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Abstract: Sunlight radiation is a fundamental component of our daily lives. Specifically, blue light as
well as UV light appear to play a role in the development of oxidative stress, DNA damage, photoag-
ing, and pigmentation through the chromophores in skin tissues. However, several skin problems like
psoriasis, eczema, and atopic dermatitis can be avoided with short-duration exposures to low-energy
blue light radiation or UV radiation. In addition, exploring the effects of blue light as well as UV
radiation on skin is quite essential for the development of minimally invasive antiaging strategies and
for the design of innovative cosmetic formulations in modern aesthetics and cosmetology. Thus, in
this review, we present the advantages as well as the disadvantages of light radiation, with a special
focus on blue light and UV radiation activity on the human skin. We also discuss the molecular
action of blue light and UV radiation on human skin. Other types of light radiation are included to
holistically approach the effect of light on human skin.
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1. Introduction

Daily exposure to several environmental stresses and insults occurs on the skin [1].
Indeed, air pollutants, both indoors and outdoors, affect the environment and pose an
increasing global health risk to people. Since these pollutants enter the skin through
transdermal and systemic pathways, the skin is one of their primary targets as they may
penetrate both its superficial and deeper layers [2].

The sun is the most important source of ultraviolet, visible, and infrared radiation [3].
Solar radiation, and especially ultraviolet radiation (UV), is thought to be the primary
factor causing photoaging [4,5]. In addition, blue light is a form of radiation that causes
a series of damages to the skin as we are exposed to it daily due to the increasing use of
electronic devices.

Thus, this review’s objective is to provide an overview of the most recent findings on
the impact of sunlight irradiation on skin function, with a special focus on blue and UV
light, as these two types of sunlight are currently being scrutinized by many researchers.
For this, recent studies based on different sources of blue light or UV light exposure are
presented, focusing on their effects on the human skin. The publications were selected
according to a search on PubMed using the terms “light radiation”, “blue light”, and “UV
light” and filtering only for human skin during the last five years. The search yielded
119 publications that were manually filtered to select only the most relevant publications,
which are presented in this review. Of note, we did not intend to perform systematic
research here. We therefore intentionally limited our literature search to PubMed and the
term “human skin cells”. In addition, the molecular mechanisms underlying the observed
biological skin changes, such as the signs of skin aging, are also described. Specifically, in
this review, the subcategories of solar radiation and the common sources of visible light
and blue light are presented. This is followed by a section highlighting the advantages
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of UV light but also the unpleasant effects of exposure to it due to the molecular changes
that are induced in cells. The role of matrix metalloproteases, the concept of photoaging,
and the process of pigmentation are analyzed to comprehend the phenotypic changes in
the skin. In the following sections, the known biological effects of the individual colors of
visible radiation are discussed, focusing especially on blue light, its mechanism of action, its
skin penetration depth, and its similarities and differences with UV radiation. In addition,
the therapeutic effects of blue light and UV light are presented, whether they concern skin
conditions or other diseases such as cancer. Finally, the damaging effects of blue light and
UV light on human skin are highlighted.

2. Sunlight

The general composition of sunlight is as follows: 44% visible light (400-780 nm),
53% infrared radiation (700-1440 nm), and 3-7% ultraviolet (UV) energy [3]. Ultraviolet
radiation consists of three zones of different energies known as UVA, UVB, and UVC, with
different impacts on human health (Figure 1). Of note, ozone has an excellent function
in mitigating hazardous UVC rays that pass through the stratosphere [3]. Numerous
positive impacts of solar radiation are present in our lives, including its crucial role in the
photosynthesis of microbial algae and plants, the control of circadian rthythms, and the
sensation of sight [3].

Ultraviolet light
uvC UvB ) UVA
‘ g —= Visible Light
200-280nm 280-315nm  315-400nm

Figure 1. Three zones of ultraviolet light.

2.1. Visible Light

About half of the solar energy that reaches the Earth’s surface at sea level is in the
form of visible light, which has a wavelength between 400 and 700 nm [6-8]. A reference
color is assigned to each range of wavelengths [9,10] (Table 1).

Table 1. Light wavelengths with the reference color.

Wavelength (nm) Color

<400 Ultraviolet (UV)
380449 Violet

449-466 Violet/Blue
466478 Blue/Violet
478-483 Blue

483-490 Blue/Green
490-510 Green/Blue
490-560 Green

560-630 Yellow /Orange
630-700 Red

700-3000 Infrared NIR (near infrared)
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2.1.1. Visible Light Sources

Sunlight is the primary natural source of visible light [11], but artificial sources include
fluorescent lamps, lasers, LED (light-emitting diode) lights, cell phones, television or
computer monitors, and contemporary smart watches, all of which emit a full visible light
spectrum [12].

2.1.2. Blue Light Sources

The sun, which also gives a blue hue to the sky, and all digital screens found in
electronic devices are the two primary sources of blue light radiation [13].

In order to enhance the brightness and clarity of the electronic display, a large number
of widely used digital devices produce blue light (400-480 nm) from their back-illuminated
light-emitting diode (LED) display [14]. It is noteworthy that blue light is emitted by
specialized medical equipment, such as incubators, to cure jaundice [15]. Currently, many
researchers are very interested in studying the effects of blue light on the skin since its
wavelength spectrum is quite close to UVA radiation.

Moreover, LED lights are present in a plethora of products that come into contact with
the skin, including lamps for indoor and outdoor illumination, medical indications, and
lamps used in extremity care facilities [11,16-18]. In addition, the maximum emission range
for televisions and computer monitors is between 400 and 490 nm [19], whereas the range
for tablets and smartphones is between 452 and 456 nm [20].

