, 660-532, 660-
485

Power (mW): 30-200
(dependent on wavelength)
Frequency (Hz):

Spot area (cm?): 0.113-0.18

Irradiance (mW/cm?): 266 (blue), 266
(green) 167 (red), 1333(NIR)

Time (s): 3-24 (dependent upon
wavelength)

Energy (J):

Radiant exposure (J/cm?): 4 (8 for
combination)

In vitro: Mesenchymal
stem cells.

Cartilage  markers  were
upregulated by 810nm and
810-485nm light. Red and
blue-green irradiation
induced expression of COL1.
Blue, blue-green and green
light irradiation reduced
osteocalcin expression.
Stimulatory effects on
osteogenesis were seen for
red and near infra-red lasers
but green light had inhibitory
effects. Blue light was not
reported to induce inhibitory
effects.

4. Oh et al, 2018 (225)

Source: LED

Wavelength (nm): 630, 595,
480, 410

Power (mW):

Frequency (Hz):

Spot area (cm?):

Irradiance (mW/cm?): 5.47 (410 nm),
13.2 (480 nm), 5.8 (595 nm), 8.63 (630
nm)

Time (s): 410nm: 181.2-1816.8
480nm:69.6-742.2
595nm:151.2-1706.4

630nm:93-1146

Energy (J):

Radiant exposure (J/cm?): 1-10

In Vitro:
Human umbilical vein
endothelial cells (HUVEC)

Irradiation at 630nm induced
increases in cell proliferation,
NO secretion and eNOS
expression from HUVECs.
Only evaluated effects on
proliferation  using  other
wavelengths where no
significant change was
witnessed.

5. Rohringer et al, 2017 (68)

Source: LED

Wavelength (nm): 475, 516,
635

Power (mW):

Frequency (Hz): 50% pulse
rate, 2.5Hz

Spot area (cm?):

Irradiance (mW/cm?): 80
Time (s): 600

Energy (J):

Radiant exposure (J/cm?): 24

In Vitro: Human umbilical
vein endothelial cells

Red and green light induced
proliferation and migration of
endothelial cells whilst blue
light had no significant
impact. Blue light only
induced significant increases
in ROS production.

6.
Wang et al, 2017(64)

Source: LED array (415 nm),
Filtered lamp (540 nm), Diode
laser (660 nm and 810 nm)
Wavelength (nm): 415, 540,
660, 810

Power (mW):

Frequency (Hz):

Spot area (cm?): 4

Irradiance (mW/cm?): 16
Time (s): 188

Energy (J):

Radiant exposure (J/cm?): 3

In vitro: human adipose-
derived stem cells.

Blue and green light induce

significant increases in
intracellular calcium and ROS,
reduce mitochondrial

membrane potential, lower
intracellular pH and reducing
cellular proliferation. Red and
NIR light have the opposite
effect. Blue and green light
inhibit proliferation through
activation of TRPV1.

7. Source: laser Irradiance (mW/cm?): In vitro: vascular smooth Inhibited platelet derived

Baek et al, 2017 (214) Wavelength (nm): 532 Time (s): 10-300 muscle cells growth factor-BB induced
Power (mW): 300 Energy (J): proliferation and migration.
Frequency (Hz): 0.2 (1s) Radiant exposure (J/cm?): Also induced apoptosis via
Spot area (cm?): diameter the p38 MAPK pathway.
Imm

8 Source: LED Irradiance (mW/cm?): 250 In vitro and in vivo: fertile Green light promoted muscle

Wang et al, 2017 (69)

Wavelength (nm): 480, 560,
660 and white (400-750)
Power (mW): 3000
Frequency (Hz):

Spot area (cm?):

Time (s):
Energy (J):
Radiant exposure (J/cm?):

broiler eggs were
irradiated and satellite
cells were isolated.

growth and satellite cell
proliferation which may be
due to an increase in
signalling through the insulin
growth factor (IGF-1)
pathway.
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9. Source: LED Irradiance (mW/cm?): 16 In Vitro: Hela cells Blue light and high frequency
Choe et al, 2017 (171) Wavelength (nm): 622, 535, Time (s): 600-1800 (daily) (cancer cell line). ultrasound induced
462 Energy (J): significant reductions in cell
Power (mW): 24000 Radiant exposure (J/cm?): density when compared to
Frequency (Hz): red and green light combined
Spot area (cm?): with ultrasound. This could
be beneficial in alleviating
cancer cell proliferation.
Green light also drove
decreases in cell density but
not significantly.
10. Source: laser: GaAs (405 nm, Irradiance (mW/cm?): 200 In Vivo: Male Wistar rats Green, blue, red and infrared

Fekrazad et al, 2017(18).

532 nm), InGaAIP (660 nm)
and GaAlAs (810 nm)
Wavelength (nm): 405, 532,
660, 810

Power (mW):

Frequency (Hz):

Spot area (cm?): 1

Time (s):
Energy (J):
Radiant exposure (J/cm?): 1.5

(n=60)

light irradiation may
accelerate healing process.

11. Moskvin et al, 2017 (222)

Source: LAMSIK® device,
external pulsed laser (635),
intravenous laser blood
illumination (ILBI, 365-405
nm and 520-525 nm)
Wavelength (nm):635, 365-
405, 520-525

Power (mW): 40000 (635 nm)
Frequency (Hz): pulsed
635nm

Spot area (cm?): 8 (635 nm)

Irradiance (mW/cm?):

Time (s): 12 sessions, 120s (per point,
635 nm), 120s (365-405 nm), 300s
(520-525 nm) 6 sessions each
alternate.

Energy (J):

Radiant exposure (J/cm?):

In vivo: Treatment of
patients with chronic
venous diseases

Reduced time for wound
cleansing, stimulates
proliferation and
epithelialisation processes.

12.
Khori et al, 2016 (186)

Source: Laser

Wavelength (nm): 405, 532,
632

Power (mW): 1-3
Frequency (Hz):

Spot area (cm?):

Irradiance (mW/cm?):

Time (s): 600 (10 treatments, 3 times a
week)

Energy (J):

Radiant exposure (J/cm?):

In vivo and in vitro:
BALB/c inbred female
mice and mouse
mammary carcinoma cell
line (4T1).

Blue light reduced tumour
volume and gene expression
markers for tumorigenesis.

13. Source: laser diodes Irradiance (mW/cm?): 0.03 In Vivo: Reduced circumference of

Roche et al, 2017 (226) Wavelength (nm): 532 Time (s): 1800 (3 times weekly) Obese but otherwise hips, waist and upper
Power (mW): 17 (per diode, Energy (J): healthy individuals, RCT abdomen when applied to
170 total) Radiant exposure (J/cm?): 0.03 (per individuals with a body mass
Frequency (Hz): treatment), 0.36 (in total) calculations index (BMI) between 30-
Spot area (cm?): appear wrong. 40kg/m?

14. Source: Qs Nd:YAG laser Irradiance (mW/cm?): In Vivo: Application of PBM with

Khurana et al, 2017 (218) Wavelength (nm): 1064, 532 Time (s): Case study, patient with sequential use of either
Power (mW): Energy (J): Fusarium solani infection wavelength cured infection
Frequency (Hz): Radiant exposure (J/cm?): 9.3 on toe nail and promoted healthy toe
Spot area (cm?): (1064nm), 5 (532nm) nail growth

15. Source: LED array (420), Irradiance (mW/cm?): 16 In Vitro: Human adipose- Blue and green light were

Wang et al, 2016 (209) Filtered lamp (540), Diode Time (s): 188 (five times, every 2 days). derived stem cells. effective in stimulating

laser (660, 810).
Wavelength (nm): 420, 540,
660, 810

Power (mW):

Frequency (Hz):

Spot area (cm?): 4

Energy (J):
Radiant exposure (J/cm?): 3

osteoblast differentiation and
increasing intracellular
calcium levels than red and
near infra-red light. Blue and
green light could activate
light-gated calcium ion
channels.

16. Ashworth et al, 2016 (164)

Source:

Wavelength (nm):450, 510,
660, 860

Power (mW): Frequency (Hz):
Spot area (cm?):

Irradiance (mW/cm?):
Time (s):

Energy (J):

Radiant exposure (J/cm?):
Other: 1.93x, 3.85x,
7.70xphotons/cm?/s

Ex vivo: adapted mouse
spinal cord organotypic
culture model

Red and near infra-red light
are effective antioxidant
therapies for spinal cord
injury.

17. Merigo et al, 2016 (221) Source: KTP laser Irradiance (mW/cm?): In vitro: Green light induces
Wavelength (nm):532 Time (s): Primary bone marrow osteogenic differentiation of
Power (mW): 780 Energy (J): stromal cells bone marrow stromal cells.
Frequency (Hz): Radiant exposure (J/cm?): 4
Spot area (cm?): 2.4 Other:

18. O’Connor et al, 2016 (224) Source: diode laser Irradiance (mW/cm?): 12.2 In Vivo: 405, 532, and 635 induced
Wavelength (nm):405, 532, Time (s): 300 C57BL6 mice treated with | increases in mitochondrial
635 Energy (J): 0.0051748 light and/or activity and reduced

Power (mW): 17.5 Frequency
(Hz):
Spot area (cm?): 1.413

Radiant exposure (J/cm?): 0.003662
Other: Calculations wrong should be
3.66J/cm? and 5.1748)

Mesenchymal Stem cells

apoptosis. Endothelial
proliferation increased in
response to 635 nm light and
combined effects of MSC and
the 405 nm wavelength.
Reduced TGF-B levels were
induced by 532 nm alone and
when combined with MSC.

19.

Source: laser

Irradiance (mW/cm?): 50 (630nm and

In Vivo:

All three wavelengths
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Fekrazad et al, 2015 (177)

Wavelength (nm): 630, 532,
425

Power (mW): Frequency (Hz):
Spot area (cm?):

532nm), 55 (425nm)

Time (s):

Energy (J):

Radiant exposure (J/cm?): 2

Diabetes induced male
Wistar rats

induced significant increases
in wound healing, where red
light was most effective.

20.
Na, C-S et al, 2015 (223)

Source: laser diodes
Wavelength (nm): 532, 658
Power (mW): 30 (532 nm), 60
(658 nm)

Frequency (Hz): 20

Spot area (cm?):

Irradiance (mW/cm?):
Time (s): 180

Energy (J):

Radiant exposure (J/cm?):
Other:

In vivo: rat model with
induced middle cerebral
artery occlusion (MCAO)

Decrease in Bax and
cytochrome c levels in
hippocampus, increase in
hemoglobin, haematocrit,
total white blood cell,
neutrophil, lymphocyte,
monocyte and erythrocyte
counts.

21. Burvalev et al, 2014 (168)

Source: Laser (442 nm, 532
nm) and LED (650 nm)
Wavelength (nm): 442, 532,
650

Power (mW): 20

Frequency (Hz):

Spot area (cm?): 1.57

Irradiance (mW/cm?): 30

Time (s): 30-300

Energy (J):

Radiant exposure (J/cm?): 3-31

In Vitro: Mitochondria
isolated from rat liver.

Laser of mitochondria at
442nm restored
mitochondrial respiration
inhibited by NO. Blue light
also restored complex IV
activity but not complexes I-
Ill. Other wavelengths had no
significant effect.

