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Series Introduction

In the last 30 years, there has been a vast explosion in new information relating to the art

and science of dermatology as well as fundamental cutaneous biology. Furthermore, this

information is no longer of interest only to the small but growing specialty of

dermatology. Clinicians and scientists from a wide variety of disciplines have come to

recognize both the importance of skin in fundamental biologic processes and the broad

implications of understanding the pathogenesis of skin disease. As a result, there is now a

multidisciplinary and worldwide interest in the progress of dermatology.

With these factors in mind, we have undertaken this series of books specifically

oriented to dermatology. The scope of the series is purposely broad, with books ranging

from pure basic science to practical, applied clinical dermatology. Thus, while there is

something for everyone, all volumes in the series will ultimately prove to be valuable

additions to the dermatologist’s library.

Dermatology has played a vital role in informing the public about skin cancer and

its prevention. In this regard, sunscreens and photoprotection have proved essential tools

in skin cancer prevention. Drs. Lim and Draelos have produced a definitive book on this

subject which is both informative and comprehensive. They have assembled an

exceptional group of international thought leaders in the field of photobiology and

photomedicine to contribute to our understanding of this important subject and have

produced a volume that should prove to be a valuable addition to the libraries of

dermatologists, skin biologists, and cutaneous oncologists.

Alan R. Shalita, M.D.

SUNY Downstate Medical Center

Brooklyn, New York, U.S.A.
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Preface

Over the last 20 years, significant advances have been made in the understanding of the

biologic and clinical effects of ultraviolet (UV) radiation, including erythema, delayed

tanning, photoimmunosuppression, photoaging, and photocarcinogenesis. Furthermore,

better appreciation of the biologic and clinical effects of different spectra of UV radiation

has also been achieved.

Together with the increased knowledge about the effects of UV, advances in

photoprotection have occurred. While sunscreen has been in use since the late 1920s, new

filters and formulations that provide final products with excellent cosmesis and broad-

spectrum photostable UVB/UVA protection are now available. Protective effects of

sunscreens are better understood, and active research on new and more effective UV

filters and on oral photoprotective agents is ongoing. This has prompted worldwide

regulatory activity covering the use of novel sun protective chemicals and appropriate

labeling of products for increased consumer awareness. It is now recognized that clothing,

window glass, contact lenses, and sunglasses are an integral part of photoprotection,

affording physical protection to supplement the use of topical sunscreens. Current areas of

research in photoprotection include novel delivery systems, topical antioxidants, and

technology to simulate a tan without sunlight. General public understanding of the many

novel photoprotection alternatives is indispensable to communicating a positive

educational message to patients.

This book is designed for practicing dermatologists, dermatology trainees, physicians,

and scientists interested in photoprotection. It covers the history of photoprotection, UV

filters and other photoprotective agents, physical photoprotection, and public education in

photoprotection. Each chapter, which starts with a synopsis, is written by authors who

have made significant contributions to the topic. We hope that the readers will find this

book an informative and practical reference on this important subject.

Henry W. Lim

Zoe Diana Draelos
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1
History of Photoprotection

Rik Roelandts
Photodermatology Unit, University Hospital, Leuven, Belgium

SYNOPSIS

l Historically, sunlight has been considered to be the source of life.
l In 1928, the first commercially available sunscreen was introduced, containing

benzyl salicylate and benzyl cinnamate.
l During World War II, soldiers used red veterinary petrolatum as sunscreen.
l The first UVA filter, a benzophenone, was introduced in 1962.
l In 1978, the FDA published guidelines on sunscreens and adapted SPF as an

assessment method of sunscreens.
l Long UVA filter, dibenzoylmethane derivatives, became available in 1979.
l Micronized inorganic filters became available in 1989 (titanium dioxide) and in

1992 (zinc oxide)

IN THE BEGINNING THERE WAS LIGHT

The sun has always been of vital importance for life on earth. It gives light, warmth, and

energy. All vegetation on which life on earth depends is dependent on the sun for carbon

and water. Life would be impossible without the sun.

Fossil records show that all early life originated in the sea and that life on land

became possible only when the ozone layer covered the earth (1). In the beginning the

earth had little oxygen and no ozone layer. Therefore, life on the earth’s surface was not

possible because of the UVC rays. The visible light needed for photosynthesis and oxygen

could penetrate water up to a certain depth where UV rays could not penetrate. Early life

was thus possible only by living underwater. Photosynthesis led to a rise in oxygen. With

mineral crusts from iron, silica, or clay functioning as primitive sunscreens, early life may

first have been able to exist in more shallow water and then even out of water. Therefore,

from the start, life has always been connected with photoprotection.

Life became possible because nature provided an additional sophisticated system of

protection. The short and most damaging solar radiations are prevented from reaching the

1
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earth’s surface by two protective shields, or hollow spheres of gas enclosing the earth. The

outer one is the ionosphere, reflecting the X rays back into space. The inner one is the

ozone layer, absorbing the shorter UV rays. In addition, a great part of the infrared

radiation is absorbed by the water vapor in the atmosphere.

FROM ADMIRATION TO ADORATION: THE DAWN OF CIVILIZATION

Since the early part of human history, sunrise and sunset were among the first phenomena

to have been noted and admired. Sunrise announced light and became associated with the

good, brightness, and warmth. Sunset was the end of light and the beginning of darkness

and became associated with the evil. Later on, sunrise became associated with life, and

sunset with death.

However, it was not only a question of admiration. Sun exposure and photoprotection

were probably an important element in evolution. Even if there were no differences in skin

type as we know them nowadays, those with pale skin would have encountered a lot of

challenges in sunny climates, while the darker skin types would have had a higher

probability for vitamin D deficiency if they lived in less sunny parts of the world. This

could have led to the paler skin types living farther away from the equator and the darker

ones closer to the equator. Photoprotection by skin color in such circumstances was more a

matter of survival.

In the beginning humankind mainly lived of hunting, which was not much affected

by seasonal variations. About 10,000 years ago (8000 BC), agriculture became more

established; therefore, humans lived a more settled life, becoming more dependent on the

weather and on the sun and its seasons for their harvest (2). The earliest farming villages

started in the hilly country surrounding the Tigris and Euphrates valleys in Mesopotamia,

in what is now Iraq. The ground there was so fertile that the seasons and the influence of

the sun were less important; life seemed to come from the earth rather than from the sun.

On the contrary, in peak summer, the sun burned all vegetation and made human life

difficult. It seems logical that the worship of the sun in such circumstances was less

important. This changed when villagers became citizens, not only beside the Tigris and

Euphrates but also beside the Nile and Indus. From that time on, worshipping the sun

became part of most civilizations, and this is reflected in a large number of solar symbols.

In many cases, the sun was conceived of as a disc transported by humans or animals, or as

a god. Probably the earliest known solar symbol can be found in Ghassul in the Jordan

valley in Israel and is about 6000 years old (3). It was discovered not far from the oldest

known settlement in the world at Jericho. As cities grew in importance, the responsibility

for communicating with the sun gods also became more important and, as such, even

required a professional priesthood and the building of temples in honor of the sun gods (3).

The first important large-scale civilization started around 3000 BC (5000 years ago)

in Mesopotamia with the arrival of the Sumerians, who came from Iran. This was the

beginning of an unknown cultural evolution, with the discovery of the wheel, the script,

the plow, and the technique of bronze making (2). The technique of making bronze

already dates back to about 3800 BC (5800 years ago) and was the beginning of the

Bronze Age. It came just in time to provide symbols for the sun gods and their temples.

Gold was one of the first metals to be worked on by man. Because of its color and its

brightness, it was recognized as the metal of the sun (3). The adoration of the sun declined

with the growing power of kingship in Mesopotamia. Around 1200 BC (3200 years ago),

the center of civilization moved more to the north, to the Assyrians, whereby the sun god

gained in importance again. When the Assyrian Empire was overthrown late in the
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seventh century BC by the Babylonians, the sun god remained dominant. The defeat of

the Persians under Cyrus by the Babylonians in 539 BC represented the fall of the ancient

world of Bronze Age civilization and the ancient gods.

In Egypt most people were dependent on a green fertile stretch of ground near the

Nile. When about 3000 BC (5000 years ago) the whole land became united under the

Pharaohs, the sun god was worshipped but under different titles and meanings. This was

partly due to the different theology schools at Memphis, Heliopolis, and Thebes. Symbols

of the sun can be found in the pyramids, in the obelisks, in the sun temples, and in the

numerous paintings throughout the country. The sun crossed the Nile by boat from sunrise

to sunset. Egypt became the first really great and rich kingdom in history. When about

3375 years ago Achnaton succeeded to the throne after the death of his father,

Amenophis III, the sun god became the one and only god and the Pharaoh became the

reincarnation of the sun. His was a religion of love and had much in common with early

Christianity. However, Achnaton and his religion were soon pushed aside. When the power

and prosperity of Egypt declined, people turned more and more to the cult of Osiris. He

could offer the best hope for resurrection. Nevertheless, the sun god still remained

important, as is proven by the building of the temple of Abu Simbel by Ramses II (3).

Both civilizations in Mesopotamia and in Egypt started about 5000 years ago. At

that time, weaving was discovered, which enabled photoprotection through clothing.

However, photoprotection at that time had a completely different meaning. It was mainly

a question of avoiding heat by looking for some shade or by staying inside when the sun

was at its brightest.

About 2000 to 3000 years after the beginning of both civilizations in Mesopotamia

and in Egypt, some civilizations in Central and South America also had a religion related

to the sun. It took some time before these civilizations reached their top. The Maya

civilization, in what is now Honduras, Guatemala, and Yucatan, reached its top between

the third and ninth centuries AD. The Mayans established one of the most accurate

calendars ever known. Their gods were mainly the sun, the moon, and the planet Venus.

Probably around 1200 AD, the Incas built the city Cuzco in what is now Peru. By the

fifteenth century, they had a real empire with sun temples all over the place. The ruler or

Sapa Inca was considered a child of the sun. The royal offspring were the true Incas or

Children of the Sun. They had the right to use the lunar silver and the solar gold. They

worshipped the sun not only because their harvests high above sea level in the Andes were

dependent on the sun but also because the sun was the father of their divine ruler. In the

valley of Mexico, a civilization developed in the early centuries AD, associated with the

Toltecs. Around the tenth or eleventh century AD, the valley was invaded by various

nomadic tribes. Around the thirteenth century, a dynasty among them started the Aztec

civilization. In the fifteenth century, the Tenochas Aztecs became the most powerful of

the Aztec tribes. In their vision, the sun god came as a skeleton from the underworld and

had to be nourished with human lives to revive. If they did not, the sun would die and the

seasons would stand still. The Aztecs sacrificed their prisoners to the sun god by cutting

out their hearts. They even developed a form of holy war to have enough victims to

sacrifice. When the great temple of Tenochtitlan was enlarged, 20,000 prisoners were thus

sacrificed (3). Interestingly, the Incas and the Tenochas Aztecs dominated at the same

time in history but were unknown to one another.

Sun legends appeared in almost every culture. The sun god of the ancient Greeks

was Helios driving a golden chariot through heaven. Chariots are found in many ancient

civilizations, such as those of Rome, India, China, Turkestan, Persia, and Denmark. The

Pueblo Indians in New Mexico in the United States made ceremonial fires to provide the

sun with heat. According to some historians, the cross symbolizes the sun and its rays.
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The circle at the center of the Celtic cross also symbolizes the sun. The Japanese sun

goddess, Amaterasu, is even considered to be the ancestor of the imperial family (1). The

Japanese flag symbolizes a sun disc. Louis XIV in France called himself the Sun King.

FROM ADORATION TO EXPLORATION: THE AGE OF DISCOVERY

It was not logical and difficult to imagine that people would protect themselves from

something they adored. In addition, it was common belief that sunburn was a result of the

sun’s heat, and this could be avoided by seeking shade. However, as the rational capacity

of humankind increased, their blind worshipping weakened. This is where science started.

Instead of worshipping the sun, people started to discover and later on study and analyze

the solar irradiation. It was not always an easy process.

In 1543 the Polish astronomer Copernicus published his treatise De Revolutionibus

Orbium Coelestium. Until then it was still common belief that the earth was the center of

our universe and that the sun revolved around the earth. Copernicus had the idea that not

the earth but the sun was the center of our planetary system. This was not a logical

proposition in a time of religious troubles, which explains why he dared to publish his

treatise only when he was nearly seventy (4). He died the same year.

About 1600, two children who happened to be at the shop of spectaclemaker

Lippershey in Middelburg in the Netherlands were playing with his lenses. When they put

two lenses together and looked through both at the same time, the weathervane on the

church tower was magnified. Lippershey looked for himself and started making

telescopes. Very soon the telescope was becoming known and many countries were

interested, mainly for military reasons. In Italy, Galileo, a professor of mathematics at the

University of Padua who was also an instrument maker, started to make telescopes and

improved them until at the end of 1609 he had produced a telescope of 30 powers. In

1610, he turned his telescope toward the heaven; this, at that time, was nearly blasphemy.

That same year he published his Sidereus Nuncius, describing his newly discovered

satellites circulating around Jupiter, and concluding that there is not just one planet (the

moon) revolving about another (the earth) but also four planets circling around Jupiter,

while the whole system travels over a mighty orbit around the sun (5). Galileo could thus

prove that Copernicus was right and that the earth was not the center of our planetary

system. He died in 1642, the year Newton was born.

The instruments used by Galileo and others were all refracting telescopes,

employing lenses to magnify the image and bring the light rays to a focus. These

instruments were long and had chromatic aberration. Newton in Cambridge, England,

made an instrument with concave mirrors instead of lenses. This instrument was much

shorter and could produce a greater magnification without chromatic aberration. One of

his first experiments was in 1666, when he made a hole in his window shutters to let in a

convenient quantity of light and placed a prism at the entrance. He noted the different

colors of the rainbow. Through a small hole, he directed a ray of single color toward a

second prism. This light was not further dispersed, but remained a single color. He

concluded that light itself is a heterogeneous mixture of differently rays. On using a

biconcave lens to bring the rays of the complete spectrum to a common focus, the colors

disappeared altogether to produce white light (5,6) (Table 1).

After the discovery of the visible spectrum of the sun, it took nearly another century

and a half before the invisible parts of the solar spectrum were discovered. Herschel

discovered the infrared spectrum in 1800. He was in fact a German army musician who

went to England to become an astronomer. He observed some heat production when he
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focused his telescope above the visible red light. He did some experiments with a

thermometer to evaluate which colors of the visible solar spectrum had the highest

temperature. He noted that the thermometer registered a higher temperature above the red

visible light and thus discovered the infrared spectrum (7,8).

The discovery of the UV rays by the German Ritter in 1801 was partly based on

previous experiments by Scheele in Sweden that were already published in 1777 (9).

Scheele showed that paper strips dipped in a silver chloride solution became black after

exposure to the sun and that this was more pronounced with blue light than with red light.

Ritter noted that the paper strips became even darker when exposed to invisible

wavelengths shorter than that of the visible blue light and thus discovered the UV

spectrum, which he called “infraviolet” (10,11).

Although the discovery of UV rays was a vital step in the evolution for future

photoprotection, it took many years before the importance of the UV rays really became

clear. This was mainly due to the common belief that sunburn was a result of heat

damage. It changed in 1820, when Home in England exposed one of his own hands to the

sun and covered the other with a black cloth. He noted a sunburn on the exposed hand,

although a thermometer registered a higher temperature on the other hand (12). In 1889,

Widmark in Sweden published the experimental proof that UV radiation caused erythema

(13). After Home’s experiment and Widmark’s publication, it was some time before it

became generally known that UV rays induced sunburn. Even in 1891, Kaposi still

believed that the sun’s heat induced sunburn and pigmentation (7). As late as 1900, Finsen

in Denmark repeated Home’s experiment without knowing about his work. However,

gradually the damaging effects of UV radiation became better known.

During World War I, Hausser and Vahle in Germany made the first detailed action

spectrum studies for erythema and pigmentation for human skin. They showed that

erythema and pigmentation depend on the wavelengths of the UV radiation and that the

effect is mainly due to the wavelengths shorter than 320 nm. In 1922, they published the

action spectra for the induction of erythema and pigmentation in human skin, using a

monochromator and an artificial mercury lamp (14,15). During the Second International

Congress on Light, which took place in Copenhagen, Denmark, in 1932, Coblentz

proposed to divide the UV spectrum into three spectral regions: UVA (315–400 nm),

UVB (280–315 nm), and UVC (<280 nm) (7).

FROM EXPLORATION TO PROTECTION:
THE AGE OF PREVENTION

Some kind of photoprotection has always existed among humans. This has been done in

different ways by wearing appropriate clothing, veils, hats, and turbans, by using

umbrellas, by avoiding bright sunlight, by looking for some shade and by using different

Table 1 History of Discovery of Electromagnetic Radiation

Year Investigator(s) Discovery

1666 Newton Spectrum of visible light

1800 Herschel Infrared

1801 Ritter UV rays

1922 Hausser and Vahle Action spectra of erythema and pigmentation

1932 Coblentz Division of UV into UVA, UVB, and UVC
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powders. Historically many substances have probably been tried out as photoprotectors.

In ancient Egypt, olive oil was used as a sunscreen, and women used lead paints and

chalks to whiten their faces. This was also the case in Greece and Rome. By the middle of

the tenth century, arsenic became the preferred skin whitener (16). In sixteenth-century

England, Queen Elizabeth I was in the habit of applying arsenic and mercury derivatives

on her face to obtain a white complexion. This was most probably done for cosmetic

reasons, but maybe also as sun protection.

Much more recently, Parisian women would go horseback riding with their faces

covered with veils to prevent tanning, as Renoir has so gracefully shown us in his paintings.

Skin color had social importance. Through centuries, pale skin has indicated that one had

the luxury of staying indoors, while darker skin has indicated a life of outdoor labor. With

the industrial revolution, the complexion of the working classes changed from a dark to a

much more pale skin tone. The reason was that many people gave up farming to work inside

in factories and coalmines. At the turn of the nineteenth and the twentieth centuries, the

upper classes went on holiday to the seaside and to the South, partly for health reasons. A

tanned skin thus gradually became associated with health and wealth and, more recently,

with the winter sports there is an additional sportive element as well.

As far as we know, the first scientific report on photoprotection dates from the end

of the nineteenth century. Most of this early work was done in Germany. In 1887 Veiel

reported the use of tannin as a photoprotector, but its use was limited because of its

staining potential (17) (Table 2). In 1891 Hammer published a monograph discussing

photoprotection and experimenting with different topical agents to prevent sunburn (18);

he was the first to recommend the use of chemical sunscreens to prevent sunburn (19). At

the beginning of the twentieth century, petrolatum and vegetable oils combined with zinc

oxide, magnesium salts, and bismuth were all used for sun protection. It was a common

practice to apply zinc oxide on the nose. In 1911, Unna first used Hammer’s acidified

quinine sulfate, but later used esculin as a sunscreen material (20). This was a chestnut

extract, which had been used in folk medicine (19).

Table 2 History of Photoprotection

Year Advances

1887 Veiel started using tannin as photoprotector

1891 Hammer studied various topical photoprotective agents

Early

1900s

Zinc oxide, magnesium salts, bismuth were used as photoprotective agents

1928 First commercial sunscreen with benzyl salicylate and benzyl cinnamate became

available (United States)

1943 PABA patented

1944 Green developed red veterinary petrolatum, used by soldiers during World War II

as sunscreen

1948 PABA esters became available

1962 First UVA filter, a benzophenone, was introduced

1974 Greiter popularized “SPF,” which was first proposed by Schulze in 1956

1977 First waterproof sunscreen became available

1978 FDA published guidelines on sunscreens, and adapted SPF method to assess

sunscreens

1979 Long UVA filter, dibenzoylmethane derivatives, became available

1989–

1992

Micronized inorganic filters became available (titanium dioxide in 1989, zinc

oxide in 1992)

Abbreviations: PABA, para-aminobenzoic acid; SPF, sun protection factor; FDA, Food and Drug

Administration.
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Photoprotection did change with the advent of fashion. In the 1920s, the French

designer Gabrielle Coco Chanel developed a tan on a cruise from Paris to Cannes aboard

the yacht of the Duke of Westminster (21). At the same time, women started to enjoy

outdoor life with picnics and lawn tennis. A tan became a new trend in fashion, stimulated

also by the caramel complexion of Josephine Baker, a singer who became increasingly

popular in Paris at that time (21). However, obtaining a tan also included the risk of

sunburn. When Hausser and Vahle in 1922 reported that sunburn in human skin is caused

by a specific part of the UV spectrum between 280 and 315 nm (22), it became

theoretically possible to protect the skin by filtering out these specific wavelengths. The

idea was very tempting. This resulted in a growing interest in a variety of different

sunscreening agents.

Before the first sunscreens became commercially available, people already used

preparations usually made by a local pharmacist and mostly based on olive oil or almond

oil. The first commercial chemical sunscreen appeared on the market in 1928 in the

United States (23). It was an emulsion containing benzyl salicylate and benzyl cinnamate

(24,25). During the next years, sunscreens were not widely available and hence not used

on a large scale. In Germany, the first commercial sunscreen became available in 1933

(26). It was an ointment containing benzylimidazole sulfonic acid marketed as Delial by

IG Farben. It is surprising to realize that during the winter of 1934–1935, at least 75% of

the people on the beaches of Florida in the United States were reported to use an oil,

cream, or other preparations, but this was probably more for emollient than for protective

purposes (27). In France, the first commercial sunscreen became available in 1936 (28).

This was an oil preparation containing benzyl salicylate and was marketed as Ambre

Solaire by Schueller, the future founder of L’Oréal. The preparation became a great

success because it was launched the same year as paid holidays were granted in France. In

Austria, the founder of the Piz Buin Company Greiter developed an effective sunscreen in

1938, the Gletscher crème. In 1943, para-aminobenzoic acid (PABA) was first patented

but was only marketed as a sunscreen much later (29,30).

The first widely used sunscreen was Red Vet Pet or red veterinary petrolatum,

which was produced in 1944 by Greene in the United States, an airman and later

pharmacist and founder of Coppertone. During World War II, there was a great need for

good sun protection for soldiers engaged in tropical warfare. Red veterinary petrolatum

turned out to be one of the most practical and effective such agents and was used as

standard equipment (31). It was a physical blocker with a limited effectiveness, and it was

a disagreeable red sticky substance. It had to be put on thickly to be effective. Many

soldiers developed sunburn in areas where they did not apply it thick enough.

After the war, lifestyle changed in many countries. Women’s magazines gradually

promoted sun tanning. Pinup girls like Betty Grable and Rita Hayworth were pictured in

bathing suits showing their tanned skin (16). A number of filters were synthesized, tested,

and marketed. In many cases these filters were used in less effective oil preparations,

apparently with the sole purpose of promoting tanning. In 1947, the absorption spectra for

several metal oxides were published, including zinc oxide and titanium dioxide (32). By

1948, more effective para-aminobenzoate esters became available (33). In 1955, the

majority of sunscreens on the U.S. market contained PABA derivatives or salicylic acid

derivatives (34). In 1962, a benzophenone, 3-benzyl-4-hydroxy-6-methoxy-benzenesul-

fonic acid, was introduced as a sunscreen material (19).

During the 1970s, holidays to sunny areas steadily became more popular greatly

because of the cheaper charter flights. This resulted in an increasing demand for

sunscreens with better and broader protection, which became possible by incorporating

UVB filters into milks and creams instead of oils. In 1977, the first waterproof sunscreen
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became available (21). In 1978, the Food and Drug Administration (FDA) in the United

States published a Federal Register with the guidelines for formulating and evaluating

sunscreens (35). These guidelines were further revised in 1993 (36) and in 1999 (37).

In 1979, good UVA filters became available. From that time on, it became possible

to commercialize sun products with a broad protection against UVB and UVA at the same

time. This became necessary because sunscreens were also used more and more to prevent

skin ageing and skin cancer and to protect photosensitive skin, which was much more than

just preventing sunburn. The first long UVA filters were the dibenzoylmethane

derivatives. In 1980, only 1% of the sunscreens in Europe contained dibenzoylmethane

derivatives (38). In 1985, the American Academy of Dermatology introduced the first

education program about the risks of overexposure to the sun (16). By 1990, 35% of the

sunscreens in Europe did contain dibenzoylmethane derivatives (39). A further advance

was the introduction of micronized inorganic powders such as titanium dioxide in 1989

and zinc oxide in 1992 (40). In the meantime, a variety of different UVB and UVA filters

have become available.

With the increasing use of sunscreens, there was also an increasing need to find a

good method to evaluate their protection. In the early years, no clinical methods were

used and the usual way was to determine the absorption spectrum of the sunscreen. This

changed in 1934, when Ellinger in Germany proposed to use a biological method by

determining the minimal erythema dose in protected and unprotected skin using both

forearms (41). He concluded that the method of choice was the way in which the minimal

erythema dose could be decreased. He used a mercury lamp as the light source that was

not the right irradiation source. In 1956 Schulze in Germany proposed to test

commercially available sunscreens by giving them a protection factor (42). The

protection factor was obtained by dividing the exposure time needed to induce erythema

with sunscreen by the exposure time needed without sunscreen. This was done by

applying a series of increasing UV doses (40% increases) on both protected and

unprotected skin. The light source was a series of Osram-Ultra-Vitalux lamps, which was

much more similar to the solar spectrum than the light source used by Ellinger. The

method was further improved in 1974 by Greiter in Austria (43), who popularized

the concept of the sun protection factor (SPF) (19). In 1978, this method was adopted by

the FDA in the United States (35) and became internationally accepted. At that time,

sunscreens were mainly used not only to avoid sunburn but also to prolong the exposure

time in order to tan. Therefore sunscreens got a lot of criticism. The main concern was

that they could give a false feeling of security.

The evaluation of the UVA protection of a sunscreen is much more difficult than

the evaluation of the UVB protection because erythema cannot be used as the endpoint.

The UVA protection factor will vary according to the parameter that has been used in the

evaluation (44,45). While UVB protection is mostly against erythema, UVA protection

can be against a variety of different endpoints. Ideally UVA protection should be

evaluated with the endpoint for which the sunscreen will be used. This explains why

standardization of the UVA evaluation method is so difficult.

FROM PROTECTION TO SATISFACTION: THE FUTURE

Although nowadays we have much more possibilities to protect our skin against short-

term and long-term solar damage than ever before, there is still significant room for

improvement. The human mind does not always follow the most logical way, but rather

the easiest and most popular one. Common sense is not necessarily the driving force in
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human behavior. This is especially true concerning photoprotection. For the dermatol-

ogist, the gratification of successful photoprotection lies in the prevention of skin lesions

induced by sun exposure. For the general population, however, photoprotection could still

be viewed as an unwanted nuisance, a compromise necessary to enjoy outdoor life and

holidays. Even more important than having the tools is public education on

photoprotection, which includes the use sunscreens. All means of making photoprotection

easier will therefore be appreciated by caregivers and the general public. This will be our

main challenge for the future.
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SYNOPSIS

l Similar to shade and covering-up, the ideal sunscreen should protect uniformly

throughout UVB, UVA-II, and UVA-I radiation.
l UV filters are the heart of every sunscreen, but good UV protection also requires

UVA assessment, SPF, and UVA-standards and, most importantly, compliance of

the sunscreen user.
l The major protection mechanism of organic and inorganic UV filters is

absorption of UV radiation and subsequent conversion to less harmful energy.
l UVA-I protection has improved over the years, mainly thanks to stabilized forms

of the UVA-I filter, avobenzone.
l Outside the United States, further improvement toward the ideal sunscreen was

made possible by new UVA-I and broad-spectrum UV filters and new UVA

regulations.
l State-of-the-art UVB and broad-spectrum UV filters are awaiting FDA approval

in 2008/2009.

SUMMARY

Seeking shade and covering-up are the top two means of sun protection. The ideal

sunscreen should protect similarly, i.e., uniformly protect against UVB and UVA

radiation. The four requirements for good UV protection are (i) technology, (ii)

assessment of performance, (iii) standard, and (iv) compliance. The highest UVA

category (4 stars) of the Food and Drug Administration (FDA)-proposed rule (Federal

11
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Register, 27 Aug 2007) is already very close to the ideal sunscreen. Absorption is the

major mechanism of protection by UV filters. Scattering of particulate UV filters

contributes a maximum of 5% to 10% to the protection; a higher percentage would lead to

the undesired “whitening effect.” The UV filters available in the United States absorb

mainly in the UVB/UVA-II range. Avobenzone is the only efficient UVA-I filter in the

United States. At the time of this writing, four additional UVB and two broad-spectrum

UV filters are awaiting FDA approval. The design of UV filters is described with the

example of development of the broad-spectrum UV filter bemotrizinol. Variation of

substituents to the aromatic ring system of the molecule leads to photostabilization and

different UV absorption spectra. The molecular weight of all new UV filters that are not

yet available in the United States is generally higher than 500 Dalton.

In sunscreen products, a combination of different UV filters is commonly used. The

performance of a particular UV-filter combination can be calculated from the UV

absorption of the individual UV filters, its incorporation level, and an assumption

regarding the irregular sunscreen film on the skin. Clinically relevant information is how

much and what kind of UV radiation is transmitted through the sunscreen into the skin.

Thus, besides the absorption property of the UV filters, the galenic properties of a

sunscreen can play a major role, e.g., the sun protection factor (SPF) of a water-in-oil

(w/o) emulsion is higher than that of an oil-in-water (o/w) emulsion for the same amounts

of UV filters. The important question of the relationship between SPF and the amount of

sunscreen applied also needs to be considered. The majority of the sunscreens exhibit a

quasi-linear SPF/amount relationship because most do not contain good filters that cover

the full spectrum of UVA.

In commercial sunscreens, only a fraction of all theoretically available UV filters

are actually used. The major reason is efficacy, i.e., UV absorption capacity, water

resistance, or compatibility in a particular sunscreen formulation. Sunscreen manufac-

turers have four basic requirements regarding the use of sunscreen actives: (i) efficacy,

(ii) safety, (iii) registration, and (iv) patent freedom. These requirements restrict the use of

certain UV filters or combinations of UV filters. Furthermore, branded UV filters such as

Parsol1, Mexoryl1, or Tinosorb1 and UV filter complexes such as Avotriplex1,

Helioplex1, or Sunsure1 are explained. It is also shown what extra benefit the use of the

latest generation of broad-spectrum technology could add to U.S. sunscreens, e.g., the

possibility of achieving the highest four stars UVA category of the proposed FDA rule.

INTRODUCTION

Prevention of sunburn, photoaging, and eventually skin cancer is practiced in most cultures

by avoiding the sun and covering up. In these forms of protection, solar radiation is reduced

uniformly without preference for either UVB or UVA. Consequently, the spectrum of solar

radiation to which the human skin has adapted to is essentially maintained.

Yet, with the introduction of topical UV sunscreens and more so with the SPF

relating mainly to UVB, photoprotection became biased toward UVB. This imbalance

fostered the argument that extensive use of sunscreens may promote rather than prevent

skin cancer (1)). As early as 1991, Diffey advocated for uniform UV protection; this at a

time when the importance of UVA in photoaging and skin cancer was not yet of general

consideration (2). The important role of UVA in photoaging and photocarcinogenesis is

now better understood. Nonetheless, only few sunscreens provide practically uniform UV

protection (3). The ideal sunscreen should provide uniform UVB/UVA protection,

because this assures that the natural spectrum of sunlight is attenuated without altering its

12 Osterwalder and Herzog
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quality. New broad-spectrum sunscreens will eventually lead us back toward uniform UV

protection that sun avoidance and covering-up provided all along.

The four requirements for good uniform protection are as follows:

1. Sunscreen technology, in particular availability of UVA and broad-spectrum UV

filters

2. Assessment of performance, in particular SPF and UVA methods

3. Standards set by industry or authorities, in particular regarding UVA protection

4. Compliance of the sunscreen user

This chapter will focus on the first requirement, the heart of the sunscreen

technology, the UV filters, and how these UV filters translate into the performance of a

sunscreen by illustrating its clinical benefit. The second and third requirements, the actual

performance assessment and the standards are discussed in other chapters of this book

(chaps. 5 and 4, respectively). Figure 1 shows how different combinations of UV filters

lead to varying degrees of UVA protection, up to four stars (4), i.e., UVA-I/UV ratio

greater than and equal to 0.95, as rated by the proposed FDA rule; as shown in the Figure 1, a

four-star product transmits 10 times less UVA-I radiation than a one-star sunscreen with a

UVA-I/UV ratio less than 0.40. A three-stars rating corresponds to the European

recommendation (5). Whereas sunscreens with less than three stars provide little UVA

protection, those with four stars come close to the ideal uniform UVB/UVA protection. All

these examples are SPF 30 sunscreens assessed according to the international SPF method,

calculated on a “sunscreen simulator” (6).

The fourth requirement for good, uniform sun protection, namely, compliance of the

sunscreen user, depends to a large extent on whether he or she likes the sunscreen, i.e.,

how it feels on the skin during application, and how easily it can be applied. This in turn

depends on the skills of the sunscreen formulator and the available UV filters. With the

availability of highly efficient UV filters, which can be used in a smaller amount, it will

be easier to make an elegant, cosmetically pleasing sunscreen.

There are other reasons beyond achieving better UVA protection to advocate

uniform sun protection. Because UVA-II contributes to UV-induced erythema, for a given

SPF, sunscreen with an efficient UVA filter would require less amount of UVB filter to

achieve the SPF value; therefore, that sunscreen would have a higher UVB transmission

Figure 1 UV transmission of SPF 30 sunscreens with varying UVA protection. The difference is

in UVA-I transmission; sunscreens with four stars would protect against UVA-I 10 times better than

one-star sunscreens. Abbreviation: SPF, sun protection factor.

Chemistry and Properties of Organic and Inorganic UV Filters 13
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and, in turn, a lower probability of interfering with vitamin D3 production. It is known that

many UVB-biased sunscreens are three times more efficient in suppressing vitamin D3

production than suppressing erythema (7). Furthermore, because the emission spectrum of

solar-simulated radiation source required by regulatory agencies to assess the SPF is

weighted toward UVB, for a given SPF, this leads to an underestimation of the protection

against UVA, hence the protection against the full spectrum of sunlight.

In the following sections, it will be shown how the UV filters contribute to the

performance of a sunscreen. In addition to the absorption spectrum, we will elaborate on

the transmission spectrum of the sunscreen, which is more meaningful for skin protection,

as after all, the UV radiation that reaches the skin matters more than the one absorbed by

the UV filters.

MECHANISMS OF UV ATTENUATION

In sunscreens, three mechanisms of UV attenuation may be distinguished: absorption,

scattering, and reflection (backward scattering). Therefore, principally, there are two ways

electromagnetic radiation may interact with matter: absorption and scattering. In the case

of scattering, the radiation has no resonance frequencies with energy transitions of the

molecule, but the electric dipole of the molecule or of the particle oscillates with the

frequency of the radiation. The oscillating dipoles will then emit radiation of the original

frequency in diverse directions, leading to attenuation of the radiation in the incident

direction. With absorption, there is a resonance between the exciting radiation and the

energy transition of the molecule, resulting in the transfer of energy to the molecule.

When both mechanisms are relevant, for instance, for TiO2 particles, as they are used in

sunscreens, the total effect can be described as the extinction being the sum of absorption

and scattering:

Extinction ¼ Absorptionþ Scattering ð1Þ
The strength of the extinction per mol is characterized by the molar decadic

extinction coefficient e(L/mol·cm). A measure related to the amount of the filter in terms

of weight is the specific extinction E1,1 referring to a 1% solution (or dispersion) of the

absorber at 1 cm optical path length. The relationship between both measures is given in

the following relationship [M ¼ molar mass (g/mol)]:

E1;1 ¼ " L= mol� cmð Þ½ � � 10 g=Lð Þ
M g=molð Þ � 1 cmð Þ ð2Þ

By the absorption of a UV photon, an organic absorber molecule goes from the

electronic ground state (S0) to the first excited electronic state (S1). This absorbed energy

can be eliminated via several pathways (Fig. 2) (8). From the S1 state, it may be lost

directly via fluorescence (a radiative transition) or by undergoing photoreactions. There

are also radiationless transitions by which the absorbed energy is redistributed inside the

molecule: intersystem crossing (ISC) leads to the first triplet state T1 and internal

conversion (IC) to the state S0
*, which is the electronic ground state but with the

excitation energy now migrated into vibrational modes of the molecule. From the first

triplet state T1, the energy may be dissipated by emission of a photon (phosphorescence),

by energy transfer to other molecules (sensitization), or via photoreactions. The fate of the

energy after IC to the vibrationally excited ground state S0
* can be emission of infrared

(IR) photons (i.e., heat), or collisional deactivation of the vibrational modes via collisions

with surrounding molecules. Since the rate constant for emission of IR quanta is very

14 Osterwalder and Herzog
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small, collisional deactivation will be the main process after IC, rendering the molecule in

its electronic ground state S0. Hence, in terms of photostability, absorbers showing a high

rate of IC are most desirable (9).

In photoreactions, structural changes occur, which may be reversible, as with

isomerizations (cis/trans or keto/enol), or irreversible. Irreversible changes leading to

decomposition would result in an UV absorber with a photoinstability problem.

The inorganic oxides TiO2 and ZnO function mainly by absorption of UV radiation

(10), although this main effect is superimposed by some scattering (11). Being small

particulate crystals, these materials are semiconductors with high bandgap energy

between the valence and conduction band. The bandgap of the bulk crystals is in the range

of an energy corresponding to wavelengths between 380 and 420 nm, but this may alter

with the size of the primary particles (the smaller the primary particles, the higher the

bandgap energy). UV radiation is absorbed by elevating an electron from the valence to

the conduction band (Fig. 3). The primary particle sizes of TiO2 for sunscreen

applications are between 10 and 30 nm. However, in dispersion, the particles form

aggregates with sizes of about typically 100 nm. With ZnO, primary particle sizes from 10

to 200 nm are available, but mainly the grades with larger particles are used. The ratio of

light attenuation due to scattering and absorption depends strongly on the particle size: the

larger the particle size, the higher is the scattering-to-absorption ratio. With the nano-

grades used in sunscreen applications, the absorption is by far dominating.

Figure 2 Jablonski diagram showing excitation of organic molecules by photons and deactivation

pathways. Abbreviations: IC, internal conversion; ISC, intersystem crossing; S0, ground state; So
*,

electronic ground state, but with the excitation energy migrated into vibrational modes; S1, first

excited state; T1, first triplet state.

Figure 3 Mechanisms of absorption with organic and inorganic UV filters.

Chemistry and Properties of Organic and Inorganic UV Filters 15
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CHEMISTRY OF UV FILTERS

Overview of UVB, UVA-II, UVA-I, and Broad-Spectrum UV Filters

UV filters that are currently used in sunscreens for the protection of human skin are shown

in Tables 1 to 4 (12); in Figures 4 to 7, the UV spectra of the UV filters listed in Tables 1

to 4 are depicted as specific extinction E1,1 versus wavelength.

Not every filter substance may be used anywhere in the world, but their use may be

limited to specific regions. The most important regions for the registration of UV filters

are Australia, Europe, Japan, and the United States. The status of registration in these

regions is also given in the Tables. In Tables 1 and 2, the currently used UVB and UVA-II

filters are listed; Table 1 shows filters that are oils, i.e., in a liquid state under normal

conditions, and Table 2 shows filters that are solids at normal conditions. UVB/UVA-II

filters are the only ones that can be present in an oily liquid state. The reason for this is

that chromophores absorbing light in the UVB/UVA-II range are generally small, so that

intermolecular forces tend to be lower. However, there are also UVB/UVA-II absorbers in

the solid state, which have either larger chromophores or contain ionic groups. All known

UVA-I or UV broad-spectrum absorbers are solids under normal conditions.

Two filters, bisdisulizole disodium and meradimate, have their absorption

maximum at the border between the UVA II and UVA-I range; they are listed and

depicted together with the UVA-I absorbers. UV filters available in the United States are

marked in bold. There are 10 UVB/UVA-II filters commonly used in the United States.

The main reason why UVA protection in the United States is lagging behind the rest of

the world is that only one UVA-I filter (avobenzone) and one broad-spectrum UV filter

(zinc oxide) are generally allowed to be used in formulations. Another UVA-I filter

(ecamsule) is available only in specially approved sunscreen formulations of L’Oréal

companies. In Europe and most other parts of the world, two other UVA-I filters and three

broad-spectrum UV filters are available. Four UVB/UVA-II filters (amiloxate, ethylhexyl

triazone, diethylhexyl butamido triazone, and enzacamene) and two broad-spectrum UV

filters (bisoctrizole and bemotrizinol) are currently awaiting FDA approval via the TEA

process (material Time and material Extent Application). Under the TEA procedure, the

FDA can approve cosmetic ingredients or formulations with five-year foreign marketing

experience outside the United States in countries that mirror the U.S. population, after

reviewing their efficacy and safety. However, since the TEA procedure became final in

2002, not one ingredient has been approved as yet by the FDA.

MOLECULAR DESIGN OF A BROAD-SPECTRUM UV FILTER

In the year 2000, the first UV filter based on hydroxyphenyltriazine (HPT) technology

was added to the approved list of European cosmetic UV filters [International

Nomenclature of Cosmetic Ingredient (INCI): bis-ethylhexyloxyphenol methoxyphenyl

triazine (BEMT); USAN: bemotrizinol; trade name, Tinosorb S, Ciba Inc.]. BEMT is a

new oil-soluble filter with strong broad-spectrum protection in the UVA and UVB

regions. BEMT represents a new generation of cosmetic UV filters; its structure and UV

spectrum after an elaborate development process are depicted in Figure 8 (case D) (13).

The strong absorption tri-phenyl-triazines show in the UVB range (Fig. 8, case A)

has pp*-character. A np*-transition may also contribute to this band (14). As a first

orthohydroxy group is introduced (Fig. 8, case B), a UVA band emerges, which is because

of an intramolecular charge transfer (pp*-CT). With two ortho-hydroxy groups at

different phenyl moieties, this UVA absorption increases (Fig. 8, case D), and with three,

16 Osterwalder and Herzog
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even more (Fig. 8, case C). The optimized broad-spectrum structure was obtained with

case D (Fig. 8) referring to bemotrizinol (BEMT), which shows absorption maxima at 310

and 343 nm with emax ¼ 42800 and 47500 M�1cm�1, respectively, measured in ethanol.

Because of the two hydroxyl groups in ortho-position, BEMT contains two

intramolecular hydrogen bridges that enable an excited-state intramolecular proton transfer

(phototautomerism) after photoexcitation. This is followed by IC and rapid energy

dissipation, resulting in inherent photostability. Thus, the presence of ortho-hydroxy groups

not only influences the shape of the absorption spectrum, but also the photostability. The

photostabilizing effect of an ortho-hydroxy group is also discussed by Shaath (15).

Trend Toward Higher Molecular Weight UV Filters—the 500-Dalton Rule

Over the past decades, the general development of new sunscreen actives was moving

toward higher molecular weight filters. The “500-Dalton rule,” known from the

Figure 5 UV spectra of solid UVB/UVA-II filters (see Table 2).

Figure 4 UV spectra of liquid UVB/UVAII filters (see Table 1).
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development of transdermal drugs, can be seen as a common denominator. The 500-

Dalton rule for the skin penetration of chemical compounds and drugs states that when

topical dermatological therapy or percutaneous systemic therapy is the objective, the

development of new innovative compounds should be restricted to molecular weights

below 500 Dalton (16). Conversely, one may postulate a 500-Dalton rule for the

development of sunscreen actives, which says that the development of new innovative

compounds should be restricted to molecular weights above 500 Dalton, where UV filters

remaining on, rather than penetrating through, the skin is the objective. As shown in

Figure 9, product development over the past 50 years has clearly been heading in the

Figure 7 UV spectra of broad-spectrum UV filters (see Table 4). BEMT and DTS measured in

ethanol. MBBT, TiO2, and ZnO measured in aqueous dispersion. Abbreviations: BEMT, bis-

ethylhexyloxy methoxyphenyl triazine; DTS, drometrizole trisiloxane; MBBT, methylene bis-

benzotrazolyl tetramethyl-butylphenol.

Figure 6 UV spectra of UVA-I filters (see Table 3). DPDT and MA are also taken into this

category, although the maximum absorption in these cases is slightly below 340 nm. Abbreviations:

DPDT, disodium phenyl dibenzimidazole tetrasulfonate; MA, menthyl anthranilate.
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direction of higher molecular weights above 500 Dalton. However, it should be noted that

the 500-Dalton rule alone is neither a necessary nor a sufficient condition for the safety of

a new sunscreen active.

PERFORMANCE OF UV FILTERS IN A SUNSCREEN

Performance of UV Filters

UV filters are the actives in sunscreens, which are needed to protect against solar

radiation. In most cases, sunscreens contain a blend of UV filters. The overall absorbance

spectrum of a sunscreen is determined by the superposition of the UV spectra of the

individual filters according to their amounts in the formulation. This is illustrated in

Figure 10 with the example of the European Cosmetics, Toiletry, and Perfumery Trade

Association (Colipa) P3 standard formulation, which contains 0.5% avobenzone

(BMDBM), 3% octinoxate (EHMC), and 2.78% ensulizole (PBSA) (17,18).

However, what is decisive for the protection of the skin is the attenuation of the UV

radiation by the film of absorbing material. This attenuation can be characterized by the

residual UV radiation, which is still transmitted through the film in relation to the incident

radiation, called the UV transmission. The transmission of the film is mainly influenced

by the absorbance spectrum of the sunscreen, and to a lesser extent, scattering of incident

radiation. However, human skin is not a flat or homogeneous substrate; therefore, the

resulting film will be uneven and irregular (Fig. 11). An irregular film structure has a

Figure 8 UV spectral performance of phenyl triazine derivatives as function of substitution; R(1)

and R(3) ¼ ethyl hexyl and R(2) ¼ methyl.
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strong impact on the UV transmission. Models for the calculation of the SPF must take

this fact into account (18–20).

When the UV transmission spectrum through a sunscreen film with a realistic

irregular profile is known, e.g., from calculations, the SPF may be obtained as the factor

by which the erythemal effectiveness spectrum is reduced. The erythemal effectiveness

spectrum is obtained by multiplication of the sun intensity spectrum (21) by the action

spectrum for erythema (22), which is demonstrated in Figure 12.

Because the erythemal effectiveness spectrum is the intensity of solar radiation

weighted by the erythemal action spectrum, it is a reflection of the risk spectrum for

erythema. In the presence of a protecting film on the skin, the erythemal effectiveness is

reduced accordingly. This is shown in Figure 13 for the case of the Colipa P3 standard

formulation. Calculating the areas under the two curves in the range between 290 and

400 nm and subsequently the ratio of the area without and the area with protection, the

SPF is obtained. For the P3 standard, this results in an SPF ¼ 13.

Figure 9 Trend toward higher molecular weight UV Filters (Colipa number). The 500-Dalton

rule—a common denominator in the development of UV absorbers (UVB ¼ red, UVA ¼ green,

broad-spectrum ¼ blue).

