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12.1	 �Sunscreens as Skin Photoprotectants and Cancer 
Chemopreventive Agents

Solar ultraviolet (UV) photons are established environmental carcinogens. 
Sunscreens (small molecule organic filters that absorb solar UV-photons and 
particle-sized inorganic filters that reflect and scatter UV-photons) are impor-
tant solar photoprotectants and cancer chemopreventive molecular agents. 
Specifically, sunscreen-based suppression of acute UV skin damage and preven-
tion of actinic keratosis and squamous cell carcinoma have been documented and 
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reviewed extensively in the literature (Kullavanijaya and Lim 2005; Lautenschlager 
et  al. 2007; Thompson et  al. 1993; Naylor et  al. 1995; Green et  al. 2011;  
Green et  al. 1999; Ulrich et  al. 2009; van der Pols et  al. 2006; Gallagher et  al. 
2000; Lee et al. 2005; Gonzaga 2009; Autier et al. 2011; Olsen et al. 2017a, 2017b; 
Ghiasvand et  al. 2016; Goldenhersh and Koslowsky 2011; Hughes et  al. 2013; 
Iannacone et al. 2014; Mancuso et al. 2017).

The importance of efficient skin UVB (290–320 nm) photoprotection that atten-
uates photomutagenic events originating from direct absorption of UVB photons 
by DNA bases is firmly established as reviewed (Kullavanijaya and Lim 2005; 
Lautenschlager et al. 2007; Mancuso et al. 2017; Bens 2008; Marrot and Meunier 
2008). In addition, cumulative evidence for the involvement of chronic UVA expo-
sure in the causation of solar skin damage including photocarcinogenesis and photo-
aging now dictates the necessity for additional broad-spectrum skin photoprotection 
that includes the UVA spectral region of sunlight (Gasparro 2000; Fourtanier et al. 
2012). Indeed, solar photons in the deeply penetrating UVA region (320–400 nm) 
account for more than 95% of total solar UV energy incident on human skin, con-
tributing to cutaneous photooxidative stress and redox dysregulation, photoaller-
gic dermatoses including polymorphous light eruption, photoimmunosuppression, 
tumorigenic initiation and progression of nonmelanoma and melanoma skin cancer, 
and photoaging (Gonzaga 2009; Fourtanier et  al. 2012; Tyrrell 1995; Kvam and 
Tyrrell 1997; Scharffetter-Kochanek et al. 1997; de Gruijl 2000; Agar et al. 2004; 
Bowden 2004; Wondrak et al. 2006). In addition, research indicates the relevance 
of photoprotective approaches that cover regions of deeply penetrating near visible 
UVA, blue visible, and infrared light, all of which are significant contributors to skin 
photooxidative (and potentially genotoxic) solar insult (Kvam and Tyrrell 1997; 
Wondrak et al. 2006; Haywood et al. 2003; Bissonnette et al. 2008; Schroeder et al. 
2010; Liebel et  al. 2012; Nakashima et  al. 2017; Zastrow et  al. 2009). An addi-
tional layer of mechanistic complexity underlying skin photodamage and carcino-
genesis with specific relevance to melanocytes has been revealed by investigations 
that attribute a significant proportion of UV-induced photomutagenesis in skin cells 
to chemiexcitation reactions that involve the photooxidative formation of peroxide 
(dioxetane) and triplet carbonyl species capable of cyclobutane pyrimidine dimer 
formation through energy transfer long after the cessation of UV exposure, a skin-
relevant scenario referred to as “photochemistry in the dark” that might contribute 
to melanomagenesis (Premi et al. 2015; Brash 2016).

Based on the emerging consensus that daily, year-round, broad-spectrum photo-
protection is an effective key component of a sun-safe strategy to reduce cumulative 
lifetime exposure to UV light, much effort has been directed towards the identifica-
tion, development, and optimization of topical photoprotectants that prevent and 
attenuate solar skin damage (Lautenschlager et al. 2007; Mancuso et al. 2017; Bens 
2008; Fourtanier et  al. 2012; Bissonnette 2008; Svobodova and Vostalova 2010; 
Marionnet et al. 2017; Bernerd and Marionnet 2017). A topic of particular relevance 
is the optimized use of molecular photoprotection strategies in high-risk patients 
such as immunosuppressed organ transplant recipients and individuals suffering 
from conditions associated with extreme photosensitivity such as erythropoietic 
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protoporphyria or cutaneous lupus erythematosus (Surber et al. 2012; Kreuter and 
Lehmann 2014). Generally, sunscreen development has aimed at (a) increased 
absorbance with broadened spectral coverage over the whole UVA/B spectrum, (b) 
optimized photostability of UV-active chromophores, and (c) prolonged skin resi-
dence time with minimal skin penetration and lack of systemic availability upon 
topical application. In addition, other aspects of drug safety including (d) lack of 
phototoxic reactivity as well as (e) absence of dark toxicities, originating, for exam-
ple, from unwanted ligand activity towards the estrogen (ER) receptor, have been 
addressed by recent sunscreen development.

The SPF (sun protection factor) value is an important quality parameter that 
specifies potency of protection from UVB-induced erythema following a single 
exposure to solar simulated radiation as determined according to EC (European 
Commission) and United States FDA (Food and Drug Administration) regulations 
(Bens 2008; Fourtanier et al. 2012). The FDA defines the SPF as follows: “The UV 
energy required to produce an MED on protected skin divided by the UV energy 
required to produce an MED on unprotected skin, which may also be defined by 
the following ratio: SPF value  =  MED [protected skin (PS)]/MED [unprotected 
skin (US)], where MED (PS) is the minimal erythema dose for protected skin after 
application of 2 mg per square centimeter of the final formulation of the sunscreen 
product, and MED (US) is the minimal erythema dose for unprotected skin, i.e., 
skin to which no sunscreen product has been applied” (FDA Code of Regulations, 
Title 21, volume 5 (21CFR 352); revised as of April 1, 2012).

Importantly, the level of UV filtration achieved by cutaneous sunscreen applica-
tion is not directly proportional to the SPF of the sunscreen product. This results 
from the fact that the amount of UV transmission observed upon sunscreen applica-
tion equals 1/SPF. For example, an SPF of 2 allows 50% UVB photon transmission 
(1/2 transmitted). An SPF of 4 will block out 75% of UVB light (1/4 transmit-
ted). An SPF of 8 will block out 87.5% of UVB light (1/8 transmitted), and an 
SPF of 30 will block out 97% of UVB light (1/30 transmitted). Consequently, the 
difference in photon transmission between high SPFs (> 30) becomes marginal. 
However, ongoing research interest focuses on elucidating the potential benefit pro-
vided by very high (>50) SPF products (Diffey and Osterwalder 2017). Apart from 
the numeric SPF, anti-erythemal activity of a specific sunscreen product will depend 
on additional factors including the user’s skin type, interval between prior topical 
application and subsequent sun exposure, amount and frequency of application, and 
cutaneous exposure to physical factors that influence skin residence time of the topi-
cal sunscreen including wash off during swimming or sweating.