2.2. Recent Data on Light Exposure

Although artificial blue light emission from electronics is significantly lower than that
of natural blue light—at least two to three times lower—the biological effects of this light
on skin are still not well known [21].

The ratio of the solar spectrum’s irradiance to that of digital displays is predicted to be
less than 1/200, although the average irradiance of the blue portion of the solar spectrum
is 8 mW /cm? [22]. As a result, blue light (420-490 nm) from screens on computers, TVs,
and cell phones has a relative intensity that is 99-1000 times lower than sunlight. In
addition, Rascalou et al. [22] found that the irradiance of a number of digital gadgets
was 36 uW/cm?. The most powerful television displays have a blue light irradiance of
30 uW/cm?, according to a report by Passeron’s group [23]. In their work, Jo et al. [20]
calculated the daily dose of blue light exposure using measurements of sunshine taken in
March 2019 and August 2019, and the result was 38,790 J/cm?. The computed dose of blue
light exposure indoors, excluding sunlight, was 6993 J /cm?.

More specifically, the dose of fluorescent lamps was calculated at 6.529 J/cm?/day,
from computer screens at 0.383 J/cm?, from televisions at 0.022 J/cm?, from tablets at
0.031J/cm?, and from mobile cell phones at 0.029 J/ cm?. Based on the above data, Jo et al.
concluded that individuals are frequently subjected to blue light, mainly from sunlight
during outdoor activities but also from digital devices during indoor activities [20].

Nowadays, incandescent lighting is being phased out in favor of so-called low-energy
technologies like light-emitting diodes (LEDs) and compact fluorescent lamps (CFLs) as a
result of the current requirement to reduce energy usage [24]. However, it seems that 90% of
human life involves activities in an indoor environment [13]. The recent increase in the use
of modern technology has led to various types of electrical devices emitting electromagnetic
fields in both the home environment and the workplace [3]. It has been reported that an
office worker’s typical exposure is 1597 ] /cm? over approximately 27 days, 958 ] /cm? over
approximately 16 days, and 447 J/cm? over approximately 8 days [20]. Recent reports
have shown a rapid increase in the use of smartphones and electronic devices in general
during the COVID-19 pandemic [25]. In addition, according to recent research, 60% of
adults use digital devices for up to six hours every day [14]. Indeed, nowadays, people are
busy browsing the Internet, using social media, watching TV programs, playing online
games, chatting with friends or even family, etc. Therefore, the rise in the use of electronic
devices has led people to be more and more exposed to blue light, to which the eyes and
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facial skin are particularly exposed [19]. Depending on the source, this blue light usually
has a peak emission between 440 and 460 nm, covering a spectrum from 420 to 490 nm [26].

Another survey based on blue light exposure to workers aged between 20 and 49 years
has shown that the average time of smartphone use per day is 118.97 min, of tablet use is
63.61 min, of television use is 182.58 min, and of fluorescent light exposure is 1046.34 min,
while on weekends, the average computer time is 579.6 min and sunlight exposure is
165.39 min [20]. According to this, the amount of time spent using electronic devices is
constantly rising. The idea of healthy aging is being shaken by this modern phenomenon
known as “digital pollution”, as numerous studies have shown ailments linked to it [27,28].

3. Effects of UV Irradiation on the Skin
3.1. UVA Radiation (320-380 nm)

Chronic UVA exposure causes epidermal hyperplasia by changing the thickness of
the stratum corneum [29,30]. Specifically, UVA causes DNA damage indirectly through
the formation of melanin and its byproducts. UVA2 wavelengths between 320 and 340 nm
cause the distribution of melanin granules in the epidermis’s superficial layers, whilst UVA1
wavelengths between 340 and 400 nm increase melanin density in the basal layer [31-33].
UVA may act indirectly through photon absorption by endogenous photosensitizers, which
subsequently trigger photo-oxidation processes, resulting in ROS [34,35]. Furthermore, it
has been claimed that UVA radiation penetrates the skin 3 to 4 mm and directly damages
cellular components, potentially contributing to skin aging and carcinogenesis [35].

3.2. UVB Radiation (280-320 nm)

UVB induces direct damage to cellular DNA by generating thymine dimers [33,36],
which increases melanin synthesis [37]. It also interacts with skin cells, as opposed to UVA,
which penetrates the skin’s deeper layers and impacts immune cells [38,39]. UVB exposure
stimulates proinflammatory markers, including TNF-«, IL-6, iNOS, and COX-2 [40]. It
has been observed that these proinflammatory and inflammatory molecules generate
a variety of pathophysiological changes that worsen skin damage by increasing ROS
generation [40,41].

3.3. Positive Effects of UV Radiation

Human skin benefits greatly from UV light in several ways, including antibacterial
action, wound healing promotion, prevention of jaundice, and the creation of active vitamin
D [40,42—44]. Moreover, a low UVR dose of 1.5 kJ/m? on 4 consecutive days may find
therapeutic use in individuals in need of local immunosuppressive treatment, such as
contact hypersensitivity [45]. In addition, psoriasis and vitiligo may benefit from the UVB
rays at 311-312 nm [46,47], and a moderate dose of UVA1 (340—400 nm, 50 J/ cm?) can
be helpful in treating atopic dermatitis and scleroderma [48,49]. Although the detailed
mechanisms underlying the successful treatment of these refractory skin diseases remain
unclear, the effectiveness of these phototherapies is thought to depend on their respective
action spectra. These findings suggest that wavelengths greater than 296 nm are effective
for the phototherapy of skin conditions [10].

3.4. Negative Effects of UV Radiation

Long-term exposure to UV radiation poses the danger of skin damage, accelerated
aging of the skin, wrinkles, sagging, sunburn, inflammation, and even mutations that
lead to the development of various types of skin cancer [3]. It must be emphasized that
large dosages of UV radiation cause changes in the cellular redox balance and, as a result,
oxidative alterations of lipids, nucleic acids, and proteins, which interfere with cellular
metabolism by triggering photoreaction processes [50]. Regular and often unavoidable
exposure to solar ultraviolet (UV) radiation makes it one of the most critical factors that
cause DNA damage in human cells [51]. Recent studies have also demonstrated that skin
exposure to UV radiation causes collagen damage and elastin degradation due to induced
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oxidative stress [35,52,53]. Indeed, oxidative stress plays an essential role in skin aging,
and induced ROS also have a major role in stimulating skin pigmentation. Finally, in vitro
reports have shown that UVA radiation demonstrates a more substantial effect than UVB
radiation on collagen destruction at 330 nm [54].

3.5. Physiological Function of UV Radiation

The main negative effects of UV radiation on skin have been documented to include
photoaging, inflammation, sunburn, and skin cancer [55,56]. According to Reichrath and
Rass (2014), prolonged exposure to UVA rays causes epidermal hyperplasia and modifies
the stratum corneum’s thickness [57]. Reactive oxygen species (ROS) and DNA damage
are two negative consequences of UVB exposure [29,30]. Numerous investigations have
shown that UVR typically stimulates activator protein-1 (AP-1)-mediated transcription
in the skin and activates a number of kinases, including p38 MAP kinase and c-Jun N-
terminal kinase (JNK) [58]. As a result, shielding the skin from UV radiation can prevent
skin aging. UVR, however, is not limited to its detrimental effects on skin. According to
Piotrowska et al., UVR interacts with 7-dehydrocholesterol, a cholesterol precursor in the
skin that is eventually transformed into vitamin D [43,44]. In order to form bones, vitamin
D helps with calcium absorption. Since food only provides 50% of the necessary amount
of vitamin D, getting enough UVR exposure is crucial for good health. Furthermore, for
patients requiring local immunosuppression therapy, such as in contact hypersensitivity, a
low dose of UVR (1.5 k] /m?) may have therapeutic uses [45]. Psoriasis and vitiligo can be
improved by narrowband UVB (311-312 nm) [46].

According to Rodenbeck et al., atopic dermatitis and scleroderma, which cause the
skin to tighten and harden, may benefit from a medium dosage of UVA1 (340400 nm,
50 J/cm?) [48]. According to these findings, skin-related illnesses may benefit from thera-
peutic UVR exposure.

4. Skin Molecular Biology Mode of Action under UV Radiation

UV photons damage the skin through two mechanisms: direct absorption and photo-
sensitization. In the direct absorption method, cellular chromophores absorb UV radiation
and transform the absorbed energy into a biochemical signal, activating subsequent bio-
logical responses [59]. Cellular chromophores that absorb UVB radiation are nucleic acids,
amino acids (such as tryptophan and tyrosine), kinins, flavins, porphyrins, and urocanic
acid (UCA), while UCA absorbs UVA radiation [59]. The primary UV-induced damages
are cyclobutane pyrimidine dimers (CPDs) and 6-4 pyrimidine pyrimidine (6-4PP). These
photoproducts impede RNA transcription, activating the p53 gene and causing apoptosis
in irradiated keratinocytes [60].

However, the second pathway, photosensitization, is indirect. Endogenous or exoge-
nous sensitizers absorb UV radiation and trigger reactions that result in the creation of ROS
and reactive nitrogen species (RNS), which can reach the nucleus and cause oxidative DNA
alterations and strand breaks [3,10,18,56]. The primary ROS produced by UV light are the
hydroxyl radical, superoxide anion, peroxyl radical, and their active precursors, which
include singlet oxygen, hydrogen peroxide, and ozone. The primary RNS generated by UV
radiation are nitric oxide and nitrogen dioxide. Excess free radicals cause DNA alteration
and aberrant gene expression, resulting in the loss of cellular integrity [61].

In response to ROS accumulation, keratinocytes release melanocyte-activating factors,
resulting in pigmentation [3]. After UVA and UVB exposure, the intracellular generation of
ROS and inflammatory mediators is significantly increased, resulting in oxidative stress and
an imbalance in the antioxidant defense system. These modifications induce structural and
functional changes such as breakdown of extracellular matrix (ECM) proteins and overex-
pression of MMPs, which promote skin photoaging, sunburn development, inflammatory
cell activation, and melanogenesis [62,63]. UV exposure also damages other essential
macromolecules in the skin, such as proteins and lipids [64,65]. It is also responsible for
causing phototoxic reactions associated with certain pharmaceutical preparations [64,65].
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4.1. Matrix Metalloproteinases (MMPs)

MMPs are a category of zinc- and calcium-dependent endopeptidases that degrade
extracellular matrix (ECM) components such as collagen, elastin, and fibrillin-1 [66]. In-
creased MMP and decreased collagen production cause a loss of collagen content in the skin,
which eventually causes wrinkle formation. MMPs are induced by severe oxidative stress
and inflammatory reactions [66,67] and break down different types of collagen (Figure 2).

Collagen fibril type l and llI

%
Collagen degradation

Collagen fibril type | and IV

im E: ' Collagen degradation

Collagen fibril type IV

DR D Wy -

Collagen degradation

Figure 2. Collagen tbreakdown by different matrix metalloproteinases.

4.2. Photoaging

Skin photoaging has phenotypic traits such as wrinkle formation and roughness.
Furthermore, a recent study revealed other epidermal characteristics related to skin pho-
toaging, such as epidermal hyperplasia and damage or disruption of collagen fibers [3].
Skin photoaging is also linked to an increase in metalloproteinases (MMPs) in dermal
fibroblasts in response to UV exposure [67,68].

4.3. Pigmentation Process

ROS are produced by a wide range of stimuli and metabolic processes, and they
consume electrons from other molecules (oxidation) to form additional ROS in a chain
reaction. The excessive synthesis of oxidizing chemicals is known as oxidative stress, and it
destroys lipids, proteins, and nucleic acids. ROS and oxidative stress play a role in sunburn,
carcinogenesis, inflammatory disorders, aging, and pigmentation [69,70]. Both visible and
UVALI radiation cause pigment alterations in three phases: Immediate Pigment Darkening
(IPD), which lasts up to 2 h after irradiation; Persistent Pigment Darkening (PPD), which lasts
for 24 h; and Delayed tanning (DT), which begins about 5-7 days after irradiation and can
extend for weeks to months. Specifically, UVR and visible radiation cause IPD, PPD, and
DT, especially in the darkest FST phototypes (III-VI). Visible light-induced melanogenesis
is most evident in phototypes IV to VI, with reports of both transitory and long-lasting (up
to 8 weeks) pigmentation in human skin, depending on the total dose. It has been proposed
that the creation of rapid pigmentation after exposure to visible light is photochemical in
origin, while delayed pigmentation arises from neomelanogenesis [6]. The major stimulant
of melanogenesis, the alpha-melanocyte-stimulating hormone (a-MSH), lowers UV-induced
hydrogen peroxide levels in irradiated melanocytes, indicating the relationship between
pigmentation and oxidative stress. Furthermore, short-wavelength visible light stimulates
melanogenesis via the G protein-coupled membrane receptor opsin-3 [29]. Furthermore, a
recent study found that oxidation of pre-existing melanin appears to contribute to enhanced
pigmentation after UVA exposure; blue light may have a similar impact [70].

5. Effects of Visible and Near-Infrared Irradiation on Skin Cells
5.1. Violet Light (400450 nm)

According to a recent study, UV irradiation (410 nm, 10-50 J/cm?) dramatically
decreases the expression of cell differentiation factors [71]. Specifically, at 410 nm and
at 30 J/cm?, it lowers the mRNA expression levels of antimicrobial peptides (AMPs),
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which are important for epithelial defense. Furthermore, UV irradiation stimulates ROS
production, inflammatory cytokine release, and cellular DNA damage, and it also prevents
early keloid formation [72].

5.2. Blue Light (450490 nm)

Blue light (450-490 nm) has both beneficial and detrimental effects on the skin. Mignon et al.
found that human dermal fibroblasts exhibit inhibitory effects on metabolic activity when
exposed to 450 nm blue light at low intensities (<30 J/cm?), while cytotoxicity occurs at
higher intensities (>30]/ cm?) [73]. Furthermore, blue light irradiation promotes oxidative
stress in the mitochondria of cultured human keratinocytes, while from 430 nm to 510 nm,
it slows epidermal barrier restoration following injury [74].

5.3. Green Light (490-560 nm)

Simoes et al. found that green light (520 4 30 nm, 240 ] /cm?) promotes angiogenesis
and myofibroblast development, crucial for the repair of third-degree burns [75]. However,
further research is needed into the biological impacts of green light.

5.4. Yellow/Orange Light (560630 nm)

Yellow /orange light radiation at 590 nm lowers UVA-induced free radicals and MMP-1
expression in human fibroblasts, while at 595 £ 2 nm, it increases collagen type  and MMP-1
expression in human dermal fibroblasts [76,77]. Furthermore, yellow light at 590 nm
dramatically decreases triglyceride levels via autophagy-related lysosomal degradation
and may thus be therapeutically effective for lowering excess body fat [78].

5.5. Red Light (630-700 nm)

Red light radiation at 660 nm has been demonstrated to decrease MMP-1 expression,
enhance collagen I expression in skin, expedite wound healing, protect against DNA
damage induced by UVB radiation, and contribute to the protection of human dermal
fibroblasts from UVB radiation [79-82]. These findings indicate that red light may be
helpful to the skin and potentially useful in photomedical applications such as expediting
the regeneration of wounded skin and antiaging treatments.

5.6. Near-Infrared Light (700-3000 nm)

According to a study by Akhalaya et al., near-infrared spectroscopy (NIRs) promotes
the generation of oxygen free radicals (ROS) and destroys skin collagen in a manner
similar to that seen with UVR [83]. However, a clinical investigation found that the
majority of patients (around 51-75%) who received NIRs (830 nm) for approximately six
months had better skin tone and reduced roughness [84]. Another study found that NIR
(830 nm) significantly increases the amounts of collagen and elastin fibers in all experimental
groups, and low-intensity NIR radiation (810 nm) enhances collagen accumulation and
promotes cell proliferation and complete re-epithelialization, concluding that NIR can be
used clinically to improve wound healing through photomodulation therapy [79].

6. Biological Effects of Visible Radiation

UVA and visible light radiation penetrate deeper into the dermis, affecting cellular
and extracellular components. Until recently, visible light was assumed to be relatively
innocuous because of its low energy [85] in comparison to ultraviolet and infrared radiation.
Blue light is less hazardous than UV light due to changes in photon energies, yet it can
trigger cell alterations [13].

Recent research and experimental approaches have revealed the ability of visible light
to cause erythema in fair skin and pigmentary alterations in individuals with darker skin
phototypes [12]. As a result, both the medical profession and social media users have been
alarmed regarding its possible detrimental skin consequences [12].
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Blue light radiation has the potential to generate biological effects similar to those
of UVA radiation because of its proximity to the UVA spectrum. However, according to
new studies, blue light has been linked to the effects of UVA radiation on photoaging and
carcinogenic adverse effects in the long run [12,14]. The visible light spectrum accounts
for more than half of solar radiation, and these wavelengths reach the lower dermis layer.
Electron spin resonance spectroscopy has demonstrated that visible light and infrared
radiation generate 50% of the skin’s total oxidant burden, contributing to accelerated
skin aging via oxidative pathways [21]. Furthermore, another study indicated that skin
fibroblasts are more harmed by exposure to this range of radiation than keratinocytes or
melanocytes [86].

Interestingly, visible light radiation causes approximately 50% of the overall oxidative
stress caused by sunshine; however, the oxidation efficacy of blue light is just a quarter of
that of UVA radiation, implying a greater share of blue light emission in visible light [87-89].

6.1. Molecular Mechanism of Action of Visible Radiation in Skin

Photoreceptor chromophores, such as melanin, heme, and opsins, absorb photons
from visible light, activating and transmitting energy to the chromophores and altering the
function of the skin [90].

Enzymes, aromatic amino acids, urocanic acid, tryptophan, tyrosine, NADPH, NADH
cofactors, riboflavins, porphyrins, melanin precursors, melanin, protoporphyrin IX, biliru-
bin, hemoglobin, carotene, or water molecules are examples of molecules that absorb light
and are referred to as chromophores [91]. Thus, a variety of chromophores (photoreceptors)
determine how blue light behaves. The most significant types of photoreceptors include
nitrosated proteins (such as S-nitro-albumin), flavones, opsins, and porphyrins [92].

The main endogenous chromophore that is activated by blue light is flavins. In
addition, the epidermis contains G protein-coupled receptors called opsins, which are
light-sensitive [26,93]. Photoreceptors react to different wavelengths of sunlight; opsins
(OPNs) are photoreceptors linked to the blue spectrum [26]. Opsins are classified into
various types based on where they are expressed [93].

Human skin, melanocytes, and keratinocytes express short-wavelength OPN1, OPN2
(rhodopsin), and non-optical OPN3 (panopsin or encephalopsin) [94]. Human melanocytes
contain OPN2, which is activated by UVA and leads to the synthesis of melanin. It has
been discovered that both the anagen hair follicle and the skin express OPN2 (rhodopsin)
and OPN3 (panopsin, encephalopsin). Buscone et al. have demonstrated that blue light
radiation (3.2 J/cm, 2453 nm) can prolong the regenerative phase of hair follicles. The
OPN3 sensor detects visible light with shorter wavelengths, such as blue light [95]. It works
as a calcium-dependent melanocyte photoreceptor, activating the melanogenesis-related
enzymes that cause hyperpigmentation [26]. It has been demonstrated that OPN4 is ex-
pressed in human fibroblasts, melanocytes, and keratinocytes. Blue light stimulates calcium
entry and the phosphorylation of extracellular kinases in a dose-dependent manner [96].

Blue light has been shown to directly alter melanocytes and to influence melanogenesis
via OPN3. Interestingly, the stimulation of other blue light photoreceptors causes the
creation of ROS [92,97].

6.2. Penetration Depth of Visible Light Radiation

The depth of visible light penetration is determined by chromophores in the skin, the
Fitzpatrick skin type (FST), reflection, scattering, and absorption, all of which are controlled
by the skin’s natural barrier [6].

The principal components of visible light scattering and absorption in the skin include
hemoglobin, melanin, keratin, bilirubin, carotene, lipids, and other structures such as
filamentous proteins and cell nuclei. Melanin and keratins are the major pigments in the
epidermis, scattering and absorbing light. In the epidermis, hemoglobin is the predominant
absorber, and collagen is the primary scatterer of visible light, accounting for 18% to 30% of
the layer volume [6,92].
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Hemoglobin’s highest absorption occurs in blue radiation at 418 nm and in yel-
low/orange radiation at the 542 nm/577 nm wavelength bands; nevertheless, the two
are highly connected with the concentration of erythrocytes [98].

Furthermore, various cell types in the epidermis and dermis, including melanocytes,
keratinocytes, fibroblasts, and hair follicle stem cells, have been found to contain opsin
receptors. Different spectrum sensitivities in the visible and UV light ranges are caused by
differences in the amino acid sequences of opsins in the chromophore binding pocket, as
well as the kinetics of binding to the chromophore [99]. Carotenoids, including «-carotene,
Y-carotene, 3-carotene, lycopene, lutein, and zeaxanthin, and their isomers absorb and
scatter light in the skin. Carotenoids absorb light between 440 and 490 nm and reflect it
between 458 and 472 nm. The distribution of carotenoids in human skin depends on the
areas of skin studied, varies greatly between people, and is related to the skin’s antioxidant
ability [100].

6.3. Positive Effects of Blue Light

Phototherapy is frequently used to treat a variety of common skin disorders. The
effect of blue light radiation relies on its wavelength, frequency, and method of action, as
well as the radiation period and dose [91]. In vitro data on cell survival, cell morphology,
and mitochondrial function demonstrate that LED phototherapy is safe, with no negative
consequences during or after treatment [12].

Photo-Bio-Modulation therapy (PBM) is a new and minimally invasive approach to
the management of hypertrophic scars and keloids in combination with existing treat-
ments [101]. It is a more recent term for low-level laser treatment (LLLT), which comprises
applications utilizing visible, near-infrared, and infrared energy [8].

6.4. Blue Light for Clinical Applications

Blue light is characterized by its anti-inflammatory [102] and anti-proliferative ef-
fects [103]. Thus, it could be effective in different inflammation-related skin states, in-
cluding psoriasis or eczema [104,105]. Other dermatological disorders treated with blue
light include cutaneous T-cell lymphoma, rosacea, acne, and precancerous and cancerous
skin lesions. Blue light radiation has also been found to alleviate itching and stimulate
hair growth, and it can be utilized in acne therapy [11,30]. In addition, blue/red light
combinations have been used to treat acne, scurvy, and seborrheic dermatitis [12].

Furthermore, blue light is utilized to treat neonatal jaundice, nonhyperkeratotic actinic
keratosis, seasonal affective disorders, depression, and neurodermatitis [13,106]. Addition-
ally, photodynamic therapy is utilized to treat cancer [107]. However, more research is
needed to design protocols and monitor long-term safety [107].

6.5. Phototherapy

Phototherapy is the use of light for medical purposes. For safety reasons, light with a
specific wavelength identified by the corresponding chromophore should be used. As such,
it is critical to identify the photoreceptors in the skin and comprehend the fundamental
mechanisms that underpin them [10].

6.6. Photorejuvenation

When used correctly, photodynamic blue light treatment for photorejuvenation is
thought to be both effective and safe. By maximizing absorption selectivity and limiting
the duration and penetration depth of blue light, one can reduce injury to adjacent healthy
tissues [108]. The most common adverse effects are erythema, edema, pruritus, epithelium
desquamation, hyperpigmentation, and discomfort [109].

6.7. Psoriasis

A short clinical research study on psoriasis treatment revealed that blue light radiation
at 420 nm and 453 nm was helpful and had low and infrequent adverse effects [110].
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6.8. Eczema and Atopic Dermatitis

Studies by Keemss et al. [105] and Becker et al. [111] determined that using non-UV
blue light with a peak emission of 453 nm was both safe and effective in reducing eczema
and atopic dermatitis lesions. The authors also saw improvements in patients’ sleep and
quality of life.

6.9. Acne

A rising number of research studies suggest that blue light can help treat moderate
acne vulgaris [15]. According to Bonnans et al., exposure to a mixture of 415 nm and
470 nm LEDs had a long-lasting antibacterial effect, almost eliminating inflammatory
nodules, pustules, and microcysts [8]. Furthermore, a study by Jung et al. demonstrated
that red and blue light can interfere with sebocytes, preventing the production of sebum
and enhancing the clinical appearance of acne [112].

6.10. Photodynamic Therapy (PDT)

The PDT method, which includes blue light, is mostly used to treat non-melanoma
skin malignancies and actinic keratosis. It is important to apply a photosensitizer, followed
by light radiation [106]. Target cells are destroyed when the photosensitizer and light react,
producing cytotoxic reactive oxygen species (ROS) [113]. The most often employed topical
compounds are 5-aminolevulinic acid (5-ALA) and methyl-aminolevulinate (MAL), which
are then converted into protoporphyrin IX (PPIX) [114].

7. Negative Effects of Blue Light Radiation

Exposure to blue light radiation has been shown to improve a variety of skin problems.
However, research has shown that extended exposure to high-energy blue light can increase
the amount of DNA damage, cell and tissue death and injury, eye damage, skin barrier
damage, and photoaging [115-119]. Liebmann et al. found that blue light radiation of
500 J/cm? at 453 nm or above had no adverse impact on human skin keratinocytes and
endothelial cells [115]. Similarly, Oplédnder et al. demonstrated that blue light radiation at
453 and 480 nm was not harmful to human fibroblasts. However, blue light exposure at
410 nm or 420 nm induced intracellular oxidative stress and harmful consequences in a
dose- and wavelength-dependent manner [116]. In addition, other studies [13,120] have
found that blue light radiation, like UVA radiation, contributes to skin aging. According
to the aforementioned data, blue light radiation at different wavelengths can generate
varied degrees of intracellular oxidative stress with diverse physiological effects, thereby
contributing to premature skin photoaging.

7.1. Risks to Eyes and Oral Mucosa

Research on the toxic and genotoxic consequences of blue light has mostly focused on
the therapeutic and ophthalmic risks. It was reported that blue light damages the retina,
induces cell dysfunction and mortality in gingival and lens epithelial fibroblasts, and causes
apoptosis in retinal pigment epithelium (RPE) cells [1,121].

7.2. Production of ROS

It has been observed that exposing human keratinocytes to 200 ] /cm? for 66 min results
in a 147% increase in the formation of ROS [74,122]. Furthermore, dermal carotenoids are
significantly reduced by blue/violet light radiation of 100 J/cm? at 380-395 nm in human
skin, as shown by Raman spectroscopy, indicating the generation of free radicals [7,123],
leading to cell death [124].

7.3. Damage to Cellular DNA

Blue light radiation has a dose-dependent genotoxic effect on skin cells, as demon-
strated by the study of Chamayou-Robert et al. [123]. Specifically, blue light radiation could
interact with intracellular porphyrins and flavoproteins, leading to the production of ROS
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such as peroxide, nitric oxide, and peroxynitrite, causing damage to cellular DNA [1,117].
Furthermore, other research has shown that visible light damages DNA, induces oxidative
stress, and alters the molecular structure of the skin, all of which have genotoxic effects on
human keratinocytes that are comparable to those of UV radiation [119,125]. Also, it was
reported that the reaction of nitric oxide (NO) induced by blue light produces peroxynitrites,
which may be responsible for damaging cellular DNA [126].

7.4. Photoaging

HEV has been demonstrated to cause skin photoaging in vitro, ex vivo, and in vivo
with respect to the photoaging effect of blue light radiation [119].

Specifically, it has been observed that keratinocytes exposed to UV and visible radia-
tion contain carbonylated proteins (CPs), which are formed through lipid peroxidation and
cause damage to DNA. When CPs are exposed to blue light radiation, they produce addi-
tional oxygen free radicals (O%~) in the skin, which use lipid peroxidation to resynthesize
more CPs [127].

7.5. Oxidative Stress and Hyperpigmentation

According to Mamalis, blue light radiation at 30, 45, and 80 J/cm? greatly boosts
ROS production [128]. In Mahmoud’s study, people with darker skin types exposed to
daily amounts of visible light developed more continuous dark staining than those with
lighter skin types [129]. The lowest PPD dose in participants with Fitzpatrick skin types V
and VI was 80-120 ] /cm?, and induced pigmentation was visible for at least two weeks.
When exposed to blue light radiation, darker skin showed greater molecular-size protein
complexes, but types I and II did not [119]. This multimeric protein complex associated
with tyrosinase is primarily generated in melanocytes in dark skin and generates sustained
tyrosinase activity, explaining the long-term hyperpigmentation found only in skin types
III and higher following exposure to blue light [26].

However, a recent study by Duteil et al. revealed that utilizing a computer screen for
8 h per day for 5 days at a distance of 20 cm (about 8 inches) did not aggravate melasma
lesions [130]. In addition, subjecting HaCaT cells to blue light radiation at 41.35 J/cm?
and 453 nm caused a rapid increase in ROS after 1 h via photoreduction of intracellular
flavins in normal human keratinocytes [131]. This oxidative stress leads to immediate and
persistent hyperpigmentation.

7.6. Effect on Fibroblasts

Human dermal fibroblasts exposed to blue light at 450 nm at low intensities (<30 ] /cm?)
revealed inhibitory effects on metabolic activity and procollagen I synthesis, with cyto-
toxicity at higher intensities (>30 J/cm?) [73]. Furthermore, Austin et al.’s study found
that merely one hour of exposure at a distance of 1 cm can promote the formation of
ROS in fibroblasts, leading to premature aging of the skin [90]. Furthermore, it has been
observed that fibroblasts are more sensitive to blue light radiation exposure (410453 nm)
at non-toxic dosages [116]. Furthermore, a recent study demonstrated that ROS production
was identified between 400 and 500 nm but not at 582 nm in dermal fibroblasts treated with
150 J/cm? at various wavelengths [98].

7.7. Effect on the Epidermal Barrier

Human skin exposure to blue light induces changes in stratum corneum lipids, causing
damage to the skin barrier and delaying repair after injury [132], as demonstrated by
tape stripping.

7.8. Effect on Antioxidants

ROS production harms healthy skin cells and alters the amounts of endogenous
antioxidants, essential for skin protection, which are depleted after exposure to blue light
radiation [6]. Endogenous recovery may take up to 24 h [99].
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Researchers discovered that exposing the skin to blue light between 380 and 495 nm
(with a maximum at 440 nm and 100 mW /cm?) reduced carotenoid levels. These antiox-
idants dropped by up to 20% with the highest dose but reverted to baseline levels after
1 h and 24 h with the half and high doses, respectively [74]. The degradation of dermal
carotenoids shows the number of free radicals produced, particularly reactive oxygen
radicals in the skin [74,100].

7.9. Effect on Collagen

The synthesis of collagen and elastin is negatively impacted by blue light exposure.
This occurs when blue light or UV radiation is directly exposed to the skin because free radi-
cals are produced. Blue light causes skin cells to produce matrix metalloproteinases (MMPs),
which have been demonstrated to break down collagen and cause photoaging [133]. These
MMPs destroy the existing collagen and impede new production [134]. Blue light radiation
at different wavelengths can generate varied degrees of intracellular oxidative stress in der-
mal fibroblasts and decreased proliferation, resulting in premature skin photoaging [116].
A comparable study indicated that blue/violet light at lower wavelengths (410, 420 nm)
demonstrated substantial toxicity to human skin fibroblasts, although blue light radiation
at longer wavelengths (453, 480 nm) did not impair cell viability [135]. According to Solano,
ROS caused inflammation and accelerated cellular aging by causing the breakdown of the
main components of the dermis scaffold.

7.10. Changes in Pigmentation

According to recent studies, blue light irradiation produces skin pigmentation in
the same way that UVA radiation does. This can cause hyperpigmentation, a visible
symptom of photoaging, or age spots [3,85]. Blue light-induced skin pigmentation is more
durable than UVA-induced pigmentation and is evident in skin phototypes IV-VI, but not
phototype II [129].

7.11. Changes in Circadian Rhythm and Delay in Damage Repair

Blue light emission at 460 nm strongly inhibits melatonin, affecting circadian cycles
and damaging skin cells [1]. Blue light radiation at 410 nm inhibits the transcription of the
clock gene PER1 in keratinocytes, which is involved in the circadian rhythm. Skin cells
can modulate PER1 expression based on their sensitivity to light. This excites the cells,
especially their nocturnal cycle, which is crucial for regeneration and repair [1].

7.12. Effect on the Endoplasmic Reticulum and Autophagy

Lee et al. investigated the link between oxidative stress, endoplasmic reticulum (ER)
stress, autophagy, and apoptosis in blue light-induced skin damage [136]. ER stress and
autophagy are two systems that allow cells to withstand external interfering influences, pre-
serve cell homeostasis, and maintain proper function, ultimately affecting apoptosis [136].
In addition, blue light radiation at 435445 nm for 624 h induces autophagy in skin cells,
hastening cell death. These findings show that blue light radiation activates the ROS-ER
stress—autophagy-apoptosis axis signaling pathway, leading to skin damage and apoptosis.

7.13. Effect on the Structure and Elasticity of the Skin

Exposure to 415 nm for 18 min at 5 mW /cm? produces fiber fragmentation in the upper
dermis [8]. This result confirmed that blue light radiation at 415 nm penetrates the dermis
and can harm its structure and flexibility, highlighting the need to create skin protection
techniques, including shielding from visible light [74]. Furthermore, in another study, a
light dose of blue light radiation between 180 and 269 J/cm? was employed, corresponding
to 38 days of exposure to indoor blue light, which confirmed skin change under these
settings [20].
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8. Comparison of Different Light Spectra

In general, visible radiation acts deeper in the dermis compared to ultraviolet radiation,
while it is more superficial compared to infrared radiation. The maximum penetration of
blue light radiation into the epidermis is 0.07-1 mm, while UVB shows low penetration
in the skin, mainly in the epidermis [3]. In addition, the quanta of radiation in the visible
spectrum carry more energy than infrared radiation, showing its thermal and chemical
effects. Furthermore, the ratio of free radical formation in the skin during exposure to UV
and visible light ranges from 67% to 33%, respectively [107]. Violet/blue light (400-500 nm),
also known as HEV, has the capacity to penetrate deeper into the skin compared to UVA
and UVB rays [126]. In fact, pigmentation generated by visible light is more durable than
pigmentation caused by ultraviolet A radiation [129].

UV radiation is the principal cause of sun-exposed skin aging, but more emphasis
is devoted to the detrimental effects of HEV light, as it has been demonstrated that up to
half of the free radicals created in the skin are due to the visible parts of the spectrum [87].
In a study by Zastrow et al. [137], the free radical action spectrum encompassing UV and
visible light (280-700 nm) was calculated for the first time, and it revealed that visible
light accounted for 50% of the skin’s total oxidant burden. It has been shown in f skin
graft investigations that visible light exposure accounts for half of the formation of reactive
oxygen species (ROS), whereas UV-B exposure accounts for 4% and UV-A exposure for
46% [3]. Since UVB causes DNA damage, HEV’s effect on skin aging is similar to UVA’s,
such as in the case of hyperpigmentation, because both contribute to the mechanical
production of free radicals [19]. Table 2 depicts the most significant beneficial and harmful
effects of different types of sunlight radiation.

Table 2. Negative and positive effects of different types of sunlight radiation.

Wavelength Negative Effects Positive Effects References

Vitamin D synthesis,
Ultraviolet (<400 nm) vitiligo, sterilization,
atopic dermatitis

Photoaging, skin cancer,

inflammation, sunburn [42,46,48,50,51,54]

Down-regulation of

Violet light keratinocyte differentiation, .
(400—456% nm) inhibitionyof innate Early keloid [72,77]
immunity-related responses
Photoaging,
hyperpigmentation,
Blue light skin barrier damage, Acne, eczema, psoriasis, [8,109,118-120]
(450-490 nm) fibrobast function, atopic dermatitis e

collagen production,
elasticity of skin

Green light Recovery for

(450-490 nm) Not determined third-degree burns [75]
Reduction in UVA-induced

Orange light . ROS, up-regulation of

(560-630 nm) Not determined collagen, [77,78]
reduction in triglycerides
Up-regulation of collagen,

Red light . barrier recovery, wound

(630700 nm) Not determined healing, DNA 75,771
excision repair

Near-infrared light Sg&fizoﬂlgfii?z Skin tone, up-regulation [138]

(700-3000 nm) collageng of collagen, wound healing -

9. Conclusions

Due to its advantages and disadvantages, light of different wavelengths has both
positive and negative effects on our daily lives (Table 1). Some studies suggest UV radiation
is a major cause of skin aging but is effective in promoting vitamin D synthesis and
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alleviating skin diseases such as psoriasis. Blue light also causes oxidative stress, slows
down the recovery of skin barriers, and, ultimately, has a negative effect on the skin;
however, it also contributes positively to the elimination of P. acne. Therefore, in this review,
we have provided an overview of the effects of different levels of solar radiation on human
skin, as it is valuable to exploit the beneficial effects of each wavelength of light under the
appropriate conditions (information that is currently missing in the literature). Additionally,
many people continue to seek non-invasive procedures to improve medical and aesthetic
skin conditions. Phototherapy is the use of non-thermal or non-invasive light to achieve
therapeutic effects. Therefore, it is important to identify photoreceptors and elucidate their
underlying mechanisms in the skin.

In addition, in combination with systems biology, we can gain insights into which
wavelengths are most effective for specific skincare or the treatment of skin-related diseases.
Strategies to detect each wavelength of light at a specific intensity can help improve
skin health.
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