# UVB/UVA-II filters # UVA-I/broad-spectrum UV filters

S1 PABA S66 Avobenzone

S13 Octisalate S69 Octyl triazone

S28 Octinoxate S71 Terephthalylidene dicamphor sulfonic acid

S38 Oxybenzone S73 Drometrizole trisiloxane

S60 Enzacamene S79 Bisoctrizole

S74 Polysilicone-15 S80 Bisdisulizole disodium

S78 Dibutamido triazone S81 Bemotrizinol

S83 Aminobezophenone

Abbreviation: Colipa, European Cosmetics, Toiletry, and Perfumery Trade Association.
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Galenics of Sunscreens

Although the main UV protection effect of a sunscreen is the result of properties and

concentration of the UV filters, the galenic form can also have great influence; for

example, o/w emulsions show generally higher SPFs than w/o emulsions with comparable

filter content, because a more uniform sunscreen film is built on the skin.

A sunscreen in most cases comprises the following components:

l sunscreen actives
l a lipid phase (oil phase) containing, e.g., paraffin, fatty acids, fatty alcohols,

fatty acid esters, silicon oils, waxes, UV filters, and active ingredients
l an aqueous phase containing, e.g., skin moisturizers, thickeners, polymers, salts,

UV filters, and water-soluble actives

Figure 11 Irregular profile of the sunscreen film on the skin.

Figure 10 Specific extinction of the individual UV filters used in the Colipa P3 standard (left) and

of their blend according to the concentrations in the P3 formulation (right). Abbreviation: Colipa,

European Cosmetics, Toiletry, and Perfumery Trade Association.
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l emulsifiers for o/w systems, e.g., stearic acid, stearic acid esters, ethoxylates,

and phosphate emulsifiers; emulsifiers for w/o systems, e.g., polyglycerol, fatty

acid esters, and silicone emulsifiers
l polymers that impart water-resistant properties
l stabilizers: preservatives, complexing agents, antioxidants
l perfume

Sunscreens now are available in various forms: creams, gels, lotions, mousse,

sprays, sticks, and wipes. The distribution of UV filter in the oil and water phase of an

emulsion can play an important role for the uniform distribution of the UV filters on the

skin and thus affects the SPF and the UVA protection factor (UVA-PF).

Figure 13 Erythemal effectiveness spectrum calculated from solar reference spectrum (22) and

erythemal action spectrum in absence and presence of the Colipa P3 sunscreen standard.

Figure 12 Erythema action spectrum (22), reference sun spectrum (21), and erythemal

effectiveness spectrum (values normalized for better visualization).
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Performance of a Sunscreen

Historically, the sole purpose of sunscreens was to prevent sunburn. The SPF is the ratio

between the minimal dose that produces perceptible erythema on the skin [i.e., minimal

erythema dose (MED)] in the presence or absence of 2 mg/cm2 of sunscreen, using solar-

simulated radiation as a light source (23). The actual protection provided by a sunscreen is

a dynamic process. The exposure time is the most important influencing factor for any

effect of UV radiation. This is best illustrated in Figure 14, inspired by the Australian

Standard document (24). For individuals with skin phototype I to II, one MED is reached

within about 10 minutes without sunscreen (i.e., SPF 1). With SPF 15 and SPF 30

sunscreens, the time to reach one MED is prolonged accordingly to 150 and 300 minutes.

However, in a proper photoprotection strategy, sunscreen is not used to reach one MED.

To the contrary, sunscreen should be used to stay well below one MED. The example in

Figure 14 shows that a two-hour exposure of a person with skin phototype I leads to 80%,

40%, or 20% of an MED if a sunscreen of SPF 15, 30, or 60 (in Europe, labeled 50+) is

applied, respectively. The same reasoning as shown in Figure 14 for the SPF holds for the

UVA-PF as well. However, sunscreens with the same SPF frequently have different UVA-

PF; therefore, a high SPF sunscreen may not automatically provide good UVA protection

(25). Therefore, over the person’s lifetime, the difference in the cumulative amount UV

transmitted by using sunscreens with different SPF is potentially quite significant.

It should be noted that the example shown in Figure 14 is based on the assumption

that the UV filters are photostable and the sunscreens are applied at a concentration of

2 mg/cm2 (the worldwide standard used in SPF testing). Many of the currently used UV

filters degrade during UV exposure (26). In actual use, consumers apply on average 0.5 to

1.0 mg/cm2 of sunscreens (27). Some exposed sites are frequently missed, and with

Figure 14 Performance of sunscreens of SPF 15, 30, and 60 in dose versus time diagram;

dynamics of the UV dose reaching the skin through sunscreens over time. The example shows the

minimal erythema dose received by skin phototype I or II. Abbreviations: MED, minimal erythema

dose; SPF, sun protection factor.
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regular or outdoor activities, sunscreens are rubbed off or washed off with water and

sweat exposure.

In vivo studies showed a quasi-linear relationship between the amount applied and

SPF (28). In silico calculations explain why this is the case and how the amount of UVA

protection actually influences how the SPF depends on the amount applied (Fig. 15).

UVB-biased sunscreens [i.e., with low UVA/UVB ratio (29)] lead to a concave SPF/

amount curve, whereas uniform UVB/UVA sunscreens exhibit convex SPF/amount

curves. This effect is more pronounced at a nominal SPF (e.g., SPF 10 at 2 mg/cm2) than

at SPF 30, the reason being that any sunscreen above about SPF 10 must have some

minimal degree of UVA protection, otherwise the freely transmitted UVA radiation

would lead to erythema. Hence, the most common sunscreens, which provide some

intermediate degree of UVA protection, exhibit a quasi-linear relationship between SPF

and amount applied.

An exponential (convex) relationship between SPF and amount applied is only

possible if the protection profile is uniform, i.e., if protection against UVB and UVA

radiation is the same (also referred to as spectral homeostasis or gray filter). Textiles provide

practically uniform protection; therefore, two layers of a UV protection factor (UPF) 5 fabric

indeed yield a UPF 25. This can easily be confirmed by a transmission measurement.

The relationship between UVA-PF and application amount is similar to that of SPF

and application amount, i.e., it is convex for more uniform sunscreens, concave for UVB-

biased sunscreens, and quasi-linear in between. Unlike the SPF that is by definition the

same at 2 mg/cm2, the absolute UVA-PF value varies of course tremendously between a

UVB-biased and a uniform sunscreen (Fig. 16A, B).

Figures 17A and B show the ratio UVA-PF/SPF as a function of the application

amount. In Europe, sunscreens must have a minimum ratio of 1/3 according to the

European Commission (EC) recommendation (5). The figures show that if a sunscreen

fulfills this criterion (at the standard 2 mg/cm2), lower application amount will always

lead to a relatively better UVA protection than sunburn protection. This is a very

important conclusion. It means that while we need to be concerned about the decline of

SPF with lower application amount, the UVA-PF will always decline less.

USE OF UV FILTERS IN COMMERCIAL SUNSCREENS

Basic Requirements for the Use of UV Filters

Sunscreens usually contain between two to seven UV filters, depending on their intended

SPF and degree of UVA protection. Even in the United States, there are more then seven

UV filters available on the sunscreen monograph (30). So, why is it that only a fraction of

the available UV filters is actually used? The major reason is efficacy, i.e., UV absorption

capacity, but also water resistance or compatibility in a particular sunscreen formulation.

As mentioned earlier in this chapter, in addition to efficacy, sunscreen manufacturers have

to consider three other basic requirements: safety, registration, and patent freedom. If any

of these four requirements is not fulfilled, a UV filter will not be used.

Efficacy

An efficient sunscreen active shows good absorption, at the very least, in parts in the relevant

UV range between 290 and 400 nm. Efficacy also means that the UV absorber must be easily

incorporated in any kind of formulation. If not, it may become difficult to achieve

formulations that are also cosmetically acceptable. This, in turn, would negatively influence
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Figure 15 (A) SPF versus application amount for SPF 10 sunscreens and various UVA/UVB

ratios, calculated with the Ciba Sunscreen Simulator. (B) SPF versus application amount for SPF

30 sunscreens and various UVA/UVB ratios, calculated with the Ciba Sunscreen Simulator.
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the compliance of the sunscreen user. Efficacy may also mean good solubility of a UV

absorber in different emollients relevant to cosmetics. Other major characteristic-influencing

efficacy is the photostability of the UV absorber, which can be determined by irradiating a

sunscreen sample in the laboratory (31). Unstable sunscreen actives lose efficacy and may

Figure 16 (A) UVA-PF versus application amount for SPF 10 sunscreens and various UVA/UVB

ratios, calculated with the Ciba Sunscreen Simulator. (B) UVA-PF versus application amount for

SPF 30 sunscreens and various UVA/UVB ratios, calculated with the Ciba Sunscreen Simulator.
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Figure 17 (A) Ratios of UVA-PF/SPF versus application amount for SPF 10 sunscreens and

various UVA/UVB ratios, obtained from results of Figures 15 and 16. (B) Ratios of UVA-PF/SPF

versus application amount for SPF 30 sunscreens and various UVA/UVB ratios, obtained from

results of Figures 15 and 16.
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even lead to safety concerns upon irradiation. Furthermore, the UV absorber substance must

be compatible with all other ingredients in a formulation; there should be no discoloration of

skin and hair, no staining of textiles, and no odor. For water-resistant claim, the UV absorber

should be insoluble in water. Last but not least, the UV filter should be economical in its use.

These parameters are all part of the efficacy requirement.

Safety

Sunscreen actives should have no adverse effect on humans and environment. Although

direct comparison with a new pharmaceutical drug is not appropriate, the development of

a new sunscreen active for global use is nearly as demanding. The toxicological studies

required for a global registration are listed in Table 5.

Registration

In order to exploit the full economic potential of a UV filter, UV absorber manufacturers

are aiming for global registration. In Europe, South America, Asia, and South Africa,

where sunscreens are considered as cosmetics, approval is possible within one to two

years of filing. In Australia, New Zealand, Japan, and the United States, it takes longer. In

2002, the United States introduced a new procedure, TEA (33), to accelerate the process.

So far, six UVB filters that are widely used outside the United States have received the

status of “eligibility to enter the Sunscreen Monograph” (34). By end of 2008, none of

them have yet been added to the sunscreen monograph.

Patent Freedom

Patenting of sunscreen actives and their applications deserve special attention in this

chapter. Patent freedom means the free use of sunscreen actives by any sunscreen

manufacturer, i.e., without any uncertainty about whether any third-party patent rights are

infringed by the use of a particular ingredient.

Until about 15 years ago, UV absorber manufacturers protected their inventions by

simple substance patents that included the basic applications, e.g., “invention of a novel

UV absorber for the incorporation in personal care formulations for the protection of skin

and hair.” The innovative cosmetics manufacturers would then file their own patents on

Table 5 Typical International Safety Dossier of a New Sunscreen (32)

l Acute oral and dermal toxicity
l Dermal, ocular irritation, skin sensitization
l Photoirritation, photosensitization
l Subchronic oral and topical toxicity
l Chronic toxicity
l Fertility, early embryonic development
l Embryofetal toxicity and peri-/postnatal toxicity
l In vitro and in vivo percutaneous absorption
l Topical and oral pharmacokinetic and metabolism
l In vitro and in vivo genetic toxicity
l Carcinogenicity
l Photocarcinogenicity
l Safety and efficacy in man
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specific applications and technologies that they had invented and were using to

differentiate themselves from their competitors. This system allowed both the supplier

and the manufacturer of sunscreens to create new business by protecting their respective

inventions. In the mid-1990s, important cosmetics manufacturers started to patent not

Table 6 Examples of Specially Emphasized UV Filters

Brand/drug name

(manufacturer) Product (ingredient) information

Mexoryl1 SX

Ecamsule

(L’Oréal)

L’Oréal patented ecamsule first, in 1982. It was approved by the

European Union (EU) in 1991. Sunscreens based on ecamsule

have been available in Europe, Canada, and other parts of the

world since 1993 and were given approval by the FDA in the

United states in July 2006 (36) This approval only extends to

ecamsule-containing sunscreens registered under a new drug

application, not ecamsule itself (37).

Mexoryl XL

Drometrizol

(L’Oréal)

Mexoryl XL is a photostable broad-spectrum UVB/UVA filter. It is

not yet approved by the FDA, although Mexoryl XL-containing

products are widely available in many parts of the world. Products

marketed as excellent broad-spectrum sunscreens (38).

OptisolTM

Titanium Dioxide

(Croda)

The Optisol technology involves the doping of titanium dioxide with

a low level of manganese; the manganese ions are located both

within the structural lattice of the TiO2 and at the surface of the

particles. This results in absorption of UVA radiation without the

concurrent formation of free radicals. Furthermore, while

providing balanced UVA and UVB protection, Optisol also

provides additional benefits in absorbing free radicals that may be

generated by other components of the sunscreen formulation; it

also enhances formulation stability (39).

Parsol11789

Avobenzone

(DSM)

Avobenzone was patented in 1973 and was approved in the EU in

1978. It was approved by the FDA in 1988. Its use is approved

worldwide (40).

Avobenzone has been shown to degrade significantly upon exposure

to UV, resulting in less protection over time. This degradation can

be reduced by using a photostabilizer, such as octocrylene. Other

photostabilizers include Tinosorb1 S, Tinosorb M, butyloctyl

salicylate, Mexoryl SX, Corapan1 TQ, and others (41).

Tinosorb M

Bisoctrizole

(Ciba)

Tinosorb M is the first representative of a new class of UV absorber,

i.e., organic microfine particles that absorb, reflect, and scatter.

The commercial form Tinosorb M is produced as a 50% aqueous

dispersion of colorless organic microfine particles (42).

Tinosorb S

Bemotrizinol

(Ciba)

Tinosorb S was specifically designed to meet the needs of the

cosmetic industry. Besides the excellent performance as a

photostable broad-spectrum UV filter, it is compatible with

organic and inorganic filters, meets the high safety requirements,

and is oil soluble for high water resistance (43).

Z-Cote1

Zinc oxide

(BASF)

Z-Cote is a broad-spectrum UVB-UVA filter. Its physical

characteristics are such that products that are elegant and

transparent can be formulated (44).

ZinClearTM

Zinc oxide

(Adv. Nano Techn.)

Patented process stabilizes particle surface, minimizing

agglomeration, and resulting in cosmetically transparent SPF 30+

sunscreens containing only zinc oxide as the UV absorber (45).
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Table 7 Examples of Specially Emphasized UV Filter Complexes

Brand name,

Manufacturer Patent information

Avotriplex1,

Banana Boat1
Boat sun care products with AvoTriplex technology last longer in the sun.

This means you can stay out longer and enjoy your day worry-free.

Products marketed to provide photostable UVA/UVB protection (46).

US Patent 7,014,842 (abstract)

There is provided a composition comprising one or more

photoactive compounds and one or more optimization agents.

The composition requires a small amount of optimization agent to

efficiently optimize the polarity, critical wavelength, SPF, PFA,

Star Rating, photostability, or any combinations thereof. Subse-

quently, an efficient sunscreen composition is achieved.

Helioplex1,

Neutrogena1

(J&J)

Helioplex is a proprietary name for a formulation of broad-spectrum UVA/

UVB skin protection containing avobenzone and oxybenzone (47).

US Patent 6,444,195 (abstract)

The present invention relates to a method of photostabilizing a

composition comprising (a) one or more dibenzoylmethane

derivative UV-A absorbing agent(s); (b) one or more benzophe-

none derivative(s); and (c) a diester or polyester of a naphthalene

dicarboxylic acid and a method of protecting mammalian skin or

hair from UV radiation comprising topically applying to the skin

or hair such a composition.

Sunsure1,

Hawaiian

Tropic1

SunSure technology uses less chemical sunscreens to achieve a higher SPF

with longer-lasting protection (48).

US Patent 7,309,481 (Abstract)

The present invention relates to photostable compositions that

provide protection from ultraviolet radiation (“UVR”). The

invention particularly relates to the sunscreens avobenzone,

octocrylene and oxybenzone, forming a triplet combination.

Compositions of the present invention are free of diesters or

polyesters of naphthalene dicarboxylic acid and also are

substantially free of substantial amounts of other sunscreens

and substantial amounts of optimizing agents. Sunscreens of the

invention may be essentially free of, or free of, lower monohydric

alcohol and/or acrylates/C.sub.12-22 alkylmethacrylate copoly-

mer in an effective non-pilling amount used to gel a C.sub.1-C.

sub.4 alcohol. The triplet combination surprisingly provides and

substantially maintains the initial SPF value of the sunscreen

composition throughout the period of UVR exposure. Composi-

tions of the invention are photostable such that each of sunscreen

active in the triplet combination does not appreciably photo-

degrade. The present invention accurately communicates the

amount of UVR photoprotection actually provided in natural

sunlight.
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only their specific technologies but also generic combinations of different ingredients

without the intention for use. This “blocking strategy” was aimed to keep competitors

from using new technology that emerged in the market (35). This strategy is not only

limiting the potential of competing sunscreen manufacturers, it is also detrimental to the

supplier who suddenly sees the potential market of his new sunscreen active shrinking

because of patent restrictions. As a consequence, suppliers had to react and rethink the

patenting strategy and the whole innovation process, especially in the realization phase

and the market introduction. A strategy to avoid blocking situations is to publish all sorts

of combinations of ingredients and claims that may never become relevant before the

identity of the new ingredient becomes publicly known. Institutions to publish quickly

now exist on the Internet, e.g., www.ip.com. The site enables innovative companies to

quickly and easily protect their inventions by the rapid publication and creation of prior

art in the form of technical disclosures.

Figure 18 Commercial sunscreens on the way towards the ideal sunscreen profile—transmissions

of typical US sunscreens with 0%, 1%, 2%, and 3% avobenzone (49) and European BOOTS 5-star

sunscreen containing broad-spectrum UV filters bisoctrizole and bemotrizinol.

Sunscreen UV filter composition

# SPF UVAa UVB/UVA-II UVA-I/broad-spectrum

1 50 Low Homosalate 15%, octinoxate 7.5%,

octisalate 5%, titanium dioxde 2.4%

-

2 50 Medium Octocrylene 8%, oxybenzone 3.5% Avobenzone 1%

3 45 Medium Homosalate 15%, octioxate 7.5%,

octisalate 5%, oxybenzone 6%

Avobenzone 2%

4 45 High Homosalate 13%, octisalate 5%,

octocrylene 7%, oxybenzone 4%

Avobenzone 3%

5 60b Highest Octocrylene, titanium dioxide Bisoctrizole, bisdisulizole

disodium, bemotrizinol
aThe evaluation of the UVA category is tentative since the proposed FDA method for the determination of the

UVA-I/UV ratio is not yet finalized.
bSPF according to International Harmonized Method (others according to FDA method); in Europe SPF > 60

are labeled 50þ (EC recommendation).
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Sunscreen Manufacturer-Specific Technology

Sunscreen manufacturers are branding several UV filters and various technologies to

physicians, patients, and consumers; some of the examples are listed in Tables 6 and 7,

respectively. UV filters or complexes that provide stable or stabilized UVA protection are

the major examples.

Improvement of UVA Protection in Commercial Sunscreens

Over the last 20 years, since the approval of avobenzone by the FDA, products with good

UVA protection have steadily been increasing worldwide. In the United States, because of

lack of a UVA regulation, many different UVA claims are made on products. The new

proposed FDA UVA star-rating system will allow a correlation of UVA-I protection

with the amount of photostablized avobenzone that is used in a sunscreen. Figure 18

shows U.S. sunscreens with 0%, 1%, 2%, and 3% avobenzone (49). In addition, a

European sunscreen is shown that contains new broad-spectrum UV filters bisoctrizole

and bemotrizinol. Such compositions come very close to the ideal of uniform UVB/UVA

protection and should be able to achieve the four-star rating of the proposed FDA UVA

star-rating category.

REFERENCES

1. Haywood R, Wardman P, Sanders R, et al. Sunscreens inadequately protect against ultraviolet-a

induced free radicals in skin: implications for skin aging and melanoma?. J Invest Dermatol

2003; 121:862–868.

2. Diffey BL. The need for sunscreens with broad spectrum protection. In: Urbach F, ed.

Biological responses to ultraviolet a radiation. A symposium on UV-A radiation. San Antonio,

TX, June 1991. Overland Park, KS: Valdenmar Publication Co., 1992:321–328.

3. Moyal D, Fourtanier AM. Broad-spectrum sunscreens provide better protection from solar

ultraviolet-simulated radiation and natural sunlight-induced immunosuppression in human

beings. J Am Acad Dermatol 2008; 58(5):S149–S154.

4. Sunscreen Drug Products for Over-the-Counter Human Use; Proposed Amendment of Final

Monograph. Fed Regist 2007; 72(165):49069–49122 (Proposed Rules).

5. European Commission Recommendation on the efficacy of sunscreen products and the claims

made relating thereto. OJ L265, 20067647/EC, 39–43.

6. Sun Care—UV Protection. Available at: https://www.ciba.com/sunscreen-simulator. Accessed

May 20, 2008.

7. Sayre RM, Dowdy JC. Darkness at noon: sunscreens and vitamin D3. Photochem Photobiol

2007; 83(2):459–463.

8. Barltrop JA, Doyle JD. 1975 Excited States in Organic Chemistry. London: John Wiley & Sons,

1975.

9. Ottersted JE. Photostability and molecular structure. J Phys Chem 1973; 58:5716–5725.

10. Kollias N. The absorption properties of “physical” sunscreens. Arch Dermatol 1999; 135:209.

11. Schlossmann D, Shao Y. Inorganic ultraviolet filters. In: Shaath NA, ed. Sunscreens—

Regulations and Commercial Development, Cosmetic Science and Technology Series 28, 3rd

ed. New York: Taylor & Francis Group, 2005:239–279.

12. Steinberg DC. Regulations of sunscreens worldwide. In: Shaath NA, ed. Sunscreens—

Regulations and Commercial Development, Cosmetic Science and Technology Series 28, 3rd

ed. New York: Taylor & Francis Group, 2005:173–198.

13. Herzog B, Hueglin D, Osterwalder U. New sunscreen actives. In: Shaath NA ed. Sunscreens—

Regulations and Commercial Development, Cosmetic Science and Technology Series 28, 3rd

ed. New York: Taylor & Francis Group, 2005:291–320.

36 Osterwalder and Herzog



[ram][7x10 Standard][D:/informa_Publishing/H8084_Lim_112080/z_production/z_3B2_3D_files/978-1-4200-8084-1_CH0002_O.3d] [4/11/08/

13:32:7] [11–38]

14. Stueber GJ, Kieninger M, Schettler H, et al. Ultraviolet stabilizers of the 2-(2’-hydroxyphenyl)-
1,3,5-triazine class: Structural and spectroscopic characterization. J Phys Chem 1995:

99:10097–10109.

15. Shaath NA. Evolution of modern sunscreen chemicals. In: Lowe NJ, Shaath NA, Pathak MA,

eds. Sunscreens: Development, Evaluation, and Regulatory Aspects, 2nd ed. New York: Marcel

Dekker, 1997:17.

16. Bos JD, Meinardi MM. The 500 Dalton rule for the skin penetration of chemical compounds

and drugs. Exp Dermatol 2000; 9(3):165–169.

17. COLIPA sun protection factor test method. Ref. 94/289. The European Cosmetic Toiletry and

Perfumery Association—COLIPA; Oct. 1994; Rue du Congrès, Brussels.

18. Herzog B. Prediction of sun protection factors by calculation of transmissions with a calibrated

step film model. J Cosmet Sci 2002; 53:11–26.

19. Ferrero L, Pissavini M, Marguerie S, et al. Efficiency of a continuous height distribution model

of sunscreen film geometry to predict a realistic sun protection factor. J Cosmet Sci 2003;

54:463–481.

20. Herzog B. Models for the calculation of sun protection factors and parameters characterizing

the UVA protection ability of cosmetic sunscreens. In: Tadros TF, ed. Colloids in Cosmetics

and Personal Care. New York: Wiley–VCH, 2008:275–308.

21. Diffey BL, Robson J. A new substrate to measure sunscreen protection factors throughout the

ultraviolet spectrum. J Soc Cosmet Chem 1989; 40:127–133.

22. McKinlay AF, Diffey BL. A reference action spectrum for ultraviolet-induced erythema in

human skin. CIE J 1987; 6:17–22.

23. United States Food and Drug Administration, HHS. Sunscreen drug products for over-the-

counter human use; final monograph. Final rule. Fed Regist 1999; 64(98):27666–27693.

24. Australian/New Zealand StandardTM, Sunscreen products—evaluation and classification.

Originated in Australia as AS 2604:1983; Previous ed. AS/NZS 2604:1997; 5th ed. 1998.

25. Fourtanier A, Moyal D, Maccario J, et al. Measurement of sunscreen immune protection factors

in humans: a consensus paper. J Invest Dermatol 2005; 125:403–409.

26. Maier H, Schauberger G, Brunnhofer K, et al. Change of ultraviolet absorbance of sunscreens

by exposure to solar-simulated radiation. J Invest Dermatol 2001; 117:256–262.

27. Kullavanijaya P, Lim HW. Photoprotection. J Am Acad Dermatol 2005; 52:937–958.

28. Bimczok R, Gers-Barlag H, Mundt C, et al. Influence of applied quantity of sunscreen products

on the sun protection factor—a multicenter study organized by the DGK taskforce sun

protection. Skin Pharmacol Physiol 2007; 20:57–64.

29. Boots UK limited. Measurement of UVA: UVB Ratios According to the Boots Star Rating

System. Nottingham, UK, 2008.

30. Shaath NA. The chemistry of ultraviolet filters, chapter 13. In: Shaath N, ed. Sunscreens:

Regulations and Commercial Development, 3rd ed. Cosmetic Science and Technology Series,

Vol 28. Boca Raton, FL: Taylor & Francis Group, 222.

31. Sayre RM, Dowdy JC. Photostability testing of avobenzone. Cosmetics and Toiletries 1999;

114(5):85–91.

32. Nohynek G, Schaefer H. Benefit and risk of organic ultraviolet filters. Regul Toxicol Pharmacol

2001; 33:1–15.

33. Food and Drug Administration. Additional criteria and procedures for classifying over-the-

counter drugs as generally recognized as safe and effective and not misbranded. 21 CFR Part

330. [Docket No. 96N–0277], RIN 0910–AA01, Federal Register/Vol. 67, No. 15/Wednesday,

January 23, 2002/Rules and Regulations, 3060–3076.

34. Food and Drug Administration. Over-the-counter drug products; safety and efficacy review;

additional sunscreen ingredients. [Docket No. 2003N–0233], Federal Register/Vol. 68, No. 133/

Friday, July 11, 2003/Notices, 41386–41387.

35. Rudolph M, Specific UV filter combinations and their impact on sunscreen efficacy. Presented

at: International Sun protection conference, Commonwealth Institute; March 9–10, 1999;

London.

Chemistry and Properties of Organic and Inorganic UV Filters 37



[ram][7x10 Standard][D:/informa_Publishing/H8084_Lim_112080/z_production/z_3B2_3D_files/978-1-4200-8084-1_CH0002_O.3d] [4/11/08/

13:32:7] [11–38]

36. Search for “ecamsule.” Available at: http://www.accessdata.fda.gov/scripts/cder/drugsatfda/.

Accessed May 29, 2008.

37. Ecamsule. Available at: http://en.wikipedia.org/wiki/Ecamsule. Accessed May 20, 2008.

38. Sunscreen. Available at: http://en.wikipedia.org/wiki/Sunscreen. Accessed May 20, 2008.

39. About OPTISOLTM UV Absorber. Available at: http://www.oxonica.com/materials/

materials_optisol.php. Accessed May 20, 2008.

40. Avobenzone. Available at: http://en.wikipedia.org/wiki/Avobenzone. Accessed May 20, 2008.

41. Skin breaks-drugs-avobenzone overview. Available at: http://www.kosmix.com/Health/skin_

breaks-Drugs-Avobenzone-s. Accessed May 20, 2008.

42. Bisoctrizole. Available at: http://en.wikipedia.org/wiki/Bisoctrizole. Accessed May 20, 2008.

43. Bemotrizinol. Available at: http://en.wikipedia.org/wiki/Bemotrizinol. Accessed May 20, 2008.

44. BASF. Available at: http://www.basf.com/corporate/news2005/050905_Z-Cote_Max.htm.

Accessed May 20, 2008.

45. ZinClearTM. Available at: http://www.antaria.com/index.php?page=zinclear. Accessed May 20,

2008.

46. AvoTriplexTM. Available at: http://www.playtexproducts.com/avo/. Accessed May 20, 2008.

47. Helioplex. Available at: http://en.wikipedia.org/wiki/Helioplex. Accessed May 20, 2008.

48. SunSure1 Technology. Available at: http://www.hawaiiantropic.com/SunFacts/SunSure-Tech-

nology.aspx. Accessed May 20, 2008.

49. Wang SQ, Stanfield JW, Osterwalder U. In vitro assessments of UVA protection by popular

sunscreens available in the United States. J Am Acad Dermatol 2008 Oct 1; [Epub ahead of

print].

38 Osterwalder and Herzog



[ram][7x10 Standard][D:/informa_Publishing/H8084_Lim_112080/z_production/z_3B2_3D_files/978-1-4200-8084-1_CH0003_O.3d] [3/11/08/

18:37:25] [39–52]

3
Formulation and Stability
of Sunscreen Products

Curtis A. Cole
Johnson & Johnson Consumer and Personal Products Inc., Skillman, New Jersey,
U.S.A.

Juergen Vollhardt and Christine Mendrok
DSM Nutritional Products Ltd., Basel, Switzerland

SYNOPSIS

l This chapter provides a brief history of how sunscreen products came into being

and discusses the many challenges facing the modern day sunscreen formulator

and developer. Creating a successful sunscreen product requires a complex blend

of photoprotection science, consumer insights, aesthetic art, global regulatory

knowledge, and photochemistry understanding. The chapter describes a deeper

look inside the formulation laboratory to see the creation process for today’s

modern sunscreens.

INTRODUCTION AND HISTORY OF SUNSCREENS

From the earliest use of mud and clays to protect skin from the sun’s burning rays, today’s

sunscreen products have come a long way in efficacy, convenience, and elegance. In the

late 1930s, Dr. Franz Greiter, a Swiss chemist and amateur mountain climber, was annoyed

by being frequently sunburned at high altitudes and started compounding sunscreening

lotions in his laboratory to protect himself from sunburn. This led ultimately to the founding

of the Greiter company, which marketed products under the Piz Buin1 brand. Veterans

from the Pacific Theater may remember the “red veterinary petrolatum” provided in life

rafts and survival kits as a sunscreen, a heavy greasy ointment containing an undefined UV-

absorbing contaminant, which was quite substantive against water exposure, for obvious

reasons. Unfortunately, the UV protection was more limited compared with its wash

resistance. This compound and improved sunscreen formulations are credited to
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Dr. Benjamin Greene, a Florida physician, who needed a sunscreen to protect his balding

pate. His discoveries resulted in the brand known today as Coppertone1 (1).

The “modern day” sunscreens began their appearance in the 1960s with simple

alcoholic solutions of para-aminobenzoic acid and benzophenones, and giving only

modest protection. The rating system for classifying their protective capabilities was also

evolving, with credit given again to Dr. Franz Greiter, for the concept of the sun

protection factor (SPF) testing system in 1962 (1). The SPF testing methodology has been

refined by numerous industry and regulatory agencies and has been adopted around the

globe as the means to communicate the efficacy of sunscreen products to consumers.

Early “modern” sunscreen products were almost exclusively ultraviolet B (UVB)-

blocking sunscreens with minimal SPF (below 10), without waterproofing agents to provide

resistance to water or sweat exposure. It was not until the early 1980s that use of

waterproofing systems based on polymeric resins became available for use in oil-in-water

emulsions that provided SPF protection after 80 minutes of water exposure. Numerous

polymeric film formers and polymeric emulsifiers are now available for and used

extensively for waterproofing sunscreen preparations. Examples of polymeric emulsifiers

include PEG-30 dipolyhydroxystearate, acrylates/C10-30 alkyl acrylate cross polymer,

TEA-diethanolaminoethyl polyisobutenylsuccinate, and lauryl PEG/PPG-18/18 methicone.

During this infancy period of “modern sunscreen products,” the understanding of

the extent of damage caused by ultraviolet exposure to the skin grew substantially as

photobiologists studied the effects of first ultraviolet B (UVB: 290–320 nm radiation), and

then ultraviolet A radiation (UVA: 320–400 nm radiation) on exposed skin. The two

sciences of sunscreen formulation and photobiology grew simultaneously in depth and

breadth of knowledge, with the newly acquired understanding of the effects of ultraviolet

radiation on skin feeding the dermatologist’s push for higher- and broader-spectrum

protection in sunscreen products. An SPF horsepower “race” ensued in the mid-1980s

with SPFs starting at a maximum of 15, then to 23, 30, 45, 55, during the early 2000s, and

most recently in the United States to a maximum of 85 in 2008.

Also in the mid 1980s, the role of UVA in affecting the skin’s immune function, skin

cancer, and structural proteins was starting to emerge. At about the same time, a powerful,

new, UVA absorber, avobenzone [butyl methoxydibenzoylmethane (BMDM)], was

introduced to the European market and later adopted into the U.S. monograph in 1996,

providing the first truly broad-spectrum UVA absorber for sunscreen products. Along with

the development of products with substantial UVA protection, came the need to quantitate

the extent (both breadth and magnitude) of that UVA protection, resulting in numerous

UVA testing methods that are only now (2008) beginning to coalesce to a few standard test

methods. A second horsepower race, this time for UVA protection, ensued in the mid-2000s

with companies claiming UVA protection factors (UVA-PFs) in the 20 to 30s. Through all

of this, history shows clearly that knowledge and understanding of the dangers of UV

exposure have led to greater and greater protection of product offerings in the marketplace,

and the consumers are the main winners, acquiring the ability to play and enjoy themselves

in the sun with less fear of painful sunburn and longer-lasting skin damage.

FORMULATING FOR CONSUMER COMPLIANCE

Product Aesthetics

While the sunscreen industry manufacturers have been consistently developing products

with better and better protection potential, the fact remains that unless the consumers

actually apply the product to their skin, in appropriate quantities over the entire surface,
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they will not get the benefits of true sun protection. The reason most often quoted by

consumers for not using sunscreen products relates to the tactile and aesthetic properties

of the sunscreen products—“they’re too greasy and icky.” In fact, most of the sunscreens,

both recreational and daily wear moisturizers with SPF, use oil-soluble UV filters, as they

are the most easily “waterproofed” as well as the easiest to formulate. The most

commonly used UVB filters are all oil soluble, octyl methoxycinnamate (octinoxate),

octocrylene, and the salicylates (homosalate and octisalate). Similarly, the most

commonly used UVA filters oxybenzone and avobenzone are also oil soluble. The

inorganic or particulate sun filters, titanium dioxide and zinc oxide, can be either oil

dispersed or water dispersed, depending on the surface coating applied by the supplier.

The result is that the oil portion of the formulation becomes an increasingly higher

proportion of the SPF of the product, taxing the ability of the formulator to develop a

“nongreasy” formulation. Compounding the problem for recreational sunscreen products,

a waterproofing polymer is necessary to help “stick” the oils to the surface of the skin to

resist wash-off or sweating-off of the product in use. Examples of waterproofing polymers

include acrylates/polytrimethylsiloxymethacrylate copolymer, Bis-PEG-18 methyl ether

dimethylsilane, cetyl dimethicone, trimethylsiloxysilicate, butylated PVP, VP/hexadecene

copolymer, VP/eicosene copolymer, triacontanyl PVP, and acrylates/octylacrylamide

copolymer—ingredients that actually form physical film over the surface of the skin to

help hold the sunscreen-absorbing oils onto the skin’s surface, but also add to the “ick”

factor experienced by many consumers. Improperly formulated, these film formers can

form little “pils,” like those experienced on sweaters that can ball up on the surface of the

skin when rubbed. Clearly this does not lead to the desired consumer experience and

enthusiasm to slather on sunscreens on every outdoor occasion.

Approaches to diminish the greasy and icky feel of sunscreen products have led

formulators to incorporate a host of ingredients, including silicones, silicas, and other slip

agents to diminish the heavy and tacky feeling left by oily sunscreen filters and

waterproofing polymers. Polymeric surfactants, such as acrylate cross polymers now

available, can play a dual role to emulsify as well as to provide wash resistance for

recreational products, with excellent rapid emulsion-breaking characteristics for ease of

spreading on skin and skin feel after drying.

Daily-wear moisturizers with SPF (non-recreational) typically use the same oil-

based sun filters used in recreational products, but typically do not incorporate the

polymeric film formers used for waterproofing purposes. In addition, since wash

resistance is not a critical performance criterion, water-soluble filters can be more readily

incorporated into these types of products. Providing UV protection into both the water and

oil portions of the emulsion can help fill in the “holes” left by evaporation of water in an

“oil filter only” sunscreen product. The lower oil phase content of a hybrid water-soluble

filter and oil-soluble filter system can provide for a less “greasy” product with user-

preferred aesthetic properties. The most widely used water-soluble filter is ensulizole, a

high absorbtivity UVB filter. Water-soluble filters, sulizobenzone and dioxybenzone,

provide modest levels of absorbtivity in the UVB as well as the shortwave UVA2 region

(324–340 nm radiation).

The sunscreen industry has done an excellent job of developing and providing sun

protection in the widest possible variety of product forms to help make their use more

enjoyable and convenient. One of the most effective means to provide meaningful and

consistent sunscreen protection use has been the incorporation of sun filters with SPF into

daily moisturizer products, typically applied in the morning before sun exposure can

occur. This category of product usage began in the late 1980s with a brand called

“Purpose1,” starting initially with only SPF 12 protection. This category has grown
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enormously over the past 20 years such that virtually every line of facial moisturizer

offers an SPF version of the product. SPFs offered in this category are now typically

above SPF 15, and as high as SPF 45. These products contain essentially the same UV

filters used in recreational sunscreen products, but do not contain the waterproofing

polymers and are formulated for a light texture, compatible with use of makeup.

Sunscreen filters have also made their way into lip products, under-eye treatments,

and specialized stick application products for protecting noses and ears, for example. The

oil-soluble UV filters are readily incorporated into wax-based sticks and provide

convenient controlled application to specific areas. To prevent other topical sunscreens

from running or “creeping” into one’s eye, one can use a stick product to create a

protective barrier ring around the eye socket that the topical sunscreens will not cross.

Some manufacturers have offered a combination cream with stick package to offer both

forms in a single package.

Convenience of application has further driven innovation in packaging, with

offerings of small convenience-size packages, and more notably a spray application

format. The spray sunscreen products use pressurized “cans” containing either emulsion

formulations or alcohol or emollient-based clear sunscreens that apply either as a stream

of product that requires hand spreading or as a fine mist that covers the skin and does not

require hand spreading. This “no-hands” application form has been a real hit with the

consumer, particularly for application to children. Spray rates are critical for this form of

product; if the mist is too fine, application density is too low, and protection is

compromised. Application with the spray should leave the skin “glossy” with the product

to insure adequate coverage at a sufficient application density. Again, the intent is to

provide the consumer with the most convenience and best aesthetics to encourage regular

and convenient product usage.

FORMULATING FOR BALANCED PROTECTION

UVB and UVA Protection—Broad Spectrum

Photobiology learnings over the past 30 years have shown that broad-spectrum UVB and

UVA protection is critical to adequate sunscreen protection. In addition to well-

documented effects of UVB radiation on skin, UVA radiation, once thought innocuous,

has been shown to be important in suppression of the skin’s natural immune function

(2–5), an important factor in modulating skin cancer initiation and promotion. UVA

radiation has also been implicated in the aging processes of skin, leading to matrix

degradation felt to result in the leathery qualities of photo-damaged skin and ultimately

the wrinkles and sagging properties associated with extensive sun overexposure (6–11).

UVA radiation penetrates further into the skin, into the dermal matrix, and can react with

oxygen to create free radicals that cause inflammation, collagen cross-linking, and

damage to fibroblasts. Until 1996, the benzophenone filters were the primary filters used

in the United States to provide any level of UVA protection, having limited filtering

capability in the long-wave UVAI region of the solar spectrum (340–400 nm). UVA-PFs

as measured by persistent pigmentation testing (12–15) [or persistent pigment darkening

(PPD) test methods—similar to SPF ratings, but only evaluating UVA protection] were

only in the range of 3 to 4. Addition of titanium dioxide or zinc oxide gave some modest

additional UVA protection, but can cause unacceptable whitening of the skin and

undesirable skin feel and high concentrations. Recent improvements in formulation have

helped to improve the aesthetic properties of these inorganic or mineral filters, but in

general, the UVA protection that they provide is only modest compared with avobenzone
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or other filters such as the ingredients (i.e., Tinosorb S1—USAN—bemotrizanol and

Tinosorb M1 USAN—bisoctrizole or Uvinul Aþ—diethylamino hydroxybenzoyl hexyl

benzoate). In 1996, avobenzone was included in the U.S. monograph up to 3%, but was

only allowed to be used in combination with a limited number of other sun filters. With

avobenzone available for use, formulators have the ability to do more meaningful

development of truly broad-spectrum sunscreen products, which will be further enhanced

with approvals of pending new ingredients currently undergoing the time and extent

application (TEA) evaluations by the Food and Drug Administration (FDA).

One of the fundamental questions facing formulators with regard to balancing UVB

and UVA protection is “what is the right balance, and how do I measure it?” Depending

on the regulatory requirements or the specific marketing claim desired, one would have a

different answer and formulation approach. It has been well established that a balance of

UVA protection with the UVB is desirable. For “broad-spectrum” protection, it is

commonly accepted that a critical wavelength (16) of around 370 is appropriate to

substantiate this claim. This measure evaluates the area under the spectrophotometric

absorbance curve (AUC) and requires that 90% of the AUC is below the “critical

wavelength” after some level of pre-irradiation of the sample with solar-simulated

radiation. To meet this criterion typically requires addition of at least 0.5% avobenzone to

the formulation, or significant levels of zinc oxide or titanium dioxide.

The European Commission has required that products sold in the European Union

(EU) claiming UVA protection must provide a UVA-PF [as measured by the PPD test

protocol or the new Colipa (European Cosmetic Association) in vitro test method] (12,13)

to SPF rating of at least 1:3, such that there is a constant proportionality of UVA

protection relative to the SPF of the product. In addition, only distinct SPF numbers can

be claimed, particularly for the high-protection region: for example, “30” or “30þ” and

“50” or “50þ.” For example, this would require a protection factor in UVA (PFA) result

of at least 5 for a product with SPF 15, or at least 10 for an SPF 45 (to be claimed as SPF

30þ) product. Attaining such high levels of UVA protection requires high levels of UVA

blockage across the UVA spectrum, typically obtained by using high levels of

avobenzone (in Europe allowed at 5% level) and in combination with other UVA filters

such as combinations of avobenzone and ecamsule or combinations of avobenzone and

bemotrizanol, bisoctrizole, zinc oxide, or titanium dioxide.

In the United Kingdom, products sold through the Boots chain of stores are required

to be labeled for UVA protection according to the Boots “star” rating system (17). This

rating system measures the ratio of the spectrophotometric measured average AUC for

UVA absorbance divided by the average UVB absorbance and awards stars for packaging

claims accordingly. A higher ratio closest to 1 is awarded five stars (flatter absorbance

curve), while a product with proportionately low UVA/UVB absorbance ratio has few, if

any, stars. With this system, the formulator has two choices to achieve higher star

ratings—boost UVA protection significantly to try to achieve “flatness” or to diminish

UVB protection to achieve flatness while still trying to maintain adequate overall

protection for the desired SPF rating of the product. This illustrates one of the flaws of this

success criteria measurement, as it infers that UVB radiation is equally as damaging as

UVA radiation, and UVA protection must be equivalent to UVB protection. Photo-

biological research has clearly found that UVB radiation is much more damaging with

longer-term consequences [particularly skin cancer (18)] compared with equivalent

amounts of UVA radiation.

Similarly, the recent FDA Proposed Amendment to the Sunscreen Monograph (19)

indicated the intent to label sunscreen products according to their UVA protectiveness (as

measured by PFA), and the extent of UVA1 absorbance relative to the total UV absorbance
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of the product measured in vitro. To achieve high star ratings, the product must approach a

“flat” absorbance spectrum. Unfortunately, the capabilities and permitted use concen-

trations of the currently approved UV filters do not allow achievement of the highest UVA

rating (UVA1/UV absorbance >¼ 0.95), and products will be labeled with lower ratings than

is indicated by their UVA-PF performance. This is particularly true for products with SPF

ratings much above 15. To achieve high UVA ratings and to maintain the flatness of the

curve, the formulator must start to diminish the UVB protection, which makes it impossible,

at least currently, to offer high SPF (30 and higher) with highest star rating.

The primary UVA filters for achieving a “balanced” broad-spectrum protection are

typically combinations of avobenzone with oxybenzone or alternatively combinations of

oxybenzone with titanium dioxide and zinc oxide (since the combination of avobenzone

with either titanium dioxide or zinc oxide combination is not approved by the FDA). For

Europe and most of the rest of the world, the choices are much broader, including

combinations of avobenzone, bemotrizanol, bisoctrizole, ecamsule, drometrizole

trisiloxane, diethylamino hydroxybenzoyl hexyl benzoate, as well as zinc oxide or

titanium dioxide. Making a balanced protection product requires sequential formulation

and in vitro testing, coupled with in vivo SPF evaluation, to determine the optimal

concentrations of UVB filters and choice and concentrations of the UVA filters. This adds

to the complexity, cost, and time required for development of new sunscreen products. In

addition, UVA labeling rules in various regions (proposed in the United States), Japan,

and Europe (SPF/PFA ratio) require additional in vivo testing to confirm achievement of

the required UVA protection to substantiate the labeling claims. With all these

requirements to consider, the formulator must carefully build formulations step by step

knowing that minor changes to the carrier ingredients, or even processing changes, can

effect the overall balance or magnitude of protection provided by the formula.

FORMULATING FOR PHOTOSTABILITY

As indicated earlier, in the past few years the sun care market has experienced a race

toward higher and higher SPF products. Currently the majority of the sunscreen business

consists of products with SPF of at least 30, with a significant volume with SPF numbers

above 50 and 50þ. Given the detrimental effects of solar UVB and the trend for

consumers to participate in more and more outdoor activities, the need for higher

performance in protection is really necessary for meaningful protection of human skin and

health. But with high levels of UVB protection, significant proportional amounts of UVA

protection are also needed. There are several possibilities to provide adequate UVA

protection and to reach the 1:3 ratio of UVA-PF/SPF value as demanded in Europe.

Avobenzone provides the highest and broadest absorption, and it is possible to make

combinations of it with other filters for maximal UVA protection. To use avobenzone’s

full potential, the formulator needs to take into account that this global UVA filter is not

photostable on its own or in combination with some specific filters (26,27), and it

deteriorates during sunlight exposure outdoors.