For quantification of UVA protection suppression of persistent pigment dark-
ening (PPD), a visual cutaneous response to UVA observed between 2 and 24 h 
after exposure thought to originate from photooxidation of preformed melanin and 
its precursors, is now the standard methodology (Sklar et  al. 2012). PPD-based 
quantification of UVA protection conferred by topical agents assessed in vivo has 
now been adapted to UVA testing in vitro as specified by the European Cosmetic 
Industry Association (COLIPA). In analogy to SPF interpretation, a PPD rating 
of 5 would indicate that the applied sunscreen allows a fivefold increase in UVA 
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exposure before darkening occurs that equals that observed in unprotected skin 
(Bens 2008; Fourtanier et al. 2012). In addition, UVA photoprotection is also estab-
lished by spectrophotometric determination of the “critical wavelength,” a physical 
parameter that indicates the quality of broad-spectrum protection by specifying the 
wavelength below which 90% of a photoprotectant’s spectral coverage (absorbance 
between 290 and 400 nm) occurs.

It is important to note that photoprotection products designed for broad-spectrum 
(UVA-I/UVA-II/UVB) protection can achieve different levels of UVA protection 
even though they display the same SPF. Moreover, even though erythema is consid-
ered to be primarily UVB induced, it has been demonstrated that a broad-spectrum 
combination sunscreen containing both UVA and UVB filters achieves superior 
anti-erythemogenic photoprotection as compared to a UVB-only filter displaying 
the same SPF as the combination sunscreen (Young et al. 2010). According to recent 
European Commission requirements, all sunscreen products should display pho-
toprotection against UVB and UVA with a ratio of protection levels (SPF/UVA-
protection factor) less than or equal to 3.

Given the causative involvement of UV- and visible photon-induced photooxida-
tive stress in solar skin photodamage, a free radical protection index has been pro-
posed as an additional quality parameter that specifies the ability of sunscreen agents 
to suppress photooxidative stress as assessed by electron paramagnetic resonance-
based detection of free radicals (Zastrow et al. 2004; Haywood et al. 2012; Zastrow 
and Lademann 2016; Zastrow et al. 2017). Moreover, cumulative evidence suggests 
a detrimental synergism between solar photons and specific polycyclic aromatic 
environmental pollutants acting as sensitizers of photooxidative stress and muta-
gens, a molecular scenario relevant to urban areas exposed to high pollution levels 
around the globe (Gao et al. 2005; Soeur et al. 2017; Marrot 2017).

12.2	 �FDA-Approved Sunscreen Drugs

Among the member states of the European Union where UV photoprotectants are 
listed as cosmetics, regulations are harmonized by the European Cosmetic Toiletry 
and Perfumery Association (COLIPA). However, in contrast to other countries where 
sunscreen agents are typically commercialized as cosmetic products, the United States 
FDA regulates sunscreen products as over-the-counter (OTC) drugs, and approval 
and marketing of novel sunscreen agents in the United States (US) is a rare event, 
consistent with stringent requirements for safety and efficacy of molecular agents 
intended primarily for use on healthy skin affecting large populations (Mancuso et al. 
2017). In the US, seventeen agents approved for OTC drug use are available, fif-
teen organic filters and two inorganic metal oxides (zinc oxide and titanium dioxide; 
Table 12.1) (FDA Code of Regulations, Title 21, volume 5 (21CFR 352: § 352.10, 
§ 352.20); revised as of April 1, 2012). The organic filters belong to eight chemical 
groups, subdivided into either UVB-directed (aminobenzoic acid-, salicylate-, cin-
namate-, benzimidazole derivatives) or UVA-directed (anthranilate-, benzophenone-, 
dibenzoylmethane-, benzylidene camphor derivatives) molecules (Fig. 12.1).
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It is remarkable that among organic UVA filters only avobenzone and ecam-
sule are able to cover parts of the important spectral UVA-I (340–400 nm) region, 
whereas all other UVA-active agents only filter in the shorter UVA-II (320–340 nm) 
range, incapable of providing broad-spectrum protection if combined with UVB 
absorbers. Due to possible unfavorable photochemical interactions between some 
of these agents, the FDA restricts the choice of suitable combinations of UVB/UVA 
chemical filters. Importantly, some of these agents (e.g., PABA) are now consid-
ered obsolete due known insufficiencies regarding spectral coverage, photostability, 
phototoxicity, systemic availability, and suspected estrogenicity, fueling an ongoing 
controversy that questions safety and efficacy of photoprotection that is solely based 
on topical application of synthetic sunscreens (Mancuso et  al. 2017; Bens 2008; 
Fourtanier et al. 2012; Haywood et al. 2003; Wolf et al. 2001; Serpone et al. 2002; 
Hanson et al. 2006; Burnett and Wang 2011; Krause et al. 2012).

Table 12.1  FDA-approved organic and inorganic ingredients with photoprotective properties

Active ingredient / UV filter
Maximum allowed 
concentration (%)

Spectral 
coverage (UV)

Organic
Aminobenzoic acid (para-aminobenzoic acid; 
PABA)

15 UVB

Avobenzone 
(4-tert.-butyl-4′- methoxy-dibenzoylmethane)

3 UVA-I

Cinoxate (2-ethoxyethyl p-methoxycinnamate) 3 UVB

Dioxybenzone (2,2′-dihydroxy-4-
methoxybenzophenone; benzophenone-8)

3 UVB, UVA-II

Ecamsulea (terephthalylidene dicamphor sulfonic 
acid)

3 UVA-I, UVA-II

Ensulizole (phenylbenzimidazole sulfonic acid) 4 UVB
Homosalate (3,3,5-trimethylcyclohexyl 
2-hydroxybenzoate)

15 UVB

Meradimate (menthyl anthranilate) 5 UVA-II
Octinoxate (octyl 4-methoxycinnamate) 7.5 UVB
Octisalate (octyl salicylate) 5 UVB
Octocrylene (2-ethylhexyl 
2-cyano-3,3-diphenyl-2-propenoate)

10 UVB

Oxybenzone (2-hydroxy-4-methoxy-
benzophenone; benzophenone-3)

6 UVB, UVA-II

Padimate O (2-ethylhexyl 
4-(dimethylamino)-benzoate)

8 UVB

Sulisobenzone (benzophenone-4) 10 UVB, UVA-II
Trolamine salicylate [tris-(2-hydroxyethyl)
ammonium 2-hydroxybenzoate]