22. Kuboyama et al, 2014 (33)

Source: LED

Wavelength (nm): 570 and
940

Power (mW): Frequency (Hz):
Spot area (cm?):

Irradiance (mW/cm?):

Time (s):

Energy (J):

Radiant exposure (J/cm?): 5 (24
sessions)

Other:

In Vivo:
DBA/1 Lac) male mice
with collagen induced
arthritis

Reducing swelling induced by
both wavelengths. 940nm
irradiation induced significant
reduction in circulating levels
of IL-1B, IL-6 and MMP-3.

23.
Cheon et al, 2013 (79)

Source: LED

Wavelength (nm): 470, 525,
633

Power (mW):

Frequency (Hz):

Spot area (cm?):

Irradiance (mW/cm?): 3.55 (470 nm),
4.02 (525 nm) and 6.78 (633 nm)
Time (s): 3600 (9 days)

Energy (J):

Radiant exposure (J/cm?):

In Vivo: Sprague Dawley
rats and histological
analysis

Blue and green light
promoted wound healing
significantly. Red light
promoted collagen
production.

24.
De Sousa et al, 2013 (215)

Source: laser (660 nm, and
790nm), LED (700 nm, 530
nm and 460 nm)

Wavelength (nm): 660, 790,
700, 530, 460

Power (mW): 60 (660 nm), 50
(790 nm), 15 (700 nm), 8 (530
nm), 22 (460 nm)Frequency
(Hz):

Spot area (cm?): 0.03

Irradiance (mW/cm?): 1911 (660 nm),
1592 (790 nm), 7.46 (700 nm), 8 (530
nm), 22 (460 nm)

Time (s): 168 (660 nm), 200 (790 nm),
668 (700 nm), 1250 (530 nm), 456 (460
nm) (every other day, 7 days)

Energy (J):

Radiant exposure (J/cm?): 10

Other:

In Vivo:

Male Wistar rats wound
model and stained for
histological evaluation.

530nm, 700nm, 790nm and
660nm induced significant
increases in angiogenesis.

25.
Tamarova et al, 2009 (205)

Source: LED

Wavelength (nm): 480-3400
(range of source, evaluated
‘red, orange, yellow, blue,
green, violet’)

Power (mW):

Frequency (Hz):

Spot area (cm?):

Irradiance (mW/cm?): 40

Time (s): 600

Energy (J):

Radiant exposure (J/cm?): 2.4 (per
minute)

In vivo:

Male albino rats with
area of pain induced by
saline injection

Red light was more effective
in inducing an analgesic
effect. However, all colours
induced significant increases
in analgesia relative to
control.

26. Jackson et al, 2013 (32)

Source: laser diodes
(Erchonia GL scanner)
Wavelength (nm): 532 nm (6

Irradiance (mW/cm?):
Time (s): 900 (two weeks once every 2-
3 days).

In Vivo:
Human laser irradiation
to improve cellulite

532nm improved cellulite
appearance on thighs and
buttocks.

diodes) Energy (J): appearance
Power (mW): 17 per diode, Radiant exposure (J/cm?):
125 total (sham 1.25) Other:
Frequency (Hz):
Spot area (cm?): 516 (target
area)
27. Source: Irradiance (mW/cm?): 6 In Vitro: No bactericidal effect
Kim et al, 2013 (219) Wavelength (nm): 425, 525, Time (s): 3600-28800 Staphylococcus. Aureus, induced by red light. Blue and

625

Energy (J):

Escherichia. Coli,

green light were bactericidal

Power (mW): Radiant exposure (J/cm?): 21.6-172.8 Porphyromonas. where green light also killed
Frequency (Hz): Other: gingivalis S.aureus.
Spot area (cm?):

28. Fushimi et al, 2012 (217) Source: LED Irradiance (mW/cm?): 0.25: in vivo In Vivo: Green light decreased wound
Wavelength (nm): 63 8nm, 0.75 (638 nm), 0.25 (456 nm), 0.17 Mice size. Green and red light
456nm, 518nm (518 nm): in vitro In Vitro: accelerated

Power (mW): 2520 (638 nm),
2310 (456 nm), 2500 (518
nm): in vivo.

7560 (638 nm), 6930 (456
nm), 6840 (518 nm): in vitro
Frequency (Hz):

Spot area (cm?):

Time (s): 1200

Energy (J):

Radiant exposure (J/cm?): 0.3: in vivo
0.6 (638 nm), 0.3 (456 nm), 0.2 (518
nm).

Other:

Fibroblasts and HaCat
keratinocytes

reepithelialisation. Green
light induced increases in
leptin, IL-8 and VEGF.
Keratinocyte migration
enhanced by red and green
light.

29.
Li et al, 2011 (220)

Source: laser (Nd:YAG)
Wavelength (nm): 532 nm
Power (mW): 40

Irradiance (mW/cm?):
Time (s): 300
Energy (J):

In Vitro:
Vascular smooth muscle
cells (VMSCs)

Low intensity laser can
prevent VMSC proliferation
through induction of
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Frequency (Hz): pulsed at
‘double frequency’
Spot area (cm?): 0.32

Radiant exposure (J/cm?):
Other:

increases in markers for
apoptosis.

30. Source: LED Irradiance (mW/cm?): In Vivo: Green and red light induced
De Sousa et al, 2010 (216) Wavelength (nm): 700, 530, Time (s): every other day 7 days Wistar rats and significant increases in

460 Energy (J): fibroblasts grown from fibroblast number.

Power (mW): 15 (700 nm), 8 Radiant exposure (J/cm?): 10 biopsy

(530 nm), 22 (460 nm) Other:

Frequency (Hz):

Spot area (cm?):
31. Source: laser diode Irradiance (mW/cm?): 20.4 (532 nm), In Vivo: PBM accelerated burn

Al-Watban et al, 2009 (212)

Wavelength (nm): 532, 633,
670, 810, 980

Power (mW): 143 (532 nm),
140 (633 nm), 120 (670 nm),
200 (810 nm), 200 (980 nm)
Frequency (Hz):

Spot area (cm?): 7 (532 nm),
9 (633 nm), 5.25 (670 nm), 9
(810 nm), 9 (980 nm)

15.56 (633 nm), 22.86 (670 nm), 22.22
(810 nm and 980nm).

Time (s):

532nm: 246-1470

633nm: 324-1926

670nm:216-1314

810nm:228-1350

980nm:450-1350

three times per week

Energy (J):

Radiant exposure (J/cm?): 5, 10, 20, 30
(532 nm, 633 nm, 670 nm, 810)

10, 20, 30 (980 nm)

Wound healing in
diabetic Sprague-Dawley
rats

healing, particularly visible
lasers. Response was dose
dependent where highest
increase in healing was
induced at 30J/cm? by green
light but 20J/cm? by red light.

Other:
32. Tierney and Hanke, 2009 (227) Source: Diode laser Irradiance (mW/cm?): In Vivo: Both wavelengths proved
Wavelength (nm): 532 and Time (s): RCT, humans with facial effective in treating facial
940 Energy (J): telangiectasias telangiectasias, but 940nm

Power (mW):

Frequency (Hz): pulse
duration: 60ms (532 nm) and
21ms (940 nm)

Spot area (cm?): spot size:
Imm

Radiant exposure (J/cm?): 15 (532 nm)
and 100 (940 nm)
Other:

proved more effective as well
as inducing fewer/milder side
effects.
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4.4  Discussion

It is apparent from this literature review, that whilst the majority of articles reported a positive
effect of blue (72%) and green (75%) light PBM, further work is required to demonstrate the
importance of the correct recording and reporting of treatment parameters. In fact, in this review
69% of all articles failed to report any means of measuring the output of their light source. While a
number of studies have highlighted the importance of proper and thorough reporting and recording
of treatment parameters (15, 228, 229), it appears these guidelines are yet to be fully implemented
in practice. Future efforts are therefore required to ensure the correct reporting of parameters, to
enable comparison PBM studies and therefore enable identification of beneficial parameters for
therapeutic application.

Furthermore this literature review has revealed that for articles reporting the beneficial
effects of both, green or blue light application, the majority of publications employed radiant
exposures <10 J/cm? (66%, 26/39, excluding articles that did not report radiant exposure values).
Interestingly, the beneficial effects of blue and green light included promotion of wound healing
(29), reduced inflammation (175), reduction of symptoms in acne (29, 183) and reduced bleeding
time following tooth extraction (21) to name a few. The full range of applications of blue and green
light found in this review are described in Table 1 and Table 2 respectively. A handful of authors also
reported on the biphasic dose response of light (19, 230). For example, Masson-Meyers et al
investigated the effect of blue light on wound healing in vitro using human dermal fibroblast (230).
The authors utilised a scratch assay to inflict a ‘wound’ on cell cultures and following this irradiated
cells at 470nm (30 mW/cm?, 3-55 J/cm?) and evaluated the effect of irradiation on a series of
markers for wound healing. The authors reported that at fluence values of 3, 5 and 10 J/cm?,
irradiation significantly reduced the secretion of IL-6, a key pro-inflammatory cytokine, increased
overall protein production (as a marker for transcription and translational activity) and had no
significant impact on wound healing. They also found that irradiation induced mean increases in
basic fibroblast growth factor (bFGF) levels, however, this was not significant. Conversely, when
utilising a fluency value of 55 J/cm?, the authors found that irradiation did significantly reduce rate of
wound healing. These data suggest that lower doses of blue light could prove beneficial in inducing
decreases in inflammation and promoting gene expression. This theory is in agreement with the
‘Arndt-Schulz law’ in which the application of a stimulus is only beneficial within a relatively narrow
therapeutic window. Outside this window a stimulus can either have no effect or induce
bioinhibition (231). Interestingly, previous articles have also suggested that 453 nm light is non-toxic
up to 500 J/cm?, when applied to human skin cells (232). Hence, future work may prioritise the study
of the biphasic effect of various wavelengths of blue and green light on cells isolated from different
sources in the human body.

This review, has also provided evidence for alternative applications of PBM, in which visible
light could not only modulate tissue response but also exert antimicrobial properties. Notably the
majority of articles citing the antibacterial properties of light use high radiant exposures (>55 J/cm?
(167, 192, 219)) and these levels could potentially be toxic to eukaryotic cells. Comparatively, de
Sousa et al reported that 450 nm light inhibited bacterial growth (Staphylococcus aureus and
Pseudomonas aeruginosa) at doses as low as 6 J/cm? (31). Hence, future work may endeavour to
determine parameters of visible light required to modulate tissue response whilst also inhibiting
bacterial growth.

However, it is prudent to highlight one limitation of this review in which radiant exposure
values were used to compare literature currently published. Radiant exposure is an important
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parameter as it takes into consideration a number of other key parameters including irradiance and
enables initial establishment of a possible therapeutic window in which blue and green light could
induce beneficial effects in vivo. However, it is also unreliable as it assumes there is an inverse
correlation between both irradiance and exposure time (15). Hence, it is important that authors
report all treatment parameters values utilised in studies. This will therefore ensure reliable
comparison of current literature and provide further detail as to the parameters that may induce
beneficial effects clinically. Future work may also endeavour to evaluate the possible parameter
combinations that may induce a beneficial effects within this therapeutic window.

5 Conclusions

This review has provided examples of the wide range of possible targets for various wavelengths of
light employed in PBM. These ranged from the application of blue and green light to modulate opsin
signalling (17) to the application of red and NIR light to induce cytochrome c oxidase activity (231).
We provide evidence for the idea that the majority of these primary mechanisms converge on their
ability to modulate ROS production. It has been proposed that small increases in ROS production can
induce beneficial effects including increases in cell proliferation, whilst large increases can induce
apoptosis signalling pathways (26). Literature currently suggests that light application to ‘healthy’
cells and tissue induces small increases in ROS production (70), whilst PBM can induce decreases in
ROS production in inflamed tissue (111, 233). Hence, PBM could plausibly be applied both as a
preventive measure, as well as a means to modulate inflammation in disease. However, further work
is required to validate this hypothesis.

We also report how PBM induces the activity of downstream signalling pathways, which are
modulated by this ROS production. Current literature also demonstrates the wavelength dependent
effects of PBM on downstream signalling pathways, where red and NIR light have been proposed to
increase the activity of TGF-P signalling (131), whilst blue light has been shown to inhibit the same
pathway (234). It will therefore be important in the future to evaluate the wavelength dependent
effects of PBM on downstream signalling pathways to provide further indications as to which
wavelengths are beneficial for the resolution of different diseases and disorders.

This review is also the first report, to our knowledge, which systematically reviews the
current literature evaluating the effects of green and blue light PBM both in vitro and in vivo. We
provide evidence that application of blue or green light PBM could have beneficial effects. However,
it is apparent that to date, the majority of authors have not appropriately recorded and reported
their parameters, meaning that firm conclusions cannot be drawn regarding the optimum
parameters to be applied therapeutically.

Overall we conclude that PBM exhibits the ability to modulate the activity of an array of
signalling pathways, ultimately inducing the beneficial effects seen in vitro and in vivo. However,
further work is required to ensure that experimental studies carry out rigorous spectral
characterisation to enable improved reproducibility.

6  Funding
The research in this report was funded as part of an iCASE PHD studentship to HS funded by EPSRC.
MRH was funded by was supported by US NIH Grants RO1AI050875 and R21AI1121700.

30



717
718

719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748

749

7  Conflicts of interest
MRH declares the following potential conflicts of interest.

Dr Hamblin is on the following Scientific Advisory Boards
Transdermal Cap Inc, Cleveland, OH

BeWell Global Inc, Wan Chai, Hong Kong
Hologenix Inc. Santa Monica, CA

LumiThera Inc, Poulsbo, WA

Vielight, Toronto, Canada

Bright Photomedicine, Sao Paulo, Brazil
Quantum Dynamics LLC, Cambridge, MA
Global Photon Inc, Bee Cave, TX

Medical Coherence, Boston MA
NeuroThera, Newark DE

JOOVV Inc, Minneapolis-St. Paul MN

AIRx Medical, Pleasanton CA

FIR Industries, Inc. Ramsey, NJ

UVLRx Therapeutics, Oldsmar, FL

Ultralux UV Inc, Lansing Ml

llumiheal & Petthera, Shoreline, WA

MB Lasertherapy, Houston, TX

ARRC LED, San Clemente, CA

Varuna Biomedical Corp. Incline Village, NV
Niraxx Light Therapeutics, Inc, Boston, MA
Dr Hamblin has been a consultant for
Lexington Int, Boca Raton, FL

USHIO Corp, Japan

Merck KGaA, Darmstadt, Germany

Philips Electronics Nederland B.V.

Johnson & Johnson Inc, Philadelphia, PA
Sanofi-Aventis Deutschland GmbH, Frankfurt am Main, Germany
Dr Hamblin is a stockholder in

Global Photon Inc, Bee Cave, TX

Mitonix, Newark, DE.

31



750

751

752
753

754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797

8  References

1. Mester E, Szende B, Gartner P. The effect of laser beams on the growth of hair in mice.
Radiobiologia Radiotherapia. 1968;9(5):621-6.
2. Merigo E, Vescovi P, Margalit M, Ricotti E, Stea S, Meleti M, Manfredi M, Fornaini C. Efficacy

of LLLT in swelling and pain control after the extraction of lower impacted third molars. Laser
Therapy. 2015;24(1):39-46.

3. Kuffler DP. Photobiomodulation in promoting wound healing: A review. Regenerative
Medicine. 2016;11(1):107-22.
4, da Silveira Campos RM, Damaso AR, Masquio DCL, Aquino AE, Jr., Sene-Fiorese M, Duarte

FO, Tock L, Parizotto NA, Bagnato VS. Low-level laser therapy (LLLT) associated with aerobic plus
resistance training to improve inflammatory biomarkers in obese adults. Lasers in Medical Science.
2015;30(5):1553-63.

5. Hamblin MR, Demidova TN, editors. Mechanisms of low level light therapy. Progress in
Biomedical Optics and Imaging - Proceedings of SPIE; 2006.
6. Chow RT, Johnson M, Lopes-Martins RA, Bjordal JM. Efficacy of low-level laser therapy in

the management of neck pain: a systematic review and meta-analysis of randomised placebo or
active-treatment controlled trials. The Lancet. 2009;374(9705):1897-908.

7. Basso FG, Pansani TN, Soares DG, Scheffel DL, Bagnato VS, De Souza Costa CA, Hebling J.
Biomodulation of Inflammatory Cytokines Related to Oral Mucositis by Low-Level Laser Therapy.
Photochemistry and Photobiology. 2015;91(4):952-6.

8. Foley J, Vasily DB, Bradle J, Rudio C, Calderhead RG. 830 nm light-emitting diode (LED)
phototherapy significantly reduced return-to-play in injured university athletes: A pilot study. Laser
Therapy. 2016;25(1):35-42.

9. Furquim RD, Pascotto RC, Neto JR, Cardoso JR, Ramos AL. Low-level laser therapy effects on
pain perception related to the use of orthodontic elastomeric separators. Dental Press Journal of
Orthodontics. 2015;20(3):37-42.

10. Milward MR, Holder MJ, Palin WM, Hadis MA, Carroll JD, Cooper PR. Low Level Light Therapy
(LLLT) for the treatment and management of dental and oral diseases. Dental Update.
2014;41(9):763-72.

11. Morita H, Kohno J, Tanaka S, Kitano Y, Sagami S. Clinical application of GaAlAs 830 nm diode
laser for atopic dermatitis. Laser Therapy. 1993;5(2):75-8.

12. Sahingur SE, Yeudall WA. Chemokine function in periodontal disease and oral cavity cancer.
Frontiers in Immunology. 2015;6(MAY).

13. Weber JBB, Mayer L, Cenci RA, Baraldi CE, Ponzoni D, De Oliveira MG. Effect of three
different protocols of low-level laser therapy on thyroid hormone production after dental implant
placement in an experimental rabbit model. Photomedicine and Laser Surgery. 2014;32(11):612-7.
14. YiJ, Xiao J, Li H, Li Y, Li X, Zhao Z. Effectiveness of adjunctive interventions for accelerating
orthodontic tooth movement: a systematic review of systematic reviews. Journal of Oral
Rehabilitation. 2017;44(8):636-54.

15. Hadis MA, Zainal SA, Holder MJ, Carroll JD, Cooper PR, Milward MR, Palin WM. The dark art
of light measurement: accurate radiometry for low-level light therapy. Lasers in Medical Science.
2016:1-21.

16. Jenkins PA, Carroll JD. How to report low-level laser therapy (LLLT)/photomedicine dose and
beam parameters in clinical and laboratory studies. Photomedicine and Laser Surgery.
2011;29(12):785-7.

32



798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848

17. Castellano-Pellicena I, Uzunbajakava NE, Mignon C, Raafs B, Botchkarev VA, Thornton MJ.
Does blue light restore human epidermal barrier function via activation of Opsin during cutaneous
wound healing? Lasers in Surgery and Medicine. 2018.

18. Fekrazad R, Nikkerdar A, Joharchi K, Kalhori KAM, Mashhadi Abbas F, Salimi Vahid F.
Evaluation of therapeutic laser influences on the healing of third-degree burns in rats according to
different wavelengths. Journal of Cosmetic and Laser Therapy. 2017;19(4):232-6.

19. Mignon C, Uzunbajakava NE, Castellano-Pellicena |, Botchkareva NV, Tobin DJ. Differential
response of human dermal fibroblast subpopulations to visible and near-infrared light: Potential of
photobiomodulation for addressing cutaneous conditions. Lasers in Surgery and Medicine.
2018;50(8):859-82.

20. Tani A, Chellini F, Giannelli M, Nosi D, Zecchi-Orlandini S, Sassoli C. Red (635 nm), Near-
Infrared (808 nm) and Violet-Blue (405 nm) Photobiomodulation Potentiality on Human Osteoblasts
and Mesenchymal Stromal Cells: A Morphological and Molecular In Vitro Study. Int J Mol Sci.
2018;19(7).

21. Veleska-Stevkoska D, Koneski F. Haemostasis in oral surgery with blue-violet light. Open
Access Macedonian Journal of Medical Sciences. 2018;6(4):687-91.

22. Hadis MA, Zainal SA, Holder MJ, Carroll JD, Cooper PR, Milward MR, Palin WM. The dark art
of light measurement: accurate radiometry for low-level light therapy. Lasers in Medical Science.
2016;31(4):789-809.

23. lzumizawa Y, Yang SJ, Negishi T, Negishi K. DNA lesion and mutagenesis induced in
phageM13mp2 by UVA, UVB and UVC irradiation. Nucleic acids symposium series. 2000(44):73-4.
24, Sage E, Girard PM, Francesconi S. Unravelling UVA-induced mutagenesis. Photochemical &

photobiological sciences : Official journal of the European Photochemistry Association and the
European Society for Photobiology. 2012;11(1):74-80.

25. Rastogi RP, Richa, Kumar A, Tyagi MB, Sinha RP. Molecular mechanisms of ultraviolet
radiation-induced DNA damage and repair. Journal of nucleic acids. 2010;2010:592980.

26. Day RM, Suzuki YJ. Cell proliferation, reactive oxygen and cellular glutathione. Dose-
response : a publication of International Hormesis Society. 2006;3(3):425-42.
27. Barolet D. Light-Emitting Diodes (LEDs) in Dermatology. Seminars in Cutaneous Medicine and

Surgery. 2008;27(4):227-38.

28. Ash C, Dubec M, Donne K, Bashford T. Effect of wavelength and beam width on penetration
in light-tissue interaction using computational methods. Lasers in Medical Science. 2017;32(8):1909-
18.

29. Alba MN, Gerenutti M, Yoshida VMH, Grotto D. Clinical comparison of salicylic acid peel and
LED-Laser phototherapy for the treatment of Acne vulgaris in teenagers. Journal of Cosmetic and
Laser Therapy. 2017;19(1):49-53.

30. Masson-Meyers DS, Bumah VV, Enwemeka CS. Blue light does not impair wound healing in
vitro. Journal of Photochemistry and Photobiology B: Biology. 2016;160:53-60.

31. De Sousa NTA, Santos MF, Gomes RC, Brandino HE, Martinez R, De Jesus Guirro RR. Blue
laser inhibits bacterial growth of staphylococcus aureus, escherichia coli, and pseudomonas
aeruginosa. Photomedicine and Laser Surgery. 2015;33(5):278-82.

32. Jackson RF, Roche GC, Shanks SC. A double-blind, placebo-controlled randomized trial
evaluating the ability of low-level laser therapy to improve the appearance of cellulite. Lasers in
Surgery and Medicine. 2013;45(3):141-7.

33. Kuboyama N, Ohta M, Sato Y, Abiko Y. Anti-inflammatory activities of light emitting diode
irradiation on collagen-induced arthritis in mice (a secondary publication). Laser therapy.
2014;23(3):191-9.

34. Bisland SK, Wilson BC, editors. To begin at the beginning: The science of bio-stimulation in
cells and tissues. Progress in Biomedical Optics and Imaging - Proceedings of SPIE; 2006.
35. Sazanov LA. A giant molecular proton pump: Structure and mechanism of respiratory

complex I. Nature Reviews Molecular Cell Biology. 2015;16(6):375-88.

33



849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898

36. Karu T. Primary and secondary mechanisms of action of visible to near-IR radiation on cells.
Journal of photochemistry and photobiology B, Biology. 1999;49(1):1-17.

37. Wong-Riley MT, Liang HL, Eells JT, Chance B, Henry MM, Buchmann E, Kane M, Whelan HT.
Photobiomodulation directly benefits primary neurons functionally inactivated by toxins: role of
cytochrome c oxidase. The Journal of biological chemistry. 2005;280(6):4761-71.

38. Hamblin MR. Mechanisms and Mitochondrial Redox Signaling in Photobiomodulation.
Photochem Photobiol. 2018;94(2):199-212.

39. Sanderson TH, Wider JM, Lee |, Reynolds CA, Liu J, Lepore B, Tousignant R, Bukowski MJ,
Johnston H, Fite A, Raghunayakula S, Kamholz J, Grossman LI, Przyklenk K, Huttemann M. Inhibitory
modulation of cytochrome c oxidase activity with specific near-infrared light wavelengths attenuates
brain ischemia/reperfusion injury. Scientific reports. 2018;8(1):3481.

40. Chen AC, Arany PR, Huang YY, Tomkinson EM, Sharma SK, Kharkwal GB, Saleem T, Mooney
D, Yull FE, Blackwell TS, Hamblin MR. Low-level laser therapy activates NF-kB via generation of
reactive oxygen species in mouse embryonic fibroblasts. PLoS One. 2011;6(7):e22453.

41. Houreld NN. Shedding Light on a New Treatment for Diabetic Wound Healing: A Review on
Phototherapy. The Scientific World Journal. 2014;2014:398412.

42. Ferraresi C, Kaippert B, Avci P, Huang YY, De Sousa MVP, Bagnato VS, Parizotto NA, Hamblin
MR. Low-level laser (light) therapy increases mitochondrial membrane potential and ATP synthesis in
C2C12 myotubes with a peak response at 3-6 h. Photochemistry and Photobiology. 2015;91(2):411-
6.

43, Weinrich TW, Coyne A, Salt TE, Hogg C, Jeffery G. Improving mitochondrial function
significantly reduces metabolic, visual, motor and cognitive decline in aged Drosophila melanogaster.
Neurobiol Aging. 2017;60:34-43.

44, LuY, Wang R, Dong Y, Tucker D, Zhao N, Ahmed ME, Zhu L, Liu TC, Cohen RM, Zhang Q. Low-
level laser therapy for beta amyloid toxicity in rat hippocampus. Neurobiol Aging. 2017;49:165-82.

45, Karu TI. Cellular and Molecular Mechanisms of Photobiomodulation (Low-Power Laser
Therapy). IEEE Journal of Selected Topics in Quantum Electronics. 2014;20(2):143-8.
46. Pastore D, Greco M, Passarella S. Specific helium-neon laser sensitivity of the purified

cytochrome c oxidase. International journal of radiation biology. 2000;76(6):863-70.

47. Quirk BJ, Whelan HT. Effect of Red-to-Near Infrared Light on the Reaction of Isolated
Cytochrome c Oxidase with Cytochrome c. Photomedicine and laser surgery. 2016;34(12):631-7.
48. Pastore D, Greco M, Petragallo VA, Passarella S. Increase in <--H+/e- ratio of the cytochrome
c oxidase reaction in mitochondria irradiated with helium-neon laser. Biochemistry and molecular
biology international. 1994;34(4):817-26.

49. Brown GC. Nitric oxide and mitochondria. Frontiers in bioscience : a journal and virtual
library. 2007;12:1024-33.

50. Chung H, Dai T, Sharma SK, Huang YY, Carroll JD, Hamblin MR. The nuts and bolts of low-
level laser (light) therapy. Ann Biomed Eng. 2012;40(2):516-33.

51. Zhang R, Mio Y, Pratt PF, Lohr N, Warltier DC, Whelan HT, Zhu D, Jacobs ER, Medhora M,
Bienengraeber M. Near infrared light protects cardiomyocytes from hypoxia and reoxygenation
injury by a nitric oxide dependent mechanism. Journal of molecular and cellular cardiology.
2009;46(1):4-14.

52. Karu Tl, Pyatibrat LV, Afanasyeva NI. Cellular effects of low power laser therapy can be
mediated by nitric oxide. Lasers in surgery and medicine. 2005;36(4):307-14.
53. Mitchell UH, Mack GL. Low-level laser treatment with near-infrared light increases venous

nitric oxide levels acutely: a single-blind, randomized clinical trial of efficacy. American journal of
physical medicine & rehabilitation. 2013;92(2):151-6.

54. Buravlev EA, Zhidkova TV, Osipov AN, Vladimirov YA. Are the mitochondrial respiratory
complexes blocked by NO the targets for the laser and LED therapy? Lasers Med Sci. 2015;30(1):173-
80.

34



899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948

55. Dungel P, Mittermayr R, Haindl S, Osipov A, Wagner C, Redl H, Kozlov AV. lllumination with
blue light reactivates respiratory activity of mitochondria inhibited by nitric oxide, but not by glycerol
trinitrate. Arch Biochem Biophys. 2008;471(2):109-15.

56. Buscone S, Mardaryev AN, Raafs B, Bikker JW, Sticht C, Gretz N, Farjo N, Uzunbajakava NE,
Botchkareva NV. A new path in defining light parameters for hair growth: Discovery and modulation
of photoreceptors in human hair follicle. Lasers in Surgery and Medicine. 2017;49(7):705-18.

57. Haltaufderhyde K, Ozdeslik RN, Wicks NL, Najera JA, Oancea E. Opsin expression in human
epidermal skin. Photochem Photobiol. 2015;91(1):117-23.

58. Blackshaw S, Snyder SH. Encephalopsin: a novel mammalian extraretinal opsin discretely
localized in the brain. The Journal of neuroscience : the official journal of the Society for
Neuroscience. 1999;19(10):3681-90.

59. Regazzetti C, Sormani L, Debayle D, Bernerd F, Tulic MK, De Donatis GM, Chignon-Sicard B,
Rocchi S, Passeron T. Melanocytes Sense Blue Light and Regulate Pigmentation through Opsin-3.
Journal of Investigative Dermatology. 2018;138(1):171-8.

60. Barreto Ortiz S, Hori D, Nomura Y, Yun X, Jiang H, Yong H, Chen J, Paek S, Pandey D, Sikka G,
Bhatta A, Gillard A, Steppan J, Kim JH, Adachi H, Barodka VM, Romer L, An SS, Shimoda LA,
Santhanam L, Berkowitz DE. Opsin 3 and 4 mediate light-induced pulmonary vasorelaxation that is
potentiated by G protein-coupled receptor kinase 2 inhibition. American Journal of Physiology - Lung
Cellular and Molecular Physiology. 2018;314(1):L93-L106.

61. Kaylor JJ, Xu T, Ingram NT, Tsan A, Hakobyan H, Fain GL, Travis GH. Blue light regenerates
functional visual pigments in mammals through a retinyl-phospholipid intermediate. Nature
Communications. 2017;8(1).

62. Castellano-Pellicena I, Uzunbajakava NE, Mignon C, Raafs B, Botchkarev VA, Thornton MJ.
Does blue light restore human epidermal barrier function via activation of Opsin during cutaneous
wound healing? Lasers Surg Med. 2018.

63. Alberts B JA, Lewis J, Raff M, Roberts K, Walter P. Molecular biology of the cell. 5 ed: Garland
Science; 2008. 1 p.

64. Wang Y, Huang YY, Wang Y, Lyu P, Hamblin MR. Red (660 nm) or near-infrared (810 nm)
photobiomodulation stimulates, while blue (415 nm), green (540 nm) light inhibits proliferation in
human adipose-derived stem cells. Scientific Reports. 2017;7(1).

65. Gu Q, Wang L, Huang F, Schwarz W. Stimulation of TRPV1 by Green Laser Light. Evidence-
based complementary and alternative medicine : eCAM. 2012;2012:857123.

66. Kim C. Transient receptor potential ion channels and animal sensation: lessons from
Drosophila functional research. Journal of biochemistry and molecular biology. 2004;37(1):114-21.
67. Xu W, Trepel J, Neckers L. Ras, ROS and proteotoxic stress: A delicate balance. Cancer cell.

2011;20(3):281-2.

68. Rohringer S, Holnthoner W, Chaudary S, Slezak P, Priglinger E, Strassl M, Pill K, Mihleder S,
Redl H, Dungel P. The impact of wavelengths of LED light-therapy on endothelial cells. Scientific
Reports. 2017;7(1).

69. Wang Y, Bai X, Wang Z, Cao J, Dong Y, Dong Y, Chen Y. Various LED Wavelengths Affected
Myofiber Development and Satellite Cell Proliferation of Chick Embryos via the IGF-1 Signaling
Pathway. Photochemistry and Photobiology. 2017;93(6):1492-501.

70. Santos T, Ferreira R, Quartin E, Boto C, Saraiva C, Braganca J, Peca J, Rodrigues C, Ferreira L,
Bernardino L. Blue light potentiates neurogenesis induced by retinoic acid-loaded responsive
nanoparticles. Acta Biomaterialia. 2017;59:293-302.

71. YuanY, Yan G, GongR, Zhang L, Liu T, Feng C, Du W, Wang Y, Yang F, Li Y, Guo S, Ding F, Ma
W, Idiiatullina E, Pavlov V, Han Z, Cai B, Yang L. Effects of Blue Light Emitting Diode Irradiation On the
Proliferation, Apoptosis and Differentiation of Bone Marrow-Derived Mesenchymal Stem Cells.
Cellular physiology and biochemistry : international journal of experimental cellular physiology,
biochemistry, and pharmacology. 2017;43(1):237-46.

35



949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999

72. Kushibiki T, Hirasawa T, Okawa S, Ishihara M. Blue laser irradiation generates intracellular
reactive oxygen species in various types of cells. Photomedicine and Laser Surgery. 2013;31(3):95-
104.

73. Buravlev EA, Zhidkova TV, Vladimirov YA, Osipov AN. Effects of low-level laser therapy on
mitochondrial respiration and nitrosyl complex content. Lasers in Medical Science. 2014;29(6):1861-
6.

74. Swartz TE, Corchnoy SB, Christie JM, Lewis JW, Szundi |, Briggs WR, Bogomolni RA. The
photocycle of a flavin-binding domain of the blue light photoreceptor phototropin. J Biol Chem.
2001;276(39):36493-500.

75. Yu X, Liu H, Klejnot J, Lin C. The Cryptochrome Blue Light Receptors. The Arabidopsis Book /
American Society of Plant Biologists. 2010;8:e0135.

76. Bouly JP, Schleicher E, Dionisio-Sese M, Vandenbussche F, Van Der Straeten D, Bakrim N,
Meier S, Batschauer A, Galland P, Bittl R, Ahmad M. Cryptochrome blue light photoreceptors are
activated through interconversion of flavin redox states. J Biol Chem. 2007;282(13):9383-91.

77. Sancar A. Regulation of the mammalian circadian clock by cryptochrome. J Biol Chem.
2004;279(33):34079-82.

78. Yang MY, Chang CJ, Chen LY. Blue light induced reactive oxygen species from flavin
mononucleotide and flavin adenine dinucleotide on lethality of Hela cells. J Photochem Photobiol B.
2017;173:325-32.

79. Cheon MW, Kim TG, Lee YS, Kim SH. Low level light therapy by Red-Green-Blue LEDs
improves healing in an excision model of Sprague-Dawley rats. Personal and Ubiquitous Computing.
2013;17(7):1421-8.

80. GM. C. The Cell: A Molecular Approach. 2 ed: Sunderland (MA): Sinauer Associates; 2000. 1
p.
81. Osborne NN, Nunez-Alvarez C, Del Olmo-Aguado S. The effect of visual blue light on
mitochondrial function associated with retinal ganglions cells. Exp Eye Res. 2014;128:8-14.

82. Serrage H, Joanisse S, Cooper PR, Palin W, Hadis M, Darch O, Philp A, Milward MR.
Differential Responses of Myoblasts and Myotubes to Photobiomodulation are associated with
Mitochondrial Number. J Biophotonics. 2019:e201800411.

83. Marengo-Rowe AJ. Structure-function relations of human hemoglobins. Proceedings (Baylor
University Medical Center). 2006;19(3):239-45.

84. Ener ME, Lee Y-T, Winkler JR, Gray HB, Cheruzel L. Photooxidation of cytochrome P450-BM3.
Proceedings of the National Academy of Sciences of the United States of America.
2010;107(44):18783-6.

85. Veerman EC, Van Leeuwen JW, Van Buuren KJ, Van Gelder BF. The reaction of cytochrome
aa3 with (porphyrin) cytochrome c as studied by pulse radiolysis. Biochimica et biophysica acta.
1982;680(2):134-41.

86. Koren K, Borisov SM, Saf R, Klimant I. Strongly Phosphorescent Iridium(lIl)-Porphyrins — New
Oxygen Indicators with Tuneable Photophysical Properties and Functionalities. European Journal of
Inorganic Chemistry. 2011;2011(10):1531-4.

87. M G. Optical spectra and electronic structure of porphyrins and related rings. 3 ed. New
York: New York: Academic Press; 1978. 16 p.

88. Karu TI. Multiple roles of cytochrome ¢ oxidase in mammalian cells under action of red and
IR-A radiation. IUBMB Life. 2010;62(8):607-10.

89. Ankri R, Lubart R, Taitelbaum H. Estimation of the optimal wavelengths for laser-induced
wound healing. Lasers Surg Med. 2010;42(8):760-4.

90. del Olmo-Aguado S, Manso AG, Osborne NN. Light might directly affect retinal ganglion cell
mitochondria to potentially influence function. Photochem Photobiol. 2012;88(6):1346-55.

91. Muller-Enoch D. Blue light mediated photoreduction of the flavoprotein NADPH-cytochrome
P450 reductase. A Forster-type energy transfer. Zeitschrift fur Naturforschung C, Journal of
biosciences. 1997;52(9-10):605-14.

36



1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050

92. Werck-Reichhart D, Feyereisen R. Cytochromes P450: a success story. Genome Biology.
2000;1(6):reviews3003.1-reviews.9.

93. Hannemann F, Bichet A, Ewen KM, Bernhardt R. Cytochrome P450 systems--biological
variations of electron transport chains. Biochimica et biophysica acta. 2007;1770(3):330-44.

94. Becker A, Sticht C, Dweep H, Van Abeelen FA, Gretz N, Oversluizen G, editors. Impact of blue
LED irradiation on proliferation and gene expression of cultured human keratinocytes. Progress in
Biomedical Optics and Imaging - Proceedings of SPIE; 2015.

95. Pope RM, Fry ES. Absorption spectrum (380-700 nm) of pure water. Il. Integrating cavity
measurements. Applied optics. 1997;36(33):8710-23.

96. Pegau WS, Gray D, Zaneveld JR. Absorption and attenuation of visible and near-infrared light
in water: dependence on temperature and salinity. Applied optics. 1997;36(24):6035-46.
97. Damodaran S. Water at Biological Phase Boundaries: Its Role in Interfacial Activation of

Enzymes and Metabolic Pathways. Sub-cellular biochemistry. 2015;71:233-61.

98. Chung H, Dai T, Sharma SK, Huang YY, Carroll JD, Hamblin MR. The nuts and bolts of low-
level laser (Light) therapy. Annals of Biomedical Engineering. 2012;40(2):516-33.

99. Wang Y, Huang YY, Wang Y, Lyu P, Hamblin MR. Photobiomodulation of human adipose-
derived stem cells using 810nm and 980nm lasers operates via different mechanisms of action.
Biochimica et biophysica acta General subjects. 2017;1861(2):441-9.

100. Ball KA, Castello PR, Poyton RO. Low intensity light stimulates nitrite-dependent nitric oxide
synthesis but not oxygen consumption by cytochrome c oxidase: Implications for phototherapy. J
Photochem Photobiol B. 2011;102(3):182-91.

101. Lohr NL, Keszler A, Pratt P, Bienengraber M, Warltier DC, Hogg N. Enhancement of nitric
oxide release from nitrosyl hemoglobin and nitrosyl myoglobin by red/near infrared radiation:
potential role in cardioprotection. Journal of molecular and cellular cardiology. 2009;47(2):256-63.
102. Keszler A, Lindemer B, Hogg N, Weihrauch D, Lohr NL. Wavelength-dependence of
vasodilation and NO release from S-nitrosothiols and dinitrosyl iron complexes by far red/near
infrared light. Archives of biochemistry and biophysics. 2018;649:47-52.

103.  Sexton DJ, Muruganandam A, McKenney DJ, Mutus B. Visible light photochemical release of
nitric oxide from S-nitrosoglutathione: potential photochemotherapeutic applications.
Photochemistry and photobiology. 1994;59(4):463-7.

104. Oplander C, Deck A, Volkmar CM, Kirsch M, Liebmann J, Born M, van Abeelen F, van Faassen
EE, Kroncke KD, Windolf J, Suschek CV. Mechanism and biological relevance of blue-light (420-453
nm)-induced nonenzymatic nitric oxide generation from photolabile nitric oxide derivates in human
skin in vitro and in vivo. Free radical biology & medicine. 2013;65:1363-77.

105. Vladimirov Y, Borisenko G, Boriskina N, Kazarinov K, Osipov A. NO-hemoglobin may be a
light-sensitive source of nitric oxide both in solution and in red blood cells. J Photochem Photobiol B.
2000;59(1-3):115-22.

106.  Elliott CL, Allport VC, Loudon JAZ, Wu GD, Bennett PR. Nuclear factor-kappa B is essential for
up-regulation of interleukin-8 expression in human amnion and cervical epithelial cells. Molecular
Human Reproduction. 2001;7(8):787-90.

107. das Neves LMS, Leite GPMF, Marcolino AM, Pinfildi CE, Garcia SB, de Araujo JE, Guirro ECO.
Laser photobiomodulation (830 and 660 nm) in mast cells, VEGF, FGF, and CD34 of the
musculocutaneous flap in rats submitted to nicotine. Lasers in Medical Science. 2017;32(2):335-41.
108. Cury V, Moretti AlS, Assis L, Bossini P, De Souza Crusca J, Neto CB, Fangel R, De Souza HP,
Hamblin MR, Parizotto NA. Low level laser therapy increases angiogenesis in a model of ischemic
skin flap in rats mediated by VEGF, HIF-1a and MMP-2. Journal of Photochemistry and Photobiology
B: Biology. 2013;125:164-70.

109. ChoiH, LimW, Kim I, Kim J, Ko Y, Kwon H, Kim S, Kabir KM, Li X, Kim O, Lee Y, Kim S, Kim O.
Inflammatory cytokines are suppressed by light-emitting diode irradiation of P. gingivalis LPS-treated
human gingival fibroblasts: inflammatory cytokine changes by LED irradiation. Lasers Med Sci.
2012;27(2):459-67.

37



1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099

110. Curra M, Pellicioli AC, Filho NA, Ochs G, Matte U, Filho MS, Martins MA, Martins MD.
Photobiomodulation reduces oral mucositis by modulating NF-kB. J Biomed Opt.
2015;20(12):125008.

111.  Hamblin MR. Mechanisms and applications of the anti-inflammatory effects of
photobiomodulation. AIMS biophysics. 2017;4(3):337-61.

112.  de Farias Gabriel A, Wagner VP, Correa C, Webber LP, Pilar EFS, Curra M, Carrard VC, Martins
MAT, Martins MD. Photobiomodulation therapy modulates epigenetic events and NF-kB expression
in oral epithelial wound healing. Lasers in Medical Science. 2019.

113.  Stack E, DuBois RN. Regulation of cyclo-oxygenase-2. Best Practice and Research: Clinical
Gastroenterology. 2001;15(5):787-800.

114.  Greenhough A, Smartt HJ, Moore AE, Roberts HR, Williams AC, Paraskeva C, Kaidi A. The
COX-2/PGE2 pathway: key roles in the hallmarks of cancer and adaptation to the tumour
microenvironment. Carcinogenesis. 2009;30(3):377-86.

115. Namkoong S, Lee SJ, Kim CK, Kim YM, Chung HT, Lee H, Han JA, Ha KS, Kwon YG, Kim YM.
Prostaglandin E2 stimulates angiogenesis by activating the nitric oxide/cGMP pathway in human
umbilical vein endothelial cells. Exp Mol Med. 2005;37(6):588-600.

116. Diaz-Munoz MD, Osma-Garcia IC, Fresno M, Iniguez MA. Involvement of PGE2 and the cAMP
signalling pathway in the up-regulation of COX-2 and mPGES-1 expression in LPS-activated
macrophages. The Biochemical journal. 2012;443(2):451-61.

117.  Delghandi MP, Johannessen M, Moens U. The cAMP signalling pathway activates CREB
through PKA, p38 and MSK1 in NIH 3T3 cells. Cellular signalling. 2005;17(11):1343-51.

118. Lim W, Choi H, Kim J, Kim S, Jeon S, Zheng H, Kim D, Ko Y, Kim D, Sohn H, Kim O. Anti-
inflammatory effect of 635 nm irradiations on in vitro direct/indirect irradiation model. Journal of
Oral Pathology and Medicine. 2015;44(2):94-102.

119. Lan CCE, Wu CS, Chiou MH, Chiang TY, Yu HS. Low-energy helium-neon laser induces
melanocyte proliferation via interaction with type IV collagen: Visible light as a therapeutic option
for vitiligo. British Journal of Dermatology. 2009;161(2):273-80

120. Toomey DP, Murphy JF, Conlon KC. COX-2, VEGF and tumour angiogenesis. The surgeon :
journal of the Royal Colleges of Surgeons of Edinburgh and Ireland. 2009;7(3):174-80.

121.  Kiriakidis S, Andreakos E, Monaco C, Foxwell B, Feldmann M, Paleolog E. VEGF expression in
human macrophages is NF-kappaB-dependent: studies using adenoviruses expressing the
endogenous NF-kappaB inhibitor IkappaBalpha and a kinase-defective form of the lkappaB kinase 2.
Journal of cell science. 2003;116(Pt 4):665-74.

122. Tim CR, Bossini PS, Kido HW, Malavazi I, von Zeska Kress MR, Carazzolle MF, Parizotto NA,
Rennd AC. Effects of low-level laser therapy on the expression of osteogenic genes during the initial
stages of bone healing in rats: a microarray analysis. Lasers in Medical Science. 2015;30(9):2325-33.
123.  Cheng KP, Kiernan EA, Eliceiri KW, Williams JC, Watters JJ. Blue Light Modulates Murine
Microglial Gene Expression in the Absence of Optogenetic Protein Expression. Scientific reports.
2016;6:21172-.

124.  PennJW, Grobbelaar AO, Rolfe KJ. The role of the TGF- family in wound healing, burns and
scarring: a review. International journal of burns and trauma. 2012;2(1):18-28.

125.  Ferrari G, Cook BD, Terushkin V, Pintucci G, Mignatti P. Transforming growth factor-beta 1
(TGF-betal) induces angiogenesis through vascular endothelial growth factor (VEGF)-mediated
apoptosis. Journal of cellular physiology. 2009;219(2):449-58.

126.  Liu RM, Desai LP. Reciprocal regulation of TGF-p and reactive oxygen species: A perverse
cycle for fibrosis. Redox Biology. 2015;6:565-77.

127. Horimoto M, Kato J, Takimoto R, Terui T, Mogi Y, Niitsu Y. Identification of a transforming
growth factor beta-1 activator derived from a human gastric cancer cell line. British journal of
cancer. 1995;72(3):676-82.

38



1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150

128. Luol, SunZ, Zhangl, Li X, Dong, Liu TCY. Effects of low-level laser therapy on ROS
homeostasis and expression of IGF-1 and TGF-B1 in skeletal muscle during the repair process. Lasers
in Medical Science. 2013;28(3):725-34.

129. Pamuk F, Lutfioglu M, Aydogdu A, Koyuncuoglu CZ, Cifcibasi E, Badur OS. The effect of low-
level laser therapy as an adjunct to non-surgical periodontal treatment on gingival crevicular fluid
levels of transforming growth factor-beta 1, tissue plasminogen activator and plasminogen activator
inhibitor 1 in smoking and non-smoking chronic periodontitis patients: A split-mouth, randomized
control study. J Periodontal Res. 2017;52(5):872-82.

130.  Pyo SJ, Song WW, Kim IR, Park BS, Kim CH, Shin SH, Chung IK, Kim YD. Low-level laser
therapy induces the expressions of BMP-2, osteocalcin, and TGF-B1 in hypoxic-cultured human
osteoblasts. Lasers in Medical Science. 2013;28(2):543-50.

131.  Arany PR, Nayak RS, Hallikerimath S, Limaye AM, Kale AD, Kondaiah P. Activation of latent
TGF-betal by low-power laser in vitro correlates with increased TGF-betal levels in laser-enhanced
oral wound healing. Wound repair and regeneration : official publication of the Wound Healing
Society [and] the European Tissue Repair Society. 2007;15(6):866-74.

132.  de Freitas LF, Hamblin MR. Proposed Mechanisms of Photobiomodulation or Low-Level Light
Therapy. IEEE journal of selected topics in quantum electronics : a publication of the IEEE Lasers and
Electro-optics Society. 2016;22(3):7000417.

133.  Jobling MF, Mott JD, Finnegan MT, Jurukovski V, Erickson AC, Walian PJ, Taylor SE, Ledbetter
S, Lawrence CM, Rifkin DB, Barcellos-Hoff MH. Isoform-specific activation of latent transforming
growth factor beta (LTGF-beta) by reactive oxygen species. Radiation research. 2006;166(6):839-48.
134.  Jain M, Rivera S, Monclus EA, Synenki L, Zirk A, Eisenbart J, Feghali-Bostwick C, Mutlu GM,
Budinger GR, Chandel NS. Mitochondrial reactive oxygen species regulate transforming growth
factor-beta signaling. J Biol Chem. 2013;288(2):770-7.

135. Hirata S, Kitamura C, Fukushima H, Nakamichi I, Abiko Y, Terashita M, Jimi E. Low-level laser
irradiation enhances BMP-induced osteoblast differentiation by stimulating the BMP/Smad signaling
pathway. Journal of cellular biochemistry. 2010;111(6):1445-52.

136. Dangy, Liu B, Liu L, Ye X, Bi X, Zhang Y, Gu J. The 800-nm diode laser irradiation induces skin
collagen synthesis by stimulating TGF-beta/Smad signaling pathway. Lasers Med Sci. 2011;26(6):837-
43,

137. Li Y, Lee M, Kim N, Wu G, Deng D, Kim JM, Liu X, Heo WD, Zi Z. Spatiotemporal Control of
TGF-B Signaling with Light. ACS synthetic biology. 2018;7(2):443-51.

138.  Derynck R, Muthusamy BP, Saeteurn KY. Signaling pathway cooperation in TGF-B-induced
epithelial-mesenchymal transition. Current opinion in cell biology. 2014;31:56-66.

139.  Shelton P, Jaiswal AK. The transcription factor NF-E2-related factor 2 (Nrf2): a
protooncogene? FASEB journal : official publication of the Federation of American Societies for
Experimental Biology. 2013;27(2):414-23.

140. Sohn H, KoY, Park M, Kim D, Moon YL, Jeong YJ, Lee H, Moon Y, Jeong BC, Kim O, Lim W.
Effects of light-emitting diode irradiation on RANKL-induced osteoclastogenesis. Lasers in Surgery
and Medicine. 2015;47(9):745-55.

141. Trotter LA, Patel D, Dubin S, Guerra C, McCloud V, Lockwood P, Messer R, Wataha JC, Lewis
JB. Violet/blue light activates Nrf2 signaling and modulates the inflammatory response of THP-1
monocytes. Photochemical & photobiological sciences : Official journal of the European
Photochemistry Association and the European Society for Photobiology. 2017;16(6):883-9.

142.  Kim JE, Woo YJ, Sohn KM, Jeong KH, Kang H. Wnt/B-catenin and ERK pathway activation: A
possible mechanism of photobiomodulation therapy with light-emitting diodes that regulate the
proliferation of human outer root sheath cells. Lasers in Surgery and Medicine. 2017;49(10):940-7.
143.  Zarubin T, Han J. Activation and signaling of the p38 MAP kinase pathway. Cell Research.
2005;15:11.

144. ChuYH, Chen SY, Hsieh YL, Teng YH, Cheng YJ. Low-level laser therapy prevents endothelial
cells from TNF-alpha/cycloheximide-induced apoptosis. Lasers Med Sci. 2018;33(2):279-86.

39



1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201

145. Kim O, Choi H, Lim W, Kim |, Kim J, Ko Y, Kwon H, Kim S, Ahsan Kabir KM, Li X, Kim O, Lee YJ,
Kim S. Inflammatory cytokines are suppressed by light-emitting diode irradiation of P. gingivalis LPS-
treated human gingival fibroblasts. Lasers in Medical Science. 2012;27(2):459-67.

146.  Verrecchia F, Tacheau C, Wagner EF, Mauviel A. A central role for the JNK pathway in
mediating the antagonistic activity of pro-inflammatory cytokines against transforming growth
factor-beta-driven SMAD3/4-specific gene expression. J Biol Chem. 2003;278(3):1585-93.

147. Silva G, Ferraresi C, de Almeida RT, Motta ML, Paixao T, Ottone VO, Fonseca IA, Oliveira MX,
Rocha-Vieira E, Dias-Peixoto MF, Esteves EA, Coimbra CC, Amorim FT, de Castro Magalhaes F.
Infrared photobiomodulation (PBM) therapy improves glucose metabolism and intracellular insulin
pathway in adipose tissue of high-fat fed mice. Lasers Med Sci. 2018;33(3):559-71.

148. Salehpour F, Farajdokht F, Cassano P, Sadigh-Eteghad S, Erfani M, Hamblin MR, Salimi MM,
Karimi P, Rasta SH, Mahmoudi J. Near-infrared photobiomodulation combined with coenzyme Q10
for depression in a mouse model of restraint stress: reduction in oxidative stress,
neuroinflammation, and apoptosis. Brain research bulletin. 2019;144:213-22.

149.  Hamblin MR. Mechanisms and applications of the anti-inflammatory effects of
photobiomodulation. AIMS biophysics. 2017;4(3):337-61.

150. Muili KA, Gopalakrishnan S, Meyer SL, Eells JT, Lyons JA. Amelioration of experimental
autoimmune encephalomyelitis in C57BL/6 mice by photobiomodulation induced by 670 nm light.
PloS one. 2012;7(1):e30655.

151.  dos Santos SA, Alves AC, Leal-Junior EC, Albertini R, Vieira RP, Ligeiro AP, Junior JA, de
Carvalho Pde T. Comparative analysis of two low-level laser doses on the expression of inflammatory
mediators and on neutrophils and macrophages in acute joint inflammation. Lasers Med Sci.
2014;29(3):1051-8.

152. DongT, Zhang Q, Hamblin MR, Wu MX. Low-level light in combination with metabolic
modulators for effective therapy of injured brain. Journal of cerebral blood flow and metabolism :
official journal of the International Society of Cerebral Blood Flow and Metabolism. 2015;35(9):1435-
44,

153.  Oberoi S, Zamperlini-Netto G, Beyene J, Treister NS, Sung L. Effect of prophylactic low level
laser therapy on oral mucositis: a systematic review and meta-analysis. PloS one. 2014;9(9):e107418.
154. HuangZ, MaJ, Chen J, Shen B, Pei F, Kraus VB. The effectiveness of low-level laser therapy
for nonspecific chronic low back pain: a systematic review and meta-analysis. Arthritis research &
therapy. 2015;17:360.

155.  Chow RT, Johnson M, Lopes-Martins RA, Bjordal JM. Efficacy of low-level laser therapy in
the management of neck pain: a systematic review and meta-analysis of randomised placebo or
active-treatment controlled trials. Lancet (London, England). 2009;374(9705):1897-908.

156. Baxter GD, Liu L, Petrich S, Gisselman AS, Chapple C, Anders JJ, Tumilty S. Low level laser
therapy (Photobiomodulation therapy) for breast cancer-related lymphedema: a systematic review.
BMC cancer. 2017;17(1):833.

157.  Zarei M, Wikramanayake TC, Falto-Aizpurua L, Schachner LA, Jimenez JJ. Low level laser
therapy and hair regrowth: an evidence-based review. Lasers Med Sci. 2016;31(2):363-71.

158.  Ferraresi C, Huang Y-Y, Hamblin MR. Photobiomodulation in human muscle tissue: an
advantage in sports performance? Journal of biophotonics. 2016;9(11-12):1273-99.

159.  Stafinski T, Menon D, Harris K, Md GG, Jhangri G. Photoselective vaporization of the prostate
for the treatment of benign prostatic hyperplasia. Canadian Urological Association journal = Journal
de I'Association des urologues du Canada. 2008;2(2):124-34.

160. Adamskaya N, Dungel P, Mittermayr R, Hartinger J, Feichtinger G, Wassermann K, Red| H,
van Griensven M. Light therapy by blue LED improves wound healing in an excision model in rats.
Injury. 2011;42(9):917-21.

161. AlGhamdi KM, Kumar A, A Al-ghamdi A, Al-Rikabi AC, Mubarek M, Ashour AE. Ultra-
structural effects of different low-level lasers on normal cultured human melanocytes: an in vitro
comparative study. Lasers in Medical Science. 2016;31(9):1819-25.

40



1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252

162.  AlGhamdi KM, Kumar A, Ashour AE, AlIGhamdi AA. A comparative study of the effects of
different low-level lasers on the proliferation, viability, and migration of human melanocytes in vitro.
Lasers in Medical Science. 2015;30(5):1541-51.

163.  Ankri R, Friedman H, Savion N, Kotev-Emeth S, Breitbart H, Lubart R. Visible light induces
nitric oxide (NO) formation in sperm and endothelial cells. Lasers Surg Med. 2010;42(4):348-52.
164. Ashworth BE, Stephens E, Bartlett CA, Serghiou S, Giacci MK, Williams A, Hart NS, Fitzgerald
M. Comparative assessment of phototherapy protocols for reduction of oxidative stress in partially
transected spinal cord slices undergoing secondary degeneration. BMC Neuroscience. 2016;17(1).
165. Becker A, Distler E, Klapczynski A, Arpino F, Kuch N, Simon-Keller K, Sticht C, Van Abeelen FA,
Gretz N, Oversluizen G, editors. Blue light inhibits proliferation of melanoma cells. Progress in
Biomedical Optics and Imaging - Proceedings of SPIE; 2016.

166. Bonatti S, Hochman B, Tucci-Viegas VM, Furtado F, Pinfildi CE, Pedro AC, Ferreira LM. In vitro
effect of 470 nm LED (Light Emitting Diode) in keloid fibroblasts. Acta Cir Bras. 2011;26(1):25-30.
167. Bumah VV, Whelan HT, Masson-Meyers DS, Quirk B, Buchmann E, Enwemeka CS. The
bactericidal effect of 470-nm light and hyperbaric oxygen on methicillin-resistant Staphylococcus
aureus (MRSA). Lasers in Medical Science. 2015;30(3):1153-9.

168. Buravlev EA, Zhidkova TV, Osipov AN, Vladimirov YA. Are the mitochondrial respiratory
complexes blocked by NO the targets for the laser and LED therapy? Lasers in Medical Science.
2014;30(1):173-80.

169. Buravlev EA, Zhidkova TV, Vladimirov YA, Osipov AN. Effects of laser and LED radiation on
mitochondrial respiration in experimental endotoxic shock. Lasers in Medical Science.
2013;28(3):785-90.

170. Buscone S, Mardaryev AN, Raafs B, Bikker JW, Sticht C, Gretz N, Farjo N, Uzunbajakava NE,
Botchkareva NV. A new path in defining light parameters for hair growth: Discovery and modulation
of photoreceptors in human hair follicle. Lasers Surg Med. 2017;49(7):705-18.

171. Choe SW, Park K, Park C, Ryu J, Choi H. Combinational light emitting diode-high frequency
focused ultrasound treatment for Hela cell. Computer Assisted Surgery. 2017;22:79-85.

172. de Sousa AP, Santos JN, Dos Reis JA, Jr., Ramos TA, de Souza J, Cangussu MC, Pinheiro AL.
Effect of LED phototherapy of three distinct wavelengths on fibroblasts on wound healing: a
histological study in a rodent model. Photomed Laser Surg. 2010;28(4):547-52.

173.  Dereci O, Sindel A, Serap H, Yiice E, Ay S, Tozoglu S. The Comparison of the Efficacy of Blue
Light-Emitting Diode Light and 980-nm Low-Level Laser Light on Bone Regeneration. Journal of
Craniofacial Surgery. 2016;27(8):2185-9.

174. Dungel P, Hartinger J, Chaudary S, Slezak P, Hofmann A, Hausner T, Strassl M, Wintner E,
Redl H, Mittermayr R. Low level light therapy by LED of different wavelength induces angiogenesis
and improves ischemic wound healing. Lasers in Surgery and Medicine. 2014;46(10):773-80.

175. Falcone D, Uzunbajakava NE, van Abeelen F, Oversluizen G, Peppelman M, van Erp PEJ, van
de Kerkhof PCM. Effects of blue light on inflammation and skin barrier recovery following acute
perturbation. Pilot study results in healthy human subjects. Photodermatology Photoimmunology
and Photomedicine. 2018;34(3):184-93.

176.  Fekrazad R, Asefi S, Eslaminejad MB, Taghiar L, Bordbar S, Hamblin MR. Photobiomodulation
with single and combination laser wavelengths on bone marrow mesenchymal stem cells:
proliferation and differentiation to bone or cartilage. Lasers in Medical Science. 2018.

177. Fekrazad R, Mirmoezzi A, Kalhori KA, Arany P. The effect of red, green and blue lasers on
healing of oral wounds in diabetic rats. ] Photochem Photobiol B. 2015;148:242-5.

178.  Figurova M, Ledecky V, Karasova M, Hluchy M, Trbolova A, Capik I, Hornak S, Reichel P,
Bjordal JM, Gal P. Histological Assessment of a Combined Low-Level Laser/Light-Emitting Diode
Therapy (685 nm/470 nm) for Sutured Skin Incisions in a Porcine Model: A Short Report.
Photomedicine and Laser Surgery. 2016;34(2):53-5.

179.  Fushimi T, Inui S, Nakajima T, Ogasawara M, Hosokawa K, Itami S. Green light emitting
diodes accelerate wound healing: characterization of the effect and its molecular basis in vitro and in

41



1253
1254
1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283
1284
1285
1286
1287
1288
1289
1290
1291
1292
1293
1294
1295
1296
1297
1298
1299
1300
1301
1302

vivo. Wound repair and regeneration : official publication of the Wound Healing Society [and] the
European Tissue Repair Society. 2012;20(2):226-35.

180. Gold MH, Biron JA, Sensing W. Clinical and usability study to determine the safety and
efficacy of the Silk'n Blue Device for the treatment of mild to moderate inflammatory acne vulgaris.
Journal of cosmetic and laser therapy : official publication of the European Society for Laser
Dermatology. 2014;16(3):108-13.

181. Hadis MA, Cooper PR, Milward MR, Gorecki P, Tarte E, Churm J, Palin WM, editors. The
effect of UV-Vis to near-infrared light on the biological response of human dental pulp cells. Progress
in Biomedical Optics and Imaging - Proceedings of SPIE; 2015.

182. Hochman B, Pinfildi CE, Nishioka MA, Furtado F, Bonatti S, Monteiro PKP, Antunes AS,
Quieregatto PR, Liebano RE, Chadi G, Ferreira LM. Low-level laser therapy and light-emitting diode
effects in the secretion of neuropeptides SP and CGRP in rat skin. Lasers in Medical Science.
2014;29(3):1203-8.

183. Jung YR, Kim SJ, Sohn KC, Lee Y, Seo YJ, Lee YH, Whang KU, Kim CD, Lee JH, Im M. Regulation
of lipid production by light-emitting diodes in human sebocytes. Archives of Dermatological
Research. 2015;307(3):265-73.

184. Kazemi Khoo N, Iravani A, Arjmand M, Vahabi F, Lajevardi M, Akrami SM, Zamani Z. A
metabolomic study on the effect of intravascular laser blood irradiation on type 2 diabetic patients.
Lasers Med Sci. 2013;28(6):1527-32.

185. KazemiKhoo N, Ansari F. Blue or red: which intravascular laser light has more effects in
diabetic patients? Lasers in Medical Science. 2014;30(1):363-6.

186.  Khori V, Alizadeh AM, Gheisary Z, Farsinejad S, Najafi F, Khalighfard S, Ghafari F, Hadji M,
Khodayari H. The effects of low-level laser irradiation on breast tumor in mice and the expression of
Let-7a, miR-155, miR-21, miR125, and miR376b. Lasers Med Sci. 2016;31(9):1775-82.

187. Kim SK, Soh BW, Kim YC. Low level light therapy using an 830-nm light emitting diode
promotes wound healing via TGF-B/SMAD pathway activation. Korean Journal of Dermatology.
2017;55(4):237-45.

188.  Kushibiki T, Tajiri T, Ninomiya Y, Awazu K. Chondrogenic mRNA expression in
prechondrogenic cells after blue laser irradiation. J Photochem Photobiol B. 2010;98(3):211-5.

189.  Lavi R, Ankri R, Sinyakov M, Eichler M, Friedmann H, Shainberg A, Breitbart H, Lubart R. The
plasma membrane is involved in the visible light-tissue interaction. Photomed Laser Surg.
2012;30(1):14-9.

190. Lee HS, Jung SE, Kim SK, Kim YS, Sohn S, Kim YC. Low-level light therapy with 410 nm light
emitting diode suppresses collagen synthesis in human keloid fibroblasts: An in vitro study. Annals of
Dermatology. 2017;29(2):149-55.

191. LiY, Zhang J, Xu Y, Han Y, Jiang B, Huang L, Zhu H, Xu Y, Yang W, Qin C. The Histopathological
Investigation of Red and Blue Light Emitting Diode on Treating Skin Wounds in Japanese Big-Ear
White Rabbit. PloS one. 2016;11(6):e0157898-e.

192. Masson-Meyers DS, Bumah VV, Biener G, Raicu V, Enwemeka CS. The relative antimicrobial
effect of blue 405 nm LED and blue 405 nm laser on methicillin-resistant Staphylococcus aureus in
vitro. Lasers in Medical Science. 2015;30(9):2265-71.

193.  Mignon C, Uzunbajakava NE, Raafs B, Botchkareva NV, Tobin DJ. Photobiomodulation of
human dermal fibroblasts in vitro: decisive role of cell culture conditions and treatment protocols on
experimental outcome. Scientific Reports. 2017;7:2797.

194. Montazeri K, Mokmeli S, Barat M. The Effect of Combination of Red, Infrared and Blue
Wavelengths of Low-Level Laser on Reduction of Abdominal Girth: A Before-After Case Series. J
Lasers Med Sci. 2017;8(Suppl 1):522-s6.

195. NiuT, TianY, Cai Q, Ren Q, Wei L. Red light combined with blue light irradiation regulates
proliferation and apoptosis in skin keratinocytes in combination with low concentrations of
curcumin. PLoS ONE. 2015;10(9).

42



1303
1304
1305
1306
1307
1308
1309
1310
1311
1312
1313
1314
1315
1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1337
1338
1339
1340
1341
1342
1343
1344
1345
1346
1347
1348
1349
1350
1351
1352
1353

196.  Pfaff S, Liebmann J, Born M, Merk HF, Von Felbert V. Prospective Randomized Long-Term
Study on the Efficacy and Safety of UV-Free Blue Light for Treating Mild Psoriasis Vulgaris.
Dermatology. 2015;231(1):24-34.

197.  Priglinger E, Maier J, Chaudary S, Lindner C, Wurzer C, Rieger S, Redl H, Wolbank S, Dungel P.
Photobiomodulation of freshly isolated human adipose tissue-derived stromal vascular fraction cells
by pulsed light-emitting diodes for direct clinical application. Journal of Tissue Engineering and
Regenerative Medicine. 2018;12(6):1352-62.

198. Rocca JP, Zhao M, Fornaini C, Tan L, Zhao Z, Merigo E. Effect of laser irradiation on aphthae
pain management: A four different wavelengths comparison. J Photochem Photobiol B. 2018;189:1-
4,

199. Schafer ME, McNeely T, editors. Coincident Light/ultrasound therapy to treat bacterial
biofilms. 2015 IEEE International Ultrasonics Symposium, IUS 2015; 2015.

200. Schoenly JE, Seka W, Rechmann P. Pulsed laser ablation of dental calculus in the near
ultraviolet. ) Biomed Opt. 2014;19(2):028003.

201. Sebbe PF, Villaverde AB, Moreira LM, Barbosa AM, Veissid N. Characterization of a novel
LEDs device prototype for neonatal jaundice and its comparison with fluorescent lamps sources:
Phototherapy treatment of hyperbilirubinemia in Wistar rats. Spectroscopy. 2009;23(5-6):243-55.
202.  Shuvaeva VN, Gorshkova OP, Kostylev AV, Dvoretsky DP. Effect of laser irradiation on
adrenoreactivity of pial arterial vessels in rats. Bulletin of experimental biology and medicine.
2011;151(1):1-4.

203.  Sinclair KL, Ponsford JL, Taffe J, Lockley SW, Rajaratnam SMW. Randomized controlled trial
of light therapy for fatigue following traumatic brain injury. Neurorehabilitation and Neural Repair.
2014;28(4):303-13.

204. Takhtfooladi MA, Sharifi D. A comparative study of red and blue light-emitting diodes and
low-level laser in regeneration of the transected sciatic nerve after an end to end neurorrhaphy in
rabbits. Lasers in Medical Science. 2015;30(9):2319-24.

205. Tamarova ZA, Limansky Y, Gulyar SA. Antinociceptive effects of color polarized light in animal
with formalin test. Fiziolohichnyi zhurnal (Kiev, Ukraine : 1994). 2009;55(3):81-93.

206. Teuschl A, Balmayor ER, Redl H, Van Griensven M, Dungel P. Phototherapy with LED light
modulates healing processes in an in vitro scratch-wound model using 3 different cell types.
Dermatologic Surgery. 2015;41(2):261-8.

207.  Turrioni AP, Alonso JR, Basso FG, Moriyama LT, Hebling J, Bagnato VS, De Souza CC. LED light
attenuation through human dentin: a first step toward pulp photobiomodulation after cavity
preparation. American journal of dentistry. 2013;26(6):319-23.

208. WangH, Liu W, Fang X, Wang H, Ma W, Dong H, Yin H, Li YX, Sha H. Effect of 405 nm low
intensity irradiation on the absorption spectrum of in-vitro hyperlipidemia blood. Technology and
health care : official journal of the European Society for Engineering and Medicine. 2018;26(S1):135-
43,

209. WangY, Huang YY, Wang Y, Lyu P, Hamblin MR. Photobiomodulation (blue and green light)
encourages osteoblastic-differentiation of human adipose-derived stem cells: Role of intracellular
calcium and light-gated ion channels. Scientific Reports. 2016;6.

210. Yoshimoto T, Morine Y, Takasu C, Feng R, Ikemoto T, Yoshikawa K, Iwahashi S, Saito Y,
Kashihara H, Akutagawa M, Emoto T, Kinouchi Y, Shimada M. Blue light-emitting diodes induce
autophagy in colon cancer cells by Opsin 3. Annals of gastroenterological surgery. 2018;2(2):154-61.
211. Malik Z, Hanania J, Nitzan Y. Bactericidal effects of photoactivated porphyrins--an alternative
approach to antimicrobial drugs. J Photochem Photobiol B. 1990;5(3-4):281-93.

212.  Al-Watban FAH, Zhang XY, Andres BL, Al-Anize A. Visible lasers were better than invisible
lasers in accelerating burn healing on diabetic rats. Photomedicine and Laser Surgery.
2009;27(2):269-72.

213.  Askhadulin EV, Konchugova TV, Moskvin SV. [The application of combined low-intensity laser
therapy for the treatment of the patients presenting with trophic ulcers associated with chronic

43



1354
1355
1356
1357
1358
1359
1360
1361
1362
1363
1364
1365
1366
1367
1368
1369
1370
1371
1372
1373
1374
1375
1376
1377
1378
1379
1380
1381
1382
1383
1384
1385
1386
1387
1388
1389
1390
1391
1392
1393
1394
1395
1396
1397
1398
1399
1400
1401
1402
1403

venous insufficiency of the lower extremities]. Voprosy kurortologii, fizioterapii, i lechebnoi
fizicheskoi kultury. 2018;95(6):27-33.

214. Baek S, Lee KP, Cui L, Ryu Y, Hong JM, Kim J, Jung SH, Bae YM, Won KJ, Kim B. Low-power
laser irradiation inhibits PDGF-BB-induced migration and proliferation via apoptotic cell death in
vascular smooth muscle cells. Lasers in Medical Science. 2017;32(9):2121-7.

215. De Sousa APC, Paraguassu GM, Silveira NTT, De Souza J, Cangussu MCT, Dos Santos JN,
Pinheiro ALB. Laser and LED phototherapies on angiogenesis. Lasers in Medical Science.
2013;28(3):981-7.

216. De Sousa APC, Santos JN, Dos Reis JA, Ramos TA, De Souza J, Cangussu MCT, Pinheiro ALB.
Effect of LED phototherapy of three distinct wavelengths on fibroblasts on wound healing: A
histological study in a rodent model. Photomedicine and Laser Surgery. 2010;28(4):547-52.

217.  Fushimi T, Inui S, Nakajima T, Ogasawara M, Hosokawa K, Itami S. Green light emitting
diodes accelerate wound healing: Characterization of the effect and its molecular basis in vitro and
in vivo. Wound Repair and Regeneration. 2012;20(2):226-35.

218. Khurana A, Chowdhary A, Sardana K, Gautam RK, Sharma PK. Complete cure of Fusarium
solani sp. complex onychomycosis with Qs NdYAG treatment. Dermatologic therapy.
2018;31(2):e12580.

219. Kim S, Kim J, Lim W, Jeon S, Kim O, Koh JT, Kim CS, Choi H, Kim O. In vitro bactericidal effects
of 625, 525, and 425 nm wavelength (red, green, and blue) light-emitting diode irradiation.
Photomed Laser Surg. 2013;31(11):554-62.

220. LiSD, Chen P, Zhang CP, Wen JX, Liang J, Kang HX, Gao RL, Fu XB. Effects of low-intensity
laser irradiation on the apoptosis of rabbit vascular smooth muscle cells in culture. Laser Physics.
2011;21(11):1989-94.

221. Merigo E, Bouvet-Gerbettaz S, Boukhechba F, Rocca JP, Fornaini C, Rochet N. Green laser
light irradiation enhances differentiation and matrix mineralization of osteogenic cells. ) Photochem
Photobiol B. 2016;155:130-6.

222.  Moskvin SV, Geynitz AV, Askhadulin EV. Efficiency of a new combined laser therapy in
patients with trophic ulcers of lower extremities and chronic venous insufficiency. Journal of Lasers
in Medical Sciences. 2017;8(3):132-5.

223.  NaCS, Kim WI, Jang HS, Youn DH, Moon YM, Jeong SH, Cheon MW. Low-level green and red
laser treatment of Shaochong (HT9)-Dadun (LR1) and Shaohai (HT3)-Yingu (KI10) acupoints in a rat
model of focal cerebral ischemia. Transactions on Electrical and Electronic Materials. 2015;16(2):65-
9.

224.  O'Connor M, Patil R, Yu J, Hickey R, Premanand K, Kajdacsy-Balla A, Benedetti E,
Bartholomew A. Mesenchymal Stem Cells Synergize with 635, 532, and 405 nm Laser Wavelengths in
Renal Fibrosis: A Pilot Study. Photomed Laser Surg. 2016;34(11):556-63.

225.  OhKlJ, Park J, Lee HS, Park K. Effects of light-emitting diodes irradiation on human vascular
endothelial cells. International journal of impotence research. 2018;30(6):312-7.

226.  Roche GC, Shanks S, Jackson RF, Holsey LJ. Low-Level Laser Therapy for Reducing the Hip,
Waist, and Upper Abdomen Circumference of Individuals with Obesity. Photomed Laser Surg.
2017;35(3):142-9.

227. Tierney E, Hanke CW. Randomized controlled trial: Comparative efficacy for the treatment of
facial telangiectasias with 532 nm versus 940 nm diode laser. Lasers Surg Med. 2009;41(8):555-62.
228.  Sliney DH. Radiometric quantities and units used in photobiology and photochemistry:
recommendations of the Commission Internationale de L'Eclairage (International Commission on
[llumination). Photochem Photobiol. 2007;83(2):425-32.

229. Jenkins PA, Carroll JD. How to report low-level laser therapy (LLLT)/photomedicine dose and
beam parameters in clinical and laboratory studies. Photomed Laser Surg. 2011;29(12):785-7.

230. Masson-Meyers DS, Bumah VV, Enwemeka CS. Blue light does not impair wound healing in
vitro. J Photochem Photobiol B. 2016;160:53-60.

44



1404
1405
1406
1407
1408
1409
1410
1411
1412
1413

1414

1415

231.  Hamblin MR, Huang YY, Sharma SK, Carroll J. Biphasic dose response in low level light
therapy - an update. Dose-Response. 2011;9(4):602-18.

232.  Liebmann J, Born M, Kolb-Bachofen V. Blue-light irradiation regulates proliferation and
differentiation in human skin cells. The Journal of investigative dermatology. 2010;130(1):259-69.
233.  Huang Y-Y, Nagata K, Tedford CE, McCarthy T, Hamblin MR. Low-level laser therapy (LLLT)
reduces oxidative stress in primary cortical neurons in vitro. Journal of biophotonics. 2013;6(10):829-
38.

234.  Taflinski L, Demir E, Kauczok J, Fuchs PC, Born M, Suschek CV, Oplander C. Blue light inhibits
transforming growth factor-betal-induced myofibroblast differentiation of human dermal
fibroblasts. Experimental dermatology. 2014;23(4):240-6.

45