While this may be a desirable property environmentally, it is not desirable to have it

behave this way on skin where it is meant to protect against UVA radiation. Avobenzone

breaks down to other molecules that do not absorb UVA, so that a formulation built on the

superior absorption power of avobenzone, but not adequately photostabilized, will quickly

lose a great deal of its protective UVA effect. To counteract avobenzone’s photo-

instability and find suitable stabilizers, it is important to ask the questions “why does this

happen?”
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In general, when a UV filter molecule absorbs radiation, its electrons accept the

energy and jump from a ground state to an “excited state,” like using a fast elevator in a

skyscraper. When it has arrived on the “100th floor,” it has several options to get down and

repeat the process over and over again. Typically, it loses its energy in the form of heat or

sometimes as visible radiation (fluorescence). However, particularly in case of avobenzone,

the molecule can perform an intersystem crossing from the singlet state into a triplet state.

To stay with this skyscraper model is like jumping from the 100th floor to another

somewhat lower building nearby—only to find out that this building has no good elevator

down. A molecule in a triplet state waits a considerably longer time to be quenched or to be

dropped down to the ground (state). This waiting time opens the door for chemical reactions

using the high-preserved energy of the triplet excited state within the molecule to break its

own chemical bonds, and as a result, the avobenzone breaks into pieces. In addition, for

some molecules “the 100th floor” is a good meeting place to form new “alliances” with

other molecules. This is the way that avobenzone reacts with octinoxate yielding new

compounds, which unfortunately do not absorb UV light anymore. In this case, the excited

state of one molecule (avobenzone) actually destroys two UV filters (avobenzone and

octinoxate) in each reaction, which leads to a loss in both UVB and UVA performance

(Fig. 1A). This combination of octinoxate with avobenzone has been the basis for many

sunscreen products, as they are the most powerful UVB and UVA absorbers, respectively,

and are registered globally, but unfortunately is the least photostable combination of UV

filters. The formulator has to be aware of unfavorable filter combinations that react with

each other in the presence of UV exposure to avoid them. The formulator has to be aware of

this unfavorable filter combination and avoid it. UV filter suppliers offer guidance to

formulators as to which combinations of filters will provide good photostability.

A less detrimental pathway for octinoxate to discharge its excited energy is through

a process called E/Z-isomerization. Octinoxate, when freshly used in a formulation, exists

Figure 1 (A) Absorbance spectrum of a non-photostable formulation containing 7.5% octinoxate

plus 3% avobenzone. The sample was prepared in a thin film (0.75 mg/cm2) and exposed to a solar

simulator UV radiation for 0, 10, 20, 30, and 50 J/cm2. The loss of absorbance and protection is

evident. (B) Absorbance spectrum of a photostable formulation containing 3% avobenzone and the

photostabilizing components DEHN plus oxybenzone with other UVB filters to provide full

spectrum protection. The sample was prepared and irradiated as described for Figure 1(A), with

little loss of absorbance across the entire spectrum. Abbreviations: UV, ultraviolet; DEHN,

diethylhexyl 2, 6 naphthalate; UVB, ultraviolet B.
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in a specific molecular shape. Radiation with UVB light and the excitation energy allows

the molecule to undergo shape changes. It goes from the E to the Z form and back. After

only 10 to 15 minutes, there is a constant equilibrium of both compounds, but the new Z-

form has somewhat lower absorption power. Therefore, while the UVB performance

shrinks compared with the starting value, this process does not destroy the molecule and,

because it leads after a short radiation time back to a constant absorbance, the in vivo SPF

is not negatively influenced by this effect.

The intrinsic photoinstability of avobenzone calls for a solution, keeping in mind

that it is the only worldwide-approved UVA filter with unmatched level of performance.

Having a technical solution to its photoinstability would significantly improve the level

and longevity of the protection provided in sunscreen products. Staying again in our

skyscraper model, the molecule needs either to be picked up from the 100th floor (singlet

state) or when it already has jumped down a bit from the triplet state before it breaks

down. Typically, the “pick up” or “release” from the triplet state is more effective as this

energy state has a longer life span.

Singlet state quenching is another possible elevator ride down to ground for an

excited avobenzone molecule. The singlet state-quenching process always works better if

the quenching molecule has an excited state that is close to that of the excited molecule,

or in other words, the quenching neighbor molecule needs to have its own energy level in

the area around the 100th floor. The same is actually true also for the triplet state, only the

energy level is somewhat lower. Then the excited avobenzone molecule can be brought

safely to the ground, and the quenching molecule is now elevated into the excited state.

This then requires that the quencher be able to lose its newly acquired energy very fast

and in a nondestructive process so that it can repeat the process again and again.

A variety of suitable quenchers have been discovered meanwhile to quench the

triplet state of avobenzone as well as some singlet state quenchers (Table 1). Most of

these are also UV filters [octocrylene (OC), methylbenzilidine camphor (MBC), bis-

ethylhexyloxphenol methoxyphenyltriazine (BEMT), polysilicone-15] and can be used to

Table 1 Percent of Remaining Nondegraded Avobenzone After Exposure of a Thin Film

(2 mg/cm2) of Formulation to 25 MEDs of UV Radiation (50 J/cm) from a Solar Simulator,

as Measured by HPLC Analysis. Photostabilizing Additives Added to This Formulation

with Avobenzone show Varying Levels of Ability to Photostabilize the Avobenzone

4% avobenzone plus:

Percent of avobenzone

remaining after 25 MEDs

of UV exposure

No stabilizer 23%

Octocrylene 3.6% 90%

4-Methylbenzilidine camphor 5% (ex. United States) 87%

Bemotrizanol (5%) (ex. United States) 81%

Oxybenzone 5% 80%

Diethylhexyl syringylidenemalonat 0.8% 73%

Polysilicone 15 4% (ex. United States) 53%

Tris(tetramethylhydroxypiperidinol)citrate 2% 53%

Butyloctyl salicylate 5% 50%

Polyester 8 3% 50%

Diethylhexyl-2,6-naphthalate 5% 47%

Abbreviations: UV, ultraviolet; MEDs, minimal erythema doses.
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create high-performing sunscreen formulations. One of the most popular additives is

octocrylene. Because effective photostabilizing combinations are of great economic

interest, allowing the formulation of light-stable and high-performance broad-spectrum

protection, numerous patents have been filed and granted to claim combinations in this

area. The formulator of a sunscreen needs to carefully check the materials they intended

to use together in the formula to avoid violation of intellectual property rights.

More recently other materials also have been offered for stabilization purposes. Table

1 gives values from a screening assay using binary mixtures of 4% avobenzone (butyl

methoxydibenzoylmethane, BMDBM) and recommended use of levels of stabilizers in an

oil base after radiation of 25 minimal erythema doses (MEDs) of ultraviolet radiation and

analysis by high-pressure liquid chromatography (HPLC) and spectrophotometric quanti-

fication (20). Besides the group of triplet quenchers, oxybenzone also turns out to be very

effective at higher concentrations acting as a singlet-quenching agent.

In addition to binary combinations of agents, the formulator can choose to use

ternary or even more complex mixtures as outlined in Table 2 to achieve an almost 100%

stabilization of avobenzone.

In emulsion systems like O/W (oil in water) lotions, the stabilization effect is

somewhat reduced as the gel network of the emulsion seems to limit the free interaction of

the chromophores to a certain extent. However, with suitable combinations of

photostabilizers added to the formulation, a level of stabilization of avobenzone can be

reached where a reduction of the adsorption upon UV irradiation is virtually zero with no

negative impact on the UVA-PF or star rating.

Particularly, a recently developed blend of avobenzone with oxybenzone and an

emollient, diethylhexyl 2, 6 naphthalate (DEHN), are worth mentioning as they ensure

excellent photostability under long radiation times. Figure 2 shows the photostabilizing

effects of each of these ingredients alone, and then in combination at different concentrations

of the oxybenzone. The DEHN provides triplet energy quenching, which with the singlet

quenching of oxybenzone, provides photostabilization of the avobenzone at levels above

80%. Commercial products with this blend also benefit from the additional triplet energy

quenching of octocrylene to yield photostability up to and above 90% as measured by UVA-

PF values before and after irradiation with 50 J/cm2 of UV irradiation (Fig. 1B).

From a product design perspective, the development of a new UV-stable high-

performance formulation starts with three to five conceptual designs regarding UV filter

combinations. For this “paper” design process information such as an XY table is very

helpful, but it never replaces experimental proof of the concepts. There are numerous other

Table 2 Samples Prepared as Described in Table 1 with Binary Combinations of

Photostabilizing Ingredients can Yield High Levels of Photostabilization of Avobenzone

Filter concentrations

Avobenzone 4% 4% 4% 4% 4%

Octocrylene 3.6% 3.6% 3.6% 3.6% 3.6%

Bemotrizanol (ex. United States only) 4%

4-Methylbenzylidene camphor

(ex. United States only)

2% 4%

Polysilicone 15 (ex. United States only) 4%

Content avobenzone after 25 MEDs 90% 100% 95% 100% 95%

Abbreviation: MEDs, minimal erythema doses.
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factors that can influence the overall photostability of the formulation in both directions.

The result is that the formulator is required to create and test seemingly endless

combinations of filters, stabilizers, emollients, and even preservative systems, changing one

variable at a time to ultimately achieve the desired cosmetic aesthetic attributes, physical

stability parameters, biological efficacy, microbial robustness, and photostability properties.

FORMULATING WITH PIGMENTS

Another category of UV filter materials is inorganic pigments. Not many years ago, there

were only inorganic pigments available like titanium dioxide and zinc oxide, but recently an

organic pigment (BEMT) has also been introduced in Europe and in other regions.

Inorganic pigments, especially titanium dioxide, were particularly viewed as safe as they do

not penetrate into the skin. This has been shown in skin penetration studies (22,23). From

an optical physics point of view, they scatter and reflect light, but more importantly, they

actually absorb UV light (24). With scattering the optical pathway of a light ray through a

UV filter film on skin, the pathway does not remain straight, and the path length for

scattered light becomes much longer, increasing the effective absorbance of the filters.

Therefore combinations of pigments and organic-soluble filters are very useful, because the

absorption is directly dependent on path length, and with the inclusion of the inorganic

pigments, the path length is now longer with more interactions of the UV photons with the

filters. This scattering phenomenon is strongly wavelength dependent. In general, the size

of the particle should be half of the radiation to be scattered. In case of titanium dioxide, the

ideal particle size would be in the 150 nm region. If the particle size is much larger (e.g., in

wall paints), it will also scatter visible light and lead to a white coloration on the skin.

Titanium dioxide comes in a variety of “primary” particle sizes; however, during the

manufacturing process, these primary crystals quickly associate to larger agglomerates and

will even not disintegrate under the high sheer mixing during emulsification process. If

these agglomerates are not properly dispersed, they will accumulate, and the formulation

will start to become visible on skin, particularly depending on the concentrations used in the

formulations. For the formulator, the challenge is to maintain the size of these agglomerates

throughout the manufacturing process such that the pigment stays finely dispersed and

stabilized within the formulation. Wetting agents, specific coatings, or high-sheer-mixing

Figure 2 Percent of remaining UVA-PF value for a water-in-oil formulation containing 3%

avobenzone plus the various additive photostabilizing components of DEHN or oxybenzone, or

combinations of the two at various concentrations (21). Abbreviations: UVA-PF, ultraviolet A

protection factor; DEHN, diethylhexyl 2, 6 naphthalate.
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machinery are helpful to accomplish the task, and manufacturing processes must be

carefully followed to provide consistent results from batch to batch.

Pure titanium dioxide crystals have photoreactivity properties that are not desirable

in sunscreen formulations. The photoreactive nature of titanium dioxide can produce

oxidative stress, particularly if crystal imperfections, doped or spiking materials, are

present. Therefore, titanium dioxide needs to be fully and tightly coated to fully prevent

photoreactivity processes. There are some simple experiments for the formulator to check

if a material is sufficiently coated. When a formulation is spread in a thin film on a glass

plate and exposed to sunlight, a poorly coated titanium material will react to form a

grayish-blue color. One can also check for oxidative stress using the vitamin C derivative,

ascorbyl palmitate. When added to a formulation containing a poorly coated titanium

oxide material, the formulation will turn brown when exposed to UV radiation. With

simple test like these, the formulator could easily check the titanium dioxide products that

are suitable for sun care formulations. Numerous coatings are used by titanium dioxide

manufacturers to address this photoreactivity (25), such as silicon dioxide, stearic acid,

and alumina stearate, for example.

Zinc oxide offers another option for extending UVA protection in sunscreen

products and is often combined with titanium dioxide to provide a longer critical

wavelength rating. The absorbance spectrum for zinc oxide is relatively flat across the

UVB and the UVA, with a distinct drop in absorbance around 372 nm. Zinc oxide is often

thought of as an opaque barrier material for coating lips and noses; however, even in high

concentrations with high visibility, the protection provided can be very modest, in the

range of SPF 5, with UVA-PF values of only 4 to 5. The visibility becomes a positive

attribute as it allows one to see when it has been rubbed off and requires reapplication,

unlike traditional organic filter-based sunscreens whose invisibility leaves one guessing

whether or not they have been rubbed or washed off the skin.

It is erroneously thought that titanium dioxide and zinc oxide are protective because

they act as physical barriers or scatterers of the UV radiation from sunlight. In fact, the

primary mechanism of protection by these inorganic filters is actually the same as the organic-

soluble sun filters, direct absorption of the photons, excitation to a higher-energy state, with

release of the energy through heat energy, fluorescence, or internal conversion (24).

The formulator is severely challenged to balance the aesthetic properties desired by

the consumer against the protection provided, as the inorganic sunscreen filters pose great

difficulty in achieving ease of spreading, evenness of the application on skin, the

dragginess of the filters, and the often white or “blue” hue given to the skin. Moderate

SPF values of 15 and below can achieve quite nice aesthetic properties, with higher SPFs

having less desirable aesthetic properties. In fact, the primary use of titanium dioxide and

zinc oxide has been as additives at relatively low concentrations to the organic filters to

boost the SPF and UVA protection characteristics of these products. The “whitening”

disadvantage needs only to be considered in the U.S. and E.U. markets. It is of less

importance in the Asian sun care market as the beauty target for women is to have an

almost white skin tone. Even some clearly visible zinc oxide qualities can be used for

Asian sun care formulations.

FORMULATION CHALLENGES

In summary, the formulator approaching the laboratory bench faces tremendous

challenges in creating a competitive and consumer-preferred new product. They must

know the desired consumer aesthetic attributes and relate them to a huge library of
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chemical ingredients to choose the right combination and proportions of oils and

emollients to create just the right feel of the product on the skin. Inherent to knowing

these ingredients, they must be versed in the patent landscape associated with each of

these ingredients to prevent creating formulations that would infringe on others’

intellectual property. This challenge becomes more daunting in this highly competitive

field of cosmetic chemistry.

They must also understand the nature of the action of the sunscreen filters on the

skin, how other formulation components—the emollients, the emulsifiers, and the

thickeners—can influence the film integrity of the filters on the skin, and the polymer

waterproofing agents. They must know the filter wavelength absorption properties to

create the desired balance of UVB and UVA protection and what combinations of filters

and proportions will deliver the desired SPF and UVA-PF values. They must know and

test the physical stability of the products they have created to assure uniformity of product

consistency in adverse conditions such as would be encountered in car trunks through

summer and winter seasons. And last, but certainly not least, the formulator is now

typically producing formulations that will be sold internationally, where the rules for

UVB to UVA balance are likely different, where the filters permitted and the allowed

concentrations and combinations, as well as testing methods and requirements for

waterproof claims will be different.

When we look back over the past 30 years of “modern sunscreens,” the progress in

the protection provided has been incredible. More importantly, the formulator has been

able to balance all these critical protection needs with the art of creating products that are

beautiful and pleasant to wear, helping to insure that the consumer is willing to use this

critical form of protection that will help preserve the skin’s health and beauty for a

lifetime.
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SYNOPSIS

l SPF is the ratio of the least amount of UV energy required to produce a minimal

erythema on sunscreen-protected skin to the amount of energy required to

produce the same erythema on unprotected skin.
l There are many in vitro and in vivo methods for assessing the UVA protection of

sunscreens. Worldwide harmonization has not been achieved; however, in vivo

PPD method has been widely used in many parts of the world.
l The ability of sunscreen products to protect against immunosuppression is the

basis for IPF determination. However, a simple method of IPF determination has

yet to be developed.
l Consumers apply sunscreens at much lesser amount than that used in testing

(2 mg/cm2). This stresses the importance of the development of sunscreens with

excellent cosmetic “feel” and public education on photoprotection.

INTRODUCTION

Topical sunscreens act by absorbing or scattering ultraviolet (UV) radiation and are

widely available for general public use as a consumer product. Because of the deleterious

effect of visible light in some photodermatoses (1), sunscreens that offer a degree of

protection at wavelengths beyond 400 nm have been described (2,3) in this book but will

not be considered in this chapter.
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As described in chapter 1, the first use of sunscreens was reported in 1928 (4) and, since

then, they have become increasingly popular, particularly during outdoor recreation in which

as little clothing as possible is worn, such as at the seaside (5,6). When their application is

commensurate with exposure, sunscreens undoubtedly protect against sunburn. A 4.5-year

study, with an 8-year follow-up, of over 1600 individuals in Queensland, Australia,

demonstrated that the use of sun protection factor or sunburn protection factor (SPF) 16

broad-spectrum sunscreen decreased the incidence of squamous cell carcinoma by 38% and

basal cell carcinoma by 25%, although the latter was not statistically significant (7).

The core ingredient of a sunscreen is, of course, the UV absorber(s), but other

factors such as the vehicle for the UV filters and optimization of the sunscreen in terms of

attributes such as water resistance and photostability will also affect the efficacy and

performance of the product (4).

The protection provided by a sunscreen is universally expressed by its SPF. This

metric is valid only as a measure of the ability of a sunscreen to protect against sunburn;

for other biological endpoints, different protection factors, such as the immune protection

factor (IPF) (8), will be more appropriate.

The SPF is popularly interpreted as how much longer skin covered with sunscreen

takes to burn compared with unprotected skin, but a more rigorous definition is that it is

the ratio of the least amount of UV energy required to produce a minimal erythema on

sunscreen-protected skin to the amount of energy required to produce the same erythema

on unprotected skin.

HISTORY OF SPF METHOD

Historically, the first known studies establishing the basis for the SPF or index of

protection began more than half a century ago (9,10). These and other studies led to the

first standard method for SPF determination and labeling, which was issued by the Food

and Drug Administration (FDA) in the United States in 1978 (11), followed in 1984 by

the DIN67501 norm in Germany (12), which was applied mainly in Europe.

These two standards differed principally in respect of the type of UV source used

(xenon arc lamp or mercury arc lamp) and the rate of product application on skin (2.0 or

1.5 mg/cm2), which led to some discrepancies in measured protection factors. Following

agreed rationalization, all standards issued subsequently stipulated the use of an optically

filtered xenon lamp as the UV source and an application density of 2.0 mg/cm2.

Standards similar to the FDA were issued by the Standards Association of Australia

in 1986 (13), which included both SPF and water resistance testing, and by the Japan

Cosmetic Industry Association (JCIA) in 1991 (14). Since their introduction, both the

Australian and Japanese standards have undergone revision. The New Zealand Standards

joined the Australian Standards for their joint new version (AS/NZS 2604:1993) in 1993

(15) and their revised version in 1998 (16).

The European Cosmetic, Toiletry and Perfumery Association (Colipa), in its 1994

SPF test method (17), introduced new techniques to characterize and specify the emission

spectrum of the UV source and to assign skin types based on skin color. At the same time,

two high SPF standard products were proposed to take into account the increase in SPF

values that were appearing commercially.

Colipa, together with the standards’ authorities in Japan and South Africa, began

discussion on the harmonization of the SPF measurement method in 2000 and reached a

joint agreement of the International SPF Test Method in October 2002 and updated in

2006 by the European, Japanese, American, and South African industries (18).
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Most recently, on August 27, 2007, the FDA published its long-awaited Final

Proposed Rules for sunscreens (19). One of the proposed changes of note is that the SPF

will now be an acronym for “sunburn protection factor” (formerly sun protection factor),

and it is proposed to be capped at 50þ as opposed to the current not-implemented

proposal of 30þ. In addition, for the first time, FDA also proposed assessment and

labeling of UVA protection of sunscreens, using a combination of in vitro (UVA1/UV

absorbance ratio) and in vivo [(persistent pigment darkening (PPD)] methods.

MEASUREMENT OF THE SPF

The SPF determined in vivo is now a universal indicator of the efficacy of sunscreen

products against sunburn, and as reviewed above, detailed protocols are available.

The measurement of the SPF requires the exposure of both sunscreen-protected and

sunscreen-unprotected skin in a cohort of volunteers to a series of different UV doses,

with the respective exposure doses of UV resulting in just a perceptible reddening of skin

observed 16 to 24 hours after exposure and is taken as the endpoint in each instance. The

ratio of these two UV doses is numerically equal to the SPF.

FACTORS AFFECTING MEASUREMENT OF THE SPF

A number of factors affect the determination of SPF, and some of these are discussed

below. The numerical values that appear in the following subsections (e.g., number of test

subjects) are taken from the International SPF Test Method (18); in some cases, the FDA

method (19) will stipulate different numerical values.

Test Subjects

The test panel should consist of fair-skinned individuals with sun-reactive skin types

according to the Fitzpatrick classification (20) of I, II, or III, with the back chosen as the

anatomical region for the test area. Between 10 and 20 test subjects should be recruited

for each test. As an example of the lack of international consistency, the FDA method (19)

stipulates that for products with an expected SPF under 30, the test panel should consist of

20 to 25 subjects with at least 20 subjects producing valid data for analysis. And for

products with an expected SPF of 30 or over, 25 to 30 subjects are required for the test

panel with at least 25 subjects yielding valid data for analysis.

For results to be acceptable, the International SPF Test Method (18) stipulates that it

is necessary for the 95% confidence interval (95% CI) of the mean SPF to be within

�17% of the mean SPF. So, for example, if the mean SPF is 10.0, the 95% CI should fall

within the range 8.3 to 11.7.

Source of UV Radiation

The UV radiation source used in the phototesting must be a xenon arc solar simulator.

The output from the solar simulator should be stable, spatially uniform across the output

beam, and suitably optically filtered to create a spectral quality that is a close match to a

defined solar spectrum in the UV wave band and complies with required acceptance

limits (18).
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SPF of Standard Sunscreen Products

Ideally, a sunscreen formulated in a standard way should be used as a methodological

control to verify the test. This requires that one standard sunscreen be assayed on the same

day as the products that are being tested. For example, the FDA mandates that 8%

homosalate be used as the standard. Results from the test product should only be accepted

if the measured SPF for the standard sunscreen falls within prerequisite limits.

Amount of Product Applied

The amount of test and standard product applied to the skin before spreading is

universally taken as 2 mg/cm2. This amount was selected to ensure even application of the

product over the test area; it was considered more difficult to achieve even application

with lower amount. Care must be taken to prevent evaporative loss of volatile components

when the product is being weighed and before application to the skin.

Mode of Delivery

To aid uniform coverage, droplets of the product should be deposited with a syringe or

pipette and then spread over the test site with light pressure using a finger cot.

Time Between Sunscreen Application and UV Exposure

Sunscreen is normally allowed to dry for 15 to 30 minutes before commencing exposure

of the test site to the sequence of UV doses.

UV Exposures

The test subsites intended for UV exposure should be free from blemishes and have an

even skin tone. The minimum acceptable area of each exposure subsite is 0.5 cm2,

although the recommended area is at least 1 cm2 (18).

Incremental Progression of UV Dose

For the unprotected site, the center of the total UV dose range should be established using

the subject’s estimated minimal erythema dose (MED). A minimum of five subsites

centered on the estimated MED is exposed with incremental UV doses using a

recommended geometric progression of either 1.12 or 1.25.

For the product-protected site, the center of the UV dose range is that of the

unprotected MED multiplied by the expected SPF of the product. Again, a minimum of

five subsites centered on the expected (protected) MED is exposed with incremental UV

doses using a geometric progression with the same dose increment, but for products with

an expected SPF greater than 25, the dose increment is reduced to 1.12 (18).

Assessment of MED

The MED, expressed in radiometric units of J/cm2 or mJ/cm2, is normally assessed

visually when the erythemal response is optimal, that is, between 16 and 24 hours after

exposure. Both the International SPF Test Method (18) and the most recent FDA method

(19) define the MED as the lowest UV dose that produces the first perceptible

unambiguous erythema with defined borders.
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ALTERNATIVE METHOD FOR SPF DETERMINATION

Determining sunscreen SPFs on products designed to provide high levels of protection is

problematic and can be time consuming, especially if multi-port solar simulators are not

used. As an alternative to exposing a number of subsites to a series of increasing UV

doses, SPF assessment, using a single exposure on sunscreen-protected skin of volunteers

to arrive at a reliable estimate of the mean SPF of a test product, has been proposed (21),

as it might find applications for endpoints other than sunburn (8).

UVA PROTECTION

There are a number of in vivo, ex vivo, and in vitro methods that have been described to

measure UVA, or broad-spectrum, protection of sunscreens; these are summarized in

Table 1.

The current position internationally is that in vivo SPF determination remains the

criterion standard for the magnitude of protection (18,19). On the other hand, methods for

the assessment of the level of UVA protection have been a matter of debate for almost

20 years (31), and even now there are differing recommendations from a European and

North American perspective.

European Perspective

In Europe, a consensus appears to be near in that the European Commission favors in vitro

to in vivo assays for UVA protection (cheaper, faster, safer), and there is agreement

within the European sunscreen industry on an in vitro method, based on the UVA Index

(30), to determine UVA protection. Guidelines were published in March 2007 (32), and

these are currently with stakeholders for consideration.

The basis of the UVA Index to evaluate the UVA protection of sunscreens is to

measure the transmission of UV radiation through a layer of product applied to a

Table 1 Methods to Assess UVA Protection

Test method Reference

In vivo

Sensitise skin to UVA, e.g., 8-MOP 22

UVA erythema in unsensitized skin 23

PPD 24

Diffuse reflectance spectroscopy 25

Ex vivo

Excised human epidermis 26

Excised mouse epidermis 27

In vitro

UVA:UVB absorbance ratio 28

UVA I:UV absorbance ratio 19

Critical wavelength 29

UVA Index 30

Dilute solution/thin film 16

Abbreviations: UV, ultraviolet; PPD, persistent pigment darkening.
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roughened glass substrate and then calculate an in vitro UVA PPD protection factor while

taking into account the in vivo SPF value of the product. The UVA Index is calculated as

the in vivo SPF divided by the in vitro UVA PPD protection factor (32). To ensure

adequate broad-spectrum protection, the European Commission (33) recommends a UVA

Index of at least 3 and a critical wavelength (29) of 370 nm.

U.S. Perspective

The FDA (19) has expressed concern that use of the in vivo PPD method alone could

result in some sunscreen products yielding high UVA protection factors without

exhibiting broad absorbance throughout the entire UVA radiation spectrum due to strong

influence of the short-wavelength UVA (UVA II: 320–340 nm) in PPD response. In other

words, a sunscreen could absorb high levels of UVA II but very little long-wavelength

UVA (UVA I: 340–400 nm) and achieve a high UVA rating under the PPD method. To

militate against this, the FDA has proposed that an in vitro method be used (to assess the

breadth of absorbance across the UV radiation spectrum) in conjunction with the PPD

method to assess more fully the broad-spectrum properties of a sunscreen.

The proposed method (19) is a modified version of a method first introduced by

Diffey (28) and which forms the basis of the Boots star rating system used since 1992 in

the United Kingdom. The modified FDA method calculates the ratio of the mean UVA I

absorbance to the mean absorbance over the full solar-UV spectrum (290–400 nm) to

provide a measure of the relative UVA I radiation protection provided by a sunscreen. The

FDA believes that this test, in combination with the PPD method, provides a better

assessment of overall UVA radiation protection.

Finally, in terms of labeling a product, the FDA proposes that the UVA category

assigned to a product shall be the lower of either the UVA I/UV ratio category determined

in vitro or the UVA-PPD protection factor determined in vivo. Technical details of how

these respective categories (either “low,” “medium,” “high” or “highest”) are assigned

can be found in reference 19. If the product does not attain at least a ‘low’ category rating

for both the UVA-PPD protection factor and the UVA I/UV ratio, the product is not

permitted to display a UVA claim. Otherwise, the final combined category rating (i.e., the

lower of either the UVA I/UV ratio or UVA-PPD protection factor categories) is

displayed on the product packaging along with the corresponding number of stars (1 star

for low through to 4 stars for highest) for the appropriate combined category.

ASSESSMENT OF WATER RESISTANCE OF SUNSCREENS

This is done by immersing test subjects in water for a prescribed period of time, and

measuring the SPF before and after water immersion. For “water-resistant” products, the

FDA requires two 20-minutes moderate activity in water, separated by a 20-minutes rest

period without wiping the test sites; for “very water-resistant” products, the requirement is

four 20-minutes water immersion (19). The use of the term “waterproof” is strongly

discouraged by the FDA.

SUNSCREEN IPFs

It is increasingly accepted that sunscreens should protect against UV-induced

immunosuppression, with an index of protection that can be compared with the SPF.

Current methods for evaluating the IPF in humans rely on the ability of a sunscreen to
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inhibit UV-induced local suppression of the contact hypersensitivity response or the

delayed-type hypersensitivity response, using either the induction or the elicitation arms

of these responses.

A consensus was arrived at by five groups of immunoprotection researchers who

reviewed current techniques and protocols and concluded that there is a need for a new

simpler method of IPF determination that will require validation against existing models

(8). In the absence of adequate knowledge into the relationship between the modulation of

the skin’s immunity by solar UV and human skin cancer, the consensus was that it is

prudent to propose that sunscreen use should not substantially alter the relationship

between UV-induced erythema and immune modulation. This can only be achieved if the

SPF and IPF of a sunscreen are comparable, and this relationship should be maintained

even when the sunscreen is applied such that it will not achieve the labeled SPF, as is

often the case in practice.

THE MISMATCH BETWEEN EXPECTED AND
DELIVERED PROTECTION

The SPF of a sunscreen is assessed after phototesting in vivo at an internationally agreed

application thickness of 2 mg/cm2. Yet a number of studies have shown that consumers

apply much less than this, typically between 0.5 and 1.0 mg/cm2 (Fig. 1). Figure 2

illustrates that application thickness has a significant effect on protection with most users

probably achieving a mean value of between 20% and 50% of that expected from the

product label as a result of common application thickness (41). That the protection

achieved is often less than that expected depends on a number of other factors apart from

amount applied, such as uniformity of application; cosmetic “feel” of sunscreen;

resistance to water immersion and sand abrasion; and when, where, and how often

sunscreen is reapplied (42). Furthermore studies of sunscreen use by beachgoers highlight

other important behavioral considerations, including failure to apply sunscreen prior to

exposure and failure to apply to all exposed skin (43).

This mismatch between expected and delivered photoprotection has led many

commentators into the trap of believing that consumers use inadequate amounts of

sunscreen for protection. The reality is the reverse. People use the quantity they feel

Figure 1 The median and inter-quartile range of sunscreen application from seven user studies.

The vertical dashed line indicates the standard application thickness of 2 mg/cm2 used in laboratory

determination of the SPF. Abbreviation: SPF, sun protection factor.
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comfortable with and in this sense are using the “correct” amount; it is the labeled SPFs

that are misleading. As one study found (44), 78% of the volunteers taking part in a beach

study did not like the feeling of sunscreens on their skin and only used them so that they

did not sunburn.

So from a public health perspective it is clear that the UV exposure of sunscreen-

protected skin depends not just on the absorption characteristics of the product but also on

a number of other factors to do with application. A mathematical study (45) that examined

the relative importance of three of these factors—amount applied, how it is spread, and

UV-absorbing properties of sunscreens—found that in a population of sunscreen users

most of the variance in UV protection achieved depends on issues of compliance—how

much sunscreen is applied and how well it is applied—with the technical performance of

the product (how well it absorbs UV) contributing only about 10% of variance.

Consequently, the efficacy of a product depends not just on the technical performance of

its active UV filters but also on whether the product is pleasing to use (compliance).

One consequence of the trend for higher SPFs is that, in general, the water content

of the formulation decreases as the concentration of UV filters increases to deliver the

higher protection, with the result that in many cases the product is more difficult to spread

and users compensate by applying a smaller amount than they might do with lower SPF

products. That the formulation of the product has a significant impact on quantity applied,

and hence protection delivered, was demonstrated in a user study of two sunscreens with

equal labeled SPFs but different formulations (38). As manufacturers strive for greater

photoprotection in their products, this needs to be accompanied by close attention to

cosmetic (or galenic) attributes so that the improved UV-absorbing properties of the

products are translated to the user. So should tests that measure qualitatively and

quantitatively various sensory attributes of sunscreen products be introduced (46) so that

we move from a purely in vivo SPF assay to a process that is in vivo veritas?

THE LABELING OF SUNSCREENS

In September 2006, the European Commission issued a recommendation (33) to ensure

that as of 2007 the sunscreen industry applies standardized, simple, and understandable

labeling of sunscreen products. These recommendations included the following ways to

improve the labeling:

l To enable consumers to compare products, UVA protection should be indicated

in a uniform way based on standardized testing methods.

Figure 2 The variation of delivered SPF with application thickness for a sunscreen of nominal

SPF 15 (41). Abbreviation: SPF, sun protection factor.
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l Claims giving the impression of total protection, such as “sunblock,” should

disappear.
l Labels should bear clear and understandable warnings and usage instructions

for the consumer on how to use a sunscreen product correctly.

In particular, the Commission supported a proposal made six years previously (47)

that labeling using one of four categories (low, medium, high, and very high) provides for

a simpler and more meaningful indication of the efficacy of sunscreen products than a

variety of different numbers and recommended that this ordinal scale should be labeled at

least as prominently as the SPF, which is based on an interval scale.
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5
Worldwide Regulation of UV Filters:
Current Status and Future Trends

Farah K. Ahmed
Personal Care Products Council, Washington, D.C., U.S.A.

SYNOPSIS

l This chapter provides an overview of regulations surrounding the marketing of

sunscreen products, including permitted sunscreen UV filters, in a number of

countries around the world.

WORLDWIDE REGULATION OF UV FILTERS: CURRENT STATUS
AND FUTURE TRENDS

Ultraviolet (UV) filters are regulated globally as either over-the-counter (OTC) drugs,

cosmetics, or quasi drugs. All countries have a listing of permitted UV filters, including

maximum concentrations allowed in sunscreens, or they follow a major world regulator or

organization such as the Food and Drug Administration (FDA), Colipa (the European

cosmetic trade association), or the Japan Cosmetic Industry Association (JCIA).

With respect to SPF (sun protection factor, or sunburn protection factor) and UVA

testing and labeling requirements, SPF is fairly well established and somewhat consistent

around the world, while UVA is currently prescribed in some, but not all countries, and is

under development in others. Regarding UV filtering ingredients, the variety and

maximum concentration of permitted UV filters vary from country to country.

UV filter regulations in nine major geographic markets—the United States, Europe,

Canada, Australia and New Zealand, China, Japan, South Africa, ASEAN (Association of

Southeast Asian Nations) and the MERCOSUR (Member State of the Common Market of

South America)—are outlined below.

United States

The Federal Food, Drug, and Cosmetics Act (“FFDCA” or “Act”) requires that FDA

preapprove all new drugs prior to their entering the market—a very lengthy, involved, and
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expensive process. However, the Act exempts any drugs that FDA has generally

recognized as safe and effective (GRAS/E) from this requirement. In 1972, FDA began

the process of recognizing GRAS/E drugs through developing an OTC monograph

system. Similar to other types of rulemaking, monograph development involves a number

of procedural steps, mainly—Advanced Notice of Proposed Rulemaking ? Proposed

Rule ? Final Monograph—with each step allowing the public an opportunity to submit

data and information pertaining to the rulemaking at hand. This process is still underway

today for sunscreens and other OTC monograph drugs. The Personal Care Products

Council (the Council) (formerly, the Cosmetics, Toiletry, and Fragrance Association) is

the trade association representing the U.S. cosmetics industry. Over the years, the Council

has submitted a number of substantive and data-driven comments to the agency on a

variety of issues and has been heavily engaged in FDA’s sunscreen monograph

development. An OTC monograph is essentially a recipe for producing certain categories

of OTC drugs. Specifically, each OTC monograph identifies a different OTC drug

category (e.g., sunscreens, external and internal analgesics, antidandruff shampoos, and

antifungal products), and within each category, it specifies permitted active ingredients,

labeling requirements, and in some instances, efficacy-testing requirements. In other

words, if manufacture is done pursuant to an FDA monograph, filing a New Drug

Application (NDA) (for products that do not fit within a specific monograph) is not

required. In the United States, FDA primarily regulates the manufacture and sale of

sunscreens under the agency’s OTC monograph system.a

FDA’s first rulemaking pertaining to sunscreens occurred in 1978, with the

publication of an Advance Notice of Proposed Rulemaking (ANPR) (3). The ANPR

assigned a number of active UV filters to one of three categories: Category I

(ingredients that are GRAS/E); Category II (ingredients that are not GRAS/E); and

Category II (ingredients that require more data before a determination can be made as to

whether they are GRAS/E). In 1993, FDA published a Tentative Final Monograph

(TFM), which removed a number of active ingredients listed in the 1978 ANPR (4). In

1996, FDA added avobenzone, and in 1998, added zinc oxide as new active ingredients

to the TFM. In 1997, FDA allowed for the marketing of sunscreens containing

avobenzone (5), and in 1998, added zinc oxide as new active ingredients to the TFM

(6). In 1999, FDA finalized the TFM, however, the agency subsequently, in 2001,

stayed the effective date of the Final Rule until further notice (7). The 1999 Final

(stayed) Sunscreen Rule discusses the ability of a sunscreen to protect against UVB

light, but the effective date of the monograph was later stayed until reliable testing

methods for protection against UVA light were developed. Table 1 lists UV filters that

are permitted in the United States.

On August 27, 2007, FDA published its Proposed Rule to amend the Final (stayed)

monograph for OTC sunscreen drug products (8). The Proposed Rule, when finalized,

would set standards for formulating, testing, and labeling OTC sunscreen drug products

with UVA light and UVB light protection.

A key new aspect of FDA’s Proposal Rule is a standard testing method to determine

a sunscreen’s efficacy for protection against UVA light along with the a one-to four-star

labeling system to indicate a sunscreen’s level of UVA protection. The UVA level would

be derived from two tests the FDA proposes, to assess the effectiveness of sunscreens in

providing protection against UVA light. The first test measures a product’s ability to

awith the exception of Mexoryl SX. In July 2006, FDA approved L’Oréal’s NDA for Mexoryl SX (ecamsule) in a

single cosmetic formulation sold under the name, Anthelios SX.
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reduce the amount of UVA radiation that passes through it. The second measures a

product’s ability to prevent pigment darkening.

Other proposed amendments to the monograph include the following:

1. Revisions to the UVB labeling regulations, including (i) the increase of the

highest SPF value from SPF30þ to SPF50þ; (ii) use of the terms “low” and

“medium” rather than “minimal” and “moderate” as category descriptors for

protection against UVB; and (iii) insertion of the term “UVB” before “SPF” and

before “sunburn”

2. Renaming of the rating for UVB protection (i.e., SPF) from “sun protection

factor” to “sunburn protection factor”

3. Addition of avobenzone with zinc oxide and avobenzone with ensulizole as

permitted combinations of active ingredients in OTC sunscreens

4. Placing of the following mandatory warning, in italics, in the “Drug Facts” box

on the product label: UV exposure from the sun increases the risk of skin
cancer, premature skin aging, and other skin damage. It is important to

decrease the UV exposure by limiting the time in the sun, wearing protective

clothing, and using a sunscreen. [bold]

5. A requirement for a statement to inform consumers about the importance of both

UVB and UVA protection

6. Mandatory directions that consumers apply the sunscreen either “liberally” or

“generously” and that the sunscreen be reapplied at least every two hours

7. Various modifications to the SPF testing procedures, which are intended to

increase protection of persons enrolled in the SPF test and to improve accuracy

and reproducibility of the test results

With respect to antiaging indications, in the Proposed Rule, FDA took the position

that despite studies supporting the conclusion that exposure to UV rays increases the risk

Table 1 United States: Permitted UV Filters ( Sunscreen Active Ingredients)
a

Active ingredient (drug name) Maximum concentration (%)

Aminobenzoic acid 15

Avobenzone 3

Cinoxate 3

Dioxybenzone 3

Homosalate 15

Meradimate 5

Octocrylene 10

Octinoxate 7.5

Octisalate 5

Oxybenzone 6

Padimate O 8

Ensulizole 4

Sulisobenzone 10

Titanium dioxide 25

Trolamine salicylate 12

Zinc oxide 25

aAccording to the 1999 Final (stayed) Rule.
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of premature skin aging, the study data fails to show that sunscreen use alone helps

prevent premature skin aging and skin cancer.

The timing of the publication of a final rule will depend on the number of issues

including the number of comments FDA receives as well as the level of detail and amount of

data contained in each comment. Comments were due by December 26, 2007 (1). Regarding

implementation of a final rule, FDA commented that the agency “understands the seasonal

nature of the sunscreen industry and the time required for product testing and relabeling. FDA

is also aware that more than 1 year may be needed for implementation. FDA is proposing an

18- to 24-month implementation date and will try to have it coincide with the June/July time

period.” (2). As of the date of publication of this book, FDA is evaluating comments it

received as the public awaits issuance of the agency’s Final Sunscreen Monograph.

FDA is also considering requests for the addition of seven new sunscreen active

ingredients to the OTC sunscreen monograph. The six requests were made via Time and

Extent Applications (TEA). In 2002, FDA established the criteria for requesting the

addition of new conditions for marketing ingredients under the OTC drug review process.

The basic TEA requirements are that the ingredient should have been marketed for a

material time (at least five continuous years in the same country) and in sufficient

quantity. In 2003, TEAs were submitted for amiloxate, enzacamene, and octyl triazone

(9), in 2005 for bisoctrizole and bemotrizinol (10), and in 2006 for diethylhexyl butamido

triazone (11), and in 2008 for terephthalylidene dicamphor sulfonic acid (ecamsule) (12).

As of the date of publication of this book, FDA is evaluating all six TEAs, as the public

awaits the agency’s decision.

European Union

Sunscreen products are cosmetic products according to European Council Directive

76/768/EEC of 27 July 1976 (Cosmetics Directive). The Cosmetics Directive is the

overarching legislation that regulates the manufacture and marketing of cosmetic

products. It defines a cosmetic as “any substance or preparation intended to be placed in

contact with the various external parts of the human body (epidermis, hair system, nails,

lips and external genital organs) or with the teeth and the mucous membranes of the oral

cavity with a view exclusively or mainly to cleaning them, perfuming them, changing their

appearance and/or correcting body odours and/or protecting them or keeping them in

good condition.”

Colipa collects, evaluates, and presents data on all UV filters used in Europe and

accordingly makes recommendations to the European Economic Commission (EEC) for

the addition or removal of ingredients. Table 2 lists UV filters that are permitted in Europe.

Canada

In Canada, sunscreens are classified as drugs if they contain at least one ingredient from

Table 3. However, if they contain ingredients from Table 4, they are classified as natural

health products (NHPs).

Australia and New Zealand

In Australia, sunscreens are primarily regulated as medicines under the Therapeutic

Goods Act 1989 (TGA). Most sunscreens currently defined as medicines can be listed;

some are exempt from registration or listing and some must be registered in the Australian

Register of Therapeutic Goods (ARTG). However, some products containing sunscreen
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ingredients are regulated as cosmetics rather than as medicines, because the primary

purpose of the product is not sunscreen protection. These cosmetic products are referred

to as excluded sunscreens and are not regulated under therapeutic goods legislation.

Exempt sunscreens do not require registration or listing, but are treated asmedicines in all

other respects. Theymust comply with all relevant parts of the legislation, such as the Labeling

Order (Therapeutic Goods Order No. 69) and the Therapeutic Goods Advertising Code.

Sunscreen products are exempt if (i) the claimed SPF is 3 according to testing

established by AS/NZS 2604:1984; (ii) the label claims comply with AS/NZS 2604:1998;

and (iii) the product does not contain ingredients of human origin or from cattle, sheep,

goats, or mule deer, which are derived from body parts listed in the regulations (e.g.,

adrenal glands, brain).

In New Zealand, products described as or containing sunscreens are considered

cosmetics. Table 5 lists UV filters that are permitted in Australia and New Zealand.

China

In China, sunscreens are classified as “cosmetics for special use,” which also include

cosmetic products used for hair growth, hair dyeing, hair perming, hair removal, breast

Table 2 EU: Permitted UV Filters

INCI or other name Maximum concentration (%)

Benzophenone-3 10

Benzophenone-4 5 (of acid)

Benzophenone-5 5 (of acid)

3-Benzylidene camphor 2

Benzylidene camphor sulfonic acid 6 (expressed as acid)

Bis-ethylhexyloxyphenol methoxyphenyl triazine 10

Butyl methoxydibenzoylmethane 5

Camphor benzalkonium methosulfate 6

Diethylamino hydroxy benzoyl hexyl benzoate 10

Biethylhexyl butamido triazone 10

Disodium phenyl dibenzylmidazole tetrasulfonate 10 (of acid)

Drometrizole trisiloxane 15

Ethylhexyl dimethyl PABA 8

Ethylhexyl methoxycinnamate 10

Ethylhexyl salicylate 5

Ethylhexyl triazone 5

Homosalate 10

Isoamyl p-methoxycinnamate 10

4-Methylbenzylidene camphor 4

Methylene bis-benzotriazolyl tetramethylbutylphenol 10

Octocrylene 10 (expressed as acid)

PABA 5

PEG-25 PABA 10

Phenylbenzimidazole sulfonic acid 8 (expressed as acid)

Polyacrylamido methylbenzylidene camphor 6

Polysilicone-15 10

Terephthalylidene dicamphor sulfonic acid 10 (expressed as acid)

Titanium dioxide 25

Abbreviation: INCI, International Nomenclature of Cosmetic Ingredient.
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beautification, health and beauty (e.g., weight control), deodorization, and removal of

freckles. Cosmetics are currently regulated by two agencies: the Ministry of Health

(MOH) and the General Administration of Quality Supervision, Inspection, and

Quarantine (AQSIQ). On the label of all cosmetic products that declare having sun-

protective function, the corresponding SPF, PFA or PA factor, or other sun-protection

function indicators must be labeled. All sun-protection function indicators must have a

valid testing basis support. SPF, PFA or PA factors must, according to testing procedures

of sun protection factor of cosmetic sunscreen issued (or approved) by the Ministry of

Health, undergo testing in laboratories recognized by the Ministry of Health or qualified

foreign laboratories. Table 6 lists UV filters that are permitted in China.

Table 3 Canada: Permitted Drug UV Filters (Drug Medicinal Ingredients)

Medicinal ingredient

preferred name

Synonyms and other

recognized names

Maximum

concentration (%)

Avobenzone Butyl methoxy dibenzoylmethane 5

Cinoxate 2-Ethoxyethyl p-methoxycinnamate 3

Diethanolamine-

methoxycinnamate

10

Dioxybenzone Benzophenone-8 3

Drometrizole trisiloxane 15

Ensulizole 2-Phenylbenzimidazole-

5-sulfonic acid

8

Enzacamene 4-Methylbenzylidene camphor 6

Homosalate Homomenthyl salicylate 15

Meradimate Menthyl 2-aminobenzoate,menthyl

anthranilate

5

Octinoxate 2-Ethylhexyl methoxycinnamate,

octyl methoxycinnamate

8.5

Octisalate Octyl salicylate2-ethylhexyl

salicylate

6

Octocrylene 2-Ethylhexyl-2-cyano-3,3

diphenylacrylate

12

Oxybenzone Benzophenone-3 6

Padimate-O Octyl dimethyl PABA 8

Sulisobenzone Benzophenone-4 6

Sulisobenzone sodium Benzophenone-5 6

Terephthalylidene

dicamphor sulfonic

acida

3,3’-(1,4-phenylenedimethylidene)

bis[7,7-dimethyl-2-oxobicylclo

[2.2.1] hept-1-yl methanesulfonic

acid

10

Triethanolamine salicylate Trolamine salicylate 12

aRecognized UVA absorber.

Table 4 Canada: Permitted NHP UV Filters (NHP Medicinal Ingredients)

Proper name(s) Common name(s) Maximum concentration (%)

Titanium dioxide Titanium dioxide 25

Zinc oxide Zinc oxide 25
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Table 5 Australia and New Zealand: Permitted UV Filters

AAN INCI or other name

Maximum

concentration (%)

Aminobenzoic acid PABA 15

Isoamyl methoxycinnamate Isopentenyl

p-methoxycinnamate

10

Butyl

methoxydibenzoylmethane

Butyl

methoxydibenzoylmethane

5

Cinoxate Cinoxate Aus ¼ 6

NZ ¼ 3

Dioxybenzone Benzophenone-8 3

. . . PEG-25 PABA 10

Padimate O Ethylhexyl dimethyl PABA 8

Oxyl methoxycinnamate Ethylhexyl methoxycinnamate 10

Oxyl salicylate Ethylhexyl salicylate 5

Homosalate Homosalate 15

Menthyl anthranilate Menthyl anthranilate 5

4-Methylbenzylidene camphor 4-Methylbenzylidene camphor 4

Octocylene Octocylene 10

NZ ¼ 10

(expressed as acid)

Octyl triazone Octyl triazone 5

. . . Benzylidene camphor

sulfonic acid

6 (as acid)

Oxybenzone Benzophenone-3 10

Phenylbenzimidazole

sulfonic acid

Phenylbenzimidazole

sulfonic acid

4

NZ ¼ 8

. . . Camphor benzalkonium

methosulfate

6 (as acid)

Sulisobenzone Benzophenone-4 10

NZ (of acid)

. . . Bezophenone-5 10

NZ (of acid)

Ecamsule Terephthalylidene

dicamphor sulfonic acid

10

NZ (expressed as acid)

Titanium dioxide Titanium dioxide 25

Triethanolamine salicylate TEA salicylate 12

Zinc oxide Zinc oxide No limit

NZ ¼ 25

Bemotrizinol . . . 10

Methylene bis-benzotriazolyl

tetramethylbutylphenol

Methylene bis-benzotriazolyl

tetramethylbutylphenol

10

Drometrizole trisiloxane Drometrizole trisiloxane 15

Disodium phenyl

dibenzimidazole

tetrasulfonate

Disodium phenyl

dibenzimidazole

tetrasulfonate

10

NZ (of acid)

Polysilicone-15 Polysilicone-15 10

Meradimate methyl anthranilate 5

Abbreviations: INCI, International Nomenclature of Cosmetic Ingredient; AAN, Australian approved name;

NZ, New Zealand.
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India

In India, sunscreens are regulated as cosmetic products. India is currently developing its

regulations with respect to sunscreen testing and labeling (e.g., maximum SPF). Table 7

lists UV filters that are permitted in India.

Japan

In Japan, sunscreens are regulated as cosmetics. The Japanese regulate all cosmetic

products through their Ministry of Health, Labor, and Welfare according to the

Pharmaceutical Affairs Law (Law No. 145) adopted in 1960. Japan has adopted a list of

prohibited ingredients, a list of restricted ingredients, a positive list of UV filters, and a

positive list of preservatives. In Japan, UV filters are permitted in the following three

categories: Type 1—all cosmetics; Type 2—rinse-off cosmetics but not mucus membrane

application; and Type 3—rinse-off and leave-on cosmetics. Table 8 lists UV filters that

are permitted in Japan.

Table 6 China: Permitted UV Filters

INCI or other name Maximum concentration (%)

Benzophenone-3 10

Benzophenone-4 5 (of acid)

Benzophenone-5 5 (of acid)

3-Benzylidene camphor 2

Benzylidene camphor sulfonic acid 6 (of acid)

Bis-ethylhexyloxyphenol ethoxyphenyl Triazine 10

Butyl mthoxydibenzylmethane 5

Camphor benzalkonium methosulfate 6

Diethylamino hydroxy benzoyl hexyl benzoate 10

Diethylhexyl butamido triazone 10

Disodium phenyl dibenzylimidazole tetrasulfonate 10 (of acid)

Drometrizole trisiloxane 15

Ethylhexyl dimethyl PABA 8

Ethylhexyl methoxycinnamate 10

Ethylhexyl salicylate 5

Ethylhexyl triazone 5

Homosalate 10

Isoamyl p-methoxycinnamate 10

4-Methylbenzylidene camphor 4

Methylene bis-benzotriazolyl tetramethylbutylphenol 10

Octocrylene 10 (expressed as acid)

PABA 5

PEG-25 PABA 10

Phenylbenzimidazole sulfonic acid 8 (expressed as acid)

Polyacrylamido methylbenzylidene camphor 6

Polysilicone-15 10

Terephthalylidene dicamphor sulfonic acid 10 (expressed as acid)

Titanium dioxide 25

Zinc oxide 25

Abbreviation: INCI, International Nomenclature of Cosmetic Ingredient.
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Korea

In Korea, sunscreens are regulated as functional cosmetics. Table 9 lists UV filters that

are permitted in Korea.

South Africa

As is done in the EU, South Africa regulates sunscreens as cosmetics. South Africa

permits the largest number of UV filters. Table 10 lists UV filters that are permitted in

South Africa.

ASEAN

Countries in the ASEAN are Brunei, Cambodia, Indonesia, Laos, Malaysia, Myanmar,

Philippines, Singapore, Thailand, and Vietnam. These countries consider sunscreens to

be cosmetics. The ASEAN Cosmetic Directive is similar to the EU’s Cosmetics

Directive and lists permitted UV filters. Table 11 lists UV filters that are permitted in

ASEAN.

Table 7 India: Permitted UV Filters

INCI or other name Maximum concentration%

PABA 5

Camphor benzalkonium methosulfate 6

3,3,5-Trimethylcyclohexyl 2-hydroxybenzoate

homomenthyl salicylate

10

Benzophenone-3 10

Ensulizole 8 (expressed as acid)

Terephthalylidene dicamphor sulfonic acid 10

Butyl methoxydibenzoylmethane 5

Benzylidene camphor sulfonic acid 6 (expressed as acid)

Octocrylene 10 (expressed as acid)

Polyacrylamidomethyl benzylidene camphor 6

Ethylhexyl methoxycinnamate 10

PEG-25 PABA 10

Isoamyl p-methoxycinnamate 10

Octyl triazone Ethylhexyl triazone 5

Drometrizole trisiloxane 15

Diethylhexyl butamido triazone 10

4-Methylbenzylidene camphor 4

3-Benzylidene camphor 2

Octyl salicylate 5

Padimate O 8

Benzophenone-5 5 (of acid)

Sulizobenzone 2-hydroxy-4-methoxybenzophenone-5-sulfonic

acid and its trihydrate

5 (of acid)

Methylene bis-benzotriazolyl tetramethylbutylphenol 10

Disodium phenyl dibenzimidazole tetrasulfonate 10 (of acid)

Bis-ethylhexyloxyphenol methoxyphenyl triazine 10

Abbreviation: INCI, International Nomenclature of Cosmetic Ingredient.
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Table 8 Japan: Permitted UV Filters

INCI or other name Maximum concentration (%)

Benzophenone-1 10 (not for use on mucus membrane)

Benzophenone-2 10 (not for use on mucus membrane)

0.05 (allowed for use on mucus membrane)

Benzophenone-3 5 (leave-on and not for use on mucus membrane)

No limit (rinse-off and not for use on mucus

membrane)

Benzophenone-4 10 (not for use on mucus membrane)

0.1 (allowed for use on mucus membrane)

Benzophenone-5 10 (not for use on mucus membrane)

1 (allowed for use on mucus membrane)

Benzophenone-6 10 (not for use on mucus membrane)

Benzophenone-9 10 (not for use on mucus membrane)

Beta, 2-glucopyranoxy propyl

hydroxy benzophenone

5 (not for use on mucus membrane)

Butyl methoxydibenzoylmethane 10

Cinoxate 5 (leave-on and not for use on mucus membrane)

No limit (rinse-off and not for use on mucus

membrane)

Diisopropyl methylcinnamate 10 (not for use on mucus membrane)

Dimethoxyphenyl-[1-(3,4)]-4,

4-dimethyl 1,3 pentanedione

7 (not for use on mucus membrane)

Drometrizole trisiloxane 15 (not for use on mucus membrane)

Ethylhexyl dimethoxy benzylidene

dioxoimidazoline propionate

3 (not for use on mucus membrane)

Ethylhexyl dimethyl PABA 10 (not for use on mucus membrane)

7 (allowed for use on mucus membrane)

Ethylhexyl methoxycinnamate 20 (not for use on mucus membrane)

8 (allowed for use on mucus membrane)

Ethylhexyl salicylate 10 (not for use on mucus membrane)

5 (allowed for use on mucus membrane)

Ethylhexyl triazone 3 (not for use on mucus membrane)

Ferulic acid 10 (not for use on mucus membrane)

Glyceryl ethylhexanoate

dimethoxycinnamate

10

Homosalate 10

Isopentyl trimethoxycinnamate trisiloxane 7.5 (not for use on mucus membrane)

2.5 (allowed for use on mucus membrane)

Isopropyl methoxycinnamate 10 (not for use on mucus membrane)

Methylene bis-benzotriazolyl

tetramethylbutylphenol

10 (not for use on mucus membrane)

Octocrylene 10

PABA 4 (as total of acid and its esters)

Pentyl dimethyl PABA 10 (not for use on mucus membrane)

Phenylbenzimidazole sulfonic acid 3 acid only

(not for use on mucus membrane)

Polysilicone-15 10

Terephthalylidene dicamphor sulfonic acid 10 (not for use on mucus membrane)

Titanium dioxide No limit (as scattering agent)

Zinc oxide No limit (as scattering agent)

Abbreviation: INCI, International Nomenclature of Cosmetic Ingredient.
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MERCOSUR

MERCOSUR include Argentina, Brazil, Paraguay, and Uruguay. MERCOSUR is in the

process of harmonizing their respective regulations, including those governing cosmetic

products. The EU and MERCOSUR definitions of cosmetic products are very similar, and

both consider sunscreens to be cosmetic products. Table 12 lists UV filters that are

permitted in MERCOSUR.

REGULATORY SUMMARY

Table 13 provides a brief summary comparing worldwide sunscreen product regulations.

Table 9 Korea: Permitted UV Filters

INCI or other name Maximum concentration (%)

PABA 5

3,3,5-trimethylcyclohexyl 2-hydroxybenzoate

homomenthyl salicylate

10

Benzophenone-3 5

Ensulizole 4

Terephthalylidene dicamphor sulfonic acid 10 (expressed as acid)

Butyl methoxydibenzoylmethane 5

Octocrylene 10

Ethylhexyl methoxycinnamate 7.5

Isoamyl p-methoxycinnamate 10

Octyl triazone ethylhexyl triazone 5

Drometrizole trisiloxane 15

Diethylhexyl butamido triazone 10

4-Methylbenzylidene camphor 5

Octyl salicylate 5

Padimate O 8

Sulizobenzone 2-hydroxy-4-methoxybenzophenone-5-sulfonic

acid and its Trihydrate

5

Benzophenone-4 5

Disodium phenyl dibenzimidazole tetrasulfonate 10 (of acid)

Bis-ethylhexyloxyphenol methoxyphenyl triazine 10

Polysilicone-15 10

Titanium dioxide 25

Cinoxate 5

Benzophenone-8 3

Menthyl anthranilate 5

Zinc oxide 25

Digalloyl trioleate 5

Glyceryl PABA 3

Drometrizole 7

Abbreviation: INCI, International Nomenclature of Cosmetic Ingredient.
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Future Trends: Towards International Harmonization

Consumers want safe products that are available and consistently regulated across the

globe, and companies need predictable regulatory regimes to maintain product

innovation. To that end, industry and regulators alike are making progress toward

international harmonization of standards and regulations. Specifically regarding

sunscreens, efforts are currently underway at ISO (International Organization for

Standardization) to harmonize worldwide SPF and UVA testing standards. Also,

sunscreens were recently added to the International Cooperation on Cosmetics Regulation

(ICCR) in a further effort to harmonize regulations products intended to provide protection

again the sun. (See below for information on ICCR). In time, we expect more consistency

in sunscreen-testing requirements (SPF and UVA), as well as available UV filters.

Table 10 South Africa: Permitted UV Filters

INCI or other name Maximum concentration (%)

Benzophenone-1 10

Benzophenone-2 10

Benzophenone-3 10

Benzophenone-4 5 (of acid)

Benzophenone-5 5 (of acid)

Benzophenone-6 10

Benzophenone-8 3

Benzophenone-9 No limit listed

3-Benzylidene camphor 2

Benzylidene camphor sulfonic acid 6

Beta, 2-glucopyranoxy propyl hydroxy benzophenone 5

Bis-ethylhexylopcphenol methoxyphenyl triazine 10

Butyl methoxydibenzoylmethane 5

Camphor benzalkonium methosulfate 6

Cinoxate 5

DEA methoxycinnamate 8

Diethylhexyl butamido triazone 10

Digalloyl trioleate 5

Diisopropyl methylcinnamate 10

Dimethoxyphenyl-[1-(3,4)]-4,4-dimethyl 1,3 pentanedione 7

Ethyl dihydroxypropyl PABA 5

Ethylhexyl dimethyl PABA 8

Ethylhexyl methoxycinnamate 10

Ethylhexyl salicylate 5

Ethylhexyl triazone 5

Ferulic acid 10

Glyceryl ethylhexanoate dimethoxycinnamate 10

Glyceryl PABA 5

Homosalate 10

Isoamyl p-methoxycinnamate 10

Isopropy salicylate 4

Isopropyl methoxycinnamate 10

Menthyl anthranilate 5

Polysilicone-15 10

Abbreviation: INCI, International Nomenclature of Cosmetic Ingredient.
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Background on ICCR

The Council has led global industry efforts to establish a formal dialogue between the

cosmetics industry and global regulators, similar to what has existed for two decades for

medical devices and pharmaceuticals. The Council worked closely with Colipa, JCIA, and

the Canadian Cosmetic, Toiletry, and Fragrance Association to develop proposals for an

industry–regulators dialogue that would achieve meaningful results towards international

Table 11 ASEAN: Permitted UV Filters

INCI or other name Maximum concentration (%)

Benzophenone-3 10

Benzophenone-4 10 Thaia

Benzophenone-5 5 (of acid)

Benzophenone-8 3 Thaia

3-Benzylidene camphor 2

Benzylidene camphor sulfonic acid 6

Bis-ethylhexyloxyphenol methoxyphenyl triazine 10

Butyl methoxydibenzoylmethane 5

Camphor benzalkonium methosulfate 6

Cinoxate 3

DEA-methoxycinnamate 10

Diethylhexyl butamido triazone 10

Digalloyl trioleate 5 Thaia

Disodium phenyl dibenzylmidazole tetrasulfonate 10

Drometrizole trisiloxane 15

Ethyl dihydroxypropyl PABA 5

Ethylhexyl dimethyl PABA 8

Ethylhexyl methoxycinnamate 10

Ethylhexyl salicylate 5

Ethylhexyl triazone 5

Glyceryl PABA 3 Thaia

Homosalate 10

Isoamyl p-methoxycinnamate 10

Methyl anthranilate 5 Thaia

4-methylbenzylidene camphor 4

Methylene bis-benzotriazolyl tetramethylbutylphenol 10

Octocrylene 10

PABA 5

PEG-25 PABA 10

Pentyl dimethyl PABA 5

Phenylbenzimidazole sulfonic acid 8

Polyacrylamido methylbenzylidene camphor 6

Polysilicone-15 10

Titanium dioxide 25

Terephthalylidene dicamphor sulfonic acid 10

Trolamine salicylate 12

Zinc oxide 20

a Indicates permitted only in Thailand.

Abbreviation: INCI, International Nomenclature of Cosmetic Ingredient.
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harmonization of regulations. In 2007, ICCR was officially launched. ICCR is a formal

dialogue between regulators and industry from the United States, Europe, Canada, and

Japan to promote global harmonization of regulations for cosmetics and personal care

products. Because regulations in different countries often conflict, increasing costs to

manufacturers and straining government resources, the mission of ICCR is to identify

ways to better align regulations and remove regulatory obstacles among the regions while

maintaining the highest level of global consumer protection.

Table 12 MERCOSUR: Permitted UV Filters

INCI name Maximum concentration (%)

Benzylidene camphor sulfonic acid 6 (expressed as acid)

Benzophenone-3 10

Benzophenone-4 10 (of acid)

Benzophenone-5 5 (of acid)

Benzophenone-8 3

3-Benzylidene camphor 2

Bis-ethylhexylopcphenol methoxyphenyl triazine 10

Butyl methoxydibenzoylmethane 5

Camphor benzalkonium methosulfate 6

Cinoxate 3

Diethylamino hydroxy benzoyl hexyl benzoate 10

Diethylhexyl butamido triazone 10

Disodium phenyl dibenzylimidazole tetrasulfonate 10 (of acid)

Drometrizole trisiloxane 15

Ethylhexyl dimethyl PABA 8

Ethylhexyl methoxycinnamate 10

Ethylhexyl salicylate 5

Ethylhexyl triazone 5

Homosalate 15

Isoamyl p-methoxycinnamate 10

Menthyl anthranilate 5

4-Methylbenzlidene camphor 4

Methylene bis-benzotriazolyl tetramethylbutylphenol 10

Octocrylene 10 (expressed as acid)

PABA 15

PEG-25 PABA 10

Phenylbenzimidazole sulfonic acid 8 (expressed as acid)

Polyacrylamido methylbenzylidene camphor 6

Polysilicone-15 10

TEA salicylate 12

Terephthalylidene dicamphor sulfonic acid 10 (expressed as acid)

Titanium dioxide 25

Zinc oxide 25

Abbreviation: INCI, International Nomenclature of Cosmetic Ingredient.
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SYNOPSIS

l Photoprotection is an integral part of the management of all photodermatoses,

including the use of sunscreens on the exposed areas.
l Because the action spectrum of most photodermatoses includes UVA, the use of

broad-spectrum sunscreens is beneficial.
l The ability of sunscreens with photostable UVA filters (ecamsule, silatriazole) in

minimizing UV-induced eruption in PLE, LE, and SU has been demonstrated.

Photodermatoses comprise a group of skin diseases exacerbated by solar radiation.

Photodermatoses can be classified into four groups: immunologically mediated photo-

dermatoses, drug- and chemical-induced photosensitivity, DNA repair–deficient photo-

dermatoses, and photoaggravated dermatoses (Table 1) (1). For all photodermatoses, an

essential component of their management is photoprotection, which consists of seeking

shade, the use of photoprotective clothing and wide-brimmed hat, and the application of

broad-spectrum sunscreens that protect against UVB and UVA. A number of UVA filters

are available in many parts of the world (see chap. 2); however, in the United States, only

oxybenzone, sulisobenzone, meradimate, avobenzone, titanium dioxide, zinc oxide, and

ecamsule are available. Avobenzone is the only long-wave organic UVA filter available

in the United States. The availability of sunscreens with good UVA protection is

Modified from Rougier A, Seite S, Lim HW. Novel developments in photoprotection: Part II. In: Lim HW,

Hönigsmann H, Hawk J., eds. Photodermatology. New York: Informa Healthcare, 2007: 297–309.
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important in the management of photodermatoses, since the action spectra for most of

them do include UVA.

While it is common practice to use sunscreens as part of the management of patients

with photodermatoses, studies to critically evaluate the efficacy of sunscreens in

photodermatoses have been done primarily in polymorphous light eruption (PLE), lupus

erythematosus (LE), and solar urticaria (SU), using sunscreens containing photostabilized

avobenzone, ecamsule (Mexoryl1 SX), and silatriazole (Mexoryl XL). These studies will

be reviewed in this chapter.

POLYMORPHOUS LIGHT ERUPTION

PLE is one of the most common photodermatoses with an estimated incidence of

approximately 3% to 17%. It is diagnosed on the basis of clinical symptoms, location of

the lesions, relationship of the occurrence of the lesions to sun exposure, and time course

of the lesions (2). It is characterized by a variety of lesions, which may be papular,

papulovesicular, eczematous, and plaque-like (3). Moreover, photo-provocation testing

has revealed that 75% of PLE patients are sensitive to either UVB plus UVA or UVA

alone (4). Ortel and colleagues found that 56% of subjects in their population had an

action spectrum in the UVA range, 17% in the UVB range, and 26% in both ranges (5).

This emphasizes the importance of broad-spectrum photoprotection as an integral part of

the management of PLE (6).

An article by Gschnait, published in 1983, stated, “topical sunscreens in the

majority of cases are sufficient to protect UVB-promoted PLE, but fail in UVA-induced

disease”(7). This reflects the inability of the filters available in 1983 to adequately

block UVA radiation. Newer UVA filters, most notably avobenzone (butyl methox-

ydibenzoylmethane), have enhanced UVA photoprotection. Avobenzone is a broad UVA

Table 1 Classification of Photodermatoses

Immunologically mediated photodermatoses

Polymorphous light eruption

Hydroa vacciniforme

Actinic prurigo

Chronic actinic dermatitis

Solar urticaria

Drug- and chemical-induced photosensitivity

Drug- and exogenous chemical-induced photosensitivity

Cutaneous porphyries

DNA repair-deficient photodermatoses

Xeroderma pigmentosum

Bloom syndrome

Cockayne syndrome

Rothmund–Thompson syndrome

Trichothiodystrophy

UV-sensitive syndrome

Photoaggravated dermatoses

Lupus erythematosus

Dermatomyositis

Pellagra

Source: From Ref. 1.
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absorber; however, its drawback is photoinstability, which can be avoided by combining it

with octocrylene, 4-methylbenzylidene camphor, or oxybenzone and 2,6 diethylhex-

ylnaphthlate (DEHN). The rationale for the photostabilizing property of these

combinations is that in the presence of these filters, the excited-state avobenzone can

rapidly transfer the energy to the other photostable UV filters, hence minimizing the

photodegradation of avobenzone.

Other UVA filters include oxybenzone, meradimate (menthyl anthranilate), and the

newly developed ecamsule (terephtalylidene dicamphor sulfonic acid) and silatriazole

(drometriazole trisiloxane). Ecamsule, also known as Mexoryl SX, is a strong short UVA

photostable absorber, which absorbs UV radiation between 290 and 390 nm with a peak at

345 nm (Fig. 1). Silatrizole, also known as Mexoryl XL, is a broad UV filter against UVA

and UVB spectrum (Fig. 2). Mexoryl XL belongs to the photostable group of the

hydroxybenzotriazole and is composed of two different chemical groups: hydroxyphe-

nylbenzotriazole, which provides photostable UVA and UVB absorption; and a short

siloxan chain, which provides liposolubility of the molecule. Mexoryl XL has two

absorption spectra in UVB and UVA range (290–320 nm, l max 303 nm; and 320–360 nm,

lmax 344 nm). By combining the lipophilic Mexoryl XL with hydrophilic Mexoryl SX, a

high level of photoprotection can be achieved.

Figure 1 The structure and absorption spectrum of Mexoryl1 SX.

Figure 2 The structure and absorption spectrum of Mexoryl1 XL.
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The ability of these new sunscreen filters to provide photoprotection in PLE has

been studied. Three different sunscreens with high sun protection factors (SPFs), 35, 60,

and 75, but different UVA protection factors (UVA-PFs) of 3 to 28, were compared for

their ability to prevent the development of skin lesions in PLE patients (8). The sunscreen

with SPF 50þ and UVA-PF 28 (Anthelios XL 50þ containing octocrylene, Mexoryl SX,

Mexoryl XL, avobenzone, and TiO2) protected the development of PLE in all patients,

while sunscreens with high SPFs of 35, 60, and 75 but low UVA-PF values of 3 to 5

protected only 23% to 45 % of the patients. In addition, effective prevention of clinically

apparent skin lesions was associated with complete inhibition of UVA-induced expression

of ICAM-1 mRNA. Interestingly, all the three products tested had avobenzone as a UVA

filter. However, the one with the highest UVA-PF also had Mexoryl SX and Mexoryl XL,

indicating that the type of UV filters used is critical for the efficacy of a given sunscreen

to provide photoprotection. This observation further supports the concept that PLE

represents an abnormal response of human skin toward UVA and UVB, resulting in an

increased expression of pro-inflammatory molecules, such as ICAM-1.

LUPUS ERYTHEMATOSUS

LE is an autoimmune disease that is triggered and exacerbated by UVR (9). Sanders et al.

found that 93% of LE patients demonstrated an abnormal reaction to UVR and visible

light (10). Photosensitivity to wavelengths shorter than 320 nm may involve DNA as the

chromophore, while in vitro studies indicate that radiation of 360 to 400 nm activates a

photosensitizing compound in the lymphocytes and serum of LE patients (11). As a

consequence, photoprotection is one of the measures in the management of these patients

(12,13).

Eleven patients with LE were repeatedly exposed to UVA; the ability of sunscreens

with high SPFs of 35 to 75 but different UVA-PF of 3 to 28 was studied. Similar to results

observed in PLE, sunscreenss with high UVA-PF 28 (Anthelios XL 50þ) prevented the

development of lesions in all patients, while those with lower UVA-PF only partially did

so (14). High UVA-PF products also prevented the increased expression of ICAM-1

associated with development of lesions (14).

SOLAR URTICARIA

SU is a rare photosensitive disorder with an action spectrum ranging from UVB to UVA

and also the visible spectrum. Within 5 to 10 minutes of sun exposure, patients experience

itching, erythema, and patchy or confluent whealing. Chronically exposed skin, such as

that on the face and arms, is generally less susceptible than normally covered areas. Uetsu

found in a study of 40 patients with SU that the disease most commonly appeared during

the third decade (15). Thus, photoprotection is an important lifelong need in this

population (16).

The protective effect of a high SPF and high UVA-PF product (SPF 60, UVA-PF

12; Anthelios L, containing Eusolex 6300, Mexoryl SX, avobenzone, and TiO2) was

assessed in SU patients (n ¼ 10) following 1000 W xenon arc solar simulator exposure

(17). The minimal urticarial dose (MUD) on unprotected area was determined for each

patient and for each triggering spectral band (UVA1: 360 nm; UVA2: 335 nm; and UVB:

310 nm) by clinical assessment of erythema and swelling in the early minutes following

each UV exposure. MUD on protected area was then measured for each triggering

spectral band following application (2 mg/cm2) of either the broad-spectrum sunscreen or
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its vehicle, and SU protection factor (SUPF) was determined by dividing the MUD value

obtained with the sunscreen or its vehicle by the MUD value obtained without any

product. Results showed that the SUPFs of the vehicle were 2.7, 2.0, and 3.3, respectively,

in the long UVA, short UVA, and UVB range, whereas these SUPFs were of 75, 56, and

133 on the broad-spectrum sunscreen-treated areas (Fig. 3).

These experiments confirm that the different parts of the UV spectrum can elicit SU.

Moreover, it was found that most of the patients react to very low doses of UV, particularly

in the UVA domain, confirming the extreme skin sensitivity of this photodermatosis. The

results also indicate that the use of broad-spectrum sunscreens with highly efficient UV

filters can be considered as an option in the management of patients with SU with action

spectra in the UV range. For those with visible light sensitivity, a physical agent such as

opaque clothing is the only available external photoprotective measure.
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SYNOPSIS

l Careful sunscreen use can reduce the incidence of new AKs and the numbers of

existing AKs.
l A 4.5-year study with an 8-year follow-up showed that sunscreen use can have a

prolonged preventive effect against the development of squamous cell carcinoma,

and perhaps also a minimal benefit against the development of basal cell

carcinoma.
l The role of sunscreen use in melanoma prevention is less clear. However,

systematic review of all studies from 1966 to 2003 has shown no evidence for a

relationship between sunscreen use and increased melanoma risk.
l UVR filter chemicals may be absorbed systemically to a mild extent, and

titanium dioxide and zinc oxide nanoparticles may generate free radicals upon

exposure to UVR in vitro. However, no clinical relevance for these observations

has been demonstrated. Nevertheless, sunscreen use should probably be restricted

in very young infants.

INTRODUCTION

Sunscreens have long been recognized as agents offering effective protection against

ultraviolet radiation (UVR)-induced inflammation, or sunburn, and indeed, the so-called

sun protection factor (SPF) of such products is a measure of their protective efficacy. This

value is in fact an assessment of their combined activity against ultraviolet B (UVB)

(280–315 nm) radiation, which produces about 90% of the sunburning effect, and

ultraviolet A (UVA) (315–400 nm), which produces only around 10%; the differential
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effects of UVB and UVA are partly due to the variable UVR spectral activity at inducing

the cutaneous DNA lesions believed to initiate the response (1). However, sunburn

(particularly its most visible and measurable endpoint, erythema) is but one of multiple

UVR-induced skin effects, usually detrimental, which are summarized in full in Table 1.

Photocarcinogenesis is clearly the most serious of these, and it is therefore extremely

important that sunscreens protect against this as well. This chapter now considers in detail

whether they do so.

Solar UVB accounts for most of the cutaneous photocarcinogenic response, initially

through the cumulative production of mutations following direct DNA absorptive damage

to presumably epidermal basal layer keratinocytes or melanocytes. Persistence of these

lesions is then apparently facilitated by concomitantly induced skin immunosuppressive

change, apparently through variable UVB effects on epidermal DNA and urocanic acid.

However, UVA can also be independently carcinogenic, inducing alone to a small extent

the same DNA lesions, as well as more profuse secondary, generally free radical-induced

DNA damage, following non-DNA UVA absorption elsewhere in the cell. UVA also

induces immunosuppressive effects facilitating cancer progression, though again much

less efficiently than UVB.

To fully and reliably prevent skin cancer, sunscreens should block both UVA and

UVB penetration into the skin, and hence avoid their potentially damaging effects. In

addition, the UVR-sunscreen interactions enabling this process should also not cause

harm, the UVR preferably being dissipated as minor amounts of heat rather than as free

radicals, which may be injurious to the cells in which they occur.

Until some 20 years ago, sunscreens offered good efficacy against UVB but

relatively little against UVA. However, particularly in the last 10 years, advances in the

chemistry of UV filters have led to the production of multiple UVA absorbers, which

even now are able to offer significant protection against the UVA wavelengths,

complying with or bettering recent recommendations, available for review on the

Table 1 Possible Cutaneous Consequences of Ultraviolet Exposure

Adverse effects Beneficial effects

Acute Acute

Sunburn Vitamin D formation

Tanning Immunosuppression (prevents

some photodermatoses)

Freckling

Thickening

Immunosuppression (facilitates

cancer development)

Folate depletion

Photodermatoses

Intermediate

Mole formation

Pseudoporphyria

Onycholysis

Chronic

Photoaging

Cancer
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Web site http://ec.europa.eu/enterprise/cosmetics/sunscreens/synthesis_doc_06_06.pdf,

which state that sunscreen UVA protection should be at least a third of the SPF value

as measured by its in vivo protectivity against persisting pigment darkening of the skin.

Thus, sunscreen efficacy has greatly improved in recent years, and would now be

expected to provide protection against the whole range of cutaneous solar effects,

including carcinogenesis, rather than just against sunburn (Table 1). Nevertheless, the

true, rather than theoretical, efficacy of these products and their ability to prevent skin

cancer now need to be addressed.

The matter may be considered under the following headings:

1. Is there satisfactory evidence that sunscreens can reduce the risk of development

of actinic keratoses (AKs), firmly believed to be the earliest detectable

forerunners of skin cancer?

2. Is there satisfactory evidence that sunscreens can reduce the risk of development

of fully developed and potentially invasive skin cancers, namely squamous cell

carcinoma (SCC), basal cell carcinoma (BCC), and malignant melanoma (MM)?

3. Is there satisfactory evidence that sunscreens do not in fact increase the risk of

development of skin cancer risk, rather than reducing it?

These questions are now addressed with reference to the published literature.

CLINICAL STUDIES ON SUNSCREEN EFFICACY AGAINST
AK DEVELOPMENT

AKs, which demonstrate partial thickness dysplasia of the epidermis and may thus be

considered as a form of carcinoma in situ, are widely regarded as the earliest clinical

markers of skin cancer risk. They have, therefore, been used as a surrogate for the possible

future development of invasive skin cancer, such that several studies have examined

whether prospective sunscreen use can reduce their incidence and thus presumably also

the incidence of subsequent skin cancer.

Fifty-three patients with AKs were prospectively enrolled into a placebo-controlled,

double-blind study over a three-year period, each using an SPF 29 sunscreen constantly

over two years; of them, 37 patients were available for evaluation. The rate of appearance

of new lesions was significantly reduced in the treatment group compared with control

subjects, while those with darker skins also had fewer lesions, as did women and patients

with fewer lesions at enrolment. Some non-melanoma skin cancers also appeared during

the study period, but their numbers were too small for statistical evaluation (2).

A larger randomized, controlled trial of the effect on AKs of the daily use of a broad-

spectrum sunscreen cream of SPF 17 in 588 people aged 40 years or older was conducted in

Australia over a six-month period during the summer. The subjects applied either sunscreen

or the product base daily to exposed sites. The mean number of AKs increased by 1.0 per

subject in the base cream group while decreasing by 0.6 in the sunscreen group (difference,

1.53; 95% confidence interval, 0.81–2.25). The sunscreen group also developed fewer new

lesions (rate ratio, 0.62; 95% confidence interval, 0.54–0.71) and more remissions (odds

ratio, 1.53; 95% confidence interval, 1.29–1.80) than the base cream group. The amount of

sunscreen used was also related to both the development of new lesions and the remission

of existing ones with a dose-response relationship (3).

In a final study considering the degree of sunscreen protection offered against the

development of AKs, a large, randomized, controlled study was undertaken at a latitude of

268 south in Queensland, Australia, between February 1992 and August 1996. Participants
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(n ¼ 1621; age: 25–74 years) were randomized to the daily use of a high SPF sunscreen

(15þ) on the head, neck, arms, and hands regularly every morning, or use of their own

personal sunscreen as they normally would. They were also randomly assigned to take

either 30 mg of b-carotene or placebo each day. The ratio of AK counts in 1994 relative to

1992 was lower in those randomized to trial sunscreen use (1.20; 95% confidence interval,

1.04–1.39) rather than to personal sunscreen (1.57; 1.35–1.84). This 24% reduction was

deemed equivalent to the prevention of an average of one additional SCC per person over

that time. A reduction in the rate of change of prevalence was also seen in the sunscreen

intervention group between 1994 and 1996, but was not statistically significant. No effect

on the rate of change of prevalence was seen in the b-carotene arm of the study. Daily trial

sunscreen application thus retarded the rate of AK acquisition among adults in a

subtropical environment, while b-carotene supplementation made no difference (4).

All these three studies therefore confirm that the use of sunscreens can reduce the

incidence of new AKs and the numbers of existing AKs.

CLINICAL STUDIES ON SUNSCREEN EFFICACY AGAINST SKIN
CANCER DEVELOPMENT

Squamous Cell and Basal Cell Carcinomas

In the same Australian randomized trial discussed above for AK prevention, additional

endpoints after 4.5 years of follow-up were the incidence of BCC and SCC, both in terms

of numbers of people treated for newly diagnosed disease and total numbers of tumors

occurring. Participants (n ¼ 1383) underwent full-skin examination by a dermatologist in

the follow-up period, and 250 were found to have developed 758 new skin cancers. There

were no significant differences in the incidence of first new cancers between groups

randomly assigned daily trial sunscreen or personal sunscreen use [BCC 2588 vs. 2509

per 100,000; rate ratio 1.03 (95% confidence interval, 0.73–1.46); SCC 876 vs. 996 per

100,000; rate ratio 0.88 (0.50–1.56)], but in terms of total numbers of tumors, SCC

incidence was significantly lower in the trial sunscreen group [1115 vs. 1832 per 100,000;

0.61 (0.46–0.81)], although there was no effect on the incidence of BCCs. Cutaneous SCC

numbers, but not apparently the numbers of people affected, thus seem amenable to

reduction through the routine use of sunscreen by adults over 4.5 years. Such results

may relate to varying levels of personal care in sunscreen application during the trial.

b-Carotene supplementation again had no effect (5).

After cessation of the trial, participants were also followed for a further eight years

to evaluate any possible latency of sunscreen preventive effect on the development of

BCCs and SCCs. After this prolonged follow-up, BCC tumor rates tended to decrease (by

25%) though not significantly in people formerly randomized to trial sunscreen use

compared with those applying personal sunscreen as they wished. By contrast, SCC tumor

rates were significantly decreased by almost 40% during the entire follow-up period (rate

ratio, 0.62; 95% confidence interval, 0.38–0.99). Regular application of sunscreen thus

appears to have a prolonged preventive effect against SCC development, and perhaps also

a minimal possible benefit in reducing BCC (6).

Multi-failure survival methods were also used in this study to evaluate the effect of

sunscreen application on the time to first and then subsequent BCCs. Three different

approaches of time to ordered multiple events were applied and compared, namely

through the Andersen-Gill, Wei-Lin-Weissfeld, and Prentice-Williams-Peterson models.

Robust variance estimation approaches were used for each model. Trial sunscreen

treatment was not associated in the Andersen-Gill model with a reduced time to first BCC
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occurrence (hazard ratio ¼ 1.04, 95% confidence interval, 0.79–1.45), but the time to

subsequent tumors was probably reduced among the trial sunscreen group, although

statistical significance was not reached (hazard ratio ¼ 0.82, 0.59–1.15). Similarly, both

the Wei-Lin-Weissfeld and the Prentice-Williams-Peterson models revealed trends

toward a lower risk of subsequent BCC tumors among the sunscreen intervention group.

These results demonstrate the importance of conducting multiple-event analysis for

recurring events, as risk factors for a single event may differ from those when the events

are repeated (7).

Hunter et al. on the other hand found a higher risk for BCC in women who used

sunscreen than in those who did not in a retrospective study (8), this higher risk persisting

even after multiple adjustments were made for confounding factors such as skin type and

time spent out of doors. However, such studies are difficult to quantify with regard to

exact UVR exposure and sunscreen use, and must be regarded with caution.

MALIGNANT MELANOMA

Efforts to assess whether sunscreens reduce the risk of MM have not been fully successful,

mostly because this tumor is relatively rare compared with non-melanoma skin cancers,

with only a tenth of the incidence of the latter (http://www.ncri.ie/ncri/index.shtml). Thus,

clinical trials sufficiently powered to detect possible sunscreen efficacy must inevitably be

extremely large to detect any significant change. Nevertheless, several retrospective

epidemiological studies have suggested that sunscreen use may increase MM risk, and to

study this apparent paradox further, an approximate surrogate and strong predictor for MM

development, the development of high melanocytic nevus counts in adults, has been used

instead in a number of clinical studies with and without sunscreen use.

One such randomized trial between 1993 and 1996 investigated the efficacy of a

broad-spectrum, high-SPF sunscreen against the development of nevi in 458 white

Canadian schoolchildren in grades 1 and 4. Three hundred and nine children were

available for analysis. Each child’s nevi were enumerated at the start and end of the study,

and the parents of those randomly assigned to the active treatment (n ¼ 222) were given a

supply of SPF 30 broad-spectrum sunscreen with directions to apply it to the exposed sites

of the child when he/she was expected to be in the sun for 30 minutes or more. Children in

the control group (n ¼ 236) received no sunscreen and no sun-care advice. Sunscreen

group subjects developed fewer nevi than control group children (median counts, 24 vs.

28; p ¼ 0.048), although significant interaction was detected with freckling in the

sunscreen group, indicating that sunscreen use was more important for children with

freckles than those without. Modelling of the data further suggested that freckled children

in the sunscreen group developed 30% to 40% fewer nevi than freckled children in the

control group. These data indicate that broad-spectrum sunscreens may attenuate the

number of nevi occurring in white children, and thus possibly also the risk of MM,

especially in those with freckles (9).

Another study examining the number of nevi in six- to seven-year-old European

children, according to their reported sunscreen use, has also been conducted. Whole-body

and site-specific counts of nevi 2 mm in diameter or larger were performed in 631 children

in their first year of primary school in four European cities. Independently, parents were

interviewed regarding the sun exposure, sunscreen use, and physical sun protection of their

children. After adjustment for sun exposure and host characteristics, (e.g., skin phototype

and eye color), the relative risk for high nevus counts on the trunk was 1.68 (95%

confidence interval, 1.09–2.59) for the highest level of sunscreen use and 0.59 (0.36–0.97)
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for the highest level of wearing of clothes in the sun. Thus the sunscreen SPF had no effect

on nevus counts despite a high median value of 17.4. Numbers of sunburns were also not

associated with nevus count, the highest risk with sunscreen use in fact being among

children who had never experienced burning. In white European children, therefore,

sunscreen use appeared associated with the development of nevi, probably because it

allowed a longer time in the sun with suboptimal product application. The wearing of

clothes, however, appeared definitely effective in reducing nevus proliferation. The authors

therefore concluded that as high nevus counts are a strong MM predictor, sunscreen use

may facilitate MM occurrence by encouraging recreational sun exposure (10).

Benign pigmented nevi are clearly not MM, so definitive conclusions are not

possible from these trials, more so because the sunscreen used and behavior of the study

participants can clearly lead to variable study outcomes. Therefore, although the second

series of results have led to suggestions that sunscreens may in fact increase MM risk, a

more balanced view is that if sunscreens are used appropriately from early life and as part

of an overall photoprotective package of reduced sun exposure, effective protective

clothing, and careful sunscreen use, such problems seem unlikely to occur. However,

effective sunscreen use appears to be uncommon, most users appearing to apply less than

50% and often less than 25% of the amount of product needed to provide the listed SPF.

Greater care is therefore essential.

It is further well known that blistering sunburning in early life nearly doubles the

risk of adult MM. Therefore, reducing childhood sunburning should reduce later MM

development. From 2001 to 2004, a cluster-randomized trial of educational intervention

to reduce sunburn rates (primary outcome) and improve sun-protection behavior

(secondary outcome) was undertaken in Italian schoolchildren. A total of 122 primary

schools (grades 2 and 3) were randomized to receive, or not, an intervention consisting of

an educational curriculum at school, conducted by trained teachers, which included the

showing of a short video and the distribution of booklets to children and their parents.

Behavior while in the sun was assessed at baseline and 14 to 16 months afterwards. In a

subgroup (44% of the total sample), melanocytic nevi were also counted. Of the 11,230

children enrolled, 8611 completed the study. A total of 1547 children (14%) reported a

history of sunburns at baseline. At follow-up, no difference in sunburn episodes was

documented between the study groups (odds ratio 0.97, 95% confidence interval 0.84–

1.13), and similar sun protection habits were reported. No significant impact of the

educational program was therefore documented at one-year follow-up (11). This very

large study reproduces smaller studies carried out in a number of European countries,

which all similarly conclude that although knowledge may improve, behavior does not

seem to alter.

Finally, in a very high-risk group of adult renal transplant recipients, in whom skin

cancer incidence is increased by up to 250 times, and all of whom had been repeatedly

instructed in photoprotective behavior, male patients working outdoors, especially older

ones at highest risk who had already developed skin cancer, were those who used

sunscreens least, while low-risk females working indoors used them most (12).

Evidence points toward recreational UVR exposure as being the major risk factor

for MM occurrence. A multinational study examined the effect of sun exposure on the risk

of multiple primary MMs compared with that of one MM. People (n ¼ 2023) with a first

primary MM (controls) and people (n ¼ 1125) with multiple primary MMs (cases) were

enrolled in seven centers in four countries, had their residential history taken to enable

estimation of their likely ambient UVR exposure, and were interviewed about their sun

exposure. The risk of multiple primary MMs was increased significantly (p < 0.05), with

an odds ratio of 2.10 for highest ambient UVR irradiance at birth and 10 years of age, 1.85
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for beach and waterside activities, 1.57 for vacations in sunnier climates, 1.50 for

sunburns, and 1.38 for lifetime recreational sun exposure. However, occupational

sun exposure did not increase risk (odds ratio, 1.03 for highest exposure). Thus,

recreational exposure at any age increased risk and appeared to add to that from ambient

UVR exposure in early life. This study therefore concluded that people who have had an

MM can expect to reduce their risk of further tumors by reducing their recreational sun

exposure at any age. The same is also probably true for those who have never had an MM

(13). Nevertheless, this study suggesting that sunscreen use might be helpful in reducing

MM risk is based on sun exposure recall, which may not be fully reliable.

A provocative suggestion has also been made that any, rather than just careless,

sunscreen use during exposure may promote skin cancer development. Thus, Garland

hypothesized that such use in Queensland led to the steep rise in MM numbers seen there

before the rest of Australia, where he suggested sunscreens were promoted later (14).

However, Queensland is at a much lower latitude than much of the rest of Australia, so

higher rates would be expected there anyway, and the comment was in fact a hypothesis

rather than a researched study, so should not necessarily be given significant credence.

A research study leading to a similar possible conclusion, however, was undertaken

by Autier et al. as a case-control study with 418 MM cases and 438 healthy controls in

France, Belgium, and Germany (15). They considered in particular those who had

sunburns in childhood and those who had not and those who were aware of the hazards of

UVR exposure and those who were not. They then attempted to correct for these

confounding factors and found higher risks for MM in each group for those who used

sunscreen. However, the difficulty remained as to whether the corrections employed were

appropriate, in that those who had experienced sunburn would indeed have been more at

risk of skin cancer, and might also have tended to use less sunscreen, which was why they

would tend to burn. Also, MM risk in adult life increases in any case with sunburn in

childhood and adolescence, regardless of subsequent sunscreen use. Further, the amount

of sunscreen used could clearly not have been reliably assessed retrospectively, and any

subjects using sunscreen, presumably often poorly, were more likely to be exposed and at

risk than those who were not.

Westerdahl et al. also performed a case-control study on 571 patients with MM and

913 healthy controls (16). All participants were asked about sunburn, hair color, sunbathing

habits, and the use of sunscreen. A significantly elevated risk for MM was again associated

with regular sunscreen use, despite adjustments with respect to sunburn history, hair color,

and other factors. However, again, ensuring that sunscreen users were not those already

most at risk of skin cancer was difficult to assess in such a retrospective study.

On the other hand, Holly et al. looked at the profile of 452 women with cutaneous

MM in a population-based case-control study. Retrospective histories of sunburning and

sunscreen use were compiled, together with other risk factors such as skin type. Ease of

sunburning and the number and frequency of sunburns were again strongly associated

with MM development, but sunscreen use now showed a decreased MM risk (17). A

smaller case-control study carried out in Spain of 105 MM cases and 138 controls again

showed that fair-skin type and sunburn increased MM risk, but once more that sunscreen

use mitigated it (18). Next, a case-control study in Brazil of 103 MM patients and 206

matched controls, assessing multiple risk factors such as skin color, sunburn, and

sunscreen use, showed that frequent sunburns once more increased risk but again that

sunscreen use had a protective effect, now apparently correlating with increasing values

of the SPF, although only values over SPF 15 showed significant protection (19).

Finally, however, a case-control study of 542 MM cases and 538 controls recruited

from 27 Italian centers after multivariate analysis adjusting for age, sex, skin type,
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sunburns, and freckling showed no correlation at all between sunscreen use and

subsequent MM risk (20).

Therefore, from the foregoing section, three studies suggest a protective effect of

sunscreens against MM, two an increase in risk by encouraging prolonged sun exposure

and one no effect at all. Review of these studies demonstrates variations in study size and

design, which are likely to explain these discrepancies (21). More recently, a systematic

review of all studies from 1966 to 2003 showed that there was no evidence to support the

relationship between sunscreen use and an increased risk of melanoma (22,23).

OVERALL ASSESSMENT OF EFFICACY OF SKIN CANCER
PREVENTION BY SUNSCREENS

In 2000, an international group of experts met at the International Agency for Research on

Cancer (IARC) in Lyons and conducted a detailed review of the studies then available.

They concluded that topical sunscreen use reduced the risk of sunburn and probably

prevented SCC development if used mainly during unintentional sun exposure. However,

no conclusions could be drawn concerning their efficacy against BCC and MM, although

it was felt that there was insufficient evidence to say that sunscreen use increased MM

risk. Nevertheless, sunscreen use can permit extended intentional sun exposure, which

may almost certainly increase MM risk if the sunscreen is inadequately applied, or if

sunscreen with inadequate broad-spectrum (UVB and UVA) coverage is used. The

workshop therefore warned against a sole reliance on sunscreens for protection against

UVR effects (24,25).

POSSIBLE ADVERSE EFFECTS OF SUNSCREEN PENETRATION
INTO HUMAN SKIN

There is considerable evidence that so-called chemical (also known as organic)

sunscreens, containing benzophenones, cinnamates, and other non-particulate substances,

are partly absorbed into and through human skin. Absorption varies according to body site

(26), concentration of the chemical and vehicle (27), and co-use with solvents such as

insecticides and insect repellents (28). However, no evidence has been produced to

suggest that such absorbed ingredients lead to harm (29), particularly as all have to pass

vigorous toxicology testing, either as decreed by the Food and Drug Administration

(FDA), which regulates sunscreens as drugs, or else by the European Union (EU), where

toxicological testing is also stringent. Despite this, however, concerns have been raised as

to whether potential endocrinological, particularly oestrogenic, or even carcinogenic

effects may occur. On the other hand, detailed testing has shown no such harmful

outcomes (29–32), although it does seem prudent to avoid the use of chemical sunscreens

in infants, and perhaps also in those with very widespread skin disease, as the large body

surface area to weight ratio of the former, and perhaps the more easily penetrated skin of

both, may possibly lead to more significant blood concentrations.

Particulate, or mineral, sunscreens (also known as inorganic or physical sunscreens)

such as zinc oxide (ZnO) and titanium dioxide (TiO2), when used as nanoparticles, though

often claimed to be inert, instead become highly reactive when UVR irradiated,

generating free radicals potentially able to induce important DNA damage, particularly if

epidermal basal cells or melanocytes are exposed. However, many studies have shown

that not even nanoparticles of ZnO and TiO2 penetrate to the viable epidermis (33,34) nor

has any evidence of DNA damage been detected in vivo. Furthermore, such sunscreens
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have their mineral particles suspended in an organic resin coated with inorganic oxides,

making them very photostable. Concerns regarding any potential harm have thus been

largely dispelled, particularly as many such preparations are now also marketed with

additives such as ascorbic acid (vitamin C), tocopherol (vitamin E), b-carotene, and other

antioxidants, which can potentially further negate any free radical effects. The actual

benefits of such additives are uncertain, however, having been extrapolated only from in

vitro testing, but since it has been definitely shown that mineral sunscreens prevent DNA

damage, and block p53 production, their safety in this respect seems assured.

AN OVERALL APPROACH TO EFFECTIVE PHOTOPROTECTION

The protection factor of a sunscreen in vivo is determined by the amount applied (35), and

since sunscreens are generally used in an inadequate amount in practice (12,36), even by

educated subjects, it is clear that their use alone will very commonly be insufficient for

reliable skin cancer protection. Thus, exposed areas of skin are commonly missed,

inadequate or uneven amounts of sunscreen are applied, or the sunscreen is applied late,

irregularly, or forgotten altogether. Therefore, careful basic behavior when UVR intensity

is high, particularly by fair-skinned subjects, such as exposure toward the end of the day,

the seeking of shade, the use of clothing cover, and the wearing of hats should therefore

be emphasised in addition to sunscreen use as very important aspects of reducing skin

cancer risk. Such measures should be applied all year round in tropical areas, from March

to October in temperate northern regions, and from October to March in southern climes.

Skin cancer is an increasing problem worldwide for all white-skinned races, with

excessive UVR exposure as the major risk factor. All subjects when outdoors should

therefore adopt the above overall approach to sun protection. If they do, along with

avoiding use of sunbed, known to increase the risk of SCC and MM (37), a further

increase, and eventually a decrease, in skin cancer incidence should steadily become

evident over the decades to come.
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SYNOPSIS

l Aging of the skin consists of intrinsic aging and extrinsic aging or photoaging.
l Suberythemogenic doses of UV are sufficient to cause photoaging and immuno-

suppression. UVA has a major role in photoaging and immunosuppression.

Therefore, sunscreen protection is less effective against immunosuppression than

against sunburn.
l DNA photolesions, urocanic acid, NO, ROS, PGE2, IL-10, and PAF are all

involved in immunosuppression.
l Photoaging is triggered by receptor-initiated signaling, mitochondrial DNA

mutations, protein oxidation, and telomere-based DNA damage responses.
l Protection against photoaging and immunosuppression consists of seeking shade

and using sunscreens and photoprotective clothing. DNA repair enzymes and

dietary botanicals show promise as protective agents.

INTRODUCTION

The immune system is essential for maintaining good health, as it destroys the majority of

cells that develop abnormal or cancerous properties in addition to infectious agents,

including viruses, bacteria, and parasites. Only tumor cells that fail to be eliminated by the

immune system develop into a clinical cancer, and even then, they are controlled by the

immune system, and sometimes even regress (1). As the skin is our external barrier, it is

exposed to environmental insults in addition to receiving direct exposure to high levels of
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potentially infectious agents. It therefore needs a very effective immune system to deal

with these health hazards. Ultraviolet radiation (UVR) in sunlight is probably the most

dangerous environmental insult that the immune system of humans is exposed to. It

suppresses immunity at exposure levels that are only 0.25 to 0.5 of those required to cause

sunburn. It is therefore very important for sunscreens to provide a high level of protection

to the immune system. A key challenge is how to protect the immune system from UVR

without detracting from the beneficial effects of sunlight such as vitamin D production.

Sunscreens do protect the immune system of humans from UV, but not as effectively as

they prevent sunburn. This is probably due to UVA- in addition to UVB-suppressing skin

immunity, while sunburn is largely due to UVB, and sunscreens provide a higher level of

protection from UVB than UVA. Also, probably for the same reason, the sun protection

factor (SPF), which is based on sunburn as a biological endpoint, does not predict how

well a sunscreen protects the immune system.

Like the immune system, skin aging is a complex phenomenon that is controlled by

both environmental factors and the genetic makeup of the individual. It consists of two

different progressive processes that ultimately determine the skin appearance. Chronological

or intrinsic aging affects both unexposed and UVR-exposed skin. In unexposed skin such as

buttocks, abdomen, or upper inner arm, the changes are not too dramatic and are characterized

by dryness, laxity, fine wrinkles, and skin atrophy. Extrinsic aging is the result of harmful

environmental factors, mainly chronic repeated exposure to sunlight or UVR from artificial

sources, hence it is more accurately termed “photoaging.” It contributes to a premature aging

phenotype even in younger individuals. As opposed to common beliefs, suberythemogenic

doses suffice to induce chronic skin damage, both photoaging and immunosuppression.

Whereas the action spectrum for UVR-induced tanning and erythema are almost identical and

mostly attributable to UVB, indirect evidence suggests that UVA has a greater role in long-

term sun damage and photoaging (2). Clinical characteristics comprise fine and coarse

wrinkling, sagging, roughness, dryness, laxity, and pigmentary changes, and irregular mottled

pigmentation, often associated with a leathery texture of the skin. Many of the functions of

skin that decline with age show an accelerated decline in photoaged skin. Photoaging affects

fair-skinned subjects (skin phototype I or II) most severely. There is also an increased risk of

benign and malignant neoplasms on photoaged skin.

SKIN IMMUNITY

The immune system is broadly divided into two arms called cellular and humoral.

Cellular refers to effector T lymphocytes migrating into the skin to destroy their target;

humoral refers to B lymphocytes remaining in a lymphoid organ where they secrete

antibody that reaches the skin via the blood to bind the target, leading to its destruction by

activating effector mechanisms such as complement or phagocytosis. In both cases, skin

immunity is dependent upon immune events that occur locally in the skin as well as

activation of lymphocytes in secondary lymphoid organs, primarily skin-draining lymph

nodes. Thus, skin immunity is not isolated to the skin but is dependent on events in

internal organs of the body.

The epidermis and dermis both contain hematopoietic-derived dendritic antigen-

presenting cells (DCs). In the epidermis, these are named “Langerhans cells” (LC) after

Paul Langerhans who was the first to describe these cells (3,4). Upon sensing a signal

suggesting that an immune response should be activated, such as cytokines from stressed

keratinocytes that may be harboring an infection or undergoing malignant transformation,

or pattern-recognition molecules from infectious agents binding to toll-like receptors in
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the skin, the DCs migrate to draining lymph nodes (5,6). If the DCs phagocytosed antigen

while in the skin, they can then activate antigen-specific T and B lymphocytes in the

draining lymph node, inducing effector immunity (Fig. 1). If DCs are not activated in the

manner described above, then they activate regulatory T cells that suppress immunity (7).

These cellular events are controlled by a large range of cytokines and other factors that are

secreted by keratinocytes and other cells of the skin or immune system.

UVR-Induced Immunosuppression: Molecular and Cellular Mechanisms

UV can suppress immunity to antigen exposure at the locally irradiated site (local

immunosuppression) and also to an antigen at a skin site distal to the irradiated site

Figure 1 Immune system of the skin is suppressed by UV radiation. The immune system of the

skin includes keratinocytes in the epidermis (shaded circles, becoming oblong as they differentiate

and move to surface of skin) in addition to LC. LC take up antigen in the epidermis and migrate via

dermal lymphatics to draining lymph nodes. Here, they present the antigen to T and B lymphocytes

that develop into T effector and antibody-secreting plasma cells, respectively. T cells then migrate

from the lymph nodes to the skin to destroy the antigen. UV radiation causes keratinocytes to

produce immunosuppressive cytokines such as TNF and damages LC so that their numbers are

depleted from the epidermis. UV also causes suppressor macrophages (Mac) to infiltrate the dermis

where they secrete immunosuppressive factors such as IL-10. UV also activates mast cells to

produce immunosuppressive factors, including histamine, and migrate to the draining lymph nodes.

The combination of damaged LC and mast cells migrating to the lymph node, and other factors

produced in response to UV radiation such as PAF, activates suppressor B and regulatory T cells

that cause immunosuppression. See text for details and references. Abbreviations: LC, Langerhans

cells; TNF, tumor necrosis factor; IL, interleukin; PAF, platelet-activating factor.
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(systemic immunosuppression). Additionally, UV can suppress both the induction of

primary immunity (response to first encounter with antigen) and reactivation of memory

immunity (response to second encounter with antigen). It can therefore suppress many

facets of the immune response. There is good evidence that UV is important for

suppressing protective immunity to both cancers (8) and infectious agents (9).

Considering how finely tuned the immune system is so that autoimmunity is not induced

while protective immunity to tumors and infectious agents is activated, it is not surprising

that UV, which extensively disrupts skin function, interferes with this process.

Additionally, the immune system is regulated at multiple levels; there are many steps

at which immunity is potentially susceptible to interference by UVR.

Several chromophores absorb UV, resulting in immunosuppression. DNA is a

primary chromophore in which UV causes the formation of cyclobutane pyrimidine dimer

(CPD) photolesions that can lead to immunosuppression (Fig. 2) in mice (10) and humans

(11). It is unclear why these photolesions in DNA lead to immunosuppression. It is

possible that they disrupt transcription of key genes or that their repair may use such large

amounts of cellular energy that the cells are unable to mediate immune defence. This is

consistent with our recent finding that nicotinamide, the precursor for NADþ, which is

essential for ATP production, protects humans from UV immunosuppression (12). Trans-

urocanic acid, which is found in the epidermis, isomerizes to cis-urocanic acid upon

absorption of UV and contributes to UV immunosuppression (13,14). Recent evidence

indicates that it may do this by binding to the serotonin receptor (15).

UVR also activates nitric oxide (NO) synthase, leading to increased NO production.

Reactive oxygen species (ROS) are also produced following UV absorption by a large

range of incompletely characterized chromophores (16). ROS and NO can interact to form

long-lived reactive nitrogen species (Fig. 2). At low doses, these molecules contribute to

signaling and activation of cells, while at higher doses they cause oxidative damage to

lipids, proteins, and DNA, resulting in stress or damage to the cell, and at even higher

doses they can kill the cells (17). ROS and NO contribute to UV-induced

Figure 2 UV radiation is absorbed by chromophores in the skin and activates immunosuppressive

mechanisms. UV is absorbed by DNA in skin cells, causing the formation of CPD, and by trans-

urocanic acid, which isomerizes to the suppressive cis form. UV is also absorbed by a range of

incompletely characterized chromophores resulting in the formation of ROS. It also activates the

enzymes COX-2 and NOS, leading to production of PGs such as PGE2 and NO, respectively. All of

these events lead to immunosuppression. See text for details and references. Abbreviations: CPD,

cyclobutane pyrimidine dimers; ROS, reactive oxygen species; COX-2, cyclooxygenase-2; NO,

nitric oxide; NOS, nitric oxide synthase; PG, prostaglandin.
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immunosuppression in both humans and mice (18–20), although whether this is due to

redox signaling or oxidative damage is not known. Other key factors that contribute to UV

immunosuppression include prostaglandin E2 (PGE2) produced from activated cyclo-

oxygenase-2 (COX-2), interleukin (IL)-10 (21), and the phospholipid mediator platelet-

activating factor (PAF) (22).

Considering that UV disrupts such a large number of molecular pathways leading to

suppression of both primary and memory immunity, it is not surprising that many

different immune cellular defects have been identified following UV exposure. UV

reduces the number of LC in the skin, impairing the induction of immunity to an antigen

applied locally to the irradiated skin (Fig. 1). UV causes damaged LC to migrate to

draining lymph nodes where they have impaired ability to induce immunity (23–25). UV

also causes mast cells to migrate from the skin to draining lymph nodes (26,27) and an

influx of macrophages into the skin (28), both of which contribute to UV-induced

immunosuppression. These alterations to LC, macrophages, and mast cells lead to a

decrease in antigen-induced expansion of T effector and memory lymphocytes (29),

thereby decreasing the magnitude of the immune response. This is accompanied by

activation of both T (30) and B lymphocytes (31), which suppress immunity. Thus, UV

causes a large number of major disturbances to cells of the skin immune system, including

inhibition of antigen-presenting cells, T effector and memory cells, and also activation of

T and B cells with immunosuppressive properties. This results in UV being a potent

immunosuppressant.

Immunosuppression is Caused by Lower Doses of UVR Than are Required
to Cause Sunburn

A key feature of UV-induced immunosuppression, which is important for sunscreen

protection, is that it is caused by low doses of sunlight. Contact hypersensitivity (CS) is a

skin immune response to contact allergens applied topically to the surface of the skin. UV

that simulates the solar spectrum (solar-simulated UV, ssUV) has been shown to suppress

primary immunity in light-skinned Caucasian humans at doses as low as 0.25 to 0.5 of the

dose required to cause sunburn (32). SsUV doses about half of what is required to cause

barely detectable sunburn in humans with skin types 1 to IV have also been shown to

suppress the reactivation of memory immunity (33,34). Thus, for sunscreens to protect the

immune system from the same dose of sunlight as they protect from sunburn, they would

need to provide at least twice the protective capacity for immunosuppression as sunburn.

Unfortunately, the level of protection of sunscreens for immunosuppression is substan-

tially lower than that for sunburn.

PHOTOAGING: MOLECULAR AND CELLULAR MECHANISMS

Photoaging affects various layers of the skin with major damage seen in the connective

tissue of the dermis. It is triggered by receptor-initiated signaling, mitochondrial damage,

protein oxidation, and telomere-based DNA damage responses. Photodamaged skin

displays variable epidermal thickness, dermal elastosis, decreased and or fragmented

collagen, increased matrix-metalloproteinases (MMP), and inflammatory infiltrates (35,36).

In addition to being important for UVR-induced immunosuppression, ROS play a

major role in photoaging and induce changes in gene expression pathways related to

collagen degradation and elastin accumulation. There is evidence that singlet oxygen as

generated by UVA irradiation results in the common deletion mutation of mitochondrial
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DNA. Additionally, most likely through disruption of oxidative phosphorylation, it

increases the overall ROS load, subsequently activating the transcription of MMP-

encoding genes. Elevated MMPs degrade dermal collagen and elastin in skin. Most

recently, Yarosh et al. reported that unirradiated fibroblasts increase MMP production and

digest collagen when exposed to cell culture media from irradiated keratinocytes.

Enhanced DNA repair in the keratinocytes ameliorates this response. This suggests that

soluble factors induced by DNA damage in UVR-exposed epidermal keratinocytes signal

collagen degradation by fibroblasts in the dermis (37).

The major role of ROS in aging is well accepted. The highest turnover of ROS

occurs in the mitochondria (38), and it is estimated that 1% to 4% of oxygen uptake into

the cell is turned into ROS (39). From rodent studies, the impact of mitochondria and

mutations of the mitochondrial genome on aging is now generally accepted (40,41).

The same is true for UVR-induced skin aging where several groups could

demonstrate the involvement of ROS-induced mitochondrial DNA mutations in the

pathogenesis of photoaging (42–46). The frequency of mutations of mitochondrial DNA is

20 times that of nuclear DNA (44). The fact that mitochondria are the loci with the highest

ROS production in the cell and also the loci of energy production through the respiratory

chain strengthens the link between energy metabolism and aging in general and UVR-

induced skin aging in particular (47). Topical and systemic antioxidants have been shown

to supplement the photoprotective effects of sunscreen (48). Therapeutic interventions

that decrease the formation of ROS and increase the cellular antioxidant enzyme levels

and activities could restore homeostatic balances within the cell.

Recent evidence also suggests that signaling via transforming growth factor-b
(TGF-b) may also play an important role in the pathophysiology of photoaging. TGF-b
regulates cell differentiation, growth, and repair. In the epidermis, it exerts a negative

effect on cell growth, whereas in the dermis it induces synthesis of procollagen and

fibronectin. Recent studies have identified a correlation between TGF-b expression and

age-related skin changes, in particular, solar elastosis (49–51).

Shortening of telomere lengths has been suggested to represent a molecular clock

that signals replicative senescence. So far, telomere length has not been systematically

studied in chronically irradiated cell cultures. However, there is evidence that oxidative

stress results in telomere shortening, which triggers a p53-dependent cell cycle arrest (52).

Both intrinsic skin aging and photoaging are postulated to disrupt the telomere loop and

initiate DNA damage signaling through the p53 tumor suppressor protein (53).

PROTECTION FROM IMMUNOSUPPRESSION AND PHOTOAGING

Avoidance of sun exposure, sun-protective clothing, and regular use of sunscreens prevent

progression of photoaging and photoimmunosuppression. Peak times for UV exposure are

between 10 a.m. and 4 p.m., and sun avoidance should be encouraged during this time.

Sunscreens are the first line of defense against UV irradiation. Many UV filters have been

developed in recent years that combine sufficient UVB and UVA protection and are safe

and cosmetically acceptable. However, preventive measures alone minimally reverse

existing changes, although regression of actinic keratoses is well documented after

prolonged periods of sunscreen application (54). New strategies may further improve

currently used photoprotective measures. The addition of repair enzymes and/or

antioxidants enhances the skin’s recovery from UV-induced DNA damage. Several

botanical agents, mainly vitamins and polyphenols, have been shown to influence signal

transduction pathways leading to photoprotective effects (55).
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Photoprotective Clothing

Clothing, hats, and sunglasses that protect from sun exposure must be part of a package of

sensible protection. Photoprotective clothing is rated using the UV protection factor

(UPF), which is defined as the amount of radiation filtered through a sample of fabric. A

UPF of 40 to 50 provides excellent UV protection, transmitting less than 2.6% of effective

UVR (56). Summer clothing characteristically has a UPF of 10 or higher and thus

provides protection equivalent to that of an SPF 30 sunscreen in normal use (57).

A variety of different methods and standards exist for labeling UV-protective

textiles, but none are mandatory for manufacturers. Assessment of UV transmission

measured by spectrophotometric methods seems to be more suitable than in vivo methods.

To fulfill the protective properties advocated by the Australian/New Zealand standard, the

UPF must be greater than 15 (58), whereas UPF should be greater than 40 and average

UVA transmission lower than 5% according to the European Committee for Standard-

ization (59,60). A UPF of 40 or more was also recommended as sufficient for extreme

exposures in every geographical location and as being adequate to resist against UPF-

decreasing effects (e.g., stretch, wetness) (61). Recommendations exist, but there is no

mandatory standard for photoprotective clothing in the United States at present (62).

Sunscreen Protection of the Immune System

The level of protection provided by a sunscreen is usually reported as an SPF. This is a

ratio of the lowest dose of sunlight that causes sunburn with and without sunscreen

protection. Therefore, it provides a guide to the fold change in sunlight dose that causes

sunburn with sunscreen protection, rather than the absolute dose of sunlight that is

reduced by the sunscreen. A similar concept, an immune protection factor (IPF), based on

the same principles of a ratio of minimum immunosuppressive dose with and without

sunscreen protection was first proposed by Bestak and colleagues (63) in murine studies,

but has been widely adopted in human studies by a number of groups. The first report of

this in humans found one sunscreen to have a lower IPF than SPF, while another

sunscreen protected similarly from these biological endpoints (64).

Since then, a number of in vivo studies in humans by different research groups who

have quantitated the level of immunoprotection provided by sunscreens have mostly come

to similar conclusions that sunscreens protect the human immune system from ssUV, but

in most cases not as effectively as they prevent sunburn. The technical differences in these

studies, such as protocol of irradiation and immune endpoint have been contrasted in a

consensus paper (65).

Using ssUV suppression of memory CS to nickel as an immune endpoint in humans,

IPF has been compared to SPF and UVA protection factors (determined from UVA-induced

minimal persistent pigment darkening) for six commercially available sunscreens. While IPF

significantly correlated with UVA protection factors, immune protection was not related to

SPF. Additionally, two measures of the breadth of spectrum protection, both determined

from the absorption spectrum of the sunscreens, showed that the sunscreen breadth of

absorption that extended into the UVA waveband significantly correlated with immune

protective capacity (66). This indicates that the SPF does not predict the level of protection to

the immune system and that UVA protection is important for a sunscreen to provide a high

level of protection to the immune system. In these studies, the IPF of the sunscreens ranged

from 18% to 131% of the SPF, but were mostly below the SPF.

Protection against systemic suppression of recall delayed-type hypersensitivity

(DTH) to a range of antigens injected into the skin has also been found to be dependent on
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the ability of a sunscreen to protect from UVA (67). In another study, the level of protection

of nickel recall CS was related to the sunscreen offering broad-spectrum protection (68). A

further study of ssUV suppression of the induction of primary CS in humans found that the

IPF was only about half the SPF of the sunscreen, and it was concluded that this was due to

the poor UVA absorption by the sunscreen (69). This is consistent with two other studies in

humans that found sunscreens with high UVA absorption to be substantially more

protective than sunscreens with low UVA protection at preventing UV suppression of the

induction of CS to dinitrochlorobenzene (70,71). A number of studies in mice have also

found that sunscreens protect from UV-induced immunosuppression, but not as effectively

as they prevent sunburn (72,73), and that good UVA absorption is important for a sunscreen

to protect the immune system from UV (63,74).

The ability of sunscreens to prevent a particular biological response, in this case

immunosuppression, is dependent on the wavebands of UV that cause the response, in

relation to the absorption spectrum of the sunscreen. Even modern broad-spectrum

sunscreens absorb UVB better than UVA (Fig. 3). They are generally less effective

against long-wavelength UVA that is approaching the boundary with visible light (400 nm).

A sunscreen that absorbed strongly in the long UVA waveband would also be likely to

absorb visible light, unless a chemical filter with a sharp cutoff at 400 nm could be

developed that also had other suitable characteristics for use in a sunscreen. A sunscreen

filter with an absorption spectrum extending into the visible light range would be opaque,

hence it would reduce sunscreen use by large proportions of the population; therefore, the

inability of UVA filters to provide excellent protection at the long UVA spectrum,

especially at 380 to 400 nm range, is probably unavoidable at present.

Sunburn is largely caused by UVB, with UVA only making a small contribution to

this effect (75), and therefore UVA absorption only has a small effect on the SPF of a

sunscreen. This contrasts with the immune system, as it is sensitive to both UVB and

UVA. UVA suppresses reactivation of memory immunity to nickel (33) and reactivation

of memory DTH responses in humans (67). UVA also suppresses the local induction of

primary CS in humans (76). Interactions between these wavebands are evidenced by the

observation that in humans UVA augments UVB-induced immunosuppression by a

greater extent than either waveband alone would do (34,77). UVA has also been shown to

suppress reactivation of memory DTH (74) and the induction of primary systemic CS (78)

and primary local CS (79) in mice. However, other studies have reported UVA to be

immunoprotective in mice (80), and this is likely to be dependent on UVA dose and

mouse strain (78).

Figure 3 Absorption spectra of two modern commercially available sunscreens. Currently

available sunscreens provide good broad-spectrum protection across the entire UV range, but absorb

UVB better than UVA, with absorption decreasing as visible light is approached.
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Thus, in summary, sunscreens are protective against UV-induced immunosuppres-

sion in humans, but not as effectively as against sunburn. This is probably due to UVA

being highly immunosuppressive in humans and in some murine studies and sunscreens

absorbing UVA less effectively than UVB.

Protection of UV-Induced Changes to Cellular and Molecular Aspects of the
Immune System by Sunscreens

Sunscreens inhibit UVR from depleting LCs from the epidermis (81). The mixed

lymphocyte reaction, where LCs from the skin stimulate proliferation of allogeneic

lymphocytes in vitro, has been used to show that sunscreens also protect LC function from

the effects of UV (82,83). Sunscreens also reduce UV-induced migration of suppressor

macrophages into the skin (84).

Sunscreens prevent UV from increasing production of cytokines such as tumor

necrosis factor (TNF) that are associated with immunosuppression (85). They also reduce

UVA-induced free radical formation, but only by about 50%, which is considerably less

protection than the SPF of the sunscreens (86). Sunscreens have also been shown to prevent

photoisomerization of urocanic acid to the suppressive cis form in human skin (87,88).

Thus, sunscreens reduce many of the cellular and molecular changes that lead to

photoimmunosuppression, although a lack of comprehensive dose-response studies make

it difficult to determine the level of protection afforded by sunscreens in most cases.

However, these data are consistent with sunscreens providing some level of

immunoprotection.

Protection of Photoaging by Sunscreens

In animal studies, sunscreens have been shown to prevent photodamage and allow for its

repair (89,90). Although direct clinical evidence is lacking, indirect evidence that

sunscreen use can lead to repair of photodamage comes from numerous clinical trials in

which sunscreens are used in both control and treatment arms (54).

Since UVA also has an important role in photoaging as well as photo-

immunosuppression, the UVB-SPF alone may be a poor guide to the ability of a

sunscreen to protect against photoaging. Sunscreens with greater UVA-blocking or -

absorbing ability may be more effective at protecting against photodamage (91,92). The

new regulations for sunscreen labeling within the European Union (93), which demand a

UVA protection factor of at least one-third that of the UVB-SPF, will certainly help to

improve protection. These regulations are expected to find worldwide acceptance.

Protection by DNA Damage Repair Enzymes

Because photoaging and photoimmunosuppression are due, at least in part, to UVR-

induced DNA damage (as discussed above), enhancing cellular DNA repair capacity

would likely reduce photodamage. Indeed, the enzyme T4 endonuclease V (T4N5),

derived from a bacteriophage, recognizes CPD, the main DNA photolesions induced by

UVB, and initiates repair by enhancing their cleavage (94). Encapsulating the enzyme in

liposomes facilitates its delivery into the skin. Probably, through enhancing repair of

DNA damage, T4N5 also decreases the synthesis and release of immunosuppressive

cytokines like TNF and IL-10 (95) and reduces UVR-induced immunosuppression in

humans (11). The delivery of enzymes that repair DNA damage or oligonucleotides that

enhance the endogenous capacity for DNA damage repair may prove to be a valuable
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means of achieving protection against UV irradiation and decrease the incidence of

chronic damage, including photoaging.

Systemic Protection

A new protective strategy has emerged from observations that oxidative stress plays a

major role in the induction of photoaging and photoimmunosuppression. A large number

of antioxidants have been found to exhibit protective effects against the different ROS

involved in photoaging (96). The data suggesting these protective effects against ROS-

induced photoaging derive mainly from in vitro studies (38). Thus, antioxidants may play

an important role in the prevention of aging (38). It is unknown as to which antioxidants

are the best and whether the topical or the oral route or combinations of both are most

effective.

Dietary botanicals are of particular interest as some have been shown to inhibit UV-

induced immune suppression and photocarcinogenesis. These chemopreventive agents

reduce UVB-induced immunosuppression and photocarcinogenesis through the induction

of immunoregulatory cytokines such as IL-12. This cytokine regulates DNA repair and

stimulates cytotoxic T cells within tumors. Botanicals are of potential use as adjuncts with

sunscreens in the prevention of photocarcinogenesis (97) and have been shown to be

effective at protecting the immune system in clinical trials in humans (98).

Recently, orally administered Polypodium leucotomos (PL) (Heliocare1) was

shown to decrease the incidence of phototoxicity in subjects receiving psoralen-UVA

photochemotherapy (PUVA) treatment and in normal healthy subjects (99). PL extract is

derived from a fern in Central America and has demonstrated potent antioxidant activity.

It has been used in Mayan folk medicine as a remedy against rheumatic pain. Taken

orally, it provides for an SPF of about 3. UV-exposed keratinocytes and fibroblasts treated

with PL have also exhibited significantly improved membrane integrity, reduced lipid

peroxidation, enhanced elastin expression, and inhibited MMP-1 expression (100). A

preliminary study illustrated that PL treatment helped to ameliorate and to partially inhibit

some of the histological damage associated with photoaging of skin (101). Thus, PL may

be an additional measure to protect against photoaging in combination with topical

sunscreens (102).

Another dietary substance of protective potential is silymarin, a naturally occurring

polyphenolic flavonoid derived from the seeds of the milk thistle plant Silybum marianu. In

animal studies, it has been shown to exhibit antioxidant, anti-inflammatory, and

immunomodulatory properties that could contribute to preventing skin cancer as well as

photoaging. It is bioavailable in skin and other tissues after systemic administration (103).

Green tea polyphenols, administered topically or orally, have been shown to downregulate

UV-induced erythema in humans, and photocarcinogenesis in mice. Rigorous clinical

studies are clearly needed to validate the significance of these findings in the human setting.

CONCLUSIONS

The experimental evidence clearly shows that sunscreens currently available commer-

cially do protect from photoimmunosuppression and photoaging. However, for two

different reasons, they do not protect from immunosuppression to the same extent as they

protect from sunburn. UVR suppresses immunity at lower doses than are required to cause

sunburn. Therefore, even if sunscreens protect the skin against sunburn, immunosup-

pression could still occur. Furthermore, most sunscreens studied have a lower IPF than

SPF. The reason for this appears to be quite straightforward and is due to the differences
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in action spectra for sunburn and immunosuppression. While sunburn is primarily due to

UVB, with UVA only making a small contribution, UVA makes a large contribution to

both immunosuppression and photoaging in humans. While modern broad-spectrum

sunscreens do provide some level of protection right up to the long UVA waveband, they

absorb UVB much more efficiently than UVA. This relatively poor absorption of UVA

does not reduce the ability of sunscreens to provide high-level protection from sunburn,

but does reduce their ability to provide high-level protection to the immune system and

against photoaging. For these reasons, the SPF of a sunscreen does not predict how well

the sunscreen protects the immune system, but a broad-spectrum sunscreen is more

effective than the one with poor UVA absorption. The addition of biologically active

ingredients to sunscreen filters that prevent key steps in UV immunosuppression and

photoaging is likely to improve immunoprotection. Likely candidates include ROS

scavengers or inhibitors and botanicals.

While photoaging has been considered in the past mainly to be a cosmetic problem, it

is increasingly clear that prevention of photoaging, photodamage, and photoimmunosup-

pression may prevent the development of precancerous and cancerous skin lesions.

The use of photoprotective measures to prevent signs of photoaging is gaining

increasing public interest, with many cosmetic products for daily use now containing

sunscreens. The regular use of sunscreens should be encouraged, combined with so-called

sunsmart behavior during the summer months or when on vacation in places with sunny

climates. The daily use of products providing a full protection throughout the UV

spectrum is beneficial to reduce skin damage contributing to premature skin aging (91).

The only known defenses against photoaging beyond sun avoidance are the use of

sunscreens and/or UV-protective clothes to block or reduce the amount of UV reaching

the skin and perhaps the administration of DNA repair enzymes and antioxidant

supplementation.
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SYNOPSIS

l There are only three sources of vitamin D: sunlight, diet (fatty fish, cod liver oil,

egg yolk), and vitamin D supplement. Vitamin D2 is less potent than D3 in

maintaining serum 25(OH)D levels.
l 700 to 1000 IU of vitamin D3 per day may bring 50% of younger and older adults

up to 75 to 100 nmol/L of serum 25(OH)D, a range that has been associated with

optimal health, as assessed by bone health, muscle strength, fall prevention,

prevention of hypertension, control of diabetes, risk of colorectal and breast

cancers, and mortality from cancer (especially GI tract cancer).
l Individuals who practice rigorous photoprotection, those who stay/work mostly

indoor, those with dark skin, and those who are obese are at risk to have less than

adequate 25(OH)D levels. However, those living in sunny climate have also been

shown to have low serum 25(OH)D levels.
l Balanced diet and vitamin D3 supplement (1000 IU daily for adults at risk of vitamin

D insufficiency), together with photoprotection, are themost appropriate approach to

obtaining the beneficial effects of vitamin D and maintaining our cutaneous health.

METABOLISM OF VITAMIN D

Pre-Vitamin D3 Production by the Skin

The two natural sources of vitamin D for humans are the sun and nutrition, with the sun

being the major source. In human skin, pre-vitamin D3 is produced photochemically from

a cholesterol precursor, 7-dehydrocholesterol, which has a structure that resembles that of
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steroid hormones with a cyclopentanoperhydrophenanthrene ring. Most of pre-vitamin D3

and vitamin D3 (cholecalciferol) is manufactured in the lower epidermal layers of the

skin, specifically in the stratum basale and stratum spinosum.

The maximal action spectrum for the synthesis of pre-vitamin D3 from 7-

dehydrocholesterol is at 300 � 5 nm; both the intensity and the quality of UVB irradiation

determine the amount of pre-vitamin D3 produced. Accordingly, winter sunlight exposure

may be largely insufficient in reaching the stratum basale and spinosum for the

photocemical conversion of 7-dehydrocholesterol into pre-vitamin D3, resulting in little or

no vitamin D produced during winter months. On the other hand, unprotected skin will

produce maximal vitamin D3 in the summer months (1).

Another determinant of the quantity of vitamin D3 produced in the skin is its

concentration of melanin (i.e., skin pigmentation) (1). Melanin, produced by melanocytes

located primarily in the stratum basale, is a neutral-density filter that absorbs UVB; the

concentration of melanin determines the amount of UVB that can penetrate the 7-

dehydrocholesterol containing lower epidermal region. In dark skin with high melanin

content, the amount of vitamin D3 synthesized per UVB exposure unit is reduced. Several

studies have documented the pronounced variation in serum 25-hydroxyvitamin D [25(OH)

D] levels by race/ethnicity, with the lowest levels documented in U.S. black individuals of

all ages compared with their white counterparts (2–4). Consistently, a higher degree of

tanning reduces the amount of vitamin D production in the skin per unit time spent in the

sun due to increased melanin production (5). However, it is important to note that melanin

does not change the amount of vitamin D that can be produced; rather the exposure time

needed for vitamin D production is increased in individuals with darker skin pigmentation

(6). Because of the higher minimal erythema doses to UVB (MED-B) in individuals with

dark skin, it may take three to six times longer exposure for these individuals to produce the

same amount of pre-vitamin D3 compared with individuals with fair skin (6).

Additionally, the amount of UVB exposure time individuals require to produce a

given amount of vitamin D depends on their distance from the equator. Individuals living

at latitudes distant from the equator with prolonged winters will be exposed to less intense

doses of UVB compared with those living closer to the equator; therefore, they produce

less vitamin D despite the abundant availability of 7-dihydrocholesterol in their skin.

A key factor that affects the availability of 7-dihydroxyvitamin (OH)2 D for pre-

vitamin D3 production is age. Compared with skin obtained from young individuals, skin

from older persons may produce up to four times less pre-vitamin D3 (7).

Dietary Sources of Vitamin D and Current Recommendations

Natural dietary sources of vitamin D are rare; significant amounts are primarily found in

fatty fish, such as salmon, mackerel, and herring, with 240 to 1300 IU vitamin D3 per serving

(3 oz, or 85 grams), cod liver oil, and egg yolk. Thus, in some countries as the United States,

milk has been fortified with vitamin D, which typically provides 100 IU per 8 oz glass.

Notably, unless fatty fish and fortified milk products are consumed on a daily basis, diet alone

is clearly an insufficient strategy to meet up-to-date recommendations of at least 800 IU

vitamin D per day for fall and fracture prevention among older individuals (8,9) (Fig. 1).

Furthermore, for those with lactose intolerance, fortified milk products are not an option.

The 1997 U.S. Dietary Reference Intake (DRI) recommendations for adequate

intake of vitamin D for infants, children, and adults are listed on Table 1. With the

development of the literature since 1997 suggesting that fall and fracture reduction, as

well as general health benefits of vitamin D occur at higher 25(OH) D levels and higher

intakes than defined by the 1997 DRIs, an update is being discussed by many experts.
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New data also suggest that the 1997-defined safe tolerable upper intake level of 50 mg/day
(2000 IU) may be safely increased to 250 mg/day (10,000 IU) vitamin D per day (10).

Directly relevant to clinical practice, new data suggest that certain subgroups of the

population, such as individuals with severe vitamin D deficiency of less than 12 ng/mL

25(OH)D (or 30 nmol/L) and obese individuals, will need higher vitamin D intakes to

reach desirable 25(OH)D levels (11,12). Also, healthy adult individuals living above 308
latitude will need more than 200 to 600 IU vitamin D during winter months to reach

Figure 1 Solid lines relate to left axis, dashed lines relate to variables on right axis. The outcomes

depicted as RRs are fracture risk [data from meta-analysis of RCTs (22)] and colon cancer [data

from the Nurses Health Study (91)]. For BMD, the example of older Caucasian was chosen [data

from NHANES III (3)] and the unit is displayed in the upper part of the right side y-axis. For lower

extremity, we chose the 8 ft walk (8’walk) test results from NHANES III discussed in this

chapter (47) and the unit is seconds, as shown on the lower half of the right side y-axis. Attachment

loss is based on data discussed in this chapter (70) and is given in mm units for older men, as

displayed on the lower half of the right side y-axis. On the basis of this summary of all outcomes,

the desirable serum 25(OH)D level to be achieved for optimal health is at least about 75 nmol/L and

best 90 to 100 nmol/L. Source: Adapted from Ref. 9.

Table 1 1997 U.S. Dietary Reference Intake (DRIs) Recommendations

For Adequate Intake Of Vitamin Da

Age group Recommendation (per day)

Children and adults up to 50-yr old 200 IU

Adults, 51–70-yr old 400 IU

Adults >70-yr old 600–800 IU

a1997 recommendation: Safe tolerable upper intake level (UL): 25 mg (1000 IU) per day
for infants up to 12 months of age, and 50 mg (2000 IU) per day for children, adults,

pregnant, and lactating women.
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desirable 25(OH)D levels of 75 to 100 nmol/L (9). Because of seasonal fluctuations of

25(OH)D levels (13), some individuals may be in the desirable range during summer

months. However, these levels will not sustain during the winter months even in sunny

latitudes (14,15). Furthermore, several studies suggest that many older persons will not

achieve optimal serum 25(OH)D levels during summer months, suggesting that vitamin D

supplementation should be independent of season in older persons (15–17).

As a 2007 example of an updated recommendation, the Canadian Cancer Society

recommends that adults should consider taking vitamin D supplementation of 25 mg per

day (1000 IU) a day during fall and winter (18). Furthermore, according to the Canadian

Cancer Society, adults at higher risk of having lower vitamin D levels should consider

taking vitamin D supplementation of 25 mg per day (1000 IU) all year round. This

includes older people, people with dark skin, those who do not go outside often, and those

who wear clothing that covers most of their skin (18). The Canadian recommendation is

supported by several experts in the field of vitamin D (8,9,12,19,20).

25(OH)D and 1,25(OH)2D

Both vitamin D3 produced by the skin and vitamin D (D3 or D2) from dietary sources or

supplements are hydroxylated by the liver to 25(OH)D, which is a largely unrestricted step

(21). The metabolite 25(OH)D is the major circulating metabolite of vitamin D; its serum

concentration has become the clinically accepted marker of vitamin D nutritional state

(9,21). Although 25(OH)D needs further hydroxylation by the kidney to 1,25(OH)2D, the

so-called active metabolite, it is 25(OH)D that has been correlated with important endpoints

such as fractures (22), function (23), diabetes (24), cancer (25), and blood pressure (26). We

have learned in recent years that not only the kidney carries the 1-alpha-hydroxylase

enzyme for 1,25(OH)2D hydroxylation, but many other tissues (27), which may explain

why the substrate 25(OH)D might better reflect the biologic effects of vitamin D.

What Dose of Vitamin D3 is Needed to Achieve Adequate 25(OH)D Levels,
and What Levels are Considered Safe?

Studies suggest that 700 to 1000 IU of vitamin D per day may bring 50% of younger and

older adults up to 75 to 100 nmol/L of serum 25(OH)D (28–30). Thus, to bring most older

adults to the desirable range of 75 to 100 nmol/L, vitamin D doses higher than 700 to

1000 IU would be needed. The current intake recommendation for older persons (Table 1,

600 IU per day) may bring most individuals to 50 to 60 nmol/L, but not to 75 to 100 nmol/

L (3). In studies in young adults, intakes of as high as 4000 IU to 10,000 IU are known to

be safe (31,32), and 4000 IU daily may bring 88% of healthy young men and women to at

least 75 nmol/L of 25(OH)D (32). Heaney and colleagues, in a study of healthy men,

estimated that 1000 IU vitamin D3 per day are needed during winter months in Nebraska

to maintain a late summer starting level of 70 nmol/L; in those with baseline 25(OH)D

levels between 20 and 40 nmol/L, they may require a daily dose of 2200 IU vitamin D to

reach and maintain 80 nmol/L level (12,31).

If 75 nmol/L of 25(OH)D were the minimum target level of a revised DRI, the new

DRI should meet the requirements of 97% of the population (33). On the basis of a dose–

response calculation proposed by Dr. Heaney of about 1.0 nmol/(l mg day) at the lower

end of the distribution and 0.6 nmol/(l mg day) at the upper end (12), a daily oral dose of

2000 IU (50 mg/day), the safe upper intake limit as defined by the National Academy of

Science (34), may shift the Third National Health and Nutrition Examination Survey

(NHANES III) distribution so that only about 10% to 15% of individuals were below
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75 nmol/L. This may result in a 35 nmol/L shift in already replete individuals from

between 75 to 140 nmol/L (NHANES III distribution) to 110 to 175 nmol/L, which are

levels observed in healthy outdoor workers (i.e. farmers: 135 nmol/L (35) and lifeguards:

163 nmol/L (36)). Notably, enhancing 25(OH)D levels to about 80 nmol/L will increase

calcium absorption by up to 65% (37). Thus, calcium recommendations may need

downward adjustment with a higher DRI for vitamin D; calcium intakes of 800 mg per

day, rather than the current recommend daily value of 1000 mg, may be sufficient in a

vitamin D–replete state (38). One study on the relative importance of vitamin D and

calcium suggested that calcium supplementation above 800 mg per day may only improve

calcium metabolism in individuals with low 25(OH)D levels (38).

Vitamin D toxicity can cause nausea, vomiting, poor appetite, constipation,

weakness, and weight loss; it can also cause hypercalcemia, resulting in cardiac

arrthymia, and calcinosis. As a first sign of toxicity, only serum 25(OH)D levels of above

220 nmol/L have been associated with hypercalcemia (39,40). Accordingly, the upper end

of the acceptable range should probably not exceed 200 nmol/L (80 ng/mL).

Vitamin D2 or Vitamin D3

Supplemental vitamin D is sold in two forms, D2 (ergocalciferol) derived from plants and

D3 (cholecalciferol), the physiologic form. D2 is less potent than D3 in maintaining

25(OH)D levels as a high intermittent or daily regimen, as suggested by two direct

comparison trials (11,36), although this was challenged by a recent trial showing similar

potency of daily D2 and daily D3 (37). However, because primary anti-fracture evidence

is documented with daily 700 to 800 IU D3 (22), and because there is no anti-fracture

evidence from classically randomized trials with D2 (41), there is no obvious advantage

of vitamin D2 over D3 today.

VITAMIN D AND HEALTH

The Vitamin D Receptor (VDR) Knock-Out Mouse Model and its Perspectives
in Vitamin D Effects on General Health

Perspectives from the VDR knock-out mouse model lend support to the close relationship

between vitamin D and multiple health outcomes (42). Mice lacking the VDR have not

only impaired bone formation (43), but also have small and atrophic muscle fibers (44),

suffer from hypertension and cardiac hypertrophy (45,46), and have impaired insulin

secretory capacities (47). These key abnormalities reflect symptoms observed in humans

with vitamin D deficiency: men and women with 25(OH)D levels below 12 to 15 ng/mL

(below 30–40 nmol/L) are at increased risk for low bone density (3), fractures (22),

decreased lower extremity function and strength (23,48), and increased risk for incident

hypertension (26,49) and type II diabetes (24). Consistently, the wide distribution of the

VDR in all human organ systems plus the presence of the enzyme 1-alpha-hydroxylase in

many tissues (27) suggest that the role of vitamin D may be beyond its established

endocrine function balancing calcium uptake and bone health.

Benefit of a Higher 25(OH)D Serum Concentration on Bone Health

The association between serum 25(OH)D and hip bone mineral density (BMD) among

humans was addressed among 13,432 individuals of NHANES III, including both younger

(20–49 years) and older (50þ years) individuals, with different ethnic racial backgrounds
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were examined by some of the authors (3). Compared with subjects in the lowest quintile

of 25(OH)D, those in the highest quintile had higher mean BMD by 4.1% in younger

whites (test for trend; p < 0.0001), by 4.8% in older whites (p < 0.0001), by 1.8% in

younger Mexican Americans (p ¼ 0.004), by 3.6% in older Mexican Americans (p ¼
0.01), by 1.2% in younger blacks (p ¼ 0.08) and by 2.5% in older blacks (p ¼ 0.03). In the

regression analysis, higher serum 25(OH)D levels were associated with higher BMD

throughout the reference range of 22.5 to 94 nmol/L in all subgroups. In younger whites

and Mexican Americans, higher 25(OH)D was associated with higher BMD even beyond

100 nmol/L. Consistent with the data from NHANES III, recent observational studies

suggest that the association between 25(OH)D and BMD may be less in black individuals

(50) and generally in individuals with darker skin tones (50,51), which may be explained,

in part, by their smaller variation in 25(OH)D serum levels lacking the higher-end

distribution of 25(OH)D levels observed in the white U.S. population (3,50).

A dose-response relationship between higher 25(OH)D serum levels and

antifracture efficacy was suggested by a meta-analyses of high-quality double-blind

primary prevention trials including older white individuals in the United States and

Europe (22). The association was significant for both hip and any nonvertebral fracture

based on meta-regression analyses, and remained significant after cross-calibration of the

different assays to the widely used DiaSorin assay (52). Optimal fracture prevention

appeared to occur in trials with achieved mean 25(OH)D levels of approximately 75 to

100 nmol/L. This level was reached only in trials that gave 700 to 800 IU cholecalciferol,

and the pooled result from these trials resulted in a reduction of hip fractures by 26%

(pooled RR ¼ 0.74; 95% CI [0.61,0.88]) and any nonvertebral fracture by 23% (pooled

RR ¼ 0.77; 95% CI [0.68,0.87]) compared with calcium or placebo.

Benefit of a Higher 25(OH)D Serum Concentration on Muscle and Falling

The vitamin D effect on muscle adds a unique benefit to fracture prevention strategies

beyond bone density, which is especially important in older individuals, and in the

prevention of hip and nonvertebral fractures (22,53). The primary and highly prevalent

risk factor of fractures in older individuals is muscle weakness and falling, which is why

fall reduction should be an integral part of fracture prevention in the elderly (53–55).

Four lines of evidence support a role of vitamin D in muscle health. First, proximal

muscle weakness is a prominent feature of the clinical syndrome of vitamin D deficiency

(56,57). Second, The VDR is expressed in human muscle tissue (58) and vitamin D bound

to its nuclear receptor in muscle tissue may promote de novo protein synthesis (56,59) and

a relative increase in the diameter and number of type II muscle fibers (59). Third, several

observational studies point towards a positive association between 25(OH)D and muscle

strength or lower extremity function in older persons (23,60,61). Finally, in several

double-blind randomized controlled trials, vitamin D supplementation increased muscle

strength (62) and balance (63) and reduced the risk of falling in community-dwelling

individuals unselected (64) or selected for a previous fall (65), as well as in

institutionalized individuals (62,66,67). Fall reduction with vitamin D appears to depend

on dose based on data from one multiple-dose trial (66) and a meta-analyses of high-

quality trials with effects seen at higher intake of at least 700 IU, but not below (53).

A dose–response relationship between vitamin D status and muscle health was

examined in NHANES III including 4100 ambulatory adults aged 60 years and older (23).

Muscle function was assessed by the 8-ft walk test and sit-to-stand test (68,69). In both

tests, performance speed continued to increase throughout the reference range of 25(OH)

D (22.5–94 nmol/L) with most improvement starting at 25(OH)D levels of 60 nmol/L and
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optimal improvement occurring in 25(OH)D levels in the range of 75 to 100 nmol. Similar

results were found in a Dutch cohort of older individuals (70).

Benefit of a Higher 25(OH)D Serum Concentration on Cardiovascular Health

In two small randomized controlled trials (RCTs), vitamin D supplementation reduced

blood pressure in hypertensive subjects (71) and elderly community-dwelling women

(72). In the latter trial, within two months, supplementation with vitamin D (800 IU/day)

plus calcium (1200 mg/day) led to a decrease in systolic BP by 13 mmHg (p ¼ 0.02), a

decrease in diastolic BP by 6 mmHg (p ¼ 0.10), and a decrease in heart rate by 4 bpm

(beats/min) (p ¼ 0.02) compared with calcium alone (1200 mg/day). Similarly, in a

randomized controlled trial by Krause and colleagues, UVB irradiation significantly

lowered systolic BP by 6 mmHg [-14;-1] and diastolic BP by 6 mmHg [-12;-2] within six

weeks when compared with UVA irradiation (71). In the UVB group 25(OH)D levels

increased from 58 to 151 nmol/L, while there was no increase in the UVA group.

With respect to optimal serum levels of 25(OH)D, there is evidence from two large

prospective cohort studies among men and women that the serum level of 25(OH)D that

confers the maximum benefit in regard to prevention of incident hypertension is 75 nmol/

L or higher, with a significant trend between higher baseline 25(OH)D serum levels and

lower risk of hypertension over a four-year follow-up (26). The difference in risk

comparing individuals at the lower end of 37.5 nmol/L or less with those at the higher end

of at least 75 nmol/L was 2.7-fold among women and 6.1-fold among men (26).

Consistently, another large epidemiological study showed a significant relation between

serum 25(OH)D concentrations and systolic, diastolic, and pulse pressure among the total

adult population of NHANES III; the lowest pressure levels was observed at 25(OH)D

levels above 85.7 nmol/L (49).

Mechanistically, going back to the mice lacking the VDR, Li and colleagues found

that renin and angiotensin II expression was increased in these mice, leading to

vasoconstriction (73). In humans, the stimulation of the renin angiotensin system has been

associated with hypertension, myocardial infarction, and stroke (74,75).

Contributing to the cardiovascular benefit of vitamin D, several studies suggest a

potential anti-atherosclerotic activity of vitamin D. In vascular smooth muscle, several

studies have documented the presence of the VDR (76,77), and vitro studies have found

that 1,25(OH)2D antagonizes the mitogenic effect of epidermal growth factor on

mesangial cell growth (78,79). Epidemiologically, a potential antiarteriosclerotic effect of

vitamin D is supported by recent findings within NHANES 2001 to 2004, where across

quartiles of 25(OH)D, from lowest to highest, the prevalence of peripheral arterial disease

was 8.1%, 5.4%, 4.9%, and 3.7% (p trend <0.001) (80). After multivariable adjustment

for demographics, comorbidities, physical activity level, and laboratory measures, the

prevalence ratio of peripheral arterial disease for the lowest, compared with the highest,

25(OH)D quartile (<17.8 and �29.2 ng/mL, respectively) was 1.80 (95% CI 1.19, 2.74).

For each 10 ng/mL (25 nmol/L) decrease in 25(OH)D level, the prevalence ratio of

peripheral arterial disease increased by 35% (95% CI 15, 59%).

Benefit of a Higher 25(OH)D Serum Concentration on Diabetes

Type 1 Diabetes

High doses of 1,25(OH)2D prevent insulitis and the onset of type 1 diabetes in VDR(-I-)

mice (81) and nonobese diabetic-prone mice (NOD) (82), while dietary correction of

hypocalemia alone does not. Furthermore, in NOD mice, vitamin D deficiency appears to
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accelerate type 1 diabetes (83), which mechanistically, may be explained by altered

T-lymphocyte reponse (84).

Consistently, epidemiologic data suggest that vitamin D intake in early life may

reduce the risk of type 1 diabetes in later life (85–87). Risk reduction was 26% with cod

liver oil (85), 33% with general vitamin D supplementation (86), and 78% with 2000 IU

per day vitamin D supplementation (87). These observations point to the importance of

preventing vitamin D deficiency in early childhood. Whether a higher intake of vitamin D

during pregnancy affects the diabetes risk of the offspring is less clear, however, in one

study, lower levels of anti-islet cell antibodies were found in children of mothers with a

higher food-derived intake of vitamin D during the third trimester of pregnancy (88).

Type 2 Diabetes

Laboratory studies among humans and large epidemiologic studies support a benefit of

serum 25(OH)D concentrations on insulin sensitivity. In one study of 126 healthy adults,

there was a positive correlation between 25(OH)D serum concentrations and insulin

sensitivity as measured with hyperglycemic clamp (r ¼ 0.25) (89), and in a study of 142

Dutch men aged 70 to 88 years, 25(OH)D serum concentrations were inversely correlated

with serum insulin levels (r ¼ �0.18 to �0.23) and glucose concentrations (r ¼ �0.26)

during an oral glucose tolerance test (90). In the NHANES III survey, including adults

aged 20 years and older, for 25(OH)D levels of 81 nmol/L or higher compared with 43.9

nmol/L or lower, the OR was 0.25 (95% CI 0.11–0.60) among whites and 0.17 (95% CI

0.08–0.37) among Mexican Americans, without a difference observed among African-

Americans (24). Furthermore, in the same cohort, serum 25(OH)D concentrations were

inversely associated with insulin resistance [assessed by homeostasis model assessement

of insulin resistant (HOMA-IR) method], with best levels observed in the top quartile of

25(OH)D of 81 nmol/L or higher (91).

In intervention studies, vitamin D supplementation increased insulin secretion

among a small group of 10 patients with type II diabetes (92), whereas in another study of

35 type II diabetes patients, there was no change in insulin secretion with 1,25(OH)2D

treatment (93). In a larger three-year randomized controlled trial among 445 older

individuals aged 65 years and older treated with either 700 IU vitamin D3 plus 500 mg

calcium or placebo, there was significant effect modification by baseline fasting glucose

(94). Among participants with impaired fasting glucose at baseline, those who took

combined calcium-vitamin D supplements had a lower rise in fasting blood glucose at

three years compared with those on placebo (p ¼ 0.04) and a lower increase in HOMA-

insulin resistance (p ¼ 0.03). As this study combined vitamin D with calcium, the effect

may have been caused by either of the substances—vitamin D or calcium (95).

Benefit of a Higher 25(OH)D Serum Concentration on Cancer Risk
and Mortality from Cancer

Most studies that have examined circulating 25(OH)D levels and subsequent risk of

colorectal cancer or adenoma, the cancer precursor, have found a lower risk associated

with higher 25(OH)D levels (96–103), with few exceptions (104). Furthermore, when the

relationships between colorectal cancer and dietary or supplementary vitamin D have

been investigated in cohort studies of men (105,106) and women (98,99,107–109) or both

sexes (110,111), and in case-control studies (112–119), the majority of studies suggested

inverse associations of vitamin D intake with colon or rectal cancer, or both (105–

108,111,113,115,117,118). Most importantly, all the studies of colorectal cancer that took
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into account supplementary vitamin D reported an inverse association (106–108,111,118–

120). Finally, after supplementation with vitamin D, circulating 25(OH)D levels are

inversely associated with the size of the proliferative compartment in the colorectal

mucosa in humans (121), and both 1,25(OH)2D and 25(OH)D reduce proliferation and

increase differentiation in vitro for colorectal cancer cells (122–125).

A recent meta-analysis of observational studies that reported risk of colorectal

cancer by quantiles of 25(OH)D documented a significant dose–response relationship

with a lower risk among individuals with higher 25(OH)D serum concentrations (p trend

< 0.0001) (126). According to the pooled analysis, individuals with serum 25(OH)D of

approximately 92.5 nmol/L (median of the top quintile) had a 50% lower risk of

colorectal cancer than those with serum <15 nmol/L in the lowest quintile (126). Thus,

consistent with an earlier review (9) and supported by a 2004 NIH (National Institute of

Health) sponsored symposium on the role of vitamin D in cancer chemoprevention and

treatment (12,127,128), optimal colorectal cancer prevention may be associated with

serum 25(OH)D concentrations close to 90 nmol/L.

Finally, lending further support to the vitamin D-cancer hypothesis, an increment of

25 nmol/L in predicted 25(OH)D level was associated with a 17% reduction in total

cancer incidence, a 29% reduction in total cancer mortality, and a 45% reduction in

digestive-system cancer mortality in a comprehensive prospective analysis from a large

male U.S. cohort (Health Professionals Follow-Up Study) (25). However, in a study of

almost 17,000 participants in NHANES III, total cancer mortality was unrelated to

baseline vitamin D status, although colorectal cancer mortality was inversely related to

serum 25(OH)D level (129).

Vitamin D may also reduce breast cancer risk in women. A recent meta-analysis of

observational studies that reported risk of breast cancer by quantiles of 25(OH)D documented

a significant dose–response relationship with a lower risk among women with higher

25(OH)D serum concentrations (p trend < 0.001). According to the pooled analysis, women

with serum 25(OH)D of approximately 120 nmol/L (median of the top quintile) had a 50%

lower risk of breast cancer than those with serum <32 nmol/L in the lowest quintile (130).

For breast cancer, there is a phenotype from the mouse model lacking the VDR.

These mice exhibit enhanced proliferation of mammary glands (131), and show increased

proliferation response to exogeneously administered estrogen and progesterone (131). A

calcium diet in these mice may normalize their estrogen levels and fertility (132), while

the abnormal mammary phenotype is retained. In humans, breast cancer cells express the

VDR (133) and 1,25(OH)2D3 suppresses growth of these cells, while promoting their

differentiation (134).

Other Potential Benefits a Higher 25(OH)D Serum Concentration

Dental Health

Today, one RCT tested the benefit of vitamin D (700 IU/day) plus calcium (500 mg/day)

supplementation compared with placebo with regard to tooth loss in healthy older

individuals aged 65 years and older. Over a three-year treatment period, vitamin D plus

calcium reduced tooth loss by 60% (OR ¼ 0.4; 95% CI [0.2, 0.9]), while serum 25(OH)D

levels increased from 71 nmol/L to 112 nmol/L in the treatment group (135). This effect is

supported by two epidemiologic studies showing a significant inverse association between

higher 25-hydrocyvitamin D levels and periodontal (136) disease and gingivitis (137).

Periodontal disease and gingivitis are the leading causes of tooth loss, particularly in older

persons (138–141), and tooth loss is an important determinant of nutrient intake and

quality of life (142–144).
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Osteoarthritis and Rheumatoid Arthritis

Osteoarthritis (OA) is the leading cause of disability in later age (145), and disability due

to OA includes pain (146), muscle weakness (147), impaired function (13,14), falls (148–

150), and fractures (149–152). Factors that have been associated with knee pain in OA are

subchondral bone alterations (153,154), muscle weakness (155–158), and vitamin D

deficiency (159). Two independent epidemiological studies demonstrated an inverse

association of vitamin D and the risk for radiographic OA of the hip and knee. In the

Framingham cohort study, risk of radiographic knee OA progression increased three- to

fourfold for participants in the middle and lower tertile of both vitamin D intake (OR for

lowest vs. highest tertile ¼ 4.0, 95% CI, 1.4,11.6) and serum level (OR ¼ 2.9, 95% CI,

1.0–8.2) (160). Low-serum vitamin D concentrations also predicted incident radiographic

knee OA defined as loss of joint space (OR ¼ 2.3, 95% CI, 0.9,5.5). In the Study of

Osteoporotic Fractures, women in the lowest tertile of 25(OH)D levels were found to have

an increased risk for development of hip OA defined as space narrowing (OR ¼ 2.5, 95%

CI, 1.1,5.3) at the hip joint and radiographic progression of disease (continuous measure

of disease progression: b ¼ �0.1, 95% CI, �0.2, �0.02) (161). The benefits of higher

vitamin D intake or serum level in individuals with OA may be explained by the benefits

of vitamin D on bone density (3,30,162,163), muscle strength (58,62,164,165), and

function (60,62). In addition, some evidence suggests a direct cartilage effect of vitamin D

by regulating less mature chondrocytes and promoting their maturation (166,167).

Additionally, cartilage cell-line findings of OA patients indicate that the VDRs redevelop

in the presence of vitamin D (168).

For rheumatoid arthritis (RA), in the Iowa Women’s Health Study, greater total

intake of vitamin D was inversely associated with risk of RA (RR ¼ 0.67; 95% CI 0.44–

1.0) (169). In another study of Italian individuals with RA, higher serum 25(OH)D levels

were inversely correlated with disease activity [assessed by Disease Activity Score-28

joint count (DAS28)] during summer time (correlation coefficient ¼ �0.57; p < 0.0001)

(170). The documented benefit of vitamin D on disease activity may be due to the

potential immunomodulatory effects of vitamin D. Activated T and B lymphocytes,

macrophages, and monocytes carry the VDR (171,172), and a positive correlation has

been found between interleukin levels (IL-1, IL-2) and 1,25(OH)2D/25(OH)D ratio in

synovial fluid of patients with RA (173).

Immune-Modulatory and Anti-inflammatory Effects

The immune-modulatory and anti-inflammatory effects of vitamin D are further supported

by studies that suggest that a low 25(OH)D status is associated with a higher incidence in

tuberculosis (174) and multiple sclerosis (175). For tuberculosis, recent data show a link

between toll-like receptors and vitamin D-mediated innate immunity, and suggest that

lower 25(OH)D levels in black individuals may contribute to their susceptibility to

microbial infection (176).

PHOTOPROTECTION, SKIN COLOR, AND VITAMIN D

Sun Exposure and Serum Vitamin D Levels

As expected from a vitamin that is synthesized upon UVB exposure in epidermal

keratinocytes, serum vitamin D levels correlated with sun exposure. As early as 1981, in a

study done in Dundee, Scotland, it was reported that serum 25(OH)D levels among outdoor

workers, with a mean age of 41 years, peaked at 80 nmol/L in November, while those of
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indoor workers, with a mean age of 32 years, 50 nmol/L in October. Since the peak of UV

radiation was in July, the maximum serum levels occurring a few months later was

attributed to the storage of vitamin D, a fat-soluble vitamin (177). In vitro, it has been

demonstrated that skin from 77- and 82-year-old subjects had less capacity to synthesize

vitamin D3 compared with skin from 8- and 18-year-old subjects (7). This is reflected in a

study of 912 men and women, all older than 65 years, over a 56 weeks period. The 25(OH)

D levels fell with advancing age; while the levels were higher in the summer than winter,

the values equalized (to about 10 ng/mL, or 25 nmol/L) by the age of 95 years (178).

More recent studies suggested that incidental sun exposure alone, even in

geographic locations with abundant sunlight, may not be sufficient to achieve adequate

vitamin D status (defined as 75 nmol/L, or 30 ng/mL) in a large portion of the studied

population. Serum 25(OH)D levels in 30 premenopausal and 60 postmenopausal women

were assessed in Santiago, Chile, a location that has mild Mediterranean-like climate.

These women were otherwise healthy and fully ambulatory. Twenty seven percent of

premenopausal women and sixty percent of postmenopausal subjects, had levels less than

50 nmol/L (or 20 ng/mL) (179). An analysis of published data on vitamin D status of

postmenopausal women in Eastern Asia showed that using serum 25(OH)D level of

75 nmol/L (or 30 ng/mL) as cut-off, the prevalence of vitamin D insufficiency was 47% in

Thailand, 49% in Malaysia, 90% in Japan and 92% in South Korea; using a lower cut-off

level of 30 nmol/L (12 ng/mL), the prevalence was 21% in China and 57% in South Korea

(180). Dietary deficiency, lifestyle choices, cultural customs, and aging were suggested by

the authors as potential contributory factors to these findings.

Another study evaluated the serum 25(OH)D levels in 92 healthy natives (67 men,

28 women) residing in Kashmir Valley, northern India, for at least five years. The age

range of the subjects was between 18 and 40 years (181). In spite of abundant sunlight,

49 of the 64 men, and 27 or the 28 women, for a total of 83% of subjects studied, had

inadequate serum level of less than 50 nmol/L (or 20 ng/mL). Similarly, an evaluation of

vitamin D status of 126 healthy ambulatory adults (18–87 years) in southeast Queensland,

Australia, at the end of the winter showed 43% of the subjects had serum 25(OH)D level

of less than 50 nmol/L; of note, in Queensland, winter is characterized by sunny climate.

Levels were higher in those who spent more time in the sun, while the following factors

were associated with lower levels: obesity, black hair, dark skin, or brown eyes (182).

Serum 25(OH)D levels in healthy, ambulatory volunteers (119 males and

82 females) living in Christchurch, New Zealand, were evaluated (183). The age range

was 18–83 years, with a median of 45 years. When 75 nmol/L (30 ng/mL) was used as the

cut-off, the results showed that 88% had vitamin D insufficiency at the end of summer

(February) and all had insufficiency at the end of winter (June/July). Similar results were

observed in a study done in Honolulu, Hawaii (184): Serum 25(OH)D was measured in

93 healthy adults, with self-reported sun exposure of 28.9 � 1.5 hours per week. Levels of

less than 75 nmol/L (or 30 ng/mL) were observed in 51% of the subjects.

Therefore, while sun exposure is associated with increase serum vitamin D levels,

emerging data from many parts of the world show that living in sunny climate can still be

associated with vitamin D insufficiency.

Photoprotection and Serum Vitamin D Levels

Conflicting data have been generated on the association of photoprotection and vitamin D

status. In laboratory settings, application of sunscreen with an SPF8 significantly

suppressed the increase in 25(OH)D levels following exposure to one minimal erythema

dose of simulated sunlight (185). However, in a randomized, double-blind control trial of
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113 healthy adults (>40 years), comparing the daily use of a broad-spectrum sunscreen

(SPF17) versus placebo cream over a summer period showed no difference in the increase

of serum 25(OH)D (186). A study of eight xeroderma pigmentosum patientswho practiced

rigorous photoprotection, followed for six years, showed a mean serum 25(OH)D levels of

17.8 � 1.5 ng/mL; they were associated with normal calcium, ionized calcium, and

parathyroid hormone levels (187). A study of 24 sunscreen (SPF15) users and 19 controls

over two years showed a significantly higher 25(OH)D levels in the summer of the second

year in the nonsunscreen user group and significantly lower levels in the winter in the

sunscreen group (188); however, the lower levels of serum vitamin D did not cause

secondary hyperparathyroidism, or an increment in bone biological markers.

More recent studies also confirmed photoprotection resulted in decreased serum

vitamin D levels. A study of 50 patients in Dublin, Ireland, with photosensitive lupus

erythematosus who practiced good photoprotection showed that 64% of them had 25(OH)D

levels of less than 80 nmol/L, and 4% had levels less than 25 nmol/L (or 10 ng/mL) (189).

Evaluation of 25(OH)D levels among 36 internal medicine residents in Portland, Oregon,

showed that 26% had levels <50 nmol/L (20 ng/mL) in the fall and 47% in the spring (190).

In summary, it is increasingly clear that photoprotection, or lack of outdoor activity,

is associated with lower vitamin D levels. However, although data are limited, these lower

levels have not been associated with secondary hyperparathyroidism, or detectable

alteration in metabolism of bone.

Skin Types and Serum Vitamin D Levels

Several studies have shown that serum vitamin D levels are correlated with skin types. An

evaluation of 25(OH)D levels in the US population demonstrated a mean level of 80

nmol/mL in whites, 60 nmol/L in Mexicans, and 50 nmol/L in African Americans (3).

Among individuals older than 60 years, 67% of whites and 88% of African Americans

had levels less than 80 nmol/L. Another study evaluated levels in Asians in the United

Kingdom showed that 20% to 34% of children had levels less than 25 nmol/L, and 50% to

60% of adults had levels less than 12.5 nmol/L (191).

SUMMARY AND RECOMMENDATIONS

Data from many epidemiologic studies have now shown that serum 25(OH)D levels of 75 to

100 nmol/L are associated with optimal health, as assessed by bone health, muscle strength,

fall prevention, prevention of hypertension, control of diabetes, risk of colorectal and breast

cancers, and mortality from cancer (especially GI tract cancer). Other benefits associated with

adequate levels of serum 25(OH)D include dental health, osteo- and rheumatoid arthritis, risk

of tuberculosis, and risk of multiple sclerosis. Most of the studies used the physiologic form of

vitamin D, which is vitamin D3. Although data are conflicting, D2 probably is less potent than

D3 in maintaining 25(OH)D levels. Studies have shown that 700 to 1000 IU of vitamin D3 per

day may bring 50% of younger and older adults up to 75 to 100 nmol/L of 25(OH)D, strongly

suggesting that the current U.S. Dietary Reference Intake (DRIs) recommendations for

adequate daily intake of vitamin D (ranging from 200 IU for infants, to 600 IU/day for

individuals older than 70 years) are probably too low.

Individuals who practice rigorous photoprotection, those who stay/work mostly

indoor, and those with dark skin are at risk to have less-than-adequate 25(OH)D levels.

However, data from many parts of the world showed that those living in sunny climate

may still have low serum vitamin D levels. Furthermore, because vitamin D is a fat-

soluble vitamin, obesity is also associated with low level of serum vitamin D.
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Chronic sun exposure has been well established to be associated with photoaging

and photocarcinogenesis (see Chapter 6). Therefore, to achieve and maintain optimum

serum 25(OH)D levels of 75 to 100 nmol/L, a balanced diet and vitamin D supplement are

the most appropriate ways of achieving this goal. It should be noted that unless fatty fish

(the most common natural dietary source) and fortified milk products are consumed on a

daily basis, diet alone is insufficient to achieve the optimum serum level. For individuals

with lactose intolerance, fortified milk products are not an option. Current data indicate

that for individuals at risk of vitamin D insufficiency, vitamin D3 supplement at 1000 IU

per day for adults is an appropriate amount to achieve optimum serum vitamin D level.

Aside from the 1997 U.S. Dietary Reference Intake (DRIs) recommendation of 200 IU of

vitamin D for infants and children, no rigorous study has been done to reevaluate this

recommendation.

By practicing photoprotection, together with balanced diet and vitamin D

supplement, one should be able to maintain our cutaneous health, as well as getting the

beneficial effects of vitamin D.
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10
Systemic Effects of Topically Applied
Sunscreen Ingredients

J. Frank Nash
Central Product Safety, The Procter & Gamble Company, Sharon Woods
Technical Center, Cincinnati, Ohio, U.S.A.

SYNOPSIS

l The safety evaluation of UV filters is a structured process consisting of hazard

and exposure assessments, the results of which are integrated to estimate human

health risk.
l The dermal penetration of a UV filter is the “gate” through which systemic

toxicity testing is routinely deemed necessary or unnecessary.
l There is no evidence that the inorganic UV filters, titanium dioxide and zinc oxide,

penetrate beyond the stratum corneum of normal, undamaged skin regardless of

particle size.
l Whereas organic sunscreens have been found to penetrate skin and have been

measured in the blood and urine of human subjects, the systemic exposure is

limited.
l A favorable human safety profile exists for commonly used organic and inorganic

UV filters.

INTRODUCTION

Sunscreens contain ultraviolet (UV) filters, which absorb solar UV, thereby protecting the

skin. Ideally, the UV filters should remain on the surface or in the upper layers of the

stratum corneum to maximize product efficacy. For example, with oil/water emulsions,

attempts are made to do this by using different materials in the vehicle such as film-

forming polymers to maximize coverage and to keep the UV filters on the surface of the

skin (1). Despite such efforts and as with any topically applied product, the possibility of

absorption into and through the skin exists. If a topically applied ingredient enters the

circulatory system, there is a need to understand potential systemic toxicity.
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Although the skin penetration of most common UV filters is considered limited

(2,3), some of them have been detected in blood and urine samples of humans after topical

application of sunscreen products (4–6). Not surprisingly, as detection limits decrease

with advanced, more sensitive analytical methods and the field of biomonitoring expands,

reports of systemic absorption of UV filters will likely increase (7,8). The presence of a

chemical does not by itself translate into adverse health effects. The process leading from

exposure through biological effects is multifactorial and requires a careful assessment of

each factor to be able to draw credible conclusions. Modern risk assessment practices

provide a way to evaluate these various factors in a comprehensive way to address

chemical safety concerns. Human risk assessment is defined as “the systematic scientific

characterization of potential adverse health effects resulting from human exposures to

hazardous agents or situations” (9). This means that a potential toxicity attributed to a

chemical or hazardous agent requires information on its inherent toxicological properties

and presence (i.e., exposure). Without both of these, i.e., hazard þ exposure, the

extrapolation from detection in the body to health-related toxicity is, at best, speculative.

There is a structured approach for evaluating the systemic toxicity of chemicals such

as UV filters. The standard tests used to establish safety of UV filters and, for that matter,

other cosmetic ingredients will be presented. Examples of systemic evaluation of inorganic

and organic UV filters will be considered. For common UV filters used in most sunscreen

products, systemic effects are minimal largely due to the rather poor dermal penetration.

Nonetheless, as with any chemical, safety must be established on a case-by-case basis.

HUMAN SAFETY EVALUATION

The human safety evaluation of any chemical, including UV filters, consists of hazard and

exposure assessments, the results of which are integrated to estimate human health risk.

The hazard assessment includes in vitro and in vivo toxicological studies. In vitro studies

include standard genotoxicity testing, e.g., Ames bacteria mutation assay, and a growing

list of alternatives to animal testing. The in vivo studies comprise acute and repeated test

material administration measuring any number of toxicological endpoints, often with the

focus on systemic effects. In addition, in vitro and/or in vivo dermal penetration studies

are conducted to estimate systemic bioavailability of the test material. Finally, given the

functional nature of sunscreens, studies with concurrent UV exposure, i.e., photo-

toxicology assessment, are often conducted. These may include in vitro photogenotoxicity

and phototoxicity studies and in vivo photoirritation, photoallergenicity, and photo co-

carcinogenicity studies. Exposure is typically determined using results from historic or

empirically derived studies of habits and practices, which include application frequency,

“dose,” and duration of use.

Hazard Identification

The determination of the intrinsic toxicity of an ingredient or product is called hazard

identification. Since, according to the dictum “the dose makes the poison,” all materials

will have some demonstrable toxicity.

The first step in the process of hazard identification is the chemical/physical

characterization of the material, a list of which is presented in Table 1. This has always

been a critical starting point in toxicology but has taken on a new level of importance with

the concerns surrounding nanotechnology. Such descriptive information may be

predictive of a toxicological event based on chemical alerts or class effects. For example,
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the benzophenone “family” of UV filters, i.e., benzophenone-2, -3, -4, etc., has many of

the same toxicological properties because of their structural similarities (10). As such,

robust physical/chemical data may allow identification of features critical to assessing

potential toxicity and obviate the need for redundant hazard-based testing. These, of

course, are generalizations, and all materials must be evaluated on an individual basis.

Suffice it to say that the chemical and physical description of the test material is a

critically important first step in hazard identification.

Beyond descriptive information, there are experimental data, which are considered in

the hazard identification of a test material. Table 2 provides a list of hazard-type toxicity data

and the Organization for Economic Co-operation and Development (OECD) test or guideline

for each that is often used as a check for completeness of knowledge. For cosmetic ingredients

Table 1 Chemical and Physical Properties of a Test Material

Specification Description

Chemical identity Molecular formula/components

Physical form Gas, liquid, solid (particle size)

Molecular weight Given in Daltons

Purity Quality

Characterization of impurities For polymers, it is imperative to know the monomer

Solubility Water, organic solvent

Oil/water partition coefficient n-Octanol/water

Absorption (UV/visible) Wavelengths and efficiency

Additional information Color, smell, flash point, etc.

Abbreviation: UV, ultraviolet.

Table 2 List of Toxicological Tests Used for Hazard Identification

Toxicological test OECD test/guideline

Acute toxicity 420: Acute oral toxicity—fixed-dose method (updated guideline,

adopted December 20, 2001);

423: Acute oral toxicity—acute toxic class method (updated

guideline, adopted December 20, 2001);

425: Acute oral toxicity; up-and-down procedure (updated guideline,

adopted December 20, 2001)

Irritation and

corrosivity

404: Acute dermal irritation/corrosion (updated guideline, adopted

April 24, 2002);

405: Acute eye irritation/corrosion (updated guideline, adopted April

24, 2002);

430: In vitro skin corrosion: TER test (original guideline, adopted

April 13, 2004);

431: In vitro skin corrosion: human skin model test (original

guideline, adopted April 13, 2004)

Skin sensitization 429: Skin sensitization: local lymph node assay (updated guideline,

adopted April 24, 2002)

Dermal/percutaneous

absorption

427: Skin absorption: in vivo method (original guideline, adopted

April 13, 2004);

428: Skin absorption: in vitro method (original guideline, adopted

April 13, 2004)

(Continued )
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and products, it is rare for all studies listed in Table 2 to have been conducted. On the other

hand, cosmetic-drug ingredients, such as UV filters, often have a more complete data set.

Finally, for pharmaceutical drug products, such toxicological studies are conducted together

with clinical safety testing and “targeted” toxicological evaluations.

The most common health-related toxicities for topically applied sunscreens are

“site-of-action” or skin-related allergic reactions and irritation (11–13). It may not be

surprising that target tissue–related adverse events are most frequent. For example, some

frequently used hazard-based sites of contact studies are (i) acute and repeat-dose skin

irritation/corrosion, (ii) contact sensitization, (iii) phototoxicity, and (iv) human data, such

as human repeat insult patch test (RIPT), cumulative irritation, photoallergenicity, and

photoirritation. For these endpoint tests, the emphasis today and in the future is for

Table 2 List of Toxicological Tests Used for Hazard Identification (Continued )

Toxicological test OECD test/guideline

Repeat-dose toxicity 407: Repeated dose 28-day oral toxicity study in rodents (updated

guideline, adopted July 27, 1995);

408: Repeated dose 90-day oral toxicity study in rodents (updated

guideline, adopted September 21, 1998);

409: Repeated-dose 90-day oral toxicity study in non-rodents

(updated guideline, adopted September 21, 1998);

410: Repeated dose dermal toxicity: 21/28-day study (original

guideline, adopted May 12, 1981);

411: Subchronic dermal toxicity: 90-day study (original guideline,

adopted May 12, 1981);

412: Repeated-dose inhalation toxicity: 28-day or 14-day study

(original guideline, adopted May 12, 1981);

413: Subchronic inhalation toxicity: 90-day study (original guideline,

adopted May 12, 1981)

Mutagenicity/

genotoxicity

471: Bacterial reverse mutation test (updated guideline, adopted July

21, 1977);

473: In vitro mammalian chromosomal aberration test (updated

guideline July 21, 1977)

Carcinogenicity 451: Carcinogenicity studies (original guideline, adopted May 12,

1981);

452: Chronic toxicity studies (original guideline, adopted May 12,

1981);

453: Combined chronic toxicity/carcinogenicity studies (original

guideline, adopted May 12, 1981)

Reproductive toxicity 414: Prenatal developmental toxicity study (updated guideline,

adopted January 22, 2001);

415: One-generation reproductive toxicity study (original guideline,

adopted May 26, 1983);

416: Two-generation reproductive toxicity study (updated guideline,

adopted January 22, 2001)

Toxicokinetics studies 417: Toxicokinetics (updated guideline, adopted April 4, 1984)

Phototoxicity 432: In vitro 3T3 NRU phototoxicity test (original guideline, adopted

April 13, 2004)

Abbreviations: OECD, Organization for Economic Co-operation; TER, transcutaneous electrical resistance;

NRU, neutral red uptake.

142 Nash



[ram][7�10 Standard][D:/informa_Publishing/H8084_Lim_112080/z_production/z_3B2_3D_files/978-1-4200-8084-1_CH0010_O.3d] [3/11/08/

18:48:41] [139–154]

validated, in vitro tests. This is true for the other study types listed in Table 2, but the

challenges of designing such alternative test methods may not be possible, i.e.,

carcinogenicity or chronic toxicity testing.

Dermal Penetration

Beyond target tissue, i.e., skin, toxicity, the most critical assessment of a UV filter is skin

penetration. This is the “gate” through which systemic toxicity testing is routinely deemed

necessary or unnecessary. The evaluation of dermal penetration is done using in silico

physical/chemical or in vitro/in vivo experimental models or both. In general, such

evaluations are done using “healthy,” undamaged skin, although more recently the need to

consider application of sunscreens on damaged skin has been raised. For reference, the

structure of skin is presented in Figure 1. A UV filter that makes its way into the

circulation must traverse the stratum corneum and epidermis into the capillaries located in

the dermis. This journey, up to 100 mm through a diverse heterogeneous tissue, is nothing

short of extraordinary, which explains why the skin is such an effective barrier to the

constant and diverse environmental insults. Moreover, this helps explain why systemic

availability of UV filters is limited.

In silico mathematical models of dermal penetration are useful predictors of “flux”

or the rate of transfer of a test material or chemical through the skin. Many of the

parameters defined in Table 1, such as oil/water partition coefficient, are used in

predicting the degree of skin penetration using in silico models. This approach is useful as

a starting point to estimate penetration of new chemical entities (14). Also, such “starting

point” estimations are important when considering dose selection for other hazard-based

Figure 1 Histological section of normal human skin. The thickness of the stratum corneum is

highly variable depending on the location, e.g., soles of the feet versus facial skin. The epidermis is,

generally speaking, 6 to 10 cell layers with a thickness of 50 to 100 mm.
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studies. As with any model, there are limitations to the calculated predictions of skin

penetration (15).

The experimental determination of skin penetration is accomplished using in vitro

methods (16,17). Undamaged skin samples may be obtained from human donors: frozen

cadaver or fresh, e.g., breast reduction, or animal, e.g., porcine, rat, etc., sources. The

epidermal surface is exposed to air and the dermal portion bathed in a receptor fluid in

which the test material is soluble. The UV filter in a simple vehicle or sunscreen product

is applied to the epidermal surface at an infinite or finite dose. In general, such studies are

conducted over a six-hour or longer time period with multiple samples taken from the

receptor fluid and analyzed for the test material. The data obtained in these studies can be

used for several purposes including the calculation of the systemic exposure dose.

The use of intact, undamaged skin as a means of assessing dermal penetration has

been questioned (18,19). In the case of sunscreens, the concern is based on hypothetical

use of products on, for example sunburnt or otherwise damaged skin. Whereas this concern

seems to make sense, it is exceedingly difficult and impractical to experimentally model in

a reproducible way. For example, damage is subjective, and even if it is quantitated, the

extent and impact on human risk assessment are filled with endless possible

interpretations. Moreover, the question maybe misplaced. For example, it is logical to

assume that damaged skin will result in greater penetration of a test material. Thus, the

question is not whether penetration is enhanced, but where does the test material distribute

once it is systemically available. This, of course, is a question of distribution, which is

better addressed in classical pharmacokinetic studies following intravenous administration.

Therefore, rather than model damaged skin and quantify penetration, it may be preferable

to conduct pharmacokinetic studies and measure distribution of the test material and

continue to determine skin penetration using the existing undamaged skin models.

In most instances, radiolabeled test material is used to provide a signal to follow

dermal penetration. These data provide a general picture of the penetration of parent

compound and any metabolites or radiolabel that might be transferred to endogenous

molecules, e.g., 3H exchange with water. Using quantitative “cold” chemistry is more

specific but is analytically challenging and may not provide the limits of detection

necessary to assess meaningful exposure.

Beyond the in vitro dermal penetration methods, there are in vivo animal and

human pharmacokinetic/toxicokinetic studies. For pharmaceuticals, such studies are done

routinely. However, it is relatively rare that full-scale absorption, distribution, metabo-

lism, and excretion (ADME) studies are conducted for UV filters. Such studies are

reserved for materials that are believed to penetrate the skin and whose systemic fate

needs to be characterized.

In summary, assessment of dermal penetration is critical in the process to assess risk

from topically applied products. In the absence of dermal penetration, testing of a UV

filter for toxicological endpoints beyond the site of contact may be unwarranted. There

are many approaches used to estimate dermal penetration of UV filters. Demonstration of

dermal penetration for a UV filter increases the potential for systemic toxicity and the

need for a more detailed toxicological evaluation.

Exposure Assessment

For sunscreens, the exposure assessment is essential for determining human health risk.

As stated and in general, exposure is limited to site of contact, i.e., skin, since the dermal

penetration of the majority of UV filters is limited. Table 3 presents components of an

exposure assessment that are needed for sunscreen products. Aside from product type,

form, and function, much of the exposure assessment is empirically derived (20). Data
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from studies of habits and practices and from consumer use are included in the exposure

assessment (21,22). Collectively, these data are used to calculate human exposure, which

in the formal risk assessment is used to calculate a margin of exposure (MoE) or margin

of safety (MoS).

Estimation of Human Risk

As stated, risk assessment is a structured discipline. As such, a brief overview of the risk

assessment process will be provided. In considering risk, the first step is identifying the

critical effect, which is defined as an adverse effect that occurs in the most sensitive

species as the dose increases. Using the critical effect, a point-of-departure (POD) is

established. This is the point from which the dose-response data for a material is

extrapolated to determine an effect level associated with exposure. The POD is an

empirical or an estimated dose of a test material that can be interpolated from the range of

observed responses. Most commonly, the POD is obtained in a toxicity study. Examples

of such PODs include a NOAEL, defined as the dose (level) that is associated with no

observable adverse effect, i.e., toxicologically insignificant, in treated animals; and, a

benchmark dose (BMD) defined as an estimated dose of a substance associated with a

specified low incidence of risk of a health effect, or the dose associated with a specified

measure or change of a biological effect. The BMD is generally considered the equivalent

of a NOAEL for the purposes of a risk assessment.

In considering risk, areas of uncertainty involved in the estimation of an acceptable

exposure for humans are identified on the basis of the data from the critical toxicology

study. For each area of extrapolation or uncertainty that is identified, an uncertainty factor

(UF) is assigned. Some UFs are intraspecies (human to human) and interspecies (human

to animal) on a scale of 1 to 10. UFs are multiplied together to determine a total UF,

usually 100�.

The ultimate step of the quantitative risk assessment process is to characterize the

risk associated with estimated human exposure to a material or product. There are two

approaches to characterizing this risk: MoE and MoS. The MoE is the ratio of the POD to

the estimated human exposure and is expressed as follows:

MoE ¼ POD ðmg=kg=dayÞ
Human exposure ðmg=kg=dayÞ :

Table 3 Considerations Related to an Exposure Assessment

Exposure assessment Example

Dose Body weight (mg/kg) and surface area (mg/cm2)

Frequency Number of times product applied in a single day

Site of application Face/hands versus full body

Duration Intermittent or repeat daily

Concentration Percent of raw material

Dermal penetration For systemic dose

Product type Recreational versus face cream/moisturizer versus cosmetic, e.g.,

lipstick

Product form Aerosol versus emulsion or cream

Function Protection against high UV dose associated with sweating,

swimming, toweling, etc., versus low, intermittent UV dose
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MoE provides information as to how an estimated human exposure relates to a POD

for a defined adverse effect. It does not define whether a particular exposure is expected

to be safe. The acceptability of an MoE is determined relative to the uncertainty estimate

associated with the POD. For example, if an MoE is 120 and the UFs are 100, then the

estimated human exposure is considered to be acceptable.

The MoS is first calculated by dividing the POD by the UFs as estimated by an

analysis of the uncertainty associated with the POD. This reference dose (RfD) is defined

as “an estimate of daily exposure to the human population that is likely to be without an

appreciable risk of deleterious non-cancer effects during a lifetime” and is calculated as

follows:

RfDðmg=kg=dayÞ ¼ POEðmg=kg=dayÞ
Total UF

The MoS is the quotient of the RfD divided by the estimated human exposure or

MoS ¼ RfD ðmg=kg=dayÞ
Human exposure ðmg=kg=dayÞ :

If the MoS is greater than one, then the estimated human exposure is considered to be

acceptable.

Summary of Human Safety Evaluation

The most commonly used UV filters have been evaluated for toxicological effects (23,24).

These hazard evaluations have focused on site-of-contact effects, i.e., dermal toxicity,

together with functional events, i.e., phototoxicological assessment, and in many cases,

repeat dose toxicity studies. The evaluation of dermal penetration is a standard practice

for UV filters to determine whether systemic hazard endpoint assessments are needed. If

systemic toxicity is needed, then effects can be evaluated using standardized testing, and

MoE or MoS can be calculated. The resulting MoE/MoS value can be used to consider the

human health risk from exposure to a given chemical, e.g., UV filter.

SYSTEMIC TOXICITY OF SUNSCREENS

The systemic toxicity of UV filters is done on a case-by-case basis. The chemical

diversity of these materials makes sweeping generalizations unsuitable other than to

reiterate that for the 16 UV filters approved for use by the Food and Drug Administration

in the United States and the additional 20 or so used in Europe and elsewhere, systemic

bioavailability is limited. UV filters are grouped into two categories: inorganic and

organic UV filters. The systemic toxicity of each will be considered.

Inorganic UV Filters: Microfine (Nano-) Titanium Dioxide and Zinc Oxide

Inorganic UV filters are the metal oxides, titanium dioxide (TiO2) and zinc oxide (ZnO),

often referred to as physical sunscreens in the older sunscreen literature because of their

ability to reflect and scatter UV. Technological advances in process manufacturing have

led to the availability of microfine or nanoparticles, i.e., < 100 nm in at least two

dimensions, of TiO2 and ZnO. These TiO2 and ZnO nanoparticles absorb as well as

reflect/scatter UV and, below certain concentrations, are transparent on the skin thereby

reducing any whiteness caused by reflectance of longer wavelengths of light on the skin.
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Microfine (nano-) TiO2 has an absorption profile, which is greater in shorter wavelengths,

UVB (290–320 nm)/UVA II (320–340 nm), but extends into the long wavelength UVA I

(340–400 nm). Microfine ZnO particles have a flat absorption profile, which spans UVB

and UVA.

Until recently, TiO2 and ZnO have been promoted as safe alternatives to organic

UV filters based largely on their lack of chemical reactivity. However, concerns regarding

potential skin penetration of microfine or “nano”-TiO2/ZnO have led to a reconsideration

of their toxicity. If these materials do not penetrate into or through the skin, then it would

be reasonable to suggest that there is limited or no concern regarding systemic exposure to

the material from topically applied products. There are multiple studies, which have

examined the dermal penetration of pigmentary, i.e., particles > 100 nm, and nano-TiO2/

ZnO. These data support the view that these metal oxides, pigmentary or nano, do not

penetrate through the skin but remain on the top layer, i.e., stratum corneum. As such,

systemic toxicity of these inorganic UV filters is of limited concern.

Titanium Dioxide

A number of skin penetration studies have been conducted with microfine (nano-) TiO2

and are summarized in Table 4. All these studies have found that TiO2 does not penetrate

beyond the stratum corneum. A detailed review of the dermal penetration of nano-TiO2 is

provided in the review by Nohynek et al. (25) and will be briefly discussed.

In one study, Tan et al. (26) suggest that the amount of titanium (Ti) in the dermis of

the treatment group was higher compared with controls suggestive of penetration of

microfine TiO2. However, there was no statistically significant (p ¼ 0.14) difference in

the concentration of Ti in the epidermis and dermis of subjects who applied microfine

TiO2 compared with controls. The results of this study should be considered either

inconclusive or demonstrating that microfine TiO2 does not penetrate the skin. Dussert et

al. (27) used scanning and transmission electron microscopy (TEM) to determine the

distribution of TiO2 in human skin. Neither intercellular nor intracellular penetration of

TiO2 was observed in this study using explants of human skin. The particles appeared to

be confined to the stratum corneum. Similarly, in a carefully conducted in vitro pigskin

penetration study, Pflucker et al. (28) found that there was no penetration of microfine

TiO2 beyond the outermost stratum corneum. Again, TEM was used to reveal no

penetration of TiO2 beyond the stratum corneum. Whereas traces of TiO2 particles were

seen at the hair follicle, there was no evidence of penetration into the skin. Lademann et

al. (29) found no evidence of penetration of microfine TiO2 into human skin based on tape

strips and biopsy samples. Puccetti and Leblanc (30) used photoacoustic spectroscopy to

measure the depth of penetration of TiO2 particles (average diameter 80 nm) in human

skin samples from cadavers. The three-dimensional depth profiles were unchanged up to

15 hours after application of TiO2. Also, the UV light absorption profile seen ex vivo was

unchanged compared with the absorption profile of an oil-based emulsion containing

microfine TiO2, which suggests no interaction between the TiO2 particles and skin.

Bennat and Muller-Goymann (31) determined the penetration of microfine TiO2 particles

into human skin using in vitro and in vivo experimental approaches. Although the authors

reported a difference between oily and water dispersions of TiO2 particles, neither

preparation of TiO2 showed penetration beyond the stratum corneum. Schulz et al. (32)

examined the skin penetration of three “types” of micronized TiO2 into the skin of human

volunteers. The TiO2 pigments were located exclusively on the outermost layer of the

human stratum corneum regardless of the “type” of coating, formulation, or particle

dimensions. In the study by Menzel et al. (33), particles of TiO2 with a diameter of 15 nm
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penetrated through the stratum corneum into the stratum granulosum but no further (i.e.,

no particles in stratum spinosum). The hair follicle was not an important route for

penetration. Finally, Gamer et al. (41) were the most recent group to show that TiO2

particles do not penetrate beyond the stratum corneum. This study was done in accordance

with OECD testing guidelines for skin penetration using pigskin explants.

On the basis of these data using in vitro pigskin, and in vivo human and pigskin,

there is no evidence of penetration of TiO2 beyond the stratum corneum regardless of the

particle size or coating. The absence of dermal penetration of nano-TiO2 corroborates

earlier study results with uncharacterized test material and is supportive of the view that

systemic toxicity is not a concern following topical exposure to TiO2.

Zinc Oxide

The human safety profile of ZnO is based on an extraordinary volume of studies

conducted during the past century. Much experience with topical treatments containing

ZnO, e.g., calamine lotion, exists given that such therapies are some of the first recorded

treatments of dermatological conditions. ZnO creams, ointments, salves, etc., have been

applied to human skin with therapeutic benefits and very little in the way of adverse or

toxicological consequences. This is even more remarkable when considering studies of

wound-healing benefits of ZnO where it has been applied to damaged skin in some cases

covering large portions of the body, i.e., burn victims or psoriasis. Suffice it to say that

ZnO is nonirritating and without sensitization potential (34).

As is the case with microfine TiO2, concerns related to the skin penetration of nano

ZnO particles have been raised. The major difference between TiO2 and ZnO is that the

zinc salt is slightly soluble (pH dependent) forming zinc ions. Of course, zinc is an

essential element with dietary requirements of 10 to 15 mg/day such that topical

application may have some physiological benefits. Regardless, studies of ZnO skin

penetration have demonstrated some penetration using pigmentary grade ZnO (35–38).

These studies used suction blister to detect zinc, and this technique may have contributed

to its detection. However, in one study, whole-body application of ZnO did not change

serum concentrations of zinc, suggestive that systemic absorption was limited (39). The

absence of any measurable change in serum or plasma zinc concentrations may be

attributed to its controlled regulation in the human body (40).

Dermal penetration of microfine (nano-) ZnO has been investigated by Gamer et al

(41), Casey et al. (42) and Cross et al. (43). In the studies by Gamer et al. and Cross et al.,

there was no evidence of penetration of ZnO beyond the stratum corneum, consistent with

studies of microfine TiO2. The study by Casey et al. was more difficult to interpret as the

recovery of ZnO, nano or micron size, for up to 18 tape strips was reduced two hours after

application. The authors raise several possibilities, none of which would explain the

disappearance of the ZnO in such a rapid time, e.g., two hours. It is possible that the ZnO

was dissolved, in which case, the zinc ions would in all probability be taken up by cellular

machinery in tight control of intracellular zinc.

In summary, the studies conducted to date are supportive of the view that

nanoparticles of TiO2 or ZnO do not penetrate the skin. On the basis of the absence of

penetration, systemic toxicity of such materials is of little concern.

Organic UV Filters

The major classes of organic filters are benzophenones, camphors, cinnamates,

p-aminobenzoic acids, and salicylates with individual ones: butyl methoxydibenzoylmethane
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(avobenzone), octocrylene, and phenylbenzimidazole sulfonic acid (44). The most

commonly used UV filters have relatively complete safety dossiers, although many of

these are based on older toxicology studies, i.e., pre-guideline, conducted through 1970s

to 1980s. More recent examples, such as Tinosorb M: Bisoctrizole; methylene bis-

benzotriazolyl tetramethylbutylphenol, and Tinsorb S: Bemotrizinol; bis-

ethylhexyloxyphenol methoxyphenyl triazine, have extensive human safety dossiers (45).

Because some UV filters have been measured systemically, concerns related to toxicity have

been raised. A comprehensive review of the systemic toxicity of all UV filters is beyond the

scope of this paper, rather a limited number of examples will be discussed.

Benzophenone-3 (oxybenzone)

Benzophenone-3 (oxybenzone) has been measured in the blood and urine of humans

(4,5,46,47) and rats (48), following topical application. Estimates of dermal penetration of

benzophenone-3 using human skin explants have been up to 10% of the applied dose (2).

Studies with rodents have found that benzophenone-3 is absorbed after dermal or oral

exposure and metabolized (conjugated) and excreted in urine and feces (49–52). Thus,

topical application of benzophenone-3 results in systemic exposure. Compared with other

UV filters, benzophenone-3 is the most bioavailable following topical application. The

bioavailability of benzophenone-3 is, in and of itself, not a toxicological concern but

simply warrants some attention to systemic toxicological endpoints (53).

A systemic critical effect of concern for benzophenone-3 is endocrine disruption.

This has been investigated using in vitro and in vivo methods. Janjua et al. (47)

determined the concentration of benzophenone-3 in the plasma of 32 healthy volunteers

exposed to daily whole-body topical application of 2 mg/cm2 of sunscreen formulation

for four days. The maximum median plasma concentration of benzopheneone-3 was

238 ng/mL detected in female subjects. On the basis of a 28-day repeat-dose study in rats,

the NOAEL for benzophenone-3 is 100 mg/kg (52). The plasma concentration of

benzophenone-3 in rats after topical application of 100 mg/kg in petrolatum to shaved

back skin was 35.02 ug/mL or 35,020 ng/mL. Dividing the NOAEL by human dose yields
35; 020
238

¼ 147. Thus, the plasma concentration of benzophenone-3 in the rat at a dose,

which has no systemic toxicity, is 147 times higher than the human plasma concentration.

Thus, the exposure to benzophenone-3 in humans would not be expected to have systemic

toxicological effects.

Octyl Methoxycinnamate

Octyl methoxycinnamate or OMC is the most common UV filter used in the world (54).

Like benzophenone-3, OMC has been measured in human plasma following topical

application (6,47). Using in vivo and in vitro models, OMC has been reported to have

endocrine-disrupting properties (55–58). Most of these studies are investigative research

studies, which are not part of a systematic, toxicological evaluation of a test material. A

two-generation reproduction toxicity study was conducted in accordance with OECD test

guideline 416 (59). The NOAEL of OMC by continuous dietary administration in this

study was 450 mg/kg/day for fertility and reproduction parameters and for systemic

parental and developmental toxicity. Dividing the NOAEL by the estimated human

systemic exposure dose (55) to OMC at 10% in a sunscreen product yields

450 mg=kg=day
0:96 mg=kg=day

¼ 468. This means the dose of OMC in rats that has no adverse effect

on reproductive endpoints is 468 times higher than the estimated human exposure. Using
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experimental endpoints of reproductive toxicity as the critical effect, i.e., estrogen

receptor b-gene expression, Klammer et al. (55) determined a NOAEL for OMC to be

100 mg/kg, which is 100 times higher than the estimated human dose. Interestingly,

Klammer et al. made additional calculations using BMD and concluded that the

concentration of OMC should be restricted. Regardless of this, using guideline study

NOAEL and estimated human exposure, the systemic toxicological concern associated

with topical application of OMC is minimal.

For other UV filters, similar concerns of endocrine disruption or more general

systemic toxicity have been raised (53). In the paper by Greim (60), which discusses

endocrine disruption, the following observation is offered: “Overall, the science-based

knowledge on the robustness of the endocrine system, the well-understood principles of

substrate-receptor interactions, and the generally low exposure of humans to potentially

endocrine-disrupting chemicals make it unlikely that the latter play a causative role in

diseases and abnormalities observed in children and in the human population in general.”

Whereas work continues in understanding the human impact of endocrine disruption, in

the case of exposure to UV filters from sunscreens, the benefit of photoprotection from

the use of such products would seem to outweigh the potential risk.

SUMMARY AND CONCLUSION

The human toxicological evaluation of UV filters applied topically is largely focused on

site-of-contact safety studies, e.g., skin irritation, sensitization, together with functional

toxicity, e.g., photoirritation, photoallergenicity. Determination of systemic toxicity for

UV filters is predicated on their bioavailability. For topically applied products such as

sunscreens, this means that UV filters must penetrate the skin, gaining access to the

circulation for potential effects at sites beyond the skin. Demonstration of bioavailability

may necessitate additional toxicological testing to assess systemic toxicity of UV filters.

Such testing follows an organized set of guideline studies from which a critical effect is

identified and NOAEL established. Together with estimates of human exposure, an MoE

or MoS can be determined and used to quantitatively evaluate human risk.

For inorganic UV filters, there is no evidence of dermal penetration, even for the

nanoparticles of TiO2 or ZnO. The systemic toxicity of these materials is of limited or no

concern. For organic UV filters, skin absorption has been reported in humans following

topical application, although the extent is limited. Nonetheless, for the commonly used

UV filters, there is an acceptable MoE supporting their safe use by humans.

As the field of biomonitoring expands and analytical methods become more

sensitive and comprehensive, the list of UV filters detected in human samples will grow.

Provided there is rational judgment applied to such discoveries, a calculated risk to human

health can be evaluated most likely with available data or, if necessary, new studies. If, on

the other hand, there is a rush to conclude that the detection of a chemical is equivalent to

“toxicity,” then we can anticipate unfavorable new reports implicating UV filters and

potentially undermining consumer confidence in sunscreen products.
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11
New and Emerging Sunscreen
Technologies

Julian P. Hewitt
Croda Suncare & Biopolymers, Ditton, Cheshire, U.K.

SYNOPSIS

l Over the past 10 years, a number of UVB, UVA, and broad-spectrum UVB/UVA

filters have been developed and are available in many parts of the world.
l Many developments in coating and dispersion technologies to improve ease of

use, compatibility with other ingredients, and photostability of inorganic sun-

screens have been achieved.
l Botanical extracts have been investigated for their property to protect the skin by

mechanisms other than UV absorption (e.g., anti-inflammatory, antioxidative

property).
l Developments in the delivery system include encapsulation of UV filters,

submicron encapsulation, SLN, and NLC.
l Technology to enhance SPF includes emollient/solvent systems, rheological

additives, film-forming polymers, and light-scattering particles.
l In the past few years, the issue of photolabile filters has been addressed by

combining themwith UV filters known to have photostabilizing effects, by the use of

molecules that are not UV filters and that have been specifically designed to quench

the excited states of photolabile UV filters, and by the use of Mn-doped TiO2.

INTRODUCTION

The last 30 years have seen a rapid development of sun protection technology. As

consumers have become more aware of the damage that UV radiation can cause to the skin,

and clinicians have increased their understanding of the mechanisms of such damage, the

demand for ever more effective UV protection products has stimulated many innovations.

This process continues today, with the development of novel sunscreen actives and more

effective ways to deliver these actives onto skin.
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Therefore, in writing a chapter titled “New and Emerging Sunscreen Technologies,”

it might seem at first that there is plenty of material to use. But the first fundamental

question which must be asked is: How exactly do we decide what is “new”? If one takes

the cutting-edge approach, i.e., to discuss sunscreen actives that have only just been

invented or are still being developed, then this chapter would contain little information of

practical use, at least in the short-to-medium term. The long timescales involved in

achieving regulatory approval for new sunscreens, especially in the United States, mean

that technologies that are that new cannot actually be used yet.

Therefore, in the context of this chapter, the definition of “new” has been expanded

somewhat to encompass technologies that have been around long enough to have achieved

regulatory approval and hence are in commercial use in at least some parts of the world, but

which are still recent enough to be generally considered as innovative and novel.

One must also remember that a new “sunscreen technology” might not necessarily

involve a new UV-absorbing molecule or material. Because of the difficulties (not to

mention expense) inherent in developing and commercializing new UV filters, much

scientific effort in recent years has been focused on how to get more out of the existing

UV filters; hence, this chapter also includes sections devoted to novel delivery systems

such as encapsulation, “sun protection factor (SPF) booster” technologies, and novel

finished product forms.

DEVELOPMENTS IN UV FILTER TECHNOLOGY

Novel Organic UV Filters

In addition to providing effective absorption of UV radiation in the wavelength range 290

to 400 nm, the ideal sunscreen molecule should also possess the following characteristics:

l Safe for use on skin, i.e., nontoxic, nonirritating, nonsensitizing, and non-

comedogenic
l Does not penetrate into or through the skin.
l Good solubility in cosmetic emollients
l Photostable, i.e., does not decay on exposure to UV
l UV spectral profile not significantly affected by solvents
l Compatible with other cosmetic ingredients
l Does not produce an odor or color in the final formulation or on skin
l Chemically stable
l Compatible with most packaging materials

Most common UV filters are defective in at least one of these areas. For example,

ethylhexyl methoxycinnamate (octinoxate) and butyl methoxydibenzoylmethane (avo-

benzone) are photolabile; avobenzone can also be difficult to solubilize, as can

benzophenone-3 (oxybenzone). New developments in organic UV filters tend to be

targeted at either addressing these shortcomings or improving the UV absorption efficacy.

The latter could mean increasing the extinction coefficient or broadening the spectral

coverage; in particular, the growing awareness of the skin damage caused by UVA radiation

has prompted the development of a number of new UVA filters in recent years.

A common design feature of new UV absorber molecules is the presence of double,

triple, or extended chromophores. This results in UV filters that are more effective

(because of the presence of more than one chromophore in the same molecule),

more photostable, and show very low skin penetration because of the size of the

molecules. The guiding principle here is the “500 Dalton rule”; molecules with a
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molecular weight of 500 Dalton or more are too large to penetrate the skin. Another

approach to minimizing the potential for skin penetration is to attach UV-absorbing

chromophores onto a polymer backbone, thereby creating a very large molecule.

The following are some of the new UV filters introduced within the last 10 years

and which are now approved (and used) in Europe and elsewhere. At the time of writing,

however, none of these has been added to the list of approved UV filters on the Food and

Drug Administration (FDA) Sunscreen Monograph in the United States (1). The

chemistry and properties of these materials are covered in detail elsewhere in this book

(chap. 2), so the following is only a brief review.

UVB Filters

Ethylhexyl triazone has a triple chromophore, giving it a molecular weight of 823Dalton and

a very high specific extinction coefficient [E(1%, 1cm)] of 1450. Its wavelength ofmaximum

absorption (lmax) is 314 nm.

Diethylhexyl butamido triazone has a similar structure to ethylhexyl triazone, and

therefore similar properties: Molecular weight is 766 Dalton, E (1%, 1cm) is 1460, and lmax

is 312 nm. However, by changing one of the side groups, the molecule is no longer

symmetrical, and this gives improved solubility in cosmetic emollients.

Polysilicone-15 was developed by taking the alternative molecular design approach

mentioned above—that of attaching chromophores onto a polymer backbone. This results

in a lower extinction coefficient [E(1%, 1cm) is 160–190], because the proportion of UV-

absorbing chromophores in the overall molecule is quite low; lmax is 312 nm. However,

the polymer structure provides for improved film-forming properties (2).

UVA Filters

Diethylamino hydroxy benzoyl hexyl benzoate (DHHB) is essentially a benzophenone

derivative with an extended chromophore, providing for a high extinction coefficient in the

UVA region [E(1%, 1cm) ¼ 900, lmax ¼ 354 nm].

Disodium phenyl dibenzimidazole tetrasulfonate (DPDT) is a water-soluble UVA

filter. The molecular design in this case was once again derived from an existing filter—

phenyl benzimidazole sulfonic acid. The latter is a UVB filter (lmax ¼ 302 nm), but by

extending the chromophore, the lmax is increased to 335 nm.

Terephthalylidene dicamphor sulfonic acid (TDSA; ecamsule) is also water soluble

and is one of a group of UV filters that are proprietary to L’Oréal under the trade name

Mexoryl1. It has a lmax of 345 nm. Although not yet on the list of approved sunscreens in

the FDA Sunscreen Monograph, a new drug application for a finished product containing

this active (Anthelios SX) was approved in the United States in 2006.

UVA/B Filters

Bis-ethylhexyloxyphenol methoxyphenyl triazine (BEMT; bemotrizinol) is yet another

example of an extended chromophore design, which in this case provides a molecule with

two absorption maxima (310 and 343 nm), making it a true broad-spectrum filter.

Drometrizole trisiloxane (DTS) is another example of L’Oréal’s captive Mexoryl

filters. Like BEMT, this molecule has absorption maxima in both the UVB (303 nm) and

UVA (341 nm).

Methylene bis-benzotriazolyl tetramethylbutylphenol (MBBT; bisoctrizole) once

again has a double chromophore and once again has two absorption maxima (305 and

360 nm). This material is unique among organic UV filters in that it is not soluble in
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either water or cosmetic oils; it is a particulate material, supplied as a 50% aqueous

dispersion.

Figure 1 shows absorbance spectra measured in the Croda laboratories for DHHB,

DPDT, and MBBT, compared to butyl methoxydibenzoylmethane (BMDM; avobenzone).

Each filter was incorporated into a standard formulation at a level of 5% active. Formulations

were applied onto TransporeTM tape at a dosage of 2 mg/cm2, and absorbance spectra were

measured on an Optometrics SPF-290 analyzer.

Novel Inorganic Sunscreens

The list of inorganic sunscreen actives is short: only titanium dioxide (TiO2) and ZnO are of

commercial importance, and these can no longer really be considered as new technologies.

Sunscreen grades of these materials (variously described as “fine particle,” “micronized,”

“microfine,” “nanofine,” or “nanoparticle” forms) have been used for around 20 years.

TiO2 is now used in over 60% of commercial sunscreen products in Europe (3) and

elsewhere in the world; for example, in Japan, the proportion is even higher. There have

been many developments in coating and dispersion technologies to improve ease of use,

compatibility with other ingredients, and photostability of inorganic sunscreens; also,

recent developments in optimization of particle size distribution have resulted in grades of

TiO2 and ZnO, which are transparent on skin and avoid whitening, which is traditionally

associated with these products (4). However, the basic technology remains essentially the

same. Other inorganic materials have been tried as sunscreens, for example, iron oxides,

and boron nitride, but their efficacy is too low for them to be commercially useful.

However, one recent development in inorganic sunscreen technology can genuinely

be described as new, and this development transforms TiO2 from a simple UV filter into a

multifunctional ingredient. This technology involves the doping of TiO2 with a low level

of manganese (Mn); the Mn ions are located both within the structural lattice of the TiO2

and at the surface of the particles (OptisolTM, Croda, Yorkshire, England). As reported in

the literature (5), uncoated TiO2 has the capacity to act as a photocatalyst, generating free

Figure 1 Absorbance spectra of DHHB (aminobenzophenone), DPDT (bisdisulizole disodium),

and MBBT (bisoctrizole) compared to BMDM (avobenzone) (measured at 5% active in a sunscreen

formulation).
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radicals because of absorption of UV radiation. The conventional way to prevent this

photocatalytic action is by coating the TiO2 particles, and the coatings used nowadays on

sunscreen grades of TiO2 have been developed to be very effective in this regard.

However, by doping the lattice with Mn ions, the generation of free radicals is prevented

(6), so that coating is unnecessary. The resulting doped TiO2 also provides increased

UVA protection and has the ability to scavenge free radicals from the external

environment. This means that it can photostabilize other ingredients such as photolabile

organic UV filters or vitamins (6,7). For example, Figure 2 shows the percentage of

vitamin C retained in a water-oil-water (W/O/W) emulsion after two hours of irradiation.

With no TiO2 present, the retention is about 80%, i.e., there has been a 20% decay in the

level of vitamin C present. With increasing levels of a conventional TiO2 in the

formulation, there is a slight increase in the decay, whereas with the Mn-doped material,

there is an increase in the percentage retention, showing that the photostability of the

vitamin C has been improved. Since vitamins are themselves used as antiaging actives,

the fact that Mn-doped TiO2 stabilizes them means that it provides a functional benefit in

antiaging skin care products as well as giving UV protection.

The one drawback of this material is that the Mn doping results in a colored

material; typically, it is light brown or beige. However, this can in fact be advantageous,

as in formulations the color shows as a natural-looking skin tone, masking the whitening

usually seen with TiO2.

Natural Sunscreens

The use of more “natural” ingredients is a growing marketing trend in all areas of personal

care, and sun protection is no exception. However, to find a truly natural sunscreen active

is problematic. All organic (“chemical”) UV filters are synthetic materials. The inorganic

sunscreens are perceived to be more “natural,” as they are derived from natural mineral

sources, and many commercial sun care products, which use only inorganic filters,

have been marketed as “all natural,” “contains natural mineral filters,” “no chemical

Figure 2 Retention of vitamin C in a water-oil-water (W/O/W) emulsion after two hours of UV

exposure, in conjunction with conventional coated TiO2 and manganese-doped TiO2. Source: From

Ref. 7.
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sunscreens,” etc. Some nongovernmental organizations, which provide certification of

“organic” consumer products, have, for the time being at least, chosen to exclude

sunscreen grades of TiO2 and ZnO, saying that they will not certify any products that

contain nanoparticles. However, this exclusion is not because the TiO2 and ZnO are not

natural, but is rather based on ill-founded concerns over the safety of nanoparticulate

forms of these materials. This is unfortunate, since the safety of TiO2 and ZnO

nanoparticles has been the subject of numerous studies (8–11), which have repeatedly

demonstrated that they do not penetrate through the stratum corneum and they are

completely safe for topical application. If a natural sunscreen claim is desired, TiO2 and

ZnO still represent the most natural and the safest option.

Various botanical extracts have been shown to have sun-protective effects, by virtue

of containing antioxidants, or chemical species, which can act as UV filters. Bobin et al.

measured the UV-filtering properties of about 100 natural extracts and found some that

showed significant UV absorption (12), but the extinction coefficients were relatively low

(compared with synthetic UV filters), and in many cases the absorption maxima lie in the

UVC wavelengths at too short a wavelength to be of practical use to sunscreen products.

Kapsner et al. (13) discussed the formulation of natural sun care products and mentioned

significant UV absorption from the following natural extracts:

l Annatto
l Gamma oryzanol (extracted from rice bran oil)
l Liquorice (Glycyrrhiza glabra)
l Calophylum inophylum seed oil
l Pongamol (provides UVA protection)

Epstein (14) further reviewed botanicals with UVB absorbing or “SPF boosting”

properties. To date, however, none of these botanical actives have been approved as UV

filters, and their relatively weak UV-absorbing properties would indicate that none are

likely to be pursued commercially for this function alone.

A more promising avenue may be the use of natural extracts, which can protect the

skin by mechanisms other than UV absorption (chap. 16). For example, Yusuf and his

group have studied the potential of green tea polyphenols as photoprotectants (15). They

have found that these extracts can protect against sunburn (erythema), non–melanoma

skin cancers, UV-induced immunosuppression, and photoaging. Polypodium leucotomos,

a Central American fern plant extract, has been shown in oral and topical forms to be

photoprotective against UVB- and PUVA-induced phototoxicity, to be photoprotective

against the induction of polymorphous light eruption and solar urticaria, and to increase

the doses needed for immediate pigment darkening, minimal erythema dose, minimal

phototoxic dose, and minimal melanogenic dose. It has been shown to have antioxidantive

and anti-inflammatory properties (16). Other possibilities are provided by marine

biotechnology, for example Artemia extract, prepared from the plankton Artemia salina

(17). The chief component of this extract was found to protect DNA and decrease DNA

damage. Artemia extract also induces a heat shock protein, Hsp70, providing further

protection for cells, as well as having an anti-inflammatory effect.

DELIVERY SYSTEMS AND FORMULATION EXCIPIENTS

As mentioned in the introduction, the difficulty and expense associated with developing

new UV filters and gaining regulatory approval for them, means that much of the new

technology in the sunscreen field is related to maximizing the efficacy of existing actives.
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This section deals with some of the delivery systems and other ingredients that have been

developed with this objective in mind.

Encapsulation

Encapsulation technologies have been, and continue to be, investigated for many

applications in both the personal care and health care fields, as well as in a number of

other industries. The thinking behind the use of encapsulation is usually based on one or

more of the following rationales:

l Controlled release of actives over an extended period of time
l Enhancing delivery of actives to a particular site
l Protection of sensitive actives from interaction with other components of a

formulation

In the case of sunscreen actives, the first of these rationales is not usually relevant;

ideally, we want sunscreens to be distributed on the skin as quickly as possible. However,

the other two rationales do apply, and there is also a further reason for encapsulation of

organic sunscreen actives. Concern over the possible penetration of organic UV filters

into or through the skin has led to the investigation of encapsulation methods as a means

of preventing such penetration, thereby enhancing the safety of the UV filters.

Encapsulation usually involves surrounding a core of the active with a shell

(typically composed of a polymer) or a fatty wall (in the case of liposomes). In many

applications, the capsules are designed to rupture (e.g., under the application of shear by

rubbing) when they have reached the site where the active is to be released, but in the case

of sunscreens, such a release is not required or even desirable. This is because the site

where we want the actives to be for optimum efficacy and safety is on the surface of the

skin; with microencapsulated organic sunscreens, this is best achieved if the capsules

remain intact. If the purpose of microencapsulation is to protect or stabilize the actives

themselves, this too requires that the capsules remain intact.

The use of microencapsulation for sunscreens has been developed into a range of

commercially available encapsulated UV filters (18). Production of these involves a sol-

gel process, encapsulating the organic UV filter in a silica glass shell. The capsules are

produced at room temperature and contain about 80% by weight of the UV filter. They are

supplied as aqueous dispersions; the UV filter content in the dispersion is approximately

35%. In this way, hydrophobic UV filters can be incorporated into the aqueous phase of

the emulsion. The microcapsules were shown to remain intact after application on skin,

and an in vitro study showed almost no diffusion of the active [ethylhexyl

methoxycinnamate, United States Adopted Name (USAN): octinoxate] through a

lipophilic membrane. This was in contrast to a formulation containing free octinoxate,

which showed significant diffusion. Further penetration studies using human epidermis

indicated no significant penetration through the epidermis even with free octinoxate,

although encapsulation did give a threefold decrease in the level of active taken up within

the epidermis. It was also demonstrated that microencapsulation in this way improved

photostability of photolabile organic UV filters; this topic is discussed in more detail in

section “Photostabilizers.”

Fairhurst and Mitchnick (19) described a different encapsulation technology, which

they termed “submicron encapsulation,” in which each particle consists of a homogeneous

mixture of the active with a “matrix” material, typically a polymer or wax. The particles

thus produced are an order of magnitude smaller than conventional microcapsules, with a

typical diameter of 250 to 500 nm. As with the silica microcapsules described above, the
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capsules are dispersed in water for ease of formulation; the UV filter content of the

dispersion is typically 20% but can be as high as 35%. Fairhurst and Mitchnick prepared

such capsules containing not only single sunscreens but also mixtures of UV filters. They

were able to demonstrate dramatically improved SPF values from the encapsulated

materials, compared with using the “free” sunscreen actives.

Two similar technologies, which have been the subject of considerable research in

recent years, are solid lipid nanoparticles (SLN) and nanostructured lipid carriers (NLC).

Given the growing controversy about nanotechnology, this terminology is perhaps

unfortunate, especially bearing in mind the fact that the particle sizes in SLN and NLC

systems are typically greater than 200 nm, and hence they lie outside the most commonly

accepted definitions of nanoparticles. As with the submicron encapsulation described by

Fairhurst and Mitchnick, SLN and NLC systems involve the incorporation of an active

into a lipid matrix. The difference between them is that SLN systems are based on pure

solid lipid, whereas NLC systems use a blend of solid and liquid lipids. Once again the

delivery form of the system is typically an aqueous dispersion. Although such systems

have been claimed to give improved UV absorbance (20), they are not yet in use in

commercial sunscreen systems. The most likely reasons for this are that the

manufacturing processes involved are quite complex, involving high temperatures and

high-pressure homogenization, and the resultant loadings of active UV filter in the final

dispersions tend to be quite low. The use of TiO2, rather than organic UV filters, in SLN

systems has also been reported (21), but this does not appear to be an encapsulation of

TiO2. The UV absorbance profiles reported were characteristic of pigment grade TiO2

rather than sunscreen grade. Since TiO2 pigment has a mean primary particle size of 200

to 300 nm, and the particles sizes reported for the SLN in this case were in the same range,

it seems unlikely that the TiO2 is within the lipid nanoparticles. The authors suggested

that TiO2 “molecules” might be absorbed on the surface of the lipid nanoparticles, but

given the insolubility of TiO2 and the size of the TiO2 particles, this too seems unlikely.

The authors reported that their SLN systems containing TiO2 showed enhanced UV

absorption, but this is more likely to be due to light scattering from the lipid nanoparticles

themselves. Dahms (22) referred to this as a “pigment effect” of SLN systems; however,

since no actual encapsulation of the UV active is involved, discussion of this phenomenon

falls more correctly under the heading of “SPF Boosters” and is discussed in the next

section of this chapter.

Efficacy Enhancers

As the “horsepower race” to achieve higher and higher SPFs in sun protection products

has developed, so a number of different ingredients and technologies have been claimed

to boost or enhance SPF, allowing the formulator to achieve their targets with lower levels

of active ingredients. Such SPF boosters include the following:

l Emollient/solvent systems
l Rheological additives
l Film-forming polymers
l Light-scattering particles

In view of the now well-recognized need for sunscreen products to provide effective

UVA protection as well as high SPF, such SPF boosters are more correctly described as

“efficacy enhancers,” since most, if not all, of these technologies are capable of boosting

efficacy across the UV spectrum and hence will increase UVA protection factors as well

as SPF.
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A recent paper (23) described studies to assess the efficacy of some of these

ingredients. It was found that each of the technologies is capable of boosting SPF in

specific types of systems, but there is no “magic bullet” that works in all formulations.

However, by matching the right technology for a given system, some spectacular boosts in

SPF can be achieved, in some cases increasing SPF efficacy by over 50%.

Emollients

The selection of specific emollients or solvents to improve the efficacy of UV filters can

hardly be described as new technology. It is well known that the vehicle in which a

sunscreen active is dissolved or dispersed can influence the efficacy of that active (24,25).

Most organic sunscreens are oil soluble, so the emollients used in a formulation act as

solvents for the actives. Depending on the relative polarity of the solvent and the sunscreen,

the solvent can shift the wavelength of maximum absorption (lmax) to either a shorter

wavelength (hypsochromic shift) or longer wavelength (bathochromic shift). If the shift is

such that the absorption spectrum of the active more closely matches the erythemal

effectiveness spectrum, then (theoretically at least) an improved SPF can be achieved. Also,

the solubility of the active in the solvent can be of critical importance. Solid UV filters need

to be adequately solvated to remain in solution. What is new is the use of knowledge of

these factors to aid development of new emollients, which are claimed to boost SPF (26). In

the study reported by Hine (23), it was concluded that any SPF-boosting effect from an

emollient is specific to certain filters and/or certain formulation systems.

In the case of inorganic sunscreens, solubility is not relevant, since the active is

insoluble. Also, there are no solvent shifts in lmax. However, it has been shown that the

emollients used can influence the degree of dispersion of the particles of inorganic

sunscreen (27), and hence can influence SPF.

Rheological Additives and Film Formers

Previous work has shown that SPF can be significantly improved by optimizing the

rheological behavior of a sunscreen formulation (27–30). For example, the use of waxes in

water-in-oil (W/O) systems increases SPF by shortening the “recovery time” of the

emulsion after spreading. Recovery time is the time taken to rebuild structure and

viscosity in a thixotropic material after it has been subjected to high shear, for example,

spreading on skin. A short recovery time means that the product maintains an even film

over the skin, rather than flowing into the skin wrinkles.

Another way to achieve and maintain a more even film is to incorporate a film

former into the formulation. Such ingredients, usually polymers, have also been shown to

boost SPF (2,31,32).

Hine (23) studied SPF-boosting effects of a group of experimental polyol

polyesters, which act as film formers, and some of which also modify the rheology of

formulations. The results indicated that both mechanisms—rheology modification and

film forming—play a role in enhancing the efficacy of sunscreen formulations.

Light-Scattering Additives

Jones (33) described a hollow sphere technology for boosting SPF. This involves

synthesis of spheres composed of a styrene/acrylates copolymer, which on production and

in the formulation, contain water. It is claimed that on application of the formulation onto

the skin, the water migrates out of the polymer spheres, which can then scatter light

because of the different refractive indices of the carrier medium, the polymer itself, and

air inside the polymer shell. This scattering increases the path length for UV radiation to
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traverse the sunscreen film (Fig. 3); from the Beer–Lambert law, the absorbance given by

a UV filter depends on the path length that the light must travel, so by increasing this, the

absorbance is increased. In vivo data showed that the polymer spheres themselves exhibit

no UV-filtering effect, but when they were added to formulations containing organic UV

filters, SPF was increased by 60% to 70%. In a system containing the UVA filter BMDM

(avobenzone), the UVA absorbance was increased, showing that the effect operates across

both UVB and UVA.

Dahms (22) described a similar SPF-boosting effect from the use of membrane-

structured solid nanoparticles (MSSN). These are similar in concept to the SLN described

earlier, and their main purpose, as with SLN, is encapsulation of actives. The claimed

advantage of MSSN is that each particle consists of a continuous liquid crystalline

membrane, which facilitates the homogeneous incorporation of amphiphilic molecules

such as retinol or tocopherol. Dahms reported an SPF-boosting effect when unloaded

MSSN were incorporated into a sunscreen formulation containing ethylhexyl salicylate.

This improvement in UV efficacy, however, was attributed not to encapsulation of the UV

filter but rather to scattering of light, thus increasing the path length through the sunscreen

film as discussed above. As mentioned earlier, this is also the most likely explanation for

the improved absorption from TiO2 systems with SLN, as reported by Cengiz et al. (21).

Photostabilizers

As mentioned earlier, a weakness of some of the most commonly used organic UV filters

is that they photo-decay, i.e., they undergo chemical changes because of absorption of

UV, converting to isomers, tautomers, or dimers, which are less-effective sunscreens.

Therefore, their efficacy decreases over time when in use (1,34). This decay is

automatically accounted for during in vivo SPF testing, as this is a time-resolved

experiment, so the measured SPF value is still a valid representation of the level of

sunburn protection offered by the product. However, if the decay can be prevented, the

Figure 3 Schematic showing scattering of UV light by particles or hollow spheres in a sunscreen

film, thereby increasing path length and hence UV absorbance.
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efficacy of the actives can be increased. Also, most modern in vitro techniques for

measuring UVA protection efficacy, including the recently released FDA proposal,

involve a pre-irradiation step (35–37), so the filter system needs to be photostable to

perform well on these tests. As discussed in the section “Novel Organic UV Filters,” most

new UV filters have been developed with photostability as a key requirement; however,

these filters are expensive and are not yet globally approved, so, many formulations still

make use of standard UV filters such as EHMC (octinoxate) and BMDM (avobenzone).

These are the two most notoriously photounstable UV filters, and when they are used

together, the degree of photo-decay increases even further because of a 2þ2 cycloaddition

reaction (1,38). Therefore, the development of excipients, which can photostabilize these

materials, has been the subject of much research in recent years.

Several other UV filters are known to have photostabilizing effects on the

photolabile filters. The best known is the use of octocrylene to stabilize avobenzone, but

this strategy is covered by patents (34), and in any case, it is much less effective when

avobenzone is combined with octinoxate (38). Methylbenzylidene camphor (MBC) is

another filter which has been shown to photostabilize avobenzone, but this filter is not yet

approved in the United States and has fallen out of favor in Europe. Two of the newer UV

filters, MBBT (bisoctrizole) and BEMT (bemotrizinol), have also been reported to boost

photostability; the latter has been reported to increase photostability of the avobenzone/

octinoxate combination (39).These UV filters stabilize avobenzone by “quenching” the

triplet-excited state of the molecule before it can undergo the photochemical reactions that

lead to loss of UV efficacy.

Other molecules, which are not UV filters, have been specifically designed to quench

the excited states of photolabile UV filters in a similar way. The first of these was

diethylhexyl-2,6-naphthalate, reported by Bonda and Steinberg (40). This was found to be

extremely effective in photostabilizing avobenzone, but even this could not completely

photostabilize the avobenzone/octinoxate combination. More recently, Bonda has reported

the development of new materials that are effective in stabilizing this combination (38).

There are other strategies for improving photostability of these photolabile

materials. As mentioned in the section “Encapsulation,” encapsulation of the filters can

render them more photostable. Pflucker et al. were able to demonstrate that in octinoxate/

avobenzone combinations, when the octinoxate is encapsulated, the rate of decay of

avobenzone is reduced compared with the rate measured when free octinoxate is used

(18). Citernesi (41) studied the photostability of UV filters complexed in either

phospholipids or cyclodextrin; he found that while complexing in phospholipid systems

shows no improvement in photostability, the cyclodextrin complexes were effective in

preventing photo-decay.

Still another approach is to make use of the Mn-doped TiO2 discussed in section

“Novel Inorganic Sunscreens.” This was shown to have a substantial photostabilizing

effect on avobenzone and octinoxate (7), due partly to the absorption of UV by the TiO2,

but also from scavenging of reactive oxygen species (ROS) by Mn ions at the surface of

the particles, as shown in the following reaction scheme:

Mn2þ , Mn3þ þ e�

Mn2þ þ OH� ) Mn3þ þ OH�

Mn3þ þ �O2 ) Mn2þ þ O2

A more recent study (42) further showed that the Mn-doped TiO2 is even more

effective in stabilizing avobenzone and octinoxate when it is used in a predispersed form,

because the improved dispersion of the particles means that more particle surface is

exposed, enhancing the free-radical scavenging effect.
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NOVEL PRODUCT FORMS

Another aspect of sun protection, which has been the subject of considerable recent

innovation, is the physical form of the final consumer product. The driving force for these

developments has been greater convenience, leading hopefully to improved consumer

compliance. Historically, the vast majority of sunscreen products have been formulated as

creams or lotions; application of such products is messy and time consuming. This can be

particularly problematic with the most important target group for sun protection, namely

children and teenagers.

The need for products that are easier to apply has led to a rapid growth in the use of

spray formulations as a vehicle for sunscreens. Single-phase oil spray sunscreen products

have been around for many years, but the rheology of such products means they tend to be

limited to low SPF values. Recent years have seen the development of sprayable emulsion

systems (especially prevalent in the European market) and aerosol sprays (now

commanding a large share of the U.S. market).

The development in emulsion sprays has been made possible by advances in

emulsification technology (43), facilitating the development of stable low-viscosity

systems. Initially, sunscreen products based on emulsion sprays were limited to

low SPF values (5 or 10), but now such products are available with SPFs of 30 or

even 50.

The aerosol sprays are often promoted as “continuous spray sunscreen” or “no-rub

sunscreen,” and mostly consist of a simple one-phase alcohol-based formulation with a

film-forming polymer. The concept is that with a very fine spray and the polymer to aid

film formation on skin, the product distributes evenly over the skin with no need for

rubbing in and gives a dry, nongreasy, and nonoily skin feel.

Another novel vehicle is the sunscreen wipe. In this case, a thin liquid emulsion

containing the sunscreen actives is impregnated into a wipe. Again the objective is

convenience, particularly for applying sunscreen onto small children. However, this type

of product has remained something of a niche application and has not achieved the same

popularity as sprays.

Sunscreen sticks have been around for many years but have been mainly for

protection of the lips. Now this format is also finding wider usage in products for the face;

for example, one target group of users is golfers, who need sun protection but, for obvious

reasons, do not want greasy sun lotion on their hands.

CONCLUSIONS

The last 20 years have seen rapid advancement in sun protection technology. Increasing

awareness of the dangers of the sun has driven the demand for ever-increasing SPF

values and broad-spectrum protection products, which in turn has provided the impetus

for development of new sunscreen actives and more efficient vehicles for those actives.

Many of the new actives have yet to achieve global regulatory approval and therefore

can still be viewed as emerging technologies, even though they have actually been

around for a few years. Much of the newest technology in the sunscreen field is

concerned with delivery of the actives in such a way that they are more efficient, safer,

and more stable, thereby providing high protection factors without the use of

excessively high concentrations of UV filters. Meanwhile, development of novel

formats for final products is aimed at making topical sun protection products more

convenient to use.
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DNA Repair and Photoprotection

Daniel B. Yarosh and Kenneth A. Smiles
AGI Dermatics, Freeport, New York, U.S.A.

SYNOPSIS

l UV produces DNA damage. UVB is the predominant wavelength that results in

the formation of CPDs and <6-4>PPs; 8oGua is formed secondary to exposure to

UVA.
l CPDs and <6-47>PPs are repaired by NER pathway. It takes about 24 hours to

remove 50% of the CPDs formed, while 50% of <6-4>PPs are removed in

30 minutes.
l Damage to single bases such as 8oGua is repaired by BER pathway.
l Liposomes carrying DNA repair enzymes (T4 endonuclease V, photolyase) have

been shown to enhance CPD repair in mammalian cells and in human skin. T4

endonuclease V containing lipososmes have been demonstrated to decrease the

formation of actinic keratosis and basal cell carcinoma in patients with xeroderma

pigmentosum.
l Liposomes carrying OGG1 have been shown to enhance removal of 8oGua in an

animal model.
l Enhancing DNA repair may be essential to extend our strategy for photoprotection.

INTRODUCTION TO DNA REPAIR AND PHOTOPROTECTION

The development of materials that substantially diminish the amount of UV radiation

delivered to skin has been to date the primary strategy for sun protection. Thus the use of

clothing, shade, and topical sunscreen products containing both organic/chemical and

inorganic/physical UV filters are principal strategies for avoiding both the short- and

long-terms effects of UV damage. No matter how effective a UV filter is, however, some

radiation is still going to damage targets in the skin either directly, such as DNA damage,

or indirectly, such as oxidative damage to vital cellular components. Recent work has

pointed out two new strategies for overcoming the practical limitations of UV filter–based
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sunscreens (1). One involves the use of potent antioxidants to limit the amount of cellular

damage induced primarily by reactive oxygen species and the other involves helping the

skin to more effectively and quickly repair the UV damage to DNA. This chapter will

review the progress made recently in incorporating active ingredients into topical

products that effectively boost overall protection against UV radiation and help repair the

primary DNA damage.

SUN DAMAGE TO DNA

Wavelengths of Sunlight that Damage DNA

In large part, because of the aromatic rings in the DNA purine and pyrimidine bases, DNA

absorbs readily in the UV portion of the solar spectrum. Although the shorter UVC

wavelengths (200–280 nm) do not actually reach the earth’s surface because of their

absorption by the ozone layer, the longer wavelength UVB (280–315 nm) is still relatively

efficient in causing direct damage to the DNA bases and penetrates largely only into the

epidermis (2). The even longer wavelength UVA (315–400 nm) penetrates into the

dermis; however, since these photons carry less energy, they are relatively less efficient in

producing direct damage to DNA than UVB but still create reactive oxygen species in the

skin cells that indirectly damage DNA (3). Recent evidence suggests that very high doses

of visible light can produce indirect DNA damage through the formation of reactive

oxygen species (4).

Photoproducts

Solar UV directly causes an instantaneous photochemical reaction in DNA that links

together adjacent pyrimidine bases (cytosine or thymine) (5). This cyclobutane

pyrimidine dimer (CPD) is the most common form of DNA damage and is formed by

all UV wavelengths, including UVA, UVB, and UVC (6) (Table 1). After a sunburn dose,

on the order of 100,000 CPDs are formed in the DNA of every sun-exposed cell. In a

much less common reaction, solar UV can directly link together these bases by a single

twisted bond, resulting in a 6-4 photoproduct (<6-4>PP) (6).