12 UVB

Inorganic
Titanium dioxide 25 (UVB, UVA-II)
Zinc oxide 25 (UVB, UVA-II, 

UVA-I)
aLimited FDA approval for specific sunscreen formulations marketed by a single manufacture.
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Worldwide, much research has focused on the development of more effi-
cacious and safer sunscreen agents, their combinatorial synergistic use, and 
their incorporation into advanced formulations as detailed below. Out of four 
advanced organic filter ingredients approved by the European Commission 
(ecamsule, drometrizole trisiloxane, bisoctrizole, and bemotrizinol) only ecam-
sule has become available in the US since 2006, based on a limited FDA approval 
for specific ecamsule containing sunscreen formulations marketed by a single 
manufacturer (L’Oreal) (Fourtanier et al. 2012). FDA approval of these and other 
advanced UV filters remains pending as of early 2018 (Mancuso et  al. 2017; 
Diffey 2016).

p-aminobenzoic acid

homosalate

octisalate octocrylene

octinoxate

ensulizole

salicylate-derivatives cinnamate-derivatives benzimidazole-derivative

aminobenzoic acid-derivatives

trolamine salicylate

padimate O

dioxybenzone

benzophenone-derivatives

dibenzoylmethane-derivative benzylidene camphor-derivative

oxybenzone

anthralinate-derivative

avobenzonemeradimate ecamsule

sulisobenzone

cinoxate

Fig. 12.1  Chemical classes of FDA-approved organic sunscreen agents
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12.3	 �FDA New Regulations Concerning Sunscreens

In contrast to the stagnation experienced in the area of approval of new sunscreen 
agents, in June 2011 the FDA has finalized new regulations that establish revised stan-
dards for testing the effectiveness of sunscreen products and require product labeling 
that accurately reflects test results. According to the new regulations that have become 
effective in 2012 the “drug facts” section of the product must indicate that sunscreens 
labeled as both “broad spectrum” and “SPF 15” (or higher) not only protect against 
sunburn, but “if used as directed with other sun protection measures can reduce the 
risk of skin cancer and early skin aging” (Fig. 12.2a), a specific drug use not approved 
by the FDA in the past when sunscreen use was limited to “prevention of sunburn.”

According to the revised regulations sunscreen products that are not broad spec-
trum and/or display an SPF lower than 15 are confined to the use indication “helps 
prevent sunburn” and must display the following “Skin Cancer/Skin Aging alert: 

a

Fig. 12.2  Sunscreen labeling according to 2011 FDA final rule (21CFR, parts 201 and 310, June 
17, 2011). (a) Labeling of products that provide broad-spectrum and SPF15 protection. (b) 
Labeling of products that do not provide broad-spectrum and/or SPF15 protection (according to 
FDA guidelines: http://www.fda.gov/forconsumers/consumerupdates/ucm258416.htm); for expla-
nations see text

12  Sunscreen-Based Skin Protection Against Solar Insult: Molecular Mechanisms…
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Spending time in the sun increases your risk of skin cancer and early skin aging. This 
product has been shown only to prevent sunburn, not skin cancer or early skin aging” 
(Fig. 12.2b). Only products with combined broad spectrum SPF15 and above perfor-
mance display the following additional information that specifies the nature of other 
essential sun protection measures as follows: “Spending time in the sun increases 
your risk of skin cancer and early skin aging. To decrease this risk, regularly use a 
sunscreen with a broad spectrum SPF of 15 or higher and other sun protection mea-
sures, including: (1) limit time in the sun, especially from 10 a.m. to 2 p.m. and (2) 
wear long-sleeve shirts, pants, hats, and sunglasses” (Fig. 12.2a). Product labels such 
as “waterproof” or “sweatproof” specifying unsubstantiated water resistance are now 
banned by the FDA.  Instead, labeling now indicates “water resistant (40 min)” or 
“water resistant (80 min).” In addition, due to insufficient evidence of clinical benefit 
for products displaying very high SPFs (>50), labels may now claim a maximum SPF 
value of “50+” (Mancuso et al. 2017; Diffey and Osterwalder 2017; Diffey 2016).

Obviously, these more recent FDA regulations revising sunscreen OTC product 
labeling are intended to facilitate a more appropriate and informed sunscreen selection 
and use among consumers, stressing the importance of frequent and ample application 
of sunscreens and their obligatory combinatorial use in conjunction with behavioral 
sun protection measures (e.g., sun avoidance and protective clothing) as promoted 
widely by many initiatives including the SunWise Program of the U.S. Environmental 
Protection Agency [http://www.epa.gov/sunwise/]. However, concerns remain 

b

Fig. 12.2  (continued)
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regarding the unspecific and broad nature of the general skin cancer protection claim 
now permissible according to the revised FDA regulations for broad spectrum SPF15+ 
OTC products. It can be argued that the FDA-approved drug claim implies a general 
cancer chemopreventive benefit resulting from sunscreen use that does not account for 
differences in the solar and nonsolar etiology of specific types of nonmelanoma and 
melanoma skin cancer and their respective precursor lesions. Indeed, an indiscrimi-
nate reduction of skin cancer risk by sunscreen application (expected to vary by for-
mulation and chemical identity of molecular agents beyond categorization according 
to “SPF” and “broad-spectrum” coverage) is not substantiated adequately by the pub-
lished scientific literature that mostly supports efficacy of topical sunscreen use for 
the suppression of acute UV skin damage, prevention of actinic keratosis and squa-
mous cell carcinoma, and photoaging (Kullavanijaya and Lim 2005; Lautenschlager 
et  al. 2007; Green et  al. 1999, 2011; Ulrich et  al. 2009; van der Pols et  al. 2006; 
Gallagher et al. 2000; Lee et al. 2005; Gonzaga 2009; Autier et al. 2011; Olsen et al. 
2017a, 2017b; Ghiasvand et  al. 2016; Goldenhersh and Koslowsky 2011; Hughes 
et al. 2013; Iannacone et al. 2014; Mancuso et al. 2017). As of February 21, 2019, 
the US FDA has issued a proposed rule that would update regulatory requirements 
for most sunscreen products in the US (https://www.fda.gov/NewsEvents/Newsroom/
PressAnnouncements/ucm631736.htm). The FDA is publishing this proposed rule as 
part of the regulatory proceeding to put into effect a final monograph for nonpre-
scription, OTC sunscreen drug products under the OTC drug review (https://www.
federalregister.gov/documents/2019/02/26/2019-03019/sunscreen-drug-products-
for-over-the-counter-human-use). The proposal addresses sunscreen active ingredi-
ent safety, dosage forms, and SPF/ broad-spectrum requirements (in line with other 
OTC drugs). In addition, updates concerning product labeling enabling consumers to 
identify key product information are included and maximum SPF values on sunscreen 
labels are increased from 50 to 60. Importantly, of the sixteen currently marketed 
active ingredients, only two ingredients (zinc oxide and titanium dioxide) are desig-
nated as GRASE (‘generally recognized as safe and effective’) for use in sunscreens, 
whereas two ingredients (PABA and trolamine salicylate) are not GRASE for use 
in sunscreens due to safety issues. Remarkably, the FDA states that there are twelve 
ingredients for which there are insufficient safety data that would allow a positive 
GRASE determination at this time, and consequently the FDA is asking industry and 
other entities for additional data that would allow unequivocal GRASE designation.

12.4	 �Rational Molecular Design of Optimized Sunscreen 
Ingredients

12.4.1	 �General Considerations

Optimization of sunscreen compounds can be achieved by rational molecular 
design determining efficient photon absorption at specific wavelengths that should 
be followed by harmless dissipation of photon excitation energy (Fig.  12.3a) 
(Kullavanijaya and Lim 2005; Lautenschlager et al. 2007; Bens 2008; Fourtanier 
et al. 2012; Bissonnette 2008; Svobodova and Vostalova 2010; Forestier 2008). An 
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organic filter substance will first absorb photons (excitation energy, ΔE) leading 
to excitation of electrons situated in π− and nonbinding orbitals of the molecule 
that undergo a transition to higher antibonding orbitals (excited singlet state forma-
tion), followed by return to the electronic ground state by thermal energy dissipa-
tion, a process referred to as internal conversion (IC). In specific cases, the excited 
singlet state can undergo further electronic rearrangements [referred to as intersys-
tem crossing (ISC)] with formation of excited triplet states and biradical species 
(featuring unpaired electrons), highly reactive intermediates that cause photodeg-
radation of the absorbing molecule itself and can also damage molecules in its 
close vicinity through energy and electron transfer reactions. In addition, singlet 
oxygen (1O2), a highly reactive electronically excited form of molecular oxygen, 
can be generated by energy transfer that occurs between the triplet state of the 
initial absorber and ground state triplet oxygen (3O2). Numerous sunscreen com-
pounds including the UVA filter avobenzone have been associated with undesirable 
photochemical reactivities associated with photooxidation, photodegradation, and 
phototoxicity [Fig. 12.3a, depicting the reaction sequence for avobenzone photo-
oxidation (tricarbonyl-formation) via UVA-driven triplet state formation] (Tarras-
Wahlberg et al. 1999).

ISC

ground state

excited state

singlet state

triplet state

absorption phosphorescencefluorescence

energy transfer

electron  transfer

3O2

1O2

photo-instability
photo-toxicity

IC∆E

photo-degradation

photo-oxidation

drometrizole trisiloxane

ISC

UVA-photons

ground state
avobenzone 

triplet state
avobenzone

∗

o

photo-oxidized
avobenzone

[O]

a

b

bisoctrizole bemotrizinole

Fig. 12.3  Sunscreen excitation by solar photons followed by excited triplet state formation. (a) 
Upper section: Photochemical reactions may occur downstream of absorption of solar photons by 
the sunscreen chromophore. lower section: Photooxidation of avobenzone (chemical structure, 
left) results from excited triplet state formation (chemical structure featuring an excited triplet 
carbonyl group, center) followed by formation of oxidation products such as the triketo-derivative 
shown (chemical structure, right). (b) Photostable broad-spectrum sunscreen agents of the 
hydroxybenzotriazole and hydroxytriazine classes. For explanations see text
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Rational molecular design of sunscreen chromophores has therefore aimed at the 
generation of improved photostable molecules capable of efficient photon absorp-
tion at specific wavelengths with minimized excited state lifetimes and absence of 
intersystem crossing (triplet state formation) avoiding singlet oxygen formation that 
would occur via energy transfer. Moreover, optimized sunscreens bear molecular 
moieties that facilitate harmless dissipation of photon excitation energy through 
reversible intramolecular reactions, such as excited state intramolecular proton 
transfer (ESIPT), keto-enol tautomerism, and cis-trans isomerization (Bens 2008; 
Forestier 2008). Moreover, research has paid increased attention to formulation-
related performance parameters of sunscreens including cutaneous film thickness 
(Sohn et al. 2014; Sohn et al. 2016). In the context of general considerations rel-
evant to the use and development of sunscreens, it should also be mentioned that 
recent concerns about environmental compatibility of specific sunscreen chemical 
entities (such as oxybenzone/benzophenone-3) acting as suspected environmental 
toxicants have been substantiated (DiNardo and Downs 2017). Likewise, the occur-
rence of photoallergenicity and dermal uptake from clothing have been associated 
with specific sunscreen compounds including oxybenzone (Nash and Tanner 2014; 
Benevenuto et al. 2015; Morrison et al. 2017).

12.4.2	 �Sunscreen Optimization by coformulation

Avobenzone [1-(4-Methoxyphenyl)-3-(4-tert-butylphenyl)propane-1,3-dione] dis-
plays extended spectral coverage that extends far into the UVA-I region (340–
400  nm; λmax  =  357  nm) making it an important constituent of broad-spectrum 
formulations that filter UVA-I. However, it has been observed that UVA excita-
tion causes generation of triplet excited states that either cause avobenzone pho-
todegradation or initiate the formation of singlet oxygen or other reactive species 
(Fig. 12.3a) (Bens 2008; Fourtanier et al. 2012; Wolf et al. 2001; Serpone et al. 
2002; Tarras-Wahlberg et  al. 1999; Cantrell and McGarvey 2001). Avobenzone 
photostablilization has been achieved in OTC-marketed sunscreen products by 
combining it with other more photostable UV filters such as octocrylene, a hydro-
phobic UVB absorber that photostabilizes and potentiates other UV absorbers 
(Forestier 2008). Similarly, diethylhexyl 2,6-naphthalate (DEHN), an organic non-
UV-screen energy transfer acceptor has shown efficacy in stabilizing avobenzone 
against UVA-induced degradation and is therefore an established photostabilizer 
additive employed in numerous formulations.

12.4.3	 �Sunscreen Optimization Using Nanoparticle 
and Encapsulation Technology

Significant advances in materials science, specifically in the areas of nanoparticle 
and encapsulation technology, have impacted the design of improved sunscreen 
ingredients. Titanium dioxide (TiO2) and zinc oxide (ZnO) are metal oxide-based 
inorganic UV filters that exert photoprotection by absorbing, reflecting, and 
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scattering photons (Cole et al. 2016). Due to the large particle size of microsized 
metal oxide-based powders, photon reflection may also occur in the visible range 
of the solar spectrum potentially causing white cast and grainy skin feel that both 
limit cosmetic acceptance, problems that have been addressed by the development 
of nanosized TiO2 and ZnO preparations (<100  nm), a particle size that allows 
transmission of visible light causing a transparent appearance while maintaining 
UV-blocking properties (Smijs and Pavel 2011). UV and visible photon-directed 
blocking properties of metal oxide-based nanoparticles are a function of particle 
size that inversely correlates with the wavelength of incident photons, and among 
metal oxides zinc oxide displays superior absorption in the long UVA. For spherical 
TiO2, a particle size of 20 nm blocks UVB only, a particle size of 50 nm allows UVB 
and some UVAII coverage, and a particle size of 100 nm extends coverage over the 
entire UVA region. Thus, the cosmetically desirable size reduction of nanosized 
TiO2 (and ZnO) increases UVB absorption of both particles at the expense of UVA 
absorption causing unbalanced UV protection. ZnO dispersions should therefore 
contain both small (nanosized) and large (microsized) particles to maintain a favor-
able balance between UVA and UVB protection.

The potential for percutaneous penetration of nanomaterials has fueled safety 
concerns associated with nanosized TiO2- and ZnO-based sunscreens addressed 
by research (McSweeney 2016; Osmond-McLeod et al. 2016). A large number of 
studies suggests that nanosized TiO2 and ZnO do not penetrate the intact stratum 
corneum of healthy human skin as reviewed extensively (Smijs and Pavel 2011). 
A consensus exists that further studies should examine the potential for nanopar-
ticle sunscreen penetration through sunburned skin and under conditions of ultra-
violet exposure (Newman et al. 2009). UVB-damaged pig skin displayed slightly 
enhanced TiO2 or ZnO nanoparticle penetration from sunscreen formulations but no 
transdermal absorption was detected (Monteiro-Riviere et al. 2011). It has also been 
reported that TiO2 nanoparticles are efficient photocatalysts potentially enhanc-
ing UVA-induced skin photooxidative stress (Jaeger et al. 2012). Remarkably, the 
International Agency for Research on Cancer (IARC) classifies TiO2 as an IARC 
group 2B carcinogen (“possibly carcinogenic to humans”) based on the finding that 
high concentrations of ultrafine TiO2 dust causes respiratory tract cancer in rats 
(Baan et al. 2006). However, a study has reported that TiO2 nanoparticles do not 
promote UVB-initiated skin carcinogenesis in rats, a lack of carcinogenicity attrib-
uted to the test particles’ inability to penetrate the epidermis (Xu et al. 2011).

Advanced encapsulation and coating strategies can potentially overcome limi-
tations associated with insufficient photostability, unwanted photoreactivity, and 
skin penetration of inorganic and organic sunscreen agents. For inorganic filters, 
commonly used nanoparticle coatings that display minimal interference with pho-
toprotective properties and quench light-driven free radical reactivity comprise inert 
polymeric materials such as silicon and polymethylacrylic acid (Jaeger et al. 2012). 
For stabilization of organic filters, macromolecular complexation by inclusion of 
hydroxypropyl-beta-cyclodextrin in sunscreen formulations may enhance photo-
protection reducing both skin penetration and photodecomposition of UV absorbers 
such as avobenzone (Yang et al. 2008).
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In an attempt to further block skin permeation and systemic availability of topi-
cal photoprotectants, surface immobilization of topical sunscreens has led to the 
concept of “nonpermeating sunscreens” achieved either by covalent macromo-
lecular polymerization of sunscreen chromophores (e.g., polyacrylamidomethyl 
benzylidene camphor) or through linkage to a macromolecular nonpermeating 
backbone (Touitou and Godin 2008). Additionally, a nondelivery encapsulation 
system has been developed based on entrapping organic UV filters in silica-
based microparticles. Glass microencapsulation prevents direct physical contact 
between the active ingredients and skin, blocking skin permeation and enhancing 
sunscreen photostability, an innovative concept that has been referred to as “sun-
glasses for the skin.”

12.4.4	 �Sunscreen Optimization by Designing Improved 
Chromophores

Apart from photostabilization by coformulation, a more UV-stable avobenzone 
derivative [1-(4-tert-butylphenyl)-2-decanyl-3-(4′-methoxyphenyl)-propane 
1,3-dione] has been described carrying a ten-carbon aliphatic substituent at the 
alpha-carbonyl position of avobenzone, a modification thought to stabilize the 
enole form of the molecule in apolar water-in-oil emulsions attenuating photo-
degradation by limiting the occurrence of the keto-form of the molecule from 
which triplet state formation and photodegradation can occur (Fig. 12.3a); how-
ever, these molecules have not reached the stage of efficacy testing on human 
skin (Wetz et al. 2005).

Benzylidene camphor and its derivatives [including 4-methylbenzylidene cam-
phor] are potent UVB chromophores contained in a number of established UVB 
sunscreens approved in Europe but not in the US. Benzylidene camphor is photo-
stable and releases absorbed photon energy by internal conversion through cis-trans 
photoisomerization, a process characteristic of all benzylidene camphor derivatives 
(Beck et al. 1981). Further photochemical development aimed at shifting absorption 
towards longer wavelengths (allowing UVA-II coverage) and blocking skin perme-
ation upon topical application (Forestier 2008). A blue shifted absorption spectrum 
can be obtained through aromatic extension of the benzylidene camphor-based chro-
mophore, and skin penetration is antagonized by addition of charged substituents 
(such as anionic sulfonic acid residues). Based on these considerations, a superior 
photostable UVA-II sunscreen (λmax = 345 nm) has been generated (ecamsule, tere-
phthalylidene dicamphor sulfonic acid), marketed in other parts of the world since 
1993 and available to US customers since 2006 (Fig. 12.1, bottom right) (Fourtanier 
et al. 2012; Seite et al. 1998).

In contrast, the following three advanced sunscreen agents, used throughout 
Europe, Australia, and other parts of the world, remain unavailable to US consum-
ers as of early 2018 (Fig. 12.3b) (Mancuso et al. 2017). Bisoctrizole (methylene 
bis-benzotriazolyl tetramethylbutylphenol), a broad-spectrum photoprotectant 
featuring a photostable hydroxy-benzotriazole chromophore (λmax  =  359 nm), is 
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a hybrid UV absorber (Osterwalder and Herzog 2010). Produced as microfine 
organic particles (<200  nm) combining characteristics of an organic filter and 
particle-based photoprotectant, bisoctrizole exerts photoprotection through both 
absorption and scattering. UVA-I photoprotection is superior among available 
organic filters as indicated by a “critical wavelength” of 388 nm (as defined in Sect. 
12.1 of this chapter). Bisoctrizole also fulfills stringent requirements of advanced 
photoprotectants (such as lack of skin penetration and absence of estrogenicity) 
(Ashby et al. 2001).

Drometrizole trisiloxane is another hydroxy-benzotriazol-based broad-spectrum 
photoprotectant with excellent UVA coverage and photostability. A lipophilic trisi-
loxane substituent allows formulation optimized for increased water resistance upon 
topical application (Bens 2008). Combinatorial use between drometrizole trisilox-
ane and ecamsule potentiates UVA photoprotection (Moyal 2004). Bemotrizinol 
(bis-ethylhexyloxyphenol methoxyphenyltriazine), available in the European com-
munity and Australia since 2000, is a triazine-based lipophilic broad-spectrum UV 
screen with exceptional photostability, attributed in part to the molecule’s ability to 
dissipate excitation energy by internal conversion though reversible intramolecular 
proton transfer that occurs between the phenolic substituents and the nitrogens of 
the core triazine (Osterwalder and Herzog 2010). Importantly, bemotrizinol also 
confers photostability to other coformulated sunscreen agents known to be intrinsi-
cally photoreactive due to triplet state formation (such as avobenzone), a photo-
stabilization effect attributed to excited state quenching representing an innovative 
mechanism of photoprotection (Chatelain and Gabard 2001).

12.4.5	 �Sunscreen Optimization Through Potential Synergism 
with “Non-Sunscreen” Molecular Approaches

Recent research has focused on the identification of targeted molecular interven-
tions and agents that are expected to synergize with sunscreens and may also pro-
vide photoprotective benefit if used in stand-alone topical regimens (referred to as 
“non-sunscreen photoprotection”) (Wondrak 2007; Dinkova-Kostova 2008; Afaq 
and Mukhtar 2006; Nichols and Katiyar 2010; Janda et  al. 2016; Dickinson and 
Wondrak 2017). Moreover, development of experimental therapeutics for post-UV 
intervention that suppress tumorigenic progression in high risk skin presenting 
with extensive chronic solar damage is the subject of ongoing research activities 
(Justiniano et  al. 2017a). Remarkably, advances in peptide-based pharmacology 
have facilitated the clinical availability of a potent α-MSH analogue with pro-
nounced melanogenic properties (“melanotan I; CUV1647”), causing constitutive 
melanin-based tanning and photoprotection even in pheomelanocytic individu-
als. This pharmacological stimulation of melanogenesis may benefit patients with 
severe photo-hypersensitivity {e.g., erythropoietic protoporphyria (EPP), polymor-
phic light eruption, solar urticaria, xeroderma pigmentosum} or melanogenesis dis-
orders (vitiligo), a medical approach approved in Europe for the treatment of EPP 
(Dorr et al. 2004; Langendonk et al. 2015).

A. Krajisnik et al.



391

12.4.5.1	 �Quenchers of Photoexcited States (QPES)
Compounds capable of inactivating photoexcited states by direct chemical and/
or physical interaction are called quenchers of photoexcited states (Wondrak et al. 
2006; Wondrak et  al. 2005). As combinatorial agents used in conjunction with 
sunscreen compounds they limit photoreactivity and instability associated with 
extended photoexcitation of numerous sunscreen agents as mentioned for diethyl-
hexyl 2,6-naphthalate (DEHN) (Chatelain and Gabard 2001). In addition, photo-
excited states of endogenous skin chromophores and singlet oxygen (photoexcited 
oxygen formed by photosensitization) are novel molecular targets for photopro-
tection by quencher substances, including the xanthone-derivative gentiacaulein, 
the amino acid l-proline, and marine photoprotectant mycosporines as reviewed 
previously (Wondrak 2007; Lawrence et al. 2017a). Moreover, NRF2-directed anti-
oxidant and photoprotective activities of the UV-absorbing mycosporine-like amino 
acid palythine have been documented in cultured human keratinocytes, suggesting 
that this and other multifunctional photoprotective mycosporines may serve as natu-
ral and biocompatible photoprotectants that may synergize with synthetic UV filters 
(Lawrence et al. 2017b). Recent research indicates that light-driven redox cycling 
of non-DNA skin chromophores [including porphyrins, riboflavin (vitamin B2), 
pyridoxine (vitamin B6), collagen crosslinks, melanin precursors, AGE-pigments 
(protein epitopes that form during chronological and actinic skin damage)] acting 
as endogenous photosensitizers is a major source of reactive oxygen species (ROS) 
in solar photon-exposed human skin (Scharffetter-Kochanek et al. 1997; Wondrak 
et al. 2006; Wondrak et al. 2004; Tonolli et al. 2017; Justiniano et al. 2017b). The 
causative role of photoexcited states that occur downstream of photon absorption 
but upstream of ROS formation in skin photodamage suggests that direct molecular 
antagonism of photosensitization reactions using physical and chemical quenchers 
represents a novel chemopreventive opportunity for skin photoprotection to be sub-
stantiated in the future (Wondrak et al. 2006; Bohm et al. 2012).

12.4.5.2	 �Photoprotective Phytochemicals
Molecular photochemoprevention beyond sunscreen use aims at the identification 
and development of topical or systemic agents capable of ameliorating the adverse 
effects of solar radiation on skin. Among numerous experimental and investigational 
agents that have been tested for photochemopreventive activity, phytochemicals 
of dietary and non-dietary origin have attracted much research interest (Dinkova-
Kostova 2008; Afaq and Mukhtar 2006; Nichols and Katiyar 2010; Bosch et  al. 
2015). Impressive results documenting chemopreventive potential in mouse models 
of photocarcinogenesis with topical and systemic administration of phytochemicals 
have been obtained, including phenolic compounds (e.g., curcumin, resveratrol, 
tyrosol, caffeic and ferulic acid), flavonoids [e.g., (−)epigallocatechin-3-gallate, 
apigenin, silibinin], anthocyanidins [e.g., delphinidin] and anthocyanins (e.g., cyan-
idin-3-O-glucoside), and various carotinoids and xanthophylls (e.g., lutein, zeaxan-
thin) (Gensler et al. 1996; Singh and Agarwal 2005; Tarozzi et al. 2005). Beyond 
activity as antioxidants and redox modulators, efficacy of these photochemicals 
is related to modulation of multiple molecular pathways and targets involved in 
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skin solar damage [including NRF-dependent activation of the cellular antioxidant 
response, inhibition of inflammatory signaling (e.g., through modulation of NFκB, 
AP-1, and COX-2), and attenuation of UV-induced photoimmunosuppression] as 
expertly reviewed elsewhere (Afaq and Mukhtar 2006; Nichols and Katiyar 2010; 
Bosch et al. 2015).

12.4.5.3	 �NRF2 Activators
Recent research strongly suggests that the redox-sensitive transcription factor 
NRF2 (nuclear factor-E2-related factor 2) is a promising molecular target for mod-
ulation of skin barrier function, photoprotection, and cancer chemoprevention that 
works through pathways that do not involve photon screening (Bosch et al. 2015; 
Dinkova-Kostova et al. 2006; Kawachi et al. 2008; Saw et al. 2011; Tao et al. 2013, 
2015; Reisman et al. 2015; Schafer et al. 2012; Schafer and Werner 2015; Knatko 
et  al. 2016). Nrf2 transcriptional activity orchestrates major cellular antioxidant, 
phase-II detoxification, and anti-inflammatory pathways that protect tissue against 
electrophilic insult (Zhang 2006). It is well established that numerous dietary che-
mopreventive factors activate NRF2 through covalent adduction and/or oxidation 
of redox-sensitive thiol residues in Keap1 (Kelch-like ECH-associated protein 1), 
the negative regulator of NRF2 (Zhang et al. 2004). Inhibition of Keap1-dependent 
ubiquitination and subsequent suppression of proteasomal degradation of NRF2 
allows NRF2 nuclear translocation, a process followed by NRF2-dependent tran-
scriptional activation of cytoprotective target genes underlying NRF2-dependent 
suppression of environmental toxicity and carcinogenesis as reviewed recently 
(Rojo de la Vega et al. 2017). Additional functions of NRF2 with relevance to skin 
barrier integrity, and environmental protection and repair have recently emerged, 
including a role in stem cell renewal and pluripotency, mitochondrial homeostasis 
and energy metabolism, and autophagic and proteasomal regulation (Rojo de la 
Vega et al. 2018; Holmstrom et al. 2016; Hawkins et al. 2016).

The key role of NRF2 in the coordination of anti-inflammatory, antioxidant, and 
cytoprotective pathways is supported by extensive studies using NRF2 knockout 
(NRF2 KO) versus wild-type mice demonstrating that NRF2 KO mice are more sus-
ceptible to environmental electrophilic stress and inflammatory stimuli (including 
solar ultraviolet and ionizing radiation, arsenic, benzo[a]pyrene, hyperoxia, ciga-
rette smoke, and diesel exhaust) as reviewed recently (Surh et al. 2005; Kundu and 
Surh 2010; Kensler and Wakabayashi 2010; Osburn and Kensler 2008; Nakagami 
and Masuda 2016).

Pharmacological intervention using dietary factors that activate NRF2 repre-
sents a promising strategy for chemoprevention of various types of cancer (Surh 
et  al. 2005; Kundu and Surh 2010; Hayes et  al. 2010). Several studies strongly 
suggest a role of NRF2-mediated gene expression in the prevention of epidermal 
chemical (TPA/DMBA-induced) and UV-induced carcinogenesis (Knatko et  al. 
2016; auf dem Keller et al. 2006). In cultured human skin cells, the small mol-
ecule NRF2 activator cinnamaldehyde displayed strong cytoprotective activity 
by suppressing reactive oxygen species (ROS)-dependent photooxidative stress, 
and NRF2-dependent protection against UVA-induced keratinocyte damage has 
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been observed (Tao et al. 2013; Wondrak et al. 2008; Tian et al. 2011). Protection 
against UVB-induced skin carcinogenesis by topical application of an NRF2 acti-
vator (sulforaphane-enriched broccoli sprout extract) has been demonstrated in 
SKH-1 mice (Dinkova-Kostova et  al. 2006; Talalay et  al. 2007), but the photo-
chemopreventive activity of topical sulforaphane application has also been attrib-
uted to potent inhibition of AP-1 (Dickinson et  al. 2009). Sulforaphane-based 
NRF2 activation confers a protective effect against UVB-induced acute inflam-
mation and sunburn reaction, and NRF2-dependent attenuation of UVB-induced 
sunburn reaction and oxidative DNA damage can be observed in Nrf2 wild-type 
versus KO mice (Kawachi et al. 2008; Saw et al. 2011). However, no increased 
susceptibility towards UVB-induced skin carcinogenesis was detected in NRF2 
KO mice. In contrast, UVB-induced photoaging is accelerated in NRF2 KO mice 
based on increased wrinkle formation, epidermal thickening, dermal deposition 
of extracellular matrix, lipid peroxidation, and loss of cutaneous glutathione 
(Hirota et al. 2011). In addition, topical NRF2 activation using a synthetic tricyclic 
bis(cyanoenone)-based NRF2 inducer has shown efficacy protecting against UVA-
induced cutaneous photooxidative stress in a murine model of systemic immu-
nomodulatory thiopurine therapy (Kalra et  al. 2012). Importantly, a substantial 
body of experimental evidence indicates that NRF2 dysregulation, either due to 
insufficient adaptive activation in response to environmental stressors or due to 
constitutive hyperactivation as a result of genetic alterations that may also involve 
KEAP1, has detrimental effects compromising skin barrier function and stress 
responses. For example, seminal research has documented that hyperkeratosis 
in murine skin results from constitutive epidermal NRF2 over-activation through 
permanent genetic deletion of KEAP1 (Wakabayashi et al. 2003). Importantly, it 
has been demonstrated that genetic NRF2 activation protects SKH-1 murine skin 
against acute photodamage and photocarcinogenesis (Knatko et  al. 2016; Kalra 
et  al. 2012; Knatko et  al. 2015). Consequently, pharmacological modulation of 
NRF2 is now explored as an innovative approach achieving sunscreen-independent 
molecular skin photoprotection, cancer photochemoprevention, and suppression of 
skin photoaging (Rojo de la Vega et al. 2017).

Taken together, cumulative evidence suggests feasibility of using topical NRF2 
activators as novel photoprotectants and photochemopreventive agents. However, 
performance of these agents must be tested more rigorously as a function of solar 
spectral range in acute and chronic models of human skin photodamage in order to 
better define their efficacy as single or combinatorial photoprotective ingredients 
optimized for targeted topical delivery, photostability, long-term safety, and mecha-
nistic synergism with other photoprotective agents.

12.4.5.4	 �Nutritional Photoprotection
The dietary origin of numerous photochemopreventive factors suggests the pos-
sibility of achieving efficient skin delivery through oral systemic administra-
tion, an emerging concept referred to as “nutritional photoprotection.” Indeed, 
clinical studies document feasibility of human skin photoprotection by dietary 
intake of lycopene from processed tomato and flavonoid-rich cocoa (Sies and 
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Stahl 2004; Heinrich et al. 2006; Williams et al. 2009). In addition, oral admin-
istration of non-dietary photoprotectants including aqueous extracts of poly-
podium leucotomos have given impressive clinical results, particularly in the 
context of attenuation of skin photo-hypersensitivity reactions (e.g., polymor-
phic light eruption) in human patients (Middelkamp-Hup et al. 2004; Gonzalez 
et al. 2010; Parrado et al. 2016). Photoprotective efficacy of nutritional inter-
vention has been attributed to direct UV absorption by chromophores contained 
in phytochemicals such as conjugated polyenes in carotinoids or 2-phenylchro-
men-4-one in flavonoids (Astner et al. 2007). It should be mentioned that the 
degree of protection against acute solar insult achievable by nutritional inter-
vention (as assessed by suppression of solar erythema) is generally moderate 
and does not reach the level of protection achieved by synthetic sunscreen 
agents. Moreover, safety concerns related to chronic administration of specific 
phytochemicals such as carotenoids at elevated oral doses have been raised. It 
has been demonstrated that systemic administration of the apocarotenoid bixin 
in SKH-1 mice, a key component of achiote (also referred to as “annatto”) and 
FDA-approved food colorant and spice used since ancient times throughout the 
tropical Americas, provides significant skin photoprotection and improvement 
of barrier integrity as a function of cutaneous NRF2 activation. Specifically, it 
was reported that (a) bixin, devoid of pro-vitamin A activity, is a potent activator 
of the NRF2-dependent cytoprotective response in human skin keratinocytes; 
(b) systemic administration of bixin activates NRF2 with protective effects 
against solar UV-induced skin damage; and (c) bixin-induced suppression of 
photodamage is observable in Nrf2+/+ but not in Nrf2−/− SKH-1 mice confirm-
ing the NRF2 dependence of bixin-induced antioxidant and anti-inflammatory 
effects that occur independent of photon absorption (Tao et al. 2015; Rojo de la 
Vega et al. 2017; Rojo de la Vega et al. 2018).

Importantly, molecular mechanisms beyond UV screening including excited 
state quenching, NRF2 activation of the cellular antioxidant response, inhibition 
of inflammatory signaling (NFκB, AP-1), modulation of energy metabolism and 
DNA repair, and attenuation of photoimmunosuppression may determine the pho-
tochemopreventive activity of diverse dietary biofactors that have shown efficacy 
in animal models and recent human trials (Afaq and Mukhtar 2006; Nichols and 
Katiyar 2010; Parrado et  al. 2016; Minocha et  al. 2017). Specifically, encourag-
ing clinical data indicate the efficacy of oral nicotinamide for chemoprevention of 
nonmelanoma skin cancer as substantiated by a multicenter, phase 3, double-blind, 
randomized, placebo-controlled trial in a high-risk population (“Oral Nicotinamide 
to Reduce Actinic Cancer” [ONTRAC]), followed by clinical evidence indicating 
efficacy of nicotinamide-based skin cancer chemoprevention in renal transplant 
recipients (Chen et al. 2015, 2016).

More research is needed in order to substantiate feasibility and preventive ben-
efits of dietary photoprotection aiming at an optimal cutaneous supply of specific 
phytochemicals and nutrients that increase constitutive skin defense against the del-
eterious consequences of acute and chronic UV exposure.
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12.5	 �Future Developments Improving Skin Photoprotection: 
Concerns and Opportunities

Many opportunities for improved solar photoprotection and cancer chemopreven-
tion involving the use of sunscreen agents remain to be explored. Importantly, 
only limited published information is available on crucial molecular interactions 
with obvious consequences relevant to sunscreen use in large populations, such as 
sunscreen/skin microbiome interactions (Rensburg et al. 2016). Areas of current 
interest include (a) optimization of cancer chemopreventive activity of sunscreens 
used in conjunction with other measures of photoprotection, (b) potential inhibi-
tion of UV-dependent skin vitamin D photosynthesis, a matter of ongoing debate 
based on accumulating evidence for the chemopreventive action of this solar vita-
min against major types of cancer (Giovannucci 2005; Reichrath and Nurnberg 
2009; Diehl and Chiu 2010; Gordon-Thomson et al. 2012; Makarova et al. 2017), 
(c) insufficient protection against solar photooxidative stress together with inad-
equate spectral coverage, particularly in the regions of near visible UVA, visible 
(blue) and infrared light, known to contribute to skin photoaging and photo-
genotoxicity (Wondrak et  al. 2006; Zastrow et  al. 2017; Moseley et  al. 2001; 
Mahmoud et al. 2008; Darvin et al. 2010; Kolbe 2012), (d) photoinstability and 
phototoxicity due to light-induced harmful excited state chemistry of many ingre-
dients used in current formulations (Kullavanijaya and Lim 2005; Lautenschlager 
et al. 2007; Bens 2008; Bissonnette 2008; Svobodova and Vostalova 2010; Maier 
et al. 2001), (e) systemic availability through transdermal delivery, and (f) insuf-
ficient consumer compliance (Bech-Thomsen and Wulf 1992; Autier et al. 2007; 
Boniol et al. 2008, 2016; Ruppert et al. 2017). Undoubtedly, current sunscreen 
use is inadequate and does not comply with the recommendations of the American 
Academy of Dermatology [http://www.aad.org/media-resources/stats-and-facts/
prevention-and-care/sunscreens]. Concerns have specifically been raised regard-
ing insufficient frequency and quantity of sunscreen application (Mancuso et al. 
2017; Diffey 2001). Research suggests that sunscreen application is the single 
most frequently used method of sun protection across all age groups, contrary to 
guidelines that it should be employed in conjunction with other solar protection 
measures (Stanton et al. 2004). Moreover, it has been argued that, guided by the 
perceivable benefit of suppression of UV-induced sunburn, consumers might use 
sunscreens in order to massively overextend skin solar exposure time, thereby 
receiving high cumulative doses of solar radiation in spectral regions where pho-
ton screening by currently available photoprotectants is insufficient or completely 
absent (Mancuso et al. 2017; Bens 2008; Autier et al. 2007; Boniol et al. 2008). 
This might be of particular relevance in the regions of deeply penetrating near 
visible UVA, blue visible, and infrared light, all suggested to be significant con-
tributors to skin photooxidative and potentially genotoxic solar insult (Mancuso 
et al. 2017; Kvam and Tyrrell 1997; Wondrak et al. 2006; Haywood et al. 2003; 
Bissonnette et al. 2008; Schroeder et al. 2010; Liebel et al. 2012; Zastrow and 
Lademann 2016; Zastrow et al. 2017).
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Strikingly, toxicological concerns relating to potential systemic availability upon 
transdermal delivery of specific sunscreen molecular entities remain to be resolved 
(Gonzalez et al. 2006; Schneider and Lim 2018). Moreover, substantial ecotoxico-
logical concerns now lead to sunscreen bans by regulatory agencies, originating from 
growing evidence that these chemicals, washed off swimmers or entering the ocean 
through sewer systems, harm coral reefs through bleaching, DNA damage, and com-
promised antimicrobial defenses [https://oceanservice.noaa.gov/news/nov15/sun-
screen-corals.html] (Schneider and Lim 2018; Downs et al. 2016). On May 1, 2018, 
Hawaii became the first US state to pass a bill banning the sale of sunscreen contain-
ing chemicals believed to harm coral reefs. Beginning January 1, 2021, Hawaii will 
ban the sale, offer of sale, or distribution of any sunscreens containing oxybenzone 
(benzophenone-3) or octinoxate (octyl methoxycinnamate) without a prescription 
from a licensed health care provider. Likewise, in a law passed in November 2018, 
the Pacific nation of Palau has banned “reef-toxic” sunscreen products containing 
any one of ten chemicals, including oxybenzone and octinoxate, thought to dam-
age marine environments. In addition, it is expected that the aforementioned FDA 
proposed rule updating regulatory requirements for most sunscreen products in 
the US as issued February 21, 2019 will cause a significant impact on future use 
and commercialization of this important class of OTC drugs (https://www.fda.gov/
NewsEvents/Newsroom/PressAnnouncements/ucm631736.htm).

An informed use of modern sunscreen products remains a key component of the 
chemopreventive armamentarium for contemporary skin protection against carcino-
genic solar insult. A concerted effort that better integrates, expands, and develops 
the current portfolio of regulatory, educational, behavioral, and pharmacologi-
cal interventions will ensure that informed consumers can benefit from improved 
options for effective sun protection that reflects the current state of research.
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