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Abstract: The invention of systems enabling the emission of waves of a certain length and intensity
has revolutionized many areas of life, including medicine. Currently, the use of devices emitting
laser light is not only an indispensable but also a necessary element of many diagnostic procedures.
It also contributed to the development of new techniques for the treatment of diseases that are
difficult to heal. The use of lasers in industry and medicine may be associated with a higher incidence
of excessive radiation exposure, which can lead to injury to the body. The most exposed to laser
irradiation is the skin tissue. The low dose laser irradiation is currently used for the treatment
of various skin diseases. Therefore appropriate knowledge of the effects of lasers irradiation on
the dermal cells” metabolism is necessary. Here we present current knowledge on the clinical and
molecular effects of irradiation of different wavelengths of light (ultraviolet (UV), blue, green, red,
and infrared (IR) on the dermal cells.

Keywords: laser irradiation; skin exposition; dermal effect of laser; UV; IR; laser treatment

1. Introduction

Lasers (Light Amplification by Stimulated Emission of Radiation) are widely used
tools in science, medicine, and industry. The most popular application of lasers is as a
cutting tool. The first study was reported in 1967 by P. Houldcroft, who used a CO, laser
with oxygen to cut a 1 mm thick steel sheet [1]. Currently, lasers are used worldwide
to precisely cut all sorts of shapes, including 3D forms, in various materials [2]. The
cutting properties of lasers are also used in medicine surgery, where precision is the most
important [3]. The second application of lasers is the area of diagnostics. The lasers enabled
the creation and development of devices which by using the fluorescence phenomena
combined with the monoclonal antibodies methodology became a powerful tool to study
cell metabolism and functions [4]. The third popular application of lasers is the treatment of
various diseases (medicine) or correction of the inaccuracies of the body (cosmetology). Low
power lasers which affect cellular metabolism are usually used in this application [5-7].
The clinical trial website (https://clinicaltrials.gov/ (accessed on 1 February 2021)) lists
over 2850 studies, which use or used lasers for the treatment of different diseases.
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The emitted laser light has the form of a much focused, parallel monochromatic beam
(with one specific wavelength) with very high intensity. The laser light differs from the
light emitted by other sources by the beam, which is consistent, coherent, and its rays
have the same wavelength [8]. Lasers irradiation is described by several parameters. The
wavelength is the most important. It determines the depth of the penetration by the
light—the higher the wavelength, the greater the laser penetration through the tissues [9].
This is also associated with the thermal effect caused by the light which increases with the
increasing wavelength. The next parameters are the density of the laser energy, and the
duration of radiation. Both parameters specify the general laser irradiation dose absorbed
by the cells, which in turn differently affect the cell metabolism [10]. The last parameter of
the laser impact on biological tissues is a type of impulse: continuous or pulsating.

Because there is a lot of information on the laser effect on the human and animal tissues,
here we focus on the skin cells. We describe the mechanisms of action of ultraviolet (UV),
blue, green, red, and infrared (IR) lasers on the cells cultured in vitro, and the treatment of
skin diseases.

2. Lasers and LEDs

Currently, both lasers and LEDs are used in medicine. The major difference between
these light sources is that the lasers have narrow spectral width (around 1 nm) which means
that the light is emitted in form of a single wavelength while LEDs have a spectral width
of up to 80 nm which results in a more broad, Gaussian-like spectrum of emitted light.
What is more, LEDs have higher beam divergence than lasers. Due to the characteristic
of emitted light, the laser operating at the same nominal power and wavelength that the
corresponding LED will deliver more energy to the target. Therefore, scientific results
obtained using LED in an experimental setting cannot be treated equally to the result
obtained with corresponding (power and wavelength) laser. Nevertheless, LEDs and
lasers utilizing the same wavelength promote similar biological effects but with varying
effectiveness [11]. In the study of NIR-PIT (near-infrared photoimmunotherapy), Sato and
et al. showed that laser light had superior cytotoxic efficacy to LED light at the same energy
levels in both 2D and 3D-spheroid cell cultures in vitro. What is more, laser light produced
better therapeutic effects than LED light in NIR-PIT in vivo at the same light dose in mouse
models [12]. Another limitation of LEDs is that some NIR-PIT applications, especially in
oncology, require light to be delivered through catheters, endoscopes, or needles in which
case a coherent narrow beam laser light is preferred.

3. Laser Interaction with a Skin

Human skin exhibits specific properties that determine the penetration and absorption
of laser light by skin cells. The light generated from laser devices interacts with the tissue
in four different ways: transmission, reflection, scattering, and absorption [13]. The most
important for the biological effect of laser light is absorption. The tissue absorbs photon
energy which, in turn, as radiant energy can be reemitted or transformed into heat, and
increase the internal temperature of the tissue [14-16]. In the skin, the absorption of
laser light is dependent on the interaction with the different chromophores—endogenous
compounds which absorb specific wavelengths. Water, melanin, and hemoglobin are three
primary endogenous cutaneous chromophores [8,17]. Moreover, laser scattering in the
biological tissue determines the intensity of light energy [18]. The scattering amount of
energy of the laser is inversely proportional to the wavelength. The penetration of laser
light in biological tissue increases with wavelength up to mid-infrared, where water that
present in the tissues, absorbs the most energy of laser light. [17] (Figure 1).
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Figure 1. The skin cross-section showing dermal penetration by different wavelengths of light (in order from the left: UVB,
UVA, blue light, green light, yellow light, red light, infrared light).

More specific knowledge of this interaction between laser and skin can help the
specialist to select specific laser parameters in their therapies, such as the wavelength of
the laser light, intensity, duration of radiation, and the density of laser beam energy [19].
Some medical uses of lasers are presented in Figure 2.
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Figure 2. Summary of the most important properties and effects on the cell of various wavelengths of light. AGEs—advanced
glycation end-products; ALA-PDT—aminolevulinic acid photodynamic therapy; BCC—basal cell carcinoma; bFGF—basic
fibroblast growth factor; GF—growth factor; HMME-PDT—hematoporphyrin monomethyl ether photodynamic therapy,
LED—light-emitting diode, ROS—reactive oxygen species.
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4. The UV Light (10-400 nm)

The UV radiation, the universal source of non-ionizing radiation, emitted by the sun,
is essential for life and its development on Earth. The UV radiation is divided into three
ranges with different biological properties: UVA (320400 nm), UVB (280-320 nm), and
UVC (200280 nm). The ozone layer of Earth blocks the majority of UVC but only 5% of
UVB radiation. Part of the UVB radiation not blocked by the ozone layer penetrates only
the surface layers of the epidermis and can reach the upper papillary dermis. Nevertheless,
the harmful effects of UVB should not be neglected [20,21]. In contrast, the UVA radiation
is absorbed by the deeper layers of the dermis.

There are three main types of UV lasers. First, the Q-switched Nd:YAG laser in which
ultraviolet 353 nm laser irradiation is changed from 1064 nm (infrared) wavelength using a
special crystal. The second type is a gas (excimer) laser, commonly used in the treatment of
psoriasis [22,23]. The third type is a metal vapor laser [24].

UV radiation is known to be responsible for adverse effects on the skin such as
cell damage, photoaging, and carcinogenesis [25,26]. Additionally, the absorption of the
radiation by skin chromophores or the formation of reactive free radicals (reactive oxygen
species - ROS) from the water present in the skin causes premature skin aging, modified
pigmentation, and a loss of collagen [27-29]. UV radiation affects mainly keratinocytes,
which in turn begin to release pro-inflammatory cytokines: IL-1e, IL-1§3, and IL-6. Specific,
interrelated secretion cycles of the proinflammatory cytokines induce synthesis and release
of matrix metalloproteinase 1 (MMP-1). Due to its inflammatory action, UVB, with its
long-lasting effect, destroys the internal microstructure of the skin, resulting in its faster
aging [30]. Interestingly, Gruber et al. [31] showed similar skin effects of UVB radiation
in the in vitro reconstructed human skin models such as MatTek EpiDerm. The cells
after irradiation increased secretion of pro-inflammatory cytokines (IL-1«, IL-6, IL-8),
and prostaglandin in comparison to the control group. These results were confirmed
by Penna et al. [32]. Taken together, these confirm the hypothesis that in some cases
reconstructed skin tissues may be a good substitute for conducting effective skin tests,
especially when the morphology of natural skin is preserved, [33]. It has been shown that
exposure to UV light might regulate epidermal keratinocytes autophagy through selective
down-regulation of key autophagy-related genes including ULK1, ATG3, ATGS5, and
ATG?7 [34]. In fibroblasts, UVB irradiation proved to cause a significantly higher production
of ROS, DNA damage, and mitochondrial impairment resulting in activation of many
pathways leading to apoptosis, decreased proliferation of cells, and skin fibrosis [32,35].

Micka-Michalak et al. [21] proposed that UVB light (308 nm, 250 m]/ cm?) during
early post-irradiation induces temporary immune and angiogenic responses in pigmented
skin analog prepared from cell lines isolated from patients. The examination of the local
cellular response showed a moderate cell proliferation in the dermis of skin analog [21].
Kwon et al. [36] showed that the LED light, emitting UVA and UVB light (310 and 340 nm),
used on NC/Nga mice with atopic dermatitis significantly alleviated the disease-related
lesions (itching, dryness, erythema, and edema). UV-LED phototherapy attenuates the
secretion of the proteins responsible for atopic dermatitis (AD) such as IL-1a, IL-1§3, IL-31,
ICAM-1 protein, and E-selectin, which reduced the infiltration of the mast and inflamma-
tory cells while weakening acanthosis and keratosis in the studied mice. UVA, because it
does not penetrate deep into the skin layers, can affect AD cells associated with pathogene-
sis, thereby causing T cell apoptosis and reducing the number of mast and Langerhans cells.
While UVB depletes Langerhans cells it regulates the immunological activity of the skin in
AD. Researchers suggested that narrow-spectrum UV-LEDs could be a good therapeutic
tool in AD [36]. A summary of the effects of UV laser on skin cells is presented in Table 1.
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Table 1. UV light (10-400 nm) effect on skin cells.

Author Parameters Material Main Findings after Laser Treatment
increased number of CD31+ blood
Pigmented human skin analog vessels,
(fibroblasts, melanocytes, and increased number of granulocytes and
c LA N 308 nm; keratinocytes isolated from monocytes/macrophages,
Micka-Michalak et al. [21] 250 m]J /cm? healthy patients) engrafted to there was no difference in the
the skin of immuno-deficient expression of TNF«,
female nu/nu rats no changes in lymphatic
microvasculature.
effective treatment of laser observed in
308 nm; 0.05, 0.075, the head, folds, back, abdomen and

Tang et al. [22]

0.10, 0.125, 0.150
and 0.175 J/cm?

36 patients with psoriasis,
self-control study

limbs (6 weeks observation),
PASI score lowered after laser treatment

(6 weeks observation).

Jobe et al. [26]

365 nm; 10, 50 and
100 mJ/cm?

Co-culture of dermal cells
(keratinocytes and fibroblast)
isolated from human skin
(healthy and with melanoma)

DNA damage in keratinocytes after 10
and 100 mJ/cm?2 of UVB,

100 mJ /cm? of UVB irradiation was
lethal for the majority of keratinocytes.

Goldstein et al. [29]

311-313 nm,
starting dose -

0.2]/cm?

Skin biopsies of vitiligo
patients

increased secretion of mRNA of:
tenascin C, gap junction beta-6 protein,
thrombospondin 1 genes in the
melanocytes from hair follicle bulge,
increased expression of tyrosinase gene
in the epidermal melanocytes.

Yi et al. [30]

313 nm, 90 mJ/cm?

50 SKH1 hairless mice

enhanced IL-6, IL-13, and TNF-« serum

levels,

in skin:

v' decreased T-SOD, and CAT levels,

v’ increased levels of MDA and
collagen type 3,

v' decreased levels of: collagen type 1
hydroxyproline, hyaluronic acid, and
total protein,

v swelled and thickened epidermis
and dermis of the skin,

v overstained dermis elastin

v increased MMP-2 and MMP-9
expression,

v' decreased expression of TIMP-1,
TIMP-2, Cu/Zn-SOD, Mn-SOD, CAT,
and GSH-Px.

Gruber et al. [31]

302 nm,
300 mJ/cm?

MatTek® Human Epidermal
Skin Equivalent

increased production of IL-1«, IL-6, IL-8
and prostaglandin E,.

Penna et al. [32]

302 nm, 500 and
1000 mJ /cm?

Human Foreskin Fibroblasts

decreased cell viability,
increased ROS production, cytokines
level: IL1-«, IL1-B, and TNF-«,

Chen et al. [34]

290-315 nm,
1.5-50 mJ/cm?

Human epidermal
keratinocytes (HEK)
Human skin tissues

decreased mRNA of autophagy-related
genes: ULK1, ATG3, and ATG7,
attenuated autophagy response to
MTOR signaling, ER stress, inositol
pathway autophagy inducers.
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Table 1. Cont.

Author

Parameters Material Main Findings after Laser Treatment

Kwon et al. [36]

e  soothed atopic dermatitis -related

310 nm, 50 mJ/cm? NC/Nga mice with induced lesions (edema, erythema, dryness,

combined with . s itching) and episodes of scratching,
340 nm, 5 mJ /cm? atopic dermatitis e  decreased levels of IgE, IL-4, MCP-1,
IL-1B3, and IL-6 in the serum.

TNFa—tumor necrosis factor «; PASI—soriasis area and severity index; T-SOD—total superoxide dismutase; CAT—catalase; MDA—
malondialdehyde, IL—interleukine; MMP—matrix metalloproteinase; TIMP—tissue inhibitor of metalloproteinase; Cu/Zn-SOD, Mn-
SOD—types of superoxide dismutase isozymes; GSH-Px—glutathione peroxidase; ROS—reactive oxygen species; ULK1—Unc-51 like
autophagy activating kinase; ATG—autophagy-related protein; mMTOR—mammalian target of rapamycin; ER—endoplasmic reticulum;
IgE—immunoglobulin E; MCP-1—monocyte chemoattractant protein-1.

5. Blue Light (450-495 nm)

The blue light contributes to premature skin aging by inducing molecular and cellular
changes in human fibroblasts [37]. Fibroblasts shrink and become round, they have a disor-
ganized cytoskeletal network and do not spread to the same extent as non-irradiated cells.
Moreover, the expression of genes related to mitochondria and actin cytoskeleton decreases.
Nakashima et al. [38] support the theory that direct and prolonged exposure to blue light,
similar to UV light, contributes to skin aging and carcinogenesis. Research conducted
on the hairless mice that express redox-sensitive GFP, exposed to blue light, showed a
significant increase in oxidative stress. Similar results were obtained in HaCaT cell culture.
It is possible, however, that the produced ROS, through flavin as a photosensitizer, is in the
peroxide form. However, some researchers claimed that blue light has a positive effect on
fibroblasts and may be used in keloids and fibrosis therapies [39,40]. The blue-light lasers
are mostly used for acne treatment.

Zhang et al. [41,42] studied the effect of blue light (415 nm) on Candida albicans and
Acinetobacter baumannii fungus in the keratinocytes culture and animal model. Their
study suggests that there is a therapeutic window where the studied fungus is selec-
tively inactivated by the blue light while the host cells (keratinocytes) remain unaffected.
Wang. et al. [43] obtained similar results and concluded that 460 nm blue light wave-
length eradicates the C. albicans biofilm in vitro. Additionally, while examining the ef-
fects of blue light (450 nm, 84 J/cm?) on methicillin-resistant Staphylococcus aureus,
Makdoumi et al. [44] discovered that blue light was able to eliminate 70% of bacteria,
without affecting immortalized human keratinocytes. Despite these promising results
suggesting that antifungal properties of blue laser Mamalis et al. [45] showed that blue
light-emitting diodes boosted, in a dose-dependent manner, the reactive oxygen species pro-
duction, and inhibited proliferation and decreased migration speed of human fibroblasts.

Teuschl et al. [46] used 470 nm irradiation in their research on “injured” fibroblasts and
keratinocytes. The proliferation rate of both tested cell lines decreased and the apoptosis
and necrosis rate of fibroblasts increased. In contrast, de Alncar Frenandes Neto et al. [47]
tested the effect of the blue light produced by LEDs on third-degree skin burns in 40 Wistar
rats. To their surprise, these rats consumed more food than animals from the control
group. Additionally, the angiogenesis index increased after 7 days of treatment, and the
skin of treated animals began to re-epithalize, which might be correlated with higher food
consumption. After about 2 weeks of burn wounds healing, the fibroblasts become the
most numerous population of cells in the granulation tissue. Subsequently, the fibroblasts
transformed into myofibroblasts, which have a high expression of c-smooth muscle actin (-
SMA). Interesting results were observed in the studies carried out by AlGhamdi et al. [48,49]
on melanocyte cell cultures. In the first study, the blue light laser was found to be the most
effective, and it greatly intensified melanocyte viability, proliferation, and migration. In the
second, the differentiation of melanosome into melanocytes showed that the red light laser
was more effective than the blue light [49]. The discrepancy of the obtained results can be
explained by the difference in the parameters that were used in those studies. The first
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studies [48] used lower doses of blue light energy than the energy doses of the red light
used in the second research [49].

Castellano-Pellicena et al. [50] evaluated the ability of blue light to activate opsins
in order to heal skin wounds and restore human epidermal barrier function. To their
surprise, blue light stimulated keratinocyte differentiation even though it did not cause
their migration in a scratch wound assay. Data also suggested that the opsins 3 receptor
acts as a receptor of a blue-light and might be an important factor to restore the skin
barrier function.

In recent years, the use of lasers has been gaining application in various dermatological
therapies including daylight-mediated photodynamic therapy (d-PDT). This technique is
common in the treatment of actinic keratosis (AK) because it significantly reduces pain.
Furthermore, d-PDT therapy allows the treatment of a large area of the skin, treating several
lesions in the same patient and several patients at the same time. d-PDT has also been
approved in the US and European countries as a therapy for Bowen's disease, superficial
basal cell carcinoma (sBCC), and in some cases thin nodular BCC. D-PDT is also considered
a candidate for the treatment of acne vulgaris. Recently, researchers are trying to improve
this technique and replace daylight with artificial sources. In a study by Marra et al. [51]
scientists were using different light sources, including an artificial blue source, on the
nude mice. Unfortunately, it has been shown that blue light has worse therapeutic effects.
Blue light, based on Stat3 analysis and histopathological examination, turned out to be a
poor PDT mediator. Thus, the authors hypothesize that blue light does not work equally
to the PpIX absorption spectrum. It may be related to the fact that blue light does not
penetrate deeply into the skin or is related to the 5-ALA diffusion rate. To achieve the most
satisfactory effects of blue light treatment, one should think about the exact determination
of the definite ratio of the depth of light penetration to the time of its use, and the ultimate
shortening of the use. A summary of the effects of blue laser on skin cells is presented in
Table 2.

Table 2. Blue light (450-495 nm) effects on skin cells.

Author

Parameters Material Main Findings

Rascalou et al. [37]

450, 525 and 625 nm
combined, 99 J/cm?

e no cell mortality,

e  changes in cell morphology (rounding
and shrinking) cells recovered after 5
days from exposure,

normal human fibroblasts e  decreased proliferation rate,

decreased synthesis of procollagen I,

e  disorganization of the F-actin
cytoskeleton,

e  decreased ATP production.

Nakashima et al. [38]

hairless mice expressing roGFP1

Human normal epidermal . reduced skin autofluorescence,
460 nm, 0.133 J/cm? keratinocyte (HaCaT) cells e  decreased flavin autofluorescence,
expressing roGFP1 e  increased oxidative stress.

human skin in vivo

Lee et al. [39]

e  no significant change in keloid fibroblasts

410 107/cm? keloid fibroblasts isolated from viability,
nm, 10]/cm keloid-revision surgery e  decreased expression and protein level of
collagen L.

Mignon et al. [40]

e  decreased proliferation of papillary
dermal fibroblasts,

° increased cytotoxic for >30 ]/ cm? dose,

e  increased dose-dependent ROS

g 2 primary human reticular and production,
450 nm, 0-250J/cm papillary dermal fibroblasts e  higher reticular DFs sensitivity to
exposure when compared with papillary
DFs,

e  decreased production of procollagen Iin
reticular fibroblasts.
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Table 2. Cont.

Author Parameters Material Main Findings
C. albicans infected 16 adult mice: -
Zhang et al. [41] 415 nm, 432 J/cm? 8 untreated control, e  decreased the fungal burden in infected
8 study group mouse burns.
415 nm, 0, 28.0, 56.2,

Zhang et al. [42]

84.2,112.3,140.4, and

168.5 J/cm?2- for
keratinocytes

415 nm, 55.8 J/cm?,

70.2J/cm?,195 J/cm?—

for mice

Human normal epidermal
keratinocyte (HaCaT),
A. baumannii infected adult mice

decreased the bacterial burden in infected
mouse burns,
slightly decreased keratinocyte viability

under 70 J/ cm?.

Wang et al. [43]

460 nm, 240 J/cm?

C. albicans biofilm model,
Human normal epidermal
keratinocyte (HaCaT),
Human normal foreskin
fibroblast (Hs27),

C. albicans infected mice

no changes in the morphology and cell
viability,

dose-dependent C. albicans eradication
(60-240 ] /cm?),

suppressed C. albicans skin infection

in vivo.

Human normal epidermal

450 nm, 15 ] /cm? ; ° no effect on HaCaT cells
. 4 4 keratinocyte (HaCaT), 4
Makdoumi et al. [44] 30]/ cm?, 56 ]2/ cm?, MRSA HaCa}{" in( vitro lic):luid ° MRSA eljmination without keratinocyte
84]/cm layer model. inactivation.
e  decreased proliferation rate
Mamalis et al. [45] 415 nm, 0’5’102’15’ 30, Primary human skin fibroblasts * no effect on C,ell V_lablhty
80J/cm e  decreased migration rate
e  increased generation of intracellular ROS
e  decreased rate of keratinocyte
proliferation
NIH/3T3 fibroblasts, e no changes in fibroblast proliferation
Teuschl et al. [46 470 nm, 30 2 : 8 p
el nm, 30 /cm BICR10 keratinocytes e  increased percentage of apoptotic and
necrotic cells (fibroblasts and
keratinocytes)
e  increased feed consumption
de Alencar Fernandes > Wistar rats: control (n = 20) and ° increased angiogenic index 7 davs from
Neto et al. [47] 470 nm, 12.5]/cm blue LED (n = 20) exposition 808 Y
p
e  accelerated re-epithelialization
. increased (dose-dependent manner)
viability (from 0.5to 2 J/ cm?)
AlGhamdi et al. 2 Human normal, foreskin e increased proliferation rate (from 0.5 to
[48,49] 457 nm, 0-5]/cm melanocytes 2 P (
2]/cm®)
. increased migration rate of cells
. higher number of stage I melanosomes
ex vivo human skin wound ° stimulated wound healing,
healing model e  increased metabolic activity of
Castellano-Pelli rimary human skin keratinocytes, )
as ee ?210 [5(6 ] icena 453 nm, 2]/ cm? 1% kerz}iltinocyteS, ° re.duced DNA synth.e51.s ,
primary human skin dermal . stimulated differentiation of
fibroblasts keratinocytes, .
e  decreased migration of keratinocytes
e  increased Stat3 crosslinking
Marra et al. [51] 415 nm, 20 ]/cm? 30 normal nude mouse skin e  increased keratinocyte damage localized
! to the epidermis
e  shrunk epidermis
° §kin hyp;rp}igmenjcation
_ . e  increased photoaging
Campiche et al. [52] 450 nm, 4 x 60 J/cm?2 %Bhgg?;; egelrﬁazlﬁ és%(\l/r)l . increased melanin content
e  increased hemoglobin concentration
e  increased oxygen saturation

ATP—adenosine triphosphate; roGFP1—green fluorescent protein; ROS—reactive oxygen species; DFs—dermal fibroblasts; MRSA—
methicillin-resistant Staphylococcus aureus.
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6. Green Light (495-570 nm)

For skin treatment, green lasers are usually used in combinations with red and yellow
light, especially in patients with acne. The green laser has been more widely used in clinical
trials [53-56]. JalalKamali et al. [57] showed the therapeutic effect of 532 nm green light on
basal cell carcinoma. There was a 30% decrease in the cell viability with the use of polarized
light when compared to the non-polarized light. Scientists, however, do not specify what
could be the exact reason for these differences highlighting the importance of accurate
biochemical and even physical research on the molecular, interactional symmetries and
most importantly arrangements of organelles.

Green light compared to blue and red light radiation enhanced IL-8, leptin, and
VEGFC production. 518 nm irradiation also promotes the migration of HaCaT cells [58].
Similar results were shown in a different experiment where green light promoted a higher
proliferation rate than red and infrared light [59] possibly by inducing-EGF and VEGF
production [58,60].

Other studies conducted on 20 patients with head AK showed that 3 sessions of
photodynamic therapy with red or green light already caused disease remission. However,
patients who were treated with red light experienced more pain in the irradiated areas than
patients treated with a green light. However, there is no literature comparing the effects
of green and red light in dermatological practice. The authors of the article speculate that
these differences in adverse effects such as pain or tingling, burning and paresthesia may
result from a decrease in the number of abnormal cells in AK foci and, consequently, a
decrease in accumulated PpIX. Green light does not penetrate as deeply into the skin as
red light. It penetrates only the epidermis without irritating the nerve fibers. Interestingly,
50% of patients treated with red light had a recurrence of AK lesions in comparison to the
patients treated with a green light [61].

All these studies indicate that the green light irradiation is safe and provides more
promising results than the red or IR light irradiation on skin cell lines. A summary of the
effects of green laser on skin cells is presented in Table 3.

Table 3. Green light (495-570 nm) effect on skin cells.

Author Parameters Material Main Findings
Osiecka et al. [53] 540 r1m,2 11 pa.tlents with chronic e  improved loc.al skin status
62.5]/cm lichen sclerosus e  reduced pruritus symptoms

Fritsch et al. [54]

development of erythema

543-548 nm, six patients with e  reported sensitivity to heat only
30]/cm?2 extended solar keratoses e green light ALA-PDT was superior to red light
ALA-PDT

Li-qgiang et al. [55]

. post-treatment edema observed at the treated

areas
532 nm, 82 patients with port e  pain noted during treatment
96-115 J /cm? wine stains (PWS) e 24 of the 82 cases of PWS were cured, 34 cases

showed good efficacy, 16 cases showed
alleviation, 8 cases showed no efficacy

Zhang et al. [56]

532 nm, 9.6-15 J/cm?

° after one treatment with HMME-PDT, two of
the 16 cases of PWS were cured

eight cases showed a good efficacy

four cases showed alleviation

two cases showed no efficacy

burning sensation and pain observed in 7 cases
post treatment edema observed in 15 cases

16 patients with port
wine stains (PWS)

JalalKamali et al. [57]

532 nm, basal skin carcinoma o
1.2]/cm? cells (BCC) e  decreased cell viability
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Table 3. Cont.

Author Parameters Material Main Findings
In fibroblasts:
increased mRNA expression of HGF, KGF,
leptin, IL-8 and VEGF-A
human normal ° increased protein levels of HGF, KGF, IL-8,
518 nm epidermal keratinocyte VEGEF-A)
Fushimi et al. [58] 02] /cmlz (HaCaT), In keratinocytes:
' primary human skin stimulated migration of HaCat over 24 h
dermal fibroblasts increased mRNA expression of HB-EGF and
VEGF-A
e  increased protein levels of HB-EGF and
VEGF-A
Vinck etal. [59] 0.517?/2?;1,2 ﬁbmbla:;g(;glsdmken ° increased cell proliferation
e  complete remission in all treated areas was
observed after 3 month
e  no recurrence in areas treated with green light
Osiecka et al. [61] 540 nm, 20 patients with actinic after 6 months
62.5]/cm? keratosis 4 new AKs were observed after 9 months

no erythema was observed and the slight
feeling of skin tension subsided in 24 h
° no hyperpigmentation in green light fields

ALA-PDT—5-aminolaevulinic acid-based photodynamic therapy; PWS—port wine stains; HMME-PDT—hematoporphyrin monomethyl
ether based photodynamic therapy; HGF—hepatocyte growth factor; KGF—keratinocyte growth factor; IL—interleukine; VEGF-A—
vascular endothelial growth factor A; HB-EGF—heparin-binding epidermal growth factor-like growth factor.

7. Red Laser (620-740 nm)

Theodore Maiman constructed the first red light laser (ruby laser) in 1960 [62] which
is still used for removing tattoos, birthmarks, and hair.

Researchers underline that the laser’s photobiomodulation parameter should never
exceed the standard recommendation of the American National Standards Institute while
the thickness and color of the skin should be taken into consideration for choosing energy
doses to provide the therapeutic effectiveness of red light laser [63]. Recent reports showed
that the combination of red light and toluidine blue O has an inhibitory effect on biofilm
formation and inhibits bacterial adhesion. Unfortunately, this combined therapy was toxic
for fibroblasts and reduced cell spreading [64]. The commonly-used low-intensity red light
source is the He—Ne laser, which emits red light at a wavelength of 632.8 nm. Heiskanen
and Hamblin [65] support the idea that there is no difference in the biologic response to
irradiation with coherent red laser light and noncoherent red light. Sperandino et al. [60]
are convinced that this type of radiation has a positive effect on the proliferation of ker-
atinocytes. 660 nm laser irradiation in energy dose from 3, 6 to 12 J/cm? promoted HaCaT
proliferation rate and increased expression of Cyclin D1. In Evans et al. [66] study red light
had different effects on keratinocytes cultured with the addition of H;O;. On the one hand,
the irradiated keratinocytes went back to viable actively proliferating cells, on the other, the
red light promoted their survival possibly by reducing the amount of ROS and improving
their proliferation rate.

Quite an unusual study on the effects of the red and blue laser was carried by
Niu et al. [67] In this study, the effects of both 405 nm and 630 nm irradiations were tested
on keratinocytes treated with curcumin. The authors state that this uncommon combination
may be efficient in the regulation of proliferation and apoptosis rates of the treated cells.
Leong et al. [68] support the hypothesis that red light is more effective than blue light. In
3D skin models, red wavelength induced the release of IL-4 which was not mediated by
opsins or photooxidative mechanisms. Hyun-Soo et al. [69] in their article state that red
light has protective effects on the skin against UVB radiation. They showed that red light
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modulates normal human dermal fibroblasts to increase the expression of genes responsible
for enhancing the adaptive response to redox, inflammatory balance, and, additionally,
those genes that play a major part in DNA repair processes. Song et al. [70] showed that
the effects of red light irradiation on human fibroblast cells depend on many factors such as
energy dose, the wavelength of used light, and cell culture conditions. Wavelengths from a
spectrum of 630 to 660 nm are suspected to have the most advantageous effects on fibrob-
lasts. 636 nm laser irradiation generated a much lower amount of ROS when compared to
the nonirradiated cells [71]. Ayuk et al. [72] suggested that the more stressed the fibroblasts
cells are the better they respond to photobiomodulation of 660 nm wavelengths. Not only
the studied wavelength increased cell proliferation and viability but also helped in wound
healing via accelerated migration rate [73]. Red laser irradiation enhanced the synthesis of
procollagen, the expression of collagen, and the release of basic fibroblast growth factor. A
summary of the effects of red laser on skin cells is presented in Table 4.

Table 4. Red light (620-740 nm) effects on skin cells.

Author

Parameters Material Main Findings

Souza-Barros et al. [63]

10.75-57.6 mJ/cm?

o  reflectance for light skin was 11.8% and for

dark skin 7.9%, increased dose of laser

enhanced reflectance,

transmittance was decreased in dark skin

compare to light — up to 4 mm thickness of

the skin,

e the temperature was increased in light skin
(0.43°C).

635 nm, 40 patients *

e  increased cell migration (laser irradiation
1.5 and 3J/cm?) and collagen synthesis

Gongalves Basso et al. [74] 780 nm, 0.5, 12.5 and human keratln(.)cytes 3] Jem?),
3]/cm (HaCaT cell line) . A . .
e  did not affect cell viability or proliferation
rate.
e  there were no changes in Staphylococcus
Li et al. [64] 635 nm, 10, 20, mouse fibroblasts epidermis adherence and biofilm formation,
' 30]/cm? (L929 cell line) there were no changes in cytotoxicity and

cell morphology.

cells: 660nm, 3, 6 or
127/cm?;
animals: 660 nm,
117.85]/cm?

Sperandino et al. [60]

human keratinocytes
(HaCaT cell line)
40 Wistar rats

cells: increased proliferation and expression
of Cyclin D1,

animals: increased expression of CK10,
CK14 and p63, faster maturation of the
migrating keratinocytes.

Evans et al. [66] 648 nm, 1.5 J/cm?

human keratinocytes
(CCD 1102 KERTr cell
line)

increased cell proliferation and decreased
in intracellular calcium while treatment
with 200 uM H,O,

decreased ATP viability, intracellular
calcium, and cell proliferation rate in
apoptotic cells

combined 405 nm
(1.604 J/cm?2) and

Niu etal. [67] 630 nm (3.409 ] /cm?)

/660 nm, (6.538 J/cm?)

human keratinocytes
(HaCaT cell line)
treated with curcumin

decreased cell viability and cell
proliferation,

preserved membrane integrity,

induced apoptosis by caspase activation.
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Table 4. Cont.

Author Parameters Material Main Findings
co culture model: induced release of IL-4
human keratinocytes there were no changes in the expression of
Leong et al. [68] 380 to 660 nm, 1J/cm?  (N/TERT-1 cell line) & p

with human monocytic
cells (THP-1 cell line)

keratinocyte differentiation markers and
signs of photo-oxidative damage

Hyun-Soo et al. [69]

620-690 nm, 60 /cm?

normal human dermal
fibroblasts (NHDF cell
line)

176 genes upregulated, 57 genes
downregulated,

genes involved in biological response to red
light: Hsp70, HSPA1A, HSPA5, PTGS2, IL-6,
LIF, HMOX, ATF3, GADD45A, GADDA45B,
increased expression of several important
genes associated with oxidative stress,
wound healing, and DNA repair processes.

normal human

increased cell proliferation.

genes expression: upregulated 68,
downregulated 43.

increased expression of genes associated

628nm, 0, 0.44, 0.8, fibroblasts of the with proliferation, migration, cell
Song et al. [70] 2.00, 4.40, and . . L e ..
8687 Jem? newborn fore;skm metabolism, antioxidation, DNA repair, ion
(HS27 cell line) and membrane channels,
remodeled DNA synthesis,
enhanced cell proliferation rate by
suppression of apoptosis related genes.
lfs.glafld };gm.an S.l,:m there were no morphological changes,
Ayuk et al. [72] 660 nm, 5J/cm? 1broblast mn m vitro increased viability, proliferation, migration,
model of diabetic
and collagen content
wound
decreased production of ROS and increased
. . in oxidative stress,
f1br0b1ast§ isolated percent of viable cells was the lowest at
George et al. [71] 636 nr2r15, ]5 }32{215’ 20, from 511: dselinl)iorf donor 15]/cm? and 20 J/cm?
ab domir:goplags ty 25]/cm? of irradiation had higher viability
production of ATP was optimal until
15]/cm?, but hence dropped
increased collagen expression, VEGF
. positive cells on a number of blood vessels
Fortuna et al. [73] 670nm, 4]/cm? 40 rats with (14-21 days of wound healing),

scalpel-made wound

a positive correlation of VEGF and collagen
positive cells (14-28 days of wound healing).

CK—cytokeratin; p63—tumor protein 63; IL—interleukine; HSP—heat shock protein; PTGS2—prostaglandin-endoperoxide synthase
2; LIF—leukemia inhibitory factor; HMOX—heme oxygenase, ATF3—activating transcription factor 3; GADD45—growth arrest and
DNA-damage-inducible protein; ROS—reactive oxygen species; VEGF—vascular endothelial growth factor.

8. IR Laser (780 nm-1 mm)

The most popular lasers used in skin treatments are those which emit infrared (IR)
light. The spectrum of applications of IR laser is wide, especially in medicine. Commonly
used devices emitting IR light are Er: Yag and Nd: Yag lasers.

As with all lasers, the biological effects of light irradiation depend on the photoacceptor
molecule. The two main types of chromophores for IR light are intracellular water and
cytochrome c oxidase [75]. As the water electromagnetic absorption spectrum is mostly in
the IR region the photon absorption of these spectra results in an increase in intracellular
temperature [76]. Therefore, cell or tissue biological response to IR radiation is in part
caused by the generated thermal effect.
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In Goerge et al. [71] studies near IR (NIR) laser caused increased production of ROS
in the primary dermal fibroblasts. NIR is also suggested as a plausible useful tool for
future synergistic cancer phototherapy [77]. In contrast, Solmaz et al. [78] showed that
the 809 nm wavelength had no positive effects on L929 fibroblasts when compared to the
635 nm laser irradiation. Keratinocytes seem to be more sensitive to IR laser irradiation
than fibroblasts. After exposure to GaAlAs diode laser, keratinocytes produced more ROS
than fibroblasts, which inversely correlated with an expression of catalase [79]. Erebium:
Yag laser used in Schmitt et al. [80] research caused an increase of mRNA expression of
several matrix metalloproteinases (MMP) and their inhibitors, chemokines, and cytokines
in 3D skin models.

De Filippis et al. [81] used Nd:YAG laser on human dermal fibroblast (HDF) and
human normal epidermal keratinocytes (HaCaT) cell lines. Researchers believe that Q-
switched Nd: YAG laser can be used to fight photoaging. 1064 nm irradiation significantly
increased filaggrin and transglutaminase expression in the HaCaT cell line. Moreover,
irradiation used in this research induced the expression of pro-inflammatory cytokines
genes (interleukins IL-6, IL-1x, and TNF-«) in keratinocytes. In HDF stimulated with
irradiated keratinocyte-conditioned media the expression of MMP1 was downregulated,
and, on the other hand, TGF- increased after 24 h of UV radiation. In addition, the
collagen, I, procollagen, and elastin expressions were upregulated compared to control.

The effect of photobiomodulation (PBM) on wound healing and microbial flora was
examined in 20 male Wistar type II diabetic rats. On day 7 after wound formation, PBM
(890 nm) used alone significantly reduced colony-forming units (CFU), improved wound
healing speed, and joint movement in the affected limb. Asghari et al. [82] considered
that PBM supports wound healing by the fact that immune cells, mainly neutrophils, and
macrophages, reduce local oxygen consumption by stimulating leukocytes to increase their
phagocytic activity and keratinocytes for differentiation.

A new, safe protocol for acne treatment using a laser was introduced by Bitter [83]. The
new treatment protocol involves 6-8 sessions, each of which consists of three stages using
only one device but different wavelengths in each stage. During the first stage high-power,
blue light with a wide area of action was used to kill acne-causing bacteria. In the second,
simultaneously yellow and red light, with a smaller area of action, were used to stimulate
neocollagenesis and exert anti-inflammatory effects. During the last stage, Bitter used
IR light to maintain the effects of treatment and prevent relapses. This protocol caused
80% of treated patients to clear completely or achieve at least a 75% improvement in their
inflammatory acne. The first visible improvements appeared after 2 to 3 days of therapy
sessions and additionally 1-2-year-old scars faded after 1 to 3 weeks post-treatment.

Even though IR laser irradiation effects are still being studied in vitro and in vivo on
animal models and clinical cases, IR lasers found an application in the improvement of
hand wrinkles skin tightness [84,85]. A summary of the effects of red laser on skin cells is
presented in Table 5.
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Table 5. IR light (780 nm-1mm) effects on skin cells.

Author Parameters Material Main Findings

° increased levels of ROS in all range of laser
power, except 10 J/ cm?,
Fibroblasts isolated from e  production of ATP higher in cells irradiated

George et al. [71] 825 nm, 5, 10, 15, 20, the skin of donor with 825 nm laser than the 636 nm laser,
25]/cm? undergoing e laser power above 15]/cm? damaged the
abdominoplasty functions of the mitochondria,
e  ability to generated two types of oxide
radicals.

Mouse fibroblasts (1929 e  not affected cell viability,

2
Solmaz etal. [76] 809 nm, 1 and 3 J/em cell line) e not affected wound healing.

e  keratinocytes exhibited higher sensitivity to
laser treatment (14.2 J/cm?) comparing to
fibroblasts (15.1 J/cm?),

e increased production of ROS in
keratinocytes than in fibroblasts,

e catalase activity induced by melatonin
improved keratinocytes’ survival to
phototoxic doses of the laser.

Human oral fibroblasts,
human normal oral
keratinocytes-
spontaneously
immortalized

808 nm, 11.3,13.215.1,

Engel et al. [79] 17 J/cm?

° increased mRNA expression of MMP1,
MMP2, MMP3, TIMP1, TIMP2, CXCL1,
CXCL2, CXCL5, CXCL6, IL6, IL8, and 11.24,

e  decreased mRNA expression of
keratin-associated protein 4, filaggrin,
filaggrin 2, and loricrin, antimicrobial
peptides (S5100A7A, S100A9, and S100A12),
CASP14, DSG2, IL18, and IL36f3,

e  complete regeneration of the epidermis 3
days after irradiation.

3D standardized
organotypic model of
Schmitt et al. [80] 2940 nm, 60 J/cm? human skin (keratinocytes
and fibroblasts isolated
from patients)

° no influence on keratinocytes and
fibroblasts morphology and viability,
e enhanced expression of aquaporins,
filaggrin, TGase, and HSP70,
Human normal epidermal e  after 24h of radiation increased level of
1064 nm, 2,4, 6, and keratinocyte (HaCaT) proinflammatory cytokines (IL-6, IL-1«,
8]/ cm? Human Dermal and TNF-«) in keratinocytes,

Fibroblasts (HDF) e  decreased level of MMP-1 and increased
level of procollagen, collagen type I, and
elastin in fibroblasts stimulated with
irradiated keratinocyte-conditioned
medium.

De Filippis et al. [81]

e  decreased number of colony-forming units
7 days after wound induction,

e  animals treated with laser light had better
oral glucose tolerance,

e  increased biomechanical properties of the
wound,

e  accelerated wound healing and reduced
bacteria numbers.

Asghari et.al. [82] 890 nm, 0.324 ]/ cm? 20 Wistar rats
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Table 5. Cont.

Author Parameters Material Main Findings

. reduced facial wrinkles 3 months after the

Er:YAG laser: 2940 nm, final treatment (both lasers),

2
3(:15 J l/acsrgr e  decreased cutaneous resonance running
Robati and Asadi [84] 2 40 patients time,
(far-infrared): there were no serious side effects
10600 nm, ’

there was no significant difference between

= 2
20-18 mJ/em both laser treatments.

° reduced hand wrinkles 3 months after the
final treatment (both lasers),
° decreased cutaneous resonance running
27 patients time,
there were no serious side effects,
there was no significant difference between
both laser treatments.

Er:YAG laser: 2940 nm,
3.12J/cm?
Nd:YAG laser:
1064nm, 10-20 J/cm?

Robati et al. [85]

ROS—reactive oxygen species, MMP—matrix metalloproteinase; ITMP—inhibitor of matrix metalloproteinase; CXCL—chemokine (C-X-C
motif) ligand; IL—interleukine; TGase—Transglutaminase; HSP70—70 kilodalton heat shock protein; S100—calcium binding protein;
CASP14—caspase 14, DSG2—desmoglein 2.

9. Conclusions

Lasers have a wide range of applications in medicine, especially in dermatology
where stimulation of healing, reduction of apoptosis and necrosis, and skin rejuvenation
are required. There are still debates on whether which laser lights wavelengths and /or
their combination brings the greatest and the best results. Before conducting planned
experiments, it is necessary to establish the proper parameters of laser devices to provide
appropriate safety precautions.

Funding: This research was funded by Polish National Centre for Research and Development grant
number DOB-1-6/1/PS/2014.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

IR infrared

uv ultraviolet

ROS reactive oxygen species

HDF human dermal fibroblast

HaCaT human normal epidermal keratinocytes cell lines
MMP matrix metalloproteinase

IL interleukin

NIR near infrared

References

1. Hilton, P.A. Early Days of Laser Cutting. Lasers Mater. Process. 1997, 3097, 10-16.

2. Riveiro, A.; Quintero, F; Boutinguiza, M.; del Val, ].; Comesafia, R.; Lusquifos, F,; Pou, J. Laser cutting: A review on the influence
of assist gas. Materials 2019, 12, 157. [CrossRef] [PubMed]

3. Azadgoli, B.; Baker, R.Y. Laser applications in surgery. Ann. Transl. Med. 2016, 4. [CrossRef]

4. Kaneko, S. Safety guidelines for diagnostic and therapeutic laser applications in the neurosurgical field. Laser Ther. 2012, 21, 129.
[CrossRef]

5. Cotler, H.B.; Chow, R.T.; Hamblin, M.R.; Carroll, J. The use of low level laser therapy (LLLT) for musculoskeletal pain. MOJ
Orthop. Rheumatol. 2015, 2. [CrossRef] [PubMed]

6. Maia, A.M.A.; Barkokebas, A.; Pires, A.P,; Barros, L.E; Carvalho, A.A.T.; Leao, ].C. Current use and future perspectives of
diagnostic and therapeutic lasers in oral medicine. Minerva Stomatol. 2008, 57, 511-517.

7. Km, B. Lasers in Urology. Available online: https://pubmed.ncbinlm.nih.gov/7651053/ (accessed on 16 September 2020).


http://doi.org/10.3390/ma12010157
http://www.ncbi.nlm.nih.gov/pubmed/30621346
http://doi.org/10.21037/atm.2016.11.51
http://doi.org/10.5978/islsm.12-SG-04
http://doi.org/10.15406/mojor.2015.02.00068
http://www.ncbi.nlm.nih.gov/pubmed/26858986
https://pubmed.ncbi.nlm.nih.gov/7651053/

Int. . Mol. Sci. 2021, 22, 2437 16 of 18

10.

11.

12.

13.
14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Chung, H.; Dai, T.; Sharma, S.K.; Huang, Y.-Y.; Carroll, ].D.; Hamblin, M.R. The nuts and bolts of low-level laser (light) therapy.
Ann. Biomed. Eng. 2012, 40, 516-533. [CrossRef]

Ash, C.; Dubec, M.; Donne, K.; Bashford, T. Effect of wavelength and beam width on penetration in light-tissue interaction using
computational methods. Lasers Med. Sci. 2017, 32, 1909-1918. [CrossRef] [PubMed]

Basso, F.G.; Pansani, T.N.; Cardoso, L.M.; Citta, M.; Soares, D.G.; Scheffel, D.S.; Hebling, J.; de Souza Costa, C.A. Epithelial
cell-enhanced metabolism by low-level laser therapy and epidermal growth factor. Lasers Med. Sci. 2018, 33, 445-449. [CrossRef]
[PubMed]

De Chaves, M.E.A.; de Aratjo, A.R.; Piancastelli, A.C.C.; Pinotti, M.; de Chaves, M.E.A; de Aradjo, A.R.; Piancastelli, A.C.C.;
Pinotti, M. Effects of low-power light therapy on wound healing: LASER x LED. An. Bras. Dermatol. 2014, 89, 616-623. [CrossRef]
[PubMed]

Sato, K.; Watanabe, R.; Hanaoka, H.; Nakajima, T.; Choyke, P.L.; Kobayashi, H. Comparative effectiveness of light emitting diodes
(LEDs) and lasers in near infrared photoimmunotherapy. Oncotarget 2016, 7, 14324-14335. [CrossRef]

Lister, T.; Wright, P.A.; Chappell, PH. Optical properties of human skin. J. Biomed. Opt. 2012, 17, 090901. [CrossRef]

Cvetkovi¢, M,; Peratta, A_; Poljak, D. FETD computation of the temperature distribution induced into a human eye by a pulsed
laser. Prog. Electromagn. Res. 2011, 120, 403-421. [CrossRef]

Cvetkovic, M.; Peratta, A.; Poljak, D. Thermal modelling of the human eye exposed to infrared radiation of 1064 Nm Nd:YAG
And 2090 Nm Ho:YAG lasers. Environ. Health Risk 2009, 14, 221-231. [CrossRef]

Mirnezami, S.A.; Rajaei Jafarabadi, M.; Abrishami, M. Temperature distribution simulation of the human eye exposed to laser
radiation. J. Lasers Med. Sci. 2013, 4, 175-181. [PubMed]

Husain, Z.; Alster, T.S. The role of lasers and intense pulsed light technology in dermatology. Clin. Cosmet. Investig. Dermatol.
2016, 9, 29-40. [CrossRef]

Carroll, L.; Humphreys, T.R. LASER-tissue interactions. Clin. Dermatol. 2006, 24, 2-7. [CrossRef]

Joukar, A.; Nammakie, E.; Niroomand-Oscuii, H. A comparative study of thermal effects of 3 types of laser in eye: 3D simulation
with bioheat equation. J. Therm. Biol. 2015, 49, 74-81. [CrossRef] [PubMed]

Pacholczyk, M.; Czernicki, J.; Ferenc, T. The effect of solar ultraviolet radiation (UVR) on induction of skin cancers. Medycyna
Pracy 2016, 67, 255-266. [CrossRef]

Micka-Michalak, K.; Biedermann, T.; Reichmann, E.; Meuli, M.; Klar, A.S. Induction of angiogenic and inflammation-associated
dermal biomarkers following acute UVB exposure on bio-engineered pigmented dermo-epidermal skin substitutes In Vivo.
Pediatric Surg. Int. 2019, 35, 129-136. [CrossRef]

Tang, Y.-J.; Xu, W.-W,; Liu, X.-M.; Zhang, R.-Z.; Xu, C.-X,; Xu, B.; Cheng, S.; Liu, Q. Self-control study of combination treatment of
308 nm excimer laser and calcipotriene ointment on stable Psoriasis vulgaris. Int. |. Clin. Exp. Med. 2014, 7, 2844-2850.
Tacastacas, ].D.; Oyetakin-White, P.; Soler, D.C.; Young, A.; Groft, S.; Honda, K.; Cooper, K.D.; McCormick, T.S. Does imiquimod
pretreatment optimize 308-nm excimer laser (UVB) therapy in psoriasis patients? Photodermatol. Photoimmunol. Photomed. 2017,
33, 193-202. [CrossRef]

Zoghi, M,; Parvin, P,; Behrouzinia, S.; Salehinia, D.; Khorasani, K.; Mehravaran, H. Acoustic effects of metal vapor lasers. Appl.
Opt. 2009, 48, 3460-3467. [CrossRef] [PubMed]

Bradford, A.; Barlow, A.; Chazot, P.L. Probing the differential effects of infrared light sources IR1072 and IR880 on human
lymphocytes: Evidence of selective cytoprotection by IR1072. |. Photochem. Photobiol. B Biol. 2005, 81, 9-14. [CrossRef] [PubMed]
Jobe, N.P,; Zivicova, V.; Mifkova, A.; Rosel, D.; Dvorankova, B.; Kodet, O.; Strnad, H.; Kola¥, M.; Sedo, A.; Smetana, K.; et al.
Fibroblasts potentiate melanoma cells In Vitro invasiveness induced by UV-irradiated keratinocytes. Histochem. Cell Biol. 2018,
149, 503-516. [CrossRef] [PubMed]

Michniak-Kohn, B.; Leonardi, G.R. An overview about oxidation in clinical practice of skin aging. Anais Vrasileiros Dermatologia
2017, 92, 367-374. [CrossRef]

Rinnerthaler, M.; Bischof, ].; Streubel, M.K.; Trost, A.; Richter, K. Oxidative stress in aging human skin. Biomolecules 2015,
5,545-589. [CrossRef]

Goldstein, N.B.; Koster, M.L; Jones, K.L.; Gao, B.; Hoaglin, L.G.; Robinson, S.E.; Wright, M.].; Birlea, S.I.; Luman, A.; Lambert,
K.A; et al. Repigmentation of human vitiligo skin by NBUVB is controlled by transcription of GLI1 and activation of the 3-catenin
pathway in the hair follicle bulge stem cells. J. Investig. Derm. 2018, 138, 657-668. [CrossRef]

Yi, R;; Zhang, J.; Sun, P; Qian, Y.; Zhao, X. Protective effects of Kuding tea (ilex kudingcha, C.J. Tseng) polyphenols on
UVB-induced skin aging in SKH1 hairless mice. Molecules 2019, 24, 1016. [CrossRef]

Gruber, ].V,; Holtz, R.; Yang, S.I. In Vitro examination of an oleosome-based sun protection product on the influence of UVB-
induced inflammation markers in human epidermal skin equivalent tissue model. J. Photochem. Photobiol. B Biol. 2018, 179, 39-45.
[CrossRef]

Penna, I.; Albanesi, E.; Bertorelli, R.; Bandiera, T.; Russo, D. Cytoprotective, anti-inflammatory, and antioxidant properties
of high-molecular-weight hyaluronan enriched with red orange extract in human fibroblasts exposed to ultra violet light b
irradiation: Cytoprotective, anti-inflammatory, and antioxidant properties. Biotechnol. Appl. Biochem. 2019. [CrossRef]
Szymaniski, L.; Jederka, K.; Cios, A.; Ciepelak, M.; Lewicka, A.; Stankiewicz, W.; Lewicki, S. A simple method for the production
of human skin equivalent in 3D, multi-cell culture. Int. . Mol. Sci. 2020, 21, 4644. [CrossRef]


http://doi.org/10.1007/s10439-011-0454-7
http://doi.org/10.1007/s10103-017-2317-4
http://www.ncbi.nlm.nih.gov/pubmed/28900751
http://doi.org/10.1007/s10103-017-2176-z
http://www.ncbi.nlm.nih.gov/pubmed/28285410
http://doi.org/10.1590/abd1806-4841.20142519
http://www.ncbi.nlm.nih.gov/pubmed/25054749
http://doi.org/10.18632/oncotarget.7365
http://doi.org/10.1117/1.JBO.17.9.090901
http://doi.org/10.2528/PIER11080405
http://doi.org/10.2495/EHR090221
http://www.ncbi.nlm.nih.gov/pubmed/25606327
http://doi.org/10.2147/CCID.S69106
http://doi.org/10.1016/j.clindermatol.2005.10.019
http://doi.org/10.1016/j.jtherbio.2015.02.004
http://www.ncbi.nlm.nih.gov/pubmed/25774029
http://doi.org/10.13075/mp.5893.00342
http://doi.org/10.1007/s00383-018-4384-4
http://doi.org/10.1111/phpp.12299
http://doi.org/10.1364/AO.48.003460
http://www.ncbi.nlm.nih.gov/pubmed/19543355
http://doi.org/10.1016/j.jphotobiol.2005.05.005
http://www.ncbi.nlm.nih.gov/pubmed/16046143
http://doi.org/10.1007/s00418-018-1650-4
http://www.ncbi.nlm.nih.gov/pubmed/29435761
http://doi.org/10.1590/abd1806-4841.20175481
http://doi.org/10.3390/biom5020545
http://doi.org/10.1016/j.jid.2017.09.040
http://doi.org/10.3390/molecules24061016
http://doi.org/10.1016/j.jphotobiol.2017.12.023
http://doi.org/10.1002/bab.1722
http://doi.org/10.3390/ijms21134644

Int. . Mol. Sci. 2021, 22, 2437 17 of 18

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Chen, X.; Li, L.; Xu, S.; Bu, W,; Chen, K;; Li, M.; Gu, H. Ultraviolet B radiation down-regulates ULK1 and ATG?7 expression and
impairs the autophagy response in human keratinocytes. J. Photochem. Photobiol. B Biol. 2018, 178, 152-164. [CrossRef] [PubMed]
Brand, R.M.; Wipf, P; Durham, A.; Epperly, M.W.; Greenberger, ].S.; Falo, L.D. Targeting mitochondrial oxidative stress to mitigate
UV-induced skin damage. Front. Pharm. 2018, 9. [CrossRef] [PubMed]

Kwon, T.-R.; Kim, ] H.; Hong, ].-Y.; Seok, J.; Kim, ].M.; Bak, D.-H.; Choi, M.-].; Mun, S.K; Kim, CW,; Kim, B.J.; et al. Irradiation
with 310 Nm and 340 Nm ultraviolet light-emitting-diodes can improve atopic dermatitis-like skin lesions in NC/Nga mice.
Photochem. Photobiol. Sci. 2018, 17, 1127-1135. [CrossRef] [PubMed]

Rascalou, A.; Lamartine, J.; Poydenot, P.; Demarne, F.; Bechetoille, N. Mitochondrial damage and cytoskeleton reorganization in
human dermal fibroblasts exposed to artificial visible light similar to screen-emitted light. J. Dermatol. Sci. 2018, 91, 195-205.
[CrossRef]

Nakashima, Y.; Ohta, S.; Wolf, A.M. Blue light-induced oxidative stress in live skin. Free Radic. Biol. Med. 2017, 108, 300-310.
[CrossRef]

Lee, HS.; Jung, S.-E.; Kim, S.K.; Kim, Y.-S.; Sohn, S.; Kim, Y.C. Low-level light therapy with 410 Nm light emitting diode
suppresses collagen synthesis in human keloid fibroblasts: An In Vitro study. Ann. Derm. 2017, 29, 149-155. [CrossRef]
Mignon, C.; Uzunbajakava, N.E.; Castellano-Pellicena, I.; Botchkareva, N.V.; Tobin, D.J. Differential response of human dermal
fibroblast subpopulations to visible and near-infrared light: Potential of photobiomodulation for addressing Cutaneous conditions.
Lasers Surg. Med. 2018. [CrossRef]

Zhang, Y.; Zhu, Y.; Chen, J.; Wang, Y.; Sherwood, M.E.; Murray, C.K.; Vrahas, M.S.; Hooper, D.C.; Hamblin, M.R.; Dai, T.; et al.
Antimicrobial blue light inactivation of Candida albicans: In Vitro and in Vivo studies. Virulence 2016, 7, 536-545. [CrossRef]
[PubMed]

Zhang, Y.; Zhu, Y.; Gupta, A.; Huang, Y.; Murray, C.K.; Vrahas, M.S.; Sherwood, M.E.; Baer, D.G.; Hamblin, M.R.; Dai, T.; et al.
Antimicrobial blue light therapy for multidrug-resistant Acinetobacter baumannii infection in a mouse burn model: Implications
for prophylaxis and treatment of combat-related wound infections. J. Infect. Dis. 2014, 209, 1963-1971. [CrossRef]

Wang, C.; Yang, Z.; Peng, Y.; Guo, Y.; Yao, M.; Dong, J. Application of 460 Nm visible light for the elimination of Candida albicans
In Vitro and in Vivo. Mol. Med. Rep. 2018, 18, 2017-2026. [CrossRef]

Makdoumi, K.; Hedin, M.; Bickman, A. Different photodynamic effects of blue light with and without riboflavin on methicillin-
resistant Staphylococcus aureus (MRSA) and human keratinocytes In Vitro. Lasers Med. Sci. 2019. [CrossRef]

Mamalis, A.; Garcha, M.; Jagdeo, ]J. Light emitting diode-generated blue light modulates fibrosis characteristics: Fibroblast
proliferation, migration speed, and reactive oxygen species generation. Lasers Surg. Med. 2015, 47, 210-215. [CrossRef]

Teuschl, A.; Balmayor, E.R.; 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. Derm. Surg. 2015, 41, 261-268. [CrossRef] [PubMed]

De Alencar, EN.J.; Nonaka, C.EW.; de Vasconcelos Catao, M.H.C. Effect of blue LED on the healing process of third-degree skin
burns: Clinical and histological evaluation. Lasers Med. Sci. 2019, 34, 721-728. [CrossRef]

AlGhamdi, K.M.; Kumar, A.; Ashour, A.E.; AlGhamdi, A.A. A comparative study of the effects of different low-level lasers on the
proliferation, viability, and migration of human melanocytes in Vitro. Lasers Med. Sci. 2015, 30, 1541-1551. [CrossRef]
AlGhamdi, K.M.; Kumar, A.; Al-Ghamdi, A.; AL-Rikabi, A.C.; Mubarek, M.; Ashour, A.E. Ultra-structural effects of different
low-level lasers on normal cultured human melanocytes: An in Vitro comparative study. Lasers Med. Sci. 2016, 31, 1819-1825.
[CrossRef] [PubMed]

Castellano-Pellicena, I.; Uzunbajakava, N.E.; Mignon, C.; Raafs, B.; Botchkarev, V.A.; Thornton, M.]. Does blue light restore
human epidermal barrier function via activation of opsin during cutaneous wound healing? Lasers Surg. Med. 2018. [CrossRef]
Marra, K.; LaRochelle, E.P.; Chapman, M.S.; Hoopes, PJ.; Lukovits, K.; Maytin, E.V.; Hasan, T.; Pogue, B.W. Comparison of blue
and white lamp light with sunlight for daylight-mediated, 5-ALA photodynamic therapy, In Vivo. Photochem. Photobiol. 2018,
94, 1049-1057. [CrossRef]

Campiche, R.; Curpen, SJ.; Lutchmanen-Kolanthan, V.; Gougeon, S.; Cherel, M.; Laurent, G.; Gempeler, M.; Schuetz, R.
Pigmentation effects of blue light irradiation on skin and how to protect against them. Int. J. Cosmet. Sci. 2020, 42, 399—-406.
[CrossRef] [PubMed]

Osiecka, B.J.; Jurczyszyn, K.; Nockowski, P.; Murawski, M.; Ziétkowski, P. Photodynamic therapy with green light for the
treatment of vulvar lichen sclerosus-preliminary results. Photodiagnosis Photodyn. Ther. 2016. [CrossRef] [PubMed]

Fritsch, C.; Stege, H.; Saalmann, G.; Goerz, G.; Ruzicka, T.; Krutmann, J. Green light is effective and less painful than red light in
photodynamic therapy of facial solar keratoses. Photodermatol. Photoimmunol. Photomed. 1997, 13, 181-185. [CrossRef]

Li-Qiang, G.; Hua, W,; Si-li, N.; Chun-hua, T. A Clinical study of HMME-PDT therapy in Chinese pediatric patients with port-wine
stain. Photodiagnosis Photodyn. Ther. 2018, 23, 102-105. [CrossRef] [PubMed]

Zhang, Y.; Zou, X.; Chen, H,; Yang, Y.; Lin, H.; Guo, X. Clinical study on clinical operation and post-treatment reactions of
HMME-PDT in treatment of PWS. Photodiagnosis Photodyn. Ther. 2017, 20, 253-256. [CrossRef]

JalalKamali, M.; Nematollahi-Mahani, S.N.; Shojaei, M.; Shamsoddini, A.; Arabpour, N. Effect of light polarization on the
efficiency of photodynamic therapy of basal cell carcinomas: An In Vitro cellular study. Lasers Med. Sci. 2018, 33, 305-313.
[CrossRef]

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. Regen. 2012, 20, 226-235. [CrossRef]


http://doi.org/10.1016/j.jphotobiol.2017.08.043
http://www.ncbi.nlm.nih.gov/pubmed/29154199
http://doi.org/10.3389/fphar.2018.00920
http://www.ncbi.nlm.nih.gov/pubmed/30177881
http://doi.org/10.1039/C8PP00063H
http://www.ncbi.nlm.nih.gov/pubmed/30019049
http://doi.org/10.1016/j.jdermsci.2018.04.018
http://doi.org/10.1016/j.freeradbiomed.2017.03.010
http://doi.org/10.5021/ad.2017.29.2.149
http://doi.org/10.1002/lsm.22823
http://doi.org/10.1080/21505594.2016.1155015
http://www.ncbi.nlm.nih.gov/pubmed/26909654
http://doi.org/10.1093/infdis/jit842
http://doi.org/10.3892/mmr.2018.9196
http://doi.org/10.1007/s10103-019-02774-9
http://doi.org/10.1002/lsm.22293
http://doi.org/10.1097/DSS.0000000000000266
http://www.ncbi.nlm.nih.gov/pubmed/25654197
http://doi.org/10.1007/s10103-018-2647-x
http://doi.org/10.1007/s10103-015-1758-x
http://doi.org/10.1007/s10103-016-2057-x
http://www.ncbi.nlm.nih.gov/pubmed/27572715
http://doi.org/10.1002/lsm.23015
http://doi.org/10.1111/php.12923
http://doi.org/10.1111/ics.12637
http://www.ncbi.nlm.nih.gov/pubmed/32478879
http://doi.org/10.1016/j.pdpdt.2016.11.015
http://www.ncbi.nlm.nih.gov/pubmed/27919664
http://doi.org/10.1111/j.1600-0781.1997.tb00226.x
http://doi.org/10.1016/j.pdpdt.2018.06.006
http://www.ncbi.nlm.nih.gov/pubmed/29885812
http://doi.org/10.1016/j.pdpdt.2017.09.013
http://doi.org/10.1007/s10103-017-2369-5
http://doi.org/10.1111/j.1524-475X.2012.00771.x

Int. . Mol. Sci. 2021, 22, 2437 18 of 18

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Vinck, E.M.; Cagnie, B.J.; Cornelissen, M.].; Declercq, H.A.; Cambier, D.C. Increased fibroblast proliferation induced by light
emitting diode and low power laser irradiation. Lasers Med. Sci. 2003, 18, 95-99. [CrossRef]

Sperandio, EF,; Simées, A.; Corréa, L.; Aranha, A.C.C.; Giudice, ES.; Hamblin, M.R,; Sousa, S.C.O.M. Low-level laser irradiation
promotes the proliferation and maturation of keratinocytes during epithelial wound repair. . Biophotonics 2015, 8, 795-803.
[CrossRef]

Osiecka, B.; Nockowski, P.; Szepietowski, ]. Treatment of actinic keratosis with photodynamic therapy using red or green light: A
Comparative Study. Acta Derm. Venerol. 2018, 98, 689-693. [CrossRef]

Maiman, T.H. Stimulated optical radiation in Ruby. Nature 1960, 187, 493. [CrossRef]

Souza-Barros, L.; Dhaidan, G.; Maunula, M.; Solomon, V.; Gabison, S.; Lilge, L.; Nussbaum, E.L. Skin color and tissue thickness
effects on transmittance, reflectance, and skin temperature when using 635 and 808 Nm lasers in low intensity therapeutics. Lasers
Surg. Med. 2018, 50, 291-301. [CrossRef] [PubMed]

Li, X,; Liu, Z.; Liu, H.; Chen, X,; Liu, Y.; Tan, H. Photodynamic inactivation of fibroblasts and inhibition of staphylococcus
epidermidis adhesion and biofilm formation by toluidine blue, O. Mol. Med. Rep. 2017, 15, 1816-1822. [CrossRef] [PubMed]
Heiskanen, V.; Hamblin, M.R. Photobiomodulation: Lasers vs light emitting diodes? Photochem. Photobiol. Sci. 2018, 17, 1003-1017.
[CrossRef]

Evans, D.; Abrahamse, H.; Maskew, M. Laser irradiation with 648 Nm light stimulates autophagic human skin keratinocytes:
Peer reviewed original article. Med. Technol. SA 2012, 26, 34-43.

Niu, T; Tian, Y.; 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, e0138754. [CrossRef] [PubMed]
Leong, C.; Bigliardi, PL.; Sriram, G.; Au, V.B.; Connolly, J.; Bigliardi-Qi, M. Physiological doses of red light induce IL-4 release in
cocultures between human keratinocytes and immune cells. Photochem. Photobiol. 2018, 94, 150-157. [CrossRef] [PubMed]
Hyun Soo, K.; Yeo Jin, K; Su Ji, K.; Doo Seok, K.; Lee, T.R.; Hyoung-June, K.; Dong Wook, S.; Young Rok, S. Transcriptomic
analysis of human dermal fibroblast cells reveals potential mechanisms underlying the protective effects of visible red light
against damage from ultraviolet B light. J. Dermatol. Sci. 2019. [CrossRef]

Song, S.; Zhang, Y.; Fong, C.-C.; Tsang, C.-H.; Yang, Z.; Yang, M. CDNA microarray analysis of gene expression profiles in human
fibroblast cells irradiated with red light. J. Investig. Dermatol. 2003, 120, 849-857. [CrossRef]

George, S.; Hamblin, M.R.; Abrahamse, H. Effect of red light and near infrared laser on the generation of reactive oxygen species
in primary dermal fibroblasts. . Photochem. Photobiol. B Biol. 2018, 188, 60-68. [CrossRef]

Ayuk, S.M.; Houreld, N.N.; Abrahamse, H. Collagen production in diabetic wounded fibroblasts in response to low-intensity
laser irradiation at 660 Nm. Diabetes Technol. 2012, 14, 1110-1117. [CrossRef] [PubMed]

Fortuna, T.; Gonzalez, A.C.; 54, M.E,; de Andrade, Z.A; Reis, S.R.A.; Medrado, A.R.A.P. Effect of 670 Nm laser photobiomodulation
on vascular density and fibroplasia in late stages of tissue repair. Int. Wound, J. 2018, 15, 274-282. [CrossRef] [PubMed]
Epithelial Cell-Enhanced Metabolism by Low-Level Laser Therapy and Epidermal Growth Factor. Available online: https:
/ /pubmed.ncbi.nlm.nih.gov/28285410/ (accessed on 13 July 2020).

Passarella, S.; Karu, T. Absorption of monochromatic and narrow band radiation in the visible and near IR by both mitochondrial
and non-mitochondrial photoacceptors results in photobiomodulation. ]. Photochem. Photobiol. B 2014, 140, 344-358. [CrossRef]
Yao, J.; Liu, B.; Qin, F. Rapid temperature jump by infrared diode laser irradiation for patch-clamp studies. Biophys. ]. 2009,
96, 3611-3619. [CrossRef] [PubMed]

Feng, L.; Tao, D.; Dong, Z.; Chen, Q.; Chao, Y.; Liu, Z.; Chen, M. Near-Infrared light activation of quenched liposomal Ce6 for
synergistic cancer phototherapy with effective skin protection. Biomaterials 2017, 127, 13-24. [CrossRef]

Solmaz, H.; Ulgen, Y.; Gulsoy, M. Photobiomodulation of wound healing via visible and infrared laser irradiation. Lasers Med. Sci.
2017, 32, 903-910. [CrossRef]

Engel, KW.; Khan, I.; Arany, P.R. Cell lineage responses to photobiomodulation therapy. J. Biophotonics. 2016. [CrossRef]
Schmitt, L.; Amann, PM.; Marquardt, Y.; Heise, R.; Czaja, K.; Gerber, P.A.; Steiner, T.; Holzle, E.; Baron, ].M. Molecular effects
of fractional ablative erbium: YAG laser treatment with multiple stacked pulses on standardized human three-dimensional
organotypic skin models. Lasers Med. Sci. 2017, 32, 805-814. [CrossRef] [PubMed]

De Filippis, A.; Perfetto, B.; Guerrera, L.P; Oliviero, G.; Baroni, A. Q-switched 1064 Nm Nd-Yag nanosecond laser effects on skin
barrier function and on molecular rejuvenation markers in keratinocyte-fibroblasts interaction. Lasers Med. Sci. 2018. [CrossRef]
Asghari, M.; Kanonisabet, A.; Safakhah, M.; Azimzadeh, Z.; Mostafavinia, A.; Taheri, S.; Amini, A.; Ghorishi, S.K.; JalaliFiroozkohi,
R.; Bayat, S.; et al. The effect of combined photobiomodulation and metformin on open skin wound healing in a non-genetic
model of type II diabetes. J. Photochem. Photobiol. B Biol. 2017, 169, 63—69. [CrossRef]

Bitter, P. Acne treatment with 3-step broadband light protocol. J. Drugs Derm. 2016, 15, 1382-1388.

Robati, R.M.; Asadi, E. Efficacy and safety of fractional CO, Laser versus fractional Er:YAG laser in the treatment of facial skin
wrinkles. Lasers Med. Sci. 2017, 32, 283-289. [CrossRef] [PubMed]

Robati, R.M.; Asadi, E.; Shafiee, A.; Namazi, N.; Talebi, A. Efficacy of long pulse Nd:YAG Laser versus fractional Er: YAG laser in
the treatment of hand wrinkles. Lasers Med. Sci. 2018, 33, 461-467. [CrossRef] [PubMed]


http://doi.org/10.1007/s10103-003-0262-x
http://doi.org/10.1002/jbio.201400064
http://doi.org/10.2340/00015555-2931
http://doi.org/10.1038/187493a0
http://doi.org/10.1002/lsm.22760
http://www.ncbi.nlm.nih.gov/pubmed/29178437
http://doi.org/10.3892/mmr.2017.6184
http://www.ncbi.nlm.nih.gov/pubmed/28259957
http://doi.org/10.1039/C8PP00176F
http://doi.org/10.1371/journal.pone.0138754
http://www.ncbi.nlm.nih.gov/pubmed/26382065
http://doi.org/10.1111/php.12817
http://www.ncbi.nlm.nih.gov/pubmed/28763105
http://doi.org/10.1016/j.jdermsci.2019.03.003
http://doi.org/10.1046/j.1523-1747.2003.12133.x
http://doi.org/10.1016/j.jphotobiol.2018.09.004
http://doi.org/10.1089/dia.2012.0125
http://www.ncbi.nlm.nih.gov/pubmed/23057714
http://doi.org/10.1111/iwj.12861
http://www.ncbi.nlm.nih.gov/pubmed/29239111
https://pubmed.ncbi.nlm.nih.gov/28285410/
https://pubmed.ncbi.nlm.nih.gov/28285410/
http://doi.org/10.1016/j.jphotobiol.2014.07.021
http://doi.org/10.1016/j.bpj.2009.02.016
http://www.ncbi.nlm.nih.gov/pubmed/19413966
http://doi.org/10.1016/j.biomaterials.2016.11.027
http://doi.org/10.1007/s10103-017-2191-0
http://doi.org/10.1002/jbio.201600025
http://doi.org/10.1007/s10103-017-2175-0
http://www.ncbi.nlm.nih.gov/pubmed/28299490
http://doi.org/10.1007/s10103-018-2635-1
http://doi.org/10.1016/j.jphotobiol.2017.03.002
http://doi.org/10.1007/s10103-016-2111-8
http://www.ncbi.nlm.nih.gov/pubmed/27885522
http://doi.org/10.1007/s10103-017-2351-2
http://www.ncbi.nlm.nih.gov/pubmed/28990118

	Introduction 
	Lasers and LEDs 
	Laser Interaction with a Skin 
	The UV Light (10–400 nm) 
	Blue Light (450–495 nm) 
	Green Light (495–570 nm) 
	Red Laser (620–740 nm) 
	IR Laser (780 nm–1 mm) 
	Conclusions 
	References