Solar UV can also cause DNA damage by an indirect method, through the formation

of reactive oxygen species that attack DNA, particularly the guanine base. This oxidation

Table 1 DNA Photoproducts, Their Cause and Course of Repair

DNA

photoproduct

Peak

UV

region

Direct (UV

absorption)

or indirect

(oxidation)

Percent of

all DNA

damage from

sunlight

Repair

mechanism

Speed of

repair (time to

remove 50%

of damage)

Cyclobutane

pyrimidine

dimer

UVB Direct 75% Nucleotide excision

repair (NER)

24 h

6-4 Photoproduct UVB Direct 15% Nucleotide excision

repair (NER)

30 min

8-oxo-guanosine UVA Indirect 10% Base excision repair

(BER)

2 h
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reaction most often results in 8-oxo-guanosine (8oGua), but even after UVA exposure,

CPDs are much more common than 8oGua (7). Oxidation of DNA can also result in

single-stranded breaks, but under physiological conditions, these are very difficult to

detect. When single-stranded breaks are found after UV irradiation, they are almost all

caused by DNA repair enzymes cutting the DNA in an intermediate step in repair.

MECHANISMS OF DNA REPAIR

Despite the many types of potential DNA photoproducts, human cells funnel the lesions

into one of two basic pathways for removing and repairing the damaged strands.

Nucleotide Excision Repair

Major damage to DNA, such as CPDs or <6-4>PPs, interferes with its coding ability and

must be repaired for that stretch of DNA to function. Each of these is removed in a patch

of about 30 DNA nucleotides by a process termed “nucleotide excision repair” (NER) (8).

A dozen or more proteins may cooperate to complete NER. One subset of these proteins

recognizes CPDs throughout the genome because they distort the regular turns of the

DNA helix, and they initiate global genomic repair (GGR). However, an additional set of

proteins are especially tuned to CPDs in regions of DNA actively transcribing RNA, and

they are able to more quickly mobilize the NER machinery to these regions of DNA vital

to cell function to initiate transcription-coupled repair (TCR).

Once these recognition proteins bind to the site of DNA damage, they recruit

additional enzymes that pry open the DNA, make a single-stranded break on either side of

the CPD, and release the 30-nucleotide piece of DNA. The strand is then patched by DNA

polymerases that use the opposite strand of the DNA as a template. Each cell has several

varieties of DNA polymerases, and most of them copy DNA very accurately. However, a

few types are much more error prone, and when they are called into service, they

introduce mutations where incorrect bases are incorporated into the patch (9).

NER of CPDs is not a very efficient process. After UV exposure that produces a

sunburn in human skin, it takes about 24 hours to remove 50% of the damage. NER repair

of <6-4>PPs is much quicker: about 50% are removed in 30 minutes. This is because<6-

4>PPs are less frequent, and they so greatly distort DNA that they are easier for the NER

proteins to locate and excise.

Base Excision Repair

Damage to single bases such as 8oGua is much less distorting to DNA, and is repaired by

a second pathway termed “base excision repair” (BER) (8). Here a DNA repair enzyme

termed an “oxo-guanine glycosylase-1” (OGG1) specifically recognizes 8oGua and clips

it from the DNA. A second enzyme recognizes this site and makes a single stranded

break. A few bases on either side of the break are removed, and the short patch is again

resynthesized using the opposite strand as a template. This is a speedy process, and half of

the 8oGua introduced by solar UV are repaired in about two hours (10).

In human cells, CPDs are not repaired by BER because there is no glycosylase to

recognize them. However, the bacteriophage enzyme T4 endonuclease V recognizes

CPDs and clips one side of the dimer from the DNA, initiating BER. Amazingly, when

delivered into human cells, this enzyme functions quite well to initiate repair of CPDs by

BER.
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Photoreactivation

An additional pathway of DNA repair is used by plants, fish, reptiles, and amphibians, but it

is not present in humans or other mammals. This repair is accomplished by the enzyme

photolyase, which directly reverses CPD by capturing long-wavelength UV and visible light

and using the energy to split the bonds that bind together the pyrimidine bases in a CPD

(11). This restores the DNA to normal without producing a single strand break or removing

any DNA. Once again, while human cells have no photolyase enzymes, when these

enzymes are introduced into human cells, they function quite well in repairing CPDs.

Diseases of DNA Repair

Much has been learned by studying rare genetic diseases with defects in DNA repair. This

has revealed not only each of the proteins and their functions, but also the fact that many

DNA repair proteins have multiple functions in the cell.

Xeroderma Pigmentosum, Trichothiodystrophy, Cockayne Syndrome

Xeroderma pigmentosum (XP) is characterized by mild to extreme photosensitivity, often

with areas of hypo- and hyperpigmentation, an increased risk of skin cancer, and a

shortened life expectancy (12). There are seven complementation groups of XP (A–G),

corresponding to defects in one of seven genes that code for proteins involved in NER and

a variant group with a defect in repair synthesis. Stringent photoprotection from an early

age can greatly reduce actinic damage but does not prevent neurological defects that are a

hallmark of some of the complementation groups. This may be because some of these

genes are also involved in non-DNA repair gene transcription.

Trichothiodystrophy (TTD) patients have a defect in the same gene as XP-D patients,

but at different locations within the gene, so they manifest photosensitivity, stunted growth,

and brittle hair, but not an increase in skin cancer (12). This highlights that subtle

differences in a DNA repair protein can produce drastic differences in human development

and morphology. Patients with Cockayne Syndrome (CS) have mutations in one of two

genes that code for proteins controlling TCR, and they also have growth and developmental

abnormalities, but surprisingly little increased risk of skin cancer (12).

DNA Repair Gene Polymorphisms

The genes implicated in these genetic diseases code for proteins that participate not only

in DNA repair but also in other routine developmental programs and cell functions. The

general population carries many forms of these genes with other, less serious mutations,

and these forms are called genetic polymorphisms. While some of these polymorphisms

are innocuous, groundbreaking research shows that some gene forms increase the risk of

cancer, including skin cancer (13).

CELLULAR EFFECTS OF DNA DAMAGE

Cellular Effects of DNA Damage

A complex system regulates the cell’s progression through division to ensure that only

undamaged ones replicate, in order to avoid genetic instability and cancer (14,15). As

cells approach commitment to DNA synthesis (S phase), proteins encoded by checkpoint
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genes delay entry if DNA damage is present. DNA proteins kinases, such as ATM (ataxia-

telangiectasia mutated) and ATR (ataxia-telangiectasia mutated and Rad3 related), then

initiate signaling cascades resulting in DNA damage responses that include activation of

the p53 protein. This tumor suppressor plays a central role in whether a cell repairs the

damage (16) or is diverted into programmed cell death (apoptosis), cell cycle arrest, or

senescence (14).

Mitochondrial DNA is damaged largely as a result of oxidative damage

secondary to the production of excess ROS by UV or normal metabolism. Sufficient

levels of this damage cause release of mitochondrial factors, such as cytochrome C,

which binds to the apoptotic protease–activating factor 1 (Apaf-1), resulting in the

formation of the apoptosome. This critical event leads to the activation of caspase-9

and the initiation of the mitochondrial apoptotic pathway through caspase-3 activation

(17). Apoptosis is a critical event preventing damaged cells from progressing to

malignancy.

One new photoprotection strategy is to selectively target DNA-damaged cells for

apoptosis, while leaving normal cells unaffected. Oral administration of caffeine or green

tea (which often contains high levels of caffeine) in amounts equivalent to three to five

cups of coffee per day to UVB-exposed mice increased levels of p53, slowed cell cycling,

and increase apoptotic sunburn cells in the epidermis (18). It should be noted that the

antioxidant property of polyphenols in green tea also contributes to its ability to

downregulate UV-induced cutaneous inflammation (see chap. 16).

Mutations and Skin Cancer

Most of the solar UV–induced DNA damage distorts the double helix. In attempting to

replicate past CPD lesions, the cell often makes the same mistake of misincorporating

two consecutive bases, resulting in mutations characteristic of UV damage (19). In

many cases these mutations have no effect on the cell, but if they occur at critical

locations in tumor suppressor genes, they abrogate apoptosis and initiate the process of

carcinogenesis. These UV “signature” mutations are often found in mutated p53 genes,

a key tumor suppressor gene, in human squamous cell carcinoma, and basal cell

carcinoma (19). This is the key link between UV exposure and skin cancer and directly

implicates CPDs in carcinogenesis. These p53 signature mutations are also frequently

found in precancerous actinic keratosis, suggesting that these mutations are an early step

in the process of forming squamous cell carcinomas, and that later steps, such as

additional gene mutations and immune suppression, determine if a cell goes on to

malignancy.

The situation is less clear in melanoma. There appears to be many different tumor

suppressor genes that can be mutated in melanoma, and the frequency of signature

mutations is not as common as in squamous cell carcinoma (20).

Mitochondria generate energy for the cell, and they contain DNA that encodes

many of the crucial proteins in the energy production machinery. This DNA is also

subject to mutations, and mitochondria develop a peculiar type of mutation called the

common deletion, in which a particular 477 base pair section of the DNA is deleted.

The frequency of the common deletion in the mitochondria of human skin cells does

not correlate with chronological age, but rather with sun exposure and photoaging

(21). This implies that solar UV is responsible for the formation of the common

deletion, and its contribution to the signs of photoaging is an active area of research.
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SYSTEMIC EFFECTS OF DNA DAMAGE

Cytokines

DNA in skin acts like a sensor for UV damage on behalf of both exposed and unexposed

cells in distal parts. DNA damage, particularly in keratinocytes, triggers the production

and release of cytokines that act on the cell itself, as well as other cells with such cytokine

receptors, to activate characteristic UV responses, such as wound healing and immune

suppression (22). Triggers for such responses are stalled RNA transcription complexes or

DNA replication forks, which activate DNA protein kinases to phosphorylate transcrip-

tion factors that activate cytokine genes. Cytokines such as IL-1 and TNFa then induce a

cascade of other cytokines that can activate collagen-degrading enzymes, suppress the

immune system, dilate blood vessels, and attract inflammatory T cells. In this way, cells

with DNA photodamage, even if they are destined to die, have profound effects on cells in

the skin and elsewhere that may not have been UV exposed.

IL-12 plays a curious role in photoprotection. It is an immunostimulatory cytokine

that is released by keratinocytes at late times after UV in order to counteract the

suppressive effects of IL-10 (23). Recently, it has also been reported to stimulate the

repair of CPDs in the DNA of keratinocytes in a manner yet to be understood (24).

Immune Suppression

UV-induced immune suppression is an essential event for skin cancer formation (25). It is

important to note that this is not generalized immune suppression, but a reduced ability to

respond to antigens presented just after exposure. There may be a genetic susceptibility to

suppression, because skin cancer patients are more easily UV suppressed than cancer-free

controls (26). At lower UV doses, the primary target is the Langerhans cell, which flees

the epidermis, and those with DNA damage have impaired antigen-presenting ability (27).

Higher doses produce systemic immune suppression, mediated by the generation of

suppressor T cells, in which nonexposed skin becomes hampered in responding to antigens

(25). In several experimental models, including humans, reducing DNA damage decreases

the degree of immune suppression (28).

Photoaging

Photoaging is associated with particular signs of skin damage not apparent in areas

protected from the sun. The major changes are found in the dermis and include a loss of

collagen, brought about mainly by an increase in the secretion of degrading enzymes such

as matrix metalloproteinase -1, or MMP-1 (29), a degradation of the dermal elastic fiber

network and fragmentation of collagen matrix (30), and a corresponding decrease in the

biophysical properties of the skin (31) reflected in a loss of skin strength and elasticity,

flattening of the rete ridges, and the appearance of wrinkles and skin folds. Additionally,

there are degradative vascular changes in the dermis resulting in telangiectasia, decreases in

the capillary network and in skin blood flow (32).

A perhaps surprising finding is that many of the changes in the dermis may be due

to signals initiated from the epidermis rather than as a direct effect of UV on either the

fibroblasts or extracellular structural components of the dermis. This is illustrated in a

series of experiments in which media collected from keratinocytes exposed to either

increasing solar-simulating UV or a single UVB dose was transferred to unirradiated

fibroblasts, which substantially increases MMP-1 production from fibroblasts and
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decreases the fibroblasts production of collagen (33). These experiments implicate soluble

factors released by keratinocytes, including IL-1, IL-6, and TNF-a, in this paracrine effect
(33,34). DNA damage is directly related to the release of soluble mediators since

enhanced repair of keratinocyte DNA reduced the release of the mediators and lowered

the effect of media transfer on unirradiated fibroblasts (35).

PHOTOPROTECTION

Sunscreens and DNA Damage

Sunscreens effective in blocking UVB radiation are effective in limiting the number of

CPDs formed (36–38). A SPF 15 sunscreen might typically prevent better than 90% of the

CPDs expected from a 15 minimal erythemal dose (MED) of UVB, leaving CPD numbers

similar to a 0.5 to 1 MED dose. As noted earlier, however, some increase in CPDs is

inevitable since some UVB still does get through the sunscreen layer, and more

importantly in actual use, the sunscreen is likely not be applied at a high-enough dose per

unit area (39), nor is it likely to be applied often enough (40) to give optimal protection

(41). In addition, it is known that suberythemogenic doses of UV are sufficient to initiate

photoaging and photoimmunosuppression. Thus additional ingredients to prevent or help

repair UVB-induced DNA damage and other UV-induced changes would be useful.

Of perhaps more importance, however, are the DNA lesions caused directly and

indirectly (42) by UVA wavelengths, since it is much more difficult to filter these much

more prevalent photons. Up to 98.7% of the UV radiation reaching the earth’s surface is

UVA. UVA exposure is higher through most of the day and for a longer season than UVB

(43). In addition to the issues mentioned for UVB, until recently, UVA protection in many

sunscreen products hasn’t been reliably photostable. Thus UVA protection can erode over

time once the sunscreens have been applied, likely leading to more-than-anticipated

UVA-associated skin damage. Marrot has shown directly (44,45) that a photostable

sunscreen is more effective in preventing DNA damage and p53 accumulation in

keratinocytes in culture as well as MMP-1 release in a three-dimensional in vitro skin

model system.

Antioxidants

DNA is a target for oxygen radicals, and it has been estimated that every day as many as

10,000 oxidation reactions cause DNA damage in each human cell (46). The most

common modifications are 8oGua and thymine glycol, which can be repaired by either

base excision repair (BER) or nucleotide excision repair (NER) (47). Antioxidants that

absorb oxygen radicals or stop radical propagation reduce the incidence of DNA damage,

and they may also trigger cell death by apoptosis by breaking DNA at the site of oxidative

damage (48).

One type of DNA damage that antioxidants cannot stop or repair is the CPD. CPDs

are initiated when a pyrimidine absorbs a photon and becomes excited to a triplet-state

and then forms a bond with an adjacent pyrimidine in a total of about 1 picosecond

(10�9 seconds) – too fast for an antioxidant to intervene (49).

Antioxidants containing sulfur, such as N-acetyl cysteine, may have photoprotective

effects independent of their DNA protection activity. These antioxidants increase p53

levels in cells, and in precarcinogenic cells (but not normal cells) they induce apoptosis

(50). In this way they may clear the skin of transformed cells before they can become skin

cancers.
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DNA Repair Enzymes

Sunscreens and antioxidants are active before sun exposure, but it may be possible to

stimulate mechanisms that act after the damage has been done in DNA, but before it takes

effect. One approach to enhancing DNA repair is to accelerate the first, rate-limiting step

of NER and BER—the recognition and incision at the site of lesions. DNA repair

enzymes have been encapsulated in pH-sensitive liposomes in order to be internalized by

cells into endosomes, where the lower pH triggers release. Within an hour, topically

applied enzymes are delivered to the nuclei and mitochondria of the cells for the repair of

DNA, where they supplement the endogenous processes that would excise only about half

of daily damage by themselves (51). The repair enzymes localize within the epidermis

with little delivery beyond the dermis or into circulation.

One advantage of this approach is that different enzymes can be used to target

different DNA lesions. Liposomes carrying T4 endonuclease V, a CPD glycosylase

derived from the bacteriophage T4, accelerate CPD repair in mammalian cells (52,53).

Photolyase from the cyanobacterial plankton Anacystis nidulans has been encapsulated in

liposomes and it accelerates CPD repair in human skin in a light-dependent reaction (54).

The OGG1 enzyme from the mustard plant Arabidopsis thalania incorporated in

liposomes targets 8oGua oxidative damage in both nuclear and mitochondrial DNA

because it has functional nuclear and mitochondrial localization signals. Treatment of

mice over 28 weeks with UVB followed by liposomal OGG1 reduces the level of 8oGua

in their epidermis compared to placebo controls (55).

Enhanced repair of CPDs, using these DNA repair liposomes, reduced UV-induced

immune suppression in humans in vivo (28,54). Accelerating repair of both CPD and

8oGua reduced the expression of MMP-1 following UV in cells in culture and in human

skin in vivo (35), suggesting that these DNA repair liposomes may be tool in the

prevention and treatment of photoaging. Most importantly, in a clinical study, XP patients

who used a lotion with T4 endonuclease V liposomes daily over one year had lower rates

of actinic keratosis and basal cell carcinoma than the placebo group (56).

These examples emphasize that DNA repair enzymes from other species and even

other kingdoms can function efficiently in human cells. Enzymes delivered by liposomes

are degraded by the host cells within a day, and therefore require repeated application to

maintain increased repair capacity (57). Safety studies have shown no risk of irritation or

sensitization with these DNA repair liposomes (58), in part due to the localization in the

epidermis and minimal or no systemic delivery (52).

These results suggest that our efforts for photoprotection can extend beyond the

prevention of the initial insult with sunscreens or antioxidants and include repair of DNA

damage.

CONCLUSION

DNA damage to cells of the skin, particularly the keratinocytes, serves as a sensor for

environmental insult and metabolic stress for the rest of the skin, and indeed the rest of the

body. Lesions in cellular DNA disrupt cell cycling and invoke repair process; or if they

fail, they initiate an apoptotic response to rid the skin of irreparable cells. Damaged cells

also release soluble mediates, such as the cytokines IL-1, IL-10, and TNFa, that invoke
responses that are both immune suppressive and wound healing from surrounding cells

and cells that may not have suffered any damage. Over the long term, these repeated

rounds of damage and response contribute to photoaging. If the lesions are not repaired,
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DNA replication may insert erroneous basis, which can lead to mutations in key, tumor

suppressor genes and initiate malignant transformation.

Photoprotection strategy should include seeking shade and the use of photo-

protective clothing. In addition, use of both sunscreens, to attenuate the UV dose, and

antioxidants, to minimize exposure to free radicals, are integral parts of the first lines of

defense. Despite these protections, skin DNA suffers substantial damage from intentional

and unintentional sun exposure.

Fortunately, we have an enzymatic system for repairing many forms of DNA

damage, which is quite efficient when we consider the severity of the genetic diseases in

which it malfunctions. Nevertheless, it can be improved at the first step, namely, the

recognition of the DNA damage and initiation of repair. This has been accomplished

experimentally and in vivo by delivery of exogenous DNA repair enzymes that accelerate

these first steps of repair. This results in more rapid removal of DNA damage, a reduction

in the release of the soluble mediators and the wounding responses, a lessening of the

appearance of photoaging, and a reduction in the risk of skin cancer.

Enhancing DNA repair may be essential to extend our strategy beyond sunscreens

and antioxidants for photoprotection.
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SYNOPSIS

l Products designed for daily use containing broad-spectrum photostable UV filters

can
l prevent free radicals production induced by suberythemal UVA exposure,
l prevent UVA induction of matrix metalloproteinase-1 (MMP-1) gene,
l decrease pigmentation induced by suberythemal doses of UVA, and
l prevent changes induced by solar-simulated radiation that are associated with

photoaging.

INTRODUCTION

During usual daily activities, an appropriate protection against solar UV exposure should

prevent clinical, cellular, and molecular changes potentially leading to photoaging. In skin

areas regularly exposed to sun, UV damage is superimposed to tissue degeneration

resulting from chronological aging (1–5).

Solar radiation reaching the surface of the earth, and thereby the surface of our skin,

contains infrared, visible, and UV radiation (UVR). Dermatologists are particularly

interested in the UV segment of radiation, as it is almost exclusively the cause of sun

exposure–related skin disorders (6). The UVR component of sunlight reaching the earth’s

surface has radiation with wavelengths of 290 to 400 nm and accounts for almost 10% of

the total energy emitted by the sun (Fig. 1).

There are three types of UVR: UVA (320–400 nm), UVB (290–320 nm), and UVC

(200–290 nm). Shorter UV wavelengths are more energetic and potentially more
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destructive than longer wavelengths. Fortunately, UVC, the shortest of wavelengths in the

UV spectrum, is completely absorbed by the ozone layer. Therefore, UVR reaching the

skin consists only of UVB and UVA. UVB reaches the earth in relatively small amounts

(about 0.5% of the solar energy), but it is very efficient in producing biologic response.

UVA photons carry less energy than UVB photons; nevertheless, UVA radiation is more

abundant than in UVB radiation (about 9.5%). UVA can be further subdivided into UVA-

I (400–340 nm) and UVA-II (340–320 nm) (Fig. 1).

The extent of an individual’s exposure to UVR varies widely depending on a

multiplicity of factors, such as weather, hour of the day, season, pollution, humidity,

temperature, and also geographic factors such as altitude and latitude. These can be

summarized below:

l In temperate climate, the quantity of UV reaching the skin is seasonal. UVB

exposure is much greater in summer than in winter.
l There is greater amount of both UVA and UVB with decreasing latitude.
l The quantity of UVR transmission increases by 4% every 1000 ft above sea

level. Indeed, as the atmospheric layer traveled by the UVR is thinner, the

filtration effect is reduced.
l Time of day also plays an important part. UVB is strongest between 10 a.m. and

4 p.m., especially around midday, whereas UVA follows the variation of visible

light.
l Finally, several environmental factors contribute to influence UV exposure. UV

can be modified according to the nature of terrain, which induces different

reflections of radiation. Furthermore, glass filters at least UVB (7).

UVB is far more sensitive to the above factors than UVA. Consequently, compared

with that to UVB, there is more consistent exposure of the skin to UVA throughout the

day (8,9). As the wavelength increases, there is a corresponding percentage increase in the

depth of skin penetration of UVR (Fig. 2). UVB penetrates the epidermis and is almost

fully absorbed in the upper dermis, while one quarter of the UVA reaches as far as the

mid-dermis.

It has long been thought that the majority of sun exposure–induced lesions in

humans were due to UVB rays (1). Unlike UVB rays, UVA rays do not trigger the well-

known alarm signal of sunburn. Therefore, large amounts of UVA can accumulate

without any immediate visible signs but, in the long term, can cause cumulative changes

Figure 1 Light energy on the surface of the earth.
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(2) similar to those caused by long-term exposure to solar radiation (10), including

epidermal hyperplasia with the presence of photodyskeratosic cells (a sign of damage to

the DNA) (3,4,11), a reduction in Langerhans cells number (5,12,13), latent inflammation

of the dermis with vascular and collagen damage (10,14,15), splitting of the lamina densa

(4), disorganization of the elastic fibre network, and expression of lysozyme (16), leading

to changes in the biomechanical properties of the skin (17). It has been shown that a dose

of around 20 J/cm2 of UVA for five weeks (11), which corresponds to a daily UVA dose

received in temperate climate regions, or a dose of only 0.5 MED (minimal erythematous

dose) of UVA for eight days (18), can produce all the effects referred above.

It is therefore important to know if moisturizers and day care products containing

UVA absorbers combined with UVB ones are able to prevent these skin damages. This

chapter summarizes clinical studies evaluating this topic.

REACTIVE OXYGEN SPECIES PREVENTION BY
A DAY CARE PRODUCT

The involvement of activated states of oxygen generated after UVA irradiation in the

photoaging process has been given particular attention (19).

During UVA-induced oxidative process and free radicals generation, part of the

energy is released in the form of photons, a process termed “chemiluminescence.” These

photons can be detected and amplified by a photo-multiplier. This allows measurement of

oxidative stress and protection afforded by topically applied formulations. As an example,

the skin protection against oxidative stress of a day cream with photoprotection SPF 15,

UVA-PF 12 [measured by the persistent pigment darkening method, PPD (Hydraphase

XL, La Roche-Posay, France)] containing octocrylene (Uvinul1 N539, BASF,

Ludwigshafen, Germany), terephtalilydene dicamphor sulfonic acid (Mexoryl1 SX,

Chimex SA, le Thillay, France), drometrizole trisiloxane (Mexoryl1 XL, Chimex SA)

and butyl methoxy dibenzoylmethane (avobenzone1, Roche SA, Bale, Switzerland)

applied at 2 mg/cm2, 20 minutes prior to a single exposure to a suberythemal dose of

UVA (320–400 nm, 1 J/cm2), has been assessed by means of induced chemiluminescence

(20). Results obtained on 20 volunteers showed that the day cream leads to a decrease of

Figure 2 Penetration of UV into the skin.
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about 75% and 40% of chemiluminescence compared with untreated or placebo-treated

skin respectively (Fig. 3). These results suggest that the use of a day cream with both

UVB and UVA absorbers can possibly prevent free radicals production induced by

suberythemal UVA exposure.

PREVENTION OF UVA INDUCTION OF MATRIX
METALLOPROTEINASE-1 GENE EXPRESSION BY
A DAY CARE PRODUCT

Induction of matrix metalloproteinases (MMPs) following UVR exposure is known to

play an important role in photoaging (21). A study was done to evaluate the protective

effect of a day cream SPF 15, UVA-PF 15 (measured by the PPD method) (Seité S,

Rougier A, and Krutmann J, unpublished data). Buttock skin of 10 healthy subjects was

exposed to 40 or 80 J/cm2 of UVA (320–400 nm). These doses were previously shown to

increase significantly MMP-1 mRNA expression 24 hours after exposure. Application at

2 mg/cm2 of the day cream (Anthelios SX, La Roche-Posay, USA) composed of butyl

methoxy dibenzoylmethane, terephthalilylidene dicamphor sulfonic acid, and octocrylene,

20 minutes before exposure resulted in significant inhibition of UVA-induced gene

expression of MMP-1 (Fig. 4). This result demonstrated the effective protection offered by

a broad-spectrum day cream in the prevention of UVA radiation-induced MMP-1 gene

expression.

PIGMENTATION PREVENTION BY A DAY CARE PRODUCT

UVA is known to be involved in the development of pigmented skin lesions associated

with skin aging. The effect of a day cream with broad-spectrum photoprotection (SPF 15,

UVA-PF 12; Hydraphase XL) was evaluated in a bilateral comparison study using vehicle

as control (22). Twenty healthy women were exposed on the neckline three times a week

for three months to suberythemal doses of UVA (20, 25, 30 J/cm2 respectively for the

first, second, and third month). Evaluation of skin pigmentation was performed monthly

by visual examination and by chromametry. Clinically and with Wood’s lamp

examination, pigmentation was found to be more intense on the vehicle-treated side.

Figure 3 Induced chemiluminescence after UVA exposure and protection afforded by single

application of a day cream (SPF 15, UVA-PF 12).
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Moreover, clinical examination of actinic lentigines indicated that the pigmentation of

these lesions was not changed on the vehicle-treated side, whereas it was significantly

decreased on the daily cream–protected side (Fig. 5) (23). It thus appears that the use of a

day cream containing broad-spectrum filtration in chronic UVA exposure conditions not

only offers an efficient protection on the induction of pigmentation but also allows a

lightening of pre-existing pigmented lesions.

Figure 4 Relative expression of MMP-1 mRNA after UVA exposure and protection afforded by

single application of a day cream (SPF 15, UVA-PF 15).

Figure 5 Evolution of pigmented skin lesion by clinical assessment after application of a day

cream (SPF 15, UVA-PF 12) or vehicle. Data are mean � SD. *p � 0.05 compared with vehicle-

treated site.
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PHOTOAGING PREVENTION

Clinically photoaged skin is characterized by roughness, fine and coarse wrinkling,

sagging, mottled hyperpigmentation evidenced by lentigines and freckles, poor color

quality, and telangectasias. There is compelling evidence to support an important role of

UVB in this photodamage. It is only more recently that, in humans, the role of UVA was

demonstrated (10).

Effects of Repeated SSR Exposure, and Protection by a Day Care Product

In order to evaluate the photoprotective efficacy of a cream for daily use containing a

photostable combination of UV absorbers (butyl methoxy dibenzoylmethane, terephta-

lilydene dicamphor sulfonic acid, and octocrylene) and providing a continuous absorption

through the entire UV spectrum, an evaluation of molecular, morphological, functional,

and structural cutaneous changes induced by a six-week exposure to 1 MED of solar-

simulated radiation (SSR) (which average 0.86 J/cm2 UVB and 11 J/cm2 UVA) in young

volunteers was performed (24). The SPF of this day cream was 8.39 � 1.22 and the UVA-

PF value, determined using the PPD method, was 7.4 � 2.4.

SSR exposed, unprotected skin sites showed increased pigmentation, dryness and a

significant alteration of the microtopography (Table 1). Histological examination revealed

increased thickness of both the stratum corneum and the stratum granulosum (Table 1).

The dermis showed an increased tenascin expression just below the dermal epidermal

junction, as well as an enhanced lysozyme and a-1 antitrypsin deposition on elastin fibers

associated with a reduced expression of type 1 pro-collagen (Table 1). These latest

modifications are considered as early events of solar elastosis (25,26). The assessment of

molecular changes by RT-PCR revealed a significant enhancement of collagenase-2

(MMP-2) mRNA induced by this regimen of SSR exposure. All these changes are

observed in long-term sun exposed skin (24).

The day cream applied at 2 mg/cm2, 30 minutes before each exposure on the same

volunteers prevented all the SSR-induced damage (Table 1).

In conclusion, using repeated low doses of SSR for six weeks resulted in major

alterations observed in long-term photoaging processes (deepening of skin furrows,

reduced level of type I collagen precursor, increased lysozyme deposit on elastic fibers,

etc.); these changes occurred even in subjects who developed brisk SSR-induced

pigmentation, offering progressive skin auto-protection. This demonstrates the beneficial

effect of a photostable combination of UV absorbers, providing a continuous absorption

through the entire UV spectrum in the prevention of premature skin aging.

Effects of Repeated Simulated Daily UV Radiation Exposure, and Protection
by a Day Care Product

In another clinical experiment (27), the protection afforded by the same day cream (SPF

8.4 and UVA-PF 7.4) against clinical, histological, and immunohistochemical damage

induced by repeated simulated daily UV radiation (DUVR) exposure was evaluated.

Simulated DUVR (28) is more typical of commonly encountered UVR exposure

conditions because it has a UVA to UVB irradiance ratio of about 25, instead of about 10

for SSR, which has been used in the study above. We assessed protection against clinical,

histological, and immunohistochemical damage induced by repeated DUVR exposure in

10 healthy volunteers. We compared unprotected and protected buttock skin after 19

exposures to 0.5 MED.
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Cumulative suberythemal exposure to DUVR-induced photodamage including

significant p53 nuclear accumulation, decrease in Langerhans cell number, thickening of

epidermis, and increase in melanin deposits associated with more numerous and larger

active melanocytes (Table 2). In the dermis, significant increase in lysozyme deposits on

elastin fibres were observed (Table 2). These alterations were fully prevented by the day

cream (Table 2).

The data show significant biological damage after 19 exposures to 0.5 MED of

DUVR. This suberythemal dose (individual 0.5 MED, which averages 7.6 � 1.4 J.cm–2) is

representative of exposure at temperate latitudes. For example, 68 J.cm–2 of DUVR

equivalent can be received on a horizontal surface during a day in mid-April in Paris,

France, of which, it has been estimated that people receive about 10% on the face (8). Thus,

Table 1 Biological Effects Induced by 30 Repeated Exposures to 1 MED SSR and

Protection Afforded by a Broad-Spectrum Day Cream Vs. Vehicle

Parameters

(n ¼ 12) Control þSSR þSSR/þVeh þSSR/þDC

DITA8 �1.90 � 2.34 �39.02 � 7.65a �39.29 � 7.85a �6.30 � 3.00b,c

Melanization

(visual score)

1.3 � 0.5 3.5 � 1.0a 3.2 � 0.7a 1.4 � 0.7b,c

Microtopography

(visual grade)

0.04 � 0.14 3.71 � 1.51a,b 1.92 � 1.58a,c 0.08� 0.29b,c

Number of

stratum

corneum layers

14.5 � 2.3 20.6 � 4.2a 19.8 � 3.6a 15.0 � 1.4b,c

Number of

stratum

granulosum

layers

1.0 � 0.0 2.1 � 0.6a 1.8 � 0.7a 1.1 � 0.2b,c

Viable epidermis

thickness (mm)

79.7 � 12.1 88.8 � 5.8a 85.2 � 8.8 90.0 � 12.0a

Melanization

(visual score)

1.3 � 0.5 3.5 � 1.0a 3.2 � 0.7a 1.4 � 0.7b,c

Tenascin (AU) 4.9 � 3.4 8.2 � 4.9a 8.9 � 3.4a 4.8 � 2.8b,c

Type I pro-

collagen (AU)

7.7 � 3.4 5.3 � 3.9a 6.8 � 4.2 8.7 � 4.5c

Type III pro-

collagen (AU)

3.0 � 1.0 3.4 � 1.7 3.6 � 1.0 3.4 � 0.8

Elastin (AU) 22.5 � 5.7 21.6 � 3.0 20.6 � 5.3 20.8 � 4.5

Lysozyme deposit

(visual

assessment)

0.1 � 0.2 0.8 � 0.5a 0.8 � 0.3a 0.4 � 0.5a,b,c

a-1 Antitrypsin

deposit (visual

assessment)

0.8 � 0.7 1.8 � 0.7a 1.6 � 0.5a 1.2 � 0.6

Note: Data are mean � SD.

DC is of SPF 8, UVA-PF 7.
ap � 0.05 compared with control site.
bp � 0.05 compared with þSSR/þVeh site.
cp � 0.05 compared with þSSR site.

Abbreviations: AU, arbitrary unit; DC, day cream; Veh, vehicle; SSR, solar-simulated radiation.

Photoprotection in Moisturizers and Day Care Products 187



[ram][7x10 Standard][D:/informa_Publishing/H8084_Lim_112080/z_production/z_3B2_3D_files/978-1-4200-8084-1_CH0013_O.3d] [3/11/08/

18:51:38] [181–190]

the daily exposure dose of 7.6 J.cm–2 was consistent with real life conditions. As previously

described with SSR (23), the data confirm that daily suberythemal exposure to DUVR is

also detrimental, and can induce DNA damage (p53 expression), and Langerhans cells

alteration. A low SPF broad-spectrum daily care product prevents these effects and should

in theory protect human skin against long-term effects if used on a regular basis.

CONCLUSION

These studies demonstrate that broad-spectrum protection in moisturizers or day care

products can prevent the “silent” suberythemal cumulative effects of UVR from

inadvertent sun exposure.

REFERENCES

1. Kaminer MS. Photodamage: Magnitude of the Problem. In: Gilchrest B, ed. Photodamage.

Cambridge: Blackwell Science, 1995:1–11.

2. Bisset DL, Hannon DP, McBride JF, et al. Photoaging of skin by UVA. In: Urbach F, ed.

Biological Response to Ultraviolet A radiation. Overland Park, KS: Valdenmar Publishing Cie,

1992:181–188.

3. Kligman AM, Lavker RM. Cutaneous aging: the differences between intrinsic aging and

photoaging. J Cut Aging Cosmet Dermatol 1988; 1:5–11.

Table 2 Biological Effects Induced by 19 Repeated Exposures to 0.5 MED DUVR and

Protection Afforded by a Broad-Spectrum Day Cream

Parameter (n ¼ 10) Control þDUVR þDUVR/þDC

Hydration (AU) 57 � 3 58 � 3 61 � 3

Elasticity (Ur/Ue) 0.79 � 0.02 0.77 � 0.04 0.73 � 0.04

Epidermal thickness (mm) 61.6 � 5.2 73.6 � 5.2a 75.4 � 5.0a

Epidermal proliferation (Ki67, %) 4.8 � 1.0 6.3 � 0.8 5.5 � 0.7

SBC(/cm) 0.0 � 0.0 0.4 � 0.2 0.3 � 0.1

P53 positive cells (%) 0.3 � 0.2 2.4 � 0.8a 0.2 � 0.1b

Number of HLA-DR positive

cells (/mm2)

522 � 55 308 � 36a 523 � 68b

Size of HLA-DR positive cells (mm2) 58 � 6 52 � 5 55 � 6

Number of DOPA-positive

cells (/mm2)

330 � 59 726 � 68a 516 � 72a,b

Size of DOPA-positive cells (mm2) 61 � 6 116 � 7a* 92 � 14a,b

Melanin (score) 11.1 � 0.7 12.6 � 0.6a 11.1 � 0.6b

Elastin (AU) 12.0 � 0.6 11.2 � 0.8 11.7 � 0.8

Lysozyme/elastin 0.14 � 0.02 0.21 � 0.04a 0.14 � 0.04

Pro-collagen I (AU) 22.1 � 1.9 19.9 � 2.8 24.2 � 1.9

Pro-collagen III/pro-collagen I 0.20 � 0.02 0.23 � 0.06 0.23 � 0.06

GAG (score) 4.9 � 0.6 3.2 � 0.6a 5.0 � 0. 7b

Mean � SEM.

DC is of SPF 8, UVA-PF 7.
ap � 0.05 compared with control site.
bp � 0.05 compared with þ DUVR unprotected site.

Abbreviations: AU, arbitrary unit; DC, day cream; DUVR, daily UV radiation.

188 Rougier et al.



[ram][7x10 Standard][D:/informa_Publishing/H8084_Lim_112080/z_production/z_3B2_3D_files/978-1-4200-8084-1_CH0013_O.3d] [3/11/08/

18:51:38] [181–190]

4. Lavker RM. Structural alterations in exposed and non exposed human skin. J Invest Dermatol

1979; 73:59–66.

5. Gilchrest BA, Szabo G, Flynn E. Chronologic and actinically induced aging in human facial

skin. J Invest Dermatol 1983; 80:81s–85s.

6. Ortonne J-P, Marks R. The solar spectrum. In: Kligman AM, ed. Photodamaged Skin: Clinical

Signs, Causes and Management. London: Martin Dunitz, 1999.

7. Tuchinda C, Srivannaboon S, Lim HW. Photoprotection by window glass, automobile glass and

sunglasses. J Am Acad Dermatol 2006; 54:845–854. Erratum in 55:74.

8. Godar D. UV Doses worldwide. Photochem Photobiol 2005; 81:736–749.

9. Kullavanijaya P, Lim HW. Photoprotection. J Am Acad Dermatol 2005; 52:937–958.
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14
Photoprotection in Colored Cosmetics
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Dermatology Consulting Services, High Point, North Carolina, U.S.A.

SYNOPSIS

l Cosmetics can be a useful adjunct to traditional sunscreens.
l Facial foundations can contain organic plus inorganic filters and camouflage the

underlying facial skin while providing meaningful photoprotection.
l Face powder can be applied over sunscreen products to enhance the ability of a

sunscreen film to remain on the skin surface while increasing broad-spectrum

photoprotection.
l Many daily facial moisturizers contain sunscreen ingredients and provide an SPF

of 15, which is suitable for brief casual sun exposure.
l Opaque lipsticks provide excellent photoprotection under normal-use conditions.

INTRODUCTION: COLORED COSMETICS
AND PHOTOPROTECTION

Colored cosmetics have traditionally been viewed as items for adornment of the face,

rather than functionality. While the primary goal of this skin care category is to highlight,

accentuate, and camouflage, it is worthwhile looking at the value of colored cosmetics for

photoprotection as a secondary attribute. Colored cosmetics can be divided into several

categories: facial foundations, facial powders, facial moisturizers, eyelid cosmetics, and

lipsticks. Each of these categories can impart broad-spectrum photoprotection, if properly

formulated, with organic and inorganic filters. Some of the ingredients incorporated into

cosmetics as pigments and camouflaging agents can function as inorganic filters while

adorning the face.

Colored cosmetics can also increase the skin longevity, a quality also known as

substantivity, of traditional sunscreens. Substantivity is the ability of a sunscreen to stay

where placed on the skin surface. Dermatologists have recommended that sunscreen

needed to be reapplied every two hours. This recommendation was based on the lack of

photostability for some organic sunscreen ingredients, such as avobenzone, and the effect
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of sweat, humidity, and rubbing on the sunscreen film. Some sunscreen formulations

labeled as water-resistant are designed to adhere to the stratum corneum and resist water

removal. These products, designed for beach use and extended wear, contain polymers

that adhere to the skin surface preventing removal. Colored cosmetics do not perform well

over this type of sunscreen, but can enhance the longevity of all other sunscreen

formulations by adding another layer of photoprotection and encouraging setting of the

sunscreen on the skin. Facial foundations and powders can absorb sweat and humidity to

prevent water dissolution of the sunscreen film, a function known as setting. Also, the

application of a cosmetic layer over the sunscreen can prevent physical removal by

rubbing, because there is another layer for removal.

This chapter investigates the role of colored cosmetics in photoprotection. As

previously discussed, colored cosmetics can increase the UVB and UVA protective

abilities of sunscreens and increase the longevity of the sunscreen on the skin surface.

Both these attributes are worth discussing further, since colored cosmetics in many ways

can fill the aesthetic and functional voids in current sunscreen formulations.

FACIAL FOUNDATIONS

Facial foundations are designed to camouflage underlying skin blemishes, improve the

appearance of skin texture, and add color to the face. In addition, facial foundations can

provide photoprotection, as will be demonstrated. The ability of a facial foundation to

conceal the underlying skin is known as coverage. The coverage of a foundation is

directly related to the amount of titanium dioxide, zinc oxide, talc, kaolin, and

precipitated chalk it contains. These pigments and powders are translucent. They blend

the underlying skin color with pigment combinations to create the illusion of smooth,

even-toned, blemish-free skin.

The amount of pigment in the formulation determines the degree of photo-

protection. For example, sheer coverage foundations with minimal titanium dioxide are

almost transparent and have a sun protection factor (SPF) around 2, since the UV

radiation is still striking the skin. Most facial foundations provide moderate coverage and

are translucent with an approximate SPF of 6. By adding UVB and UVA organic filters,

the SPF of these formulations can be increased to 15 without compromising the aesthetics

of the product (Fig. 1). Most facial foundations obtain photoprotection by adding

monographed filters along with the powders and pigments to achieve the desired SPF.

Facial foundations are an excellent way to enhance sunscreen compliance in young

adolescents and adult females.

Yet, facial foundations can accomplish what no sunscreen can deliver, an unlimited

SPF. No sunscreen can contain enough zinc oxide and/or titanium dioxide to completely

obscure the underlying skin without creating a white grotesque appearance. Facial

foundations, on the other hand, can provide complete coverage of the underlying skin for

individuals with severe polymorphous light eruption, systemic lupus erythematosus, and

other photosensitive dermatoses. This is achieved by formulating an anhydrous high-

coverage foundation with large amounts of titanium dioxide to create an opaque skin-

colored cream. These formulations do not contain any water and thus cannot be removed

by perspiration or high-humidity conditions; however, a special solvent is required for

removal at night and facial cleansing. These foundations, known as camouflaging

foundations or surgical foundations, act as a complete sunblock, preventing any visible

light or UV radiation from striking the skin. They are available in a wide variety of colors,

but require some artistry for application.
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We have already discussed the anhydrous facial foundations, but there are three

other formulations worth mentioning: oil-based, water-based, and oil-free foundations.

Oil-based foundations are water-in-oil emulsions containing pigments suspended in oil,

such as mineral oil or lanolin alcohol. Vegetable oils (coconut, sesame, safflower) and

synthetic esters (isopropyl myristate, octyl palmitate, isopropyl palmitate) may also be

incorporated. The water evaporates from the foundation following application, leaving the

pigment in oil on the face. This provides the facial skin with a moist feeling, especially

desirable in dry-complected patients. These foundations are easy to apply, since the

playtime, the time from application to setting, is prolonged, allowing manipulation of the

pigment over the face for up to five minutes. These products can also contain increased

concentrations of the organic oily filters to yield higher SPF photoprotection.

Water-based facial foundations are oil-in-water emulsions containing a small

amount of oil, in which the pigment is emulsified, with a relatively large quantity of

water. These are the most common facial foundations in the marketplace today. The

primary emulsifier is usually a soap such as triethanolamine. The secondary emulsifier,

present in smaller quantity, is usually glyceryl stearate or propylene glycol stearate. These

facial foundations are appropriate for minimally dry to normal skin and usually have a

maximum SPF of 15. More typically, they possess an SPF of 8, which is the maximum

photoprotection that can be offered in a low oil formulation. These facial foundations

cannot double as sunscreens in high-perspiration or high-humidity conditions as they are

quickly removed from the face with water contact.

The final facial foundation category is oil-free facial foundations, containing no

animal, vegetable, or mineral oils. These facial foundations are a variant of the water-

based variety previously discussed; however, they contain dimethicone and/or cyclo-

methicone. These foundations are usually designed for individuals with acne or oily skin,

since they emphasize the absence of oily substances believed to induce comedogenesis.

The pigment is dissolved in water and other solvents, leaving the skin with a dry feeling

resulting from the absence of oils. These facial foundations typically can only support an

SPF of 8 and again are not good under moist conditions (1).

Figure 1 Facial foundations provide photoprotection because of the presence of both inorganic

and organic filters.
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In addition to the availability of facial foundations in different formulations, there

are also many different application forms. The method of application is important when

considering photoprotection because the application technique determines the thickness of

the protective film. Facial foundations are available in order of decreasing photo-

protection in the following forms: water-based liquid, oil-based liquid, water-containing

cream, anhydrous cream, stick, and cake (2). Liquid formulations are most popular

because they are the easiest to apply, provide sheer-to-moderate coverage, and create a

natural appearance. As discussed previously, oil-based liquids provide better photo-

protection than water-based liquids. Creams deliver a thicker film to the skin surface and

provide better photoprotection than liquids. Anhydrous creams and wax-based stick

formulation are completely waterproof and deliver a thick light and UV radiation

impervious film over the skin surface.

Finally, cake foundations, consisting of talc, kaolin, precipitated chalk, zinc oxide,

and titanium dioxide compressed into a cake, provide excellent long-lasting photo-

protection. They can be applied to the skin with a dry sponge in a powder form or with a

moistened sponge to create a cream form. The newer mineral makeup facial foundations

are of this type without the compression into a preformed cake. They have higher SPF

ratings in the range of 20 to 30, but the delivered photoprotection is highly variable. These

products are usually applied dry with an applicator brush attached to a tube containing the

powder. If the foundation is lightly dusted over the face, the stated SPF will not be

achieved. Also, these products tend to dust on and off the face easily, making product

longevity an issue. Nevertheless, powders play an important role in enhanced

photoprotection, which is the next topic of discussion.

FACIAL POWDERS

Facial powder is dusted over the face with a puff or a brush to provide the cosmetic

benefits of coverage of complexion imperfections, oil control, a matte finish, and tactile

smoothness to the skin. However, facial powders can provide additional photoprotection

benefits. Facial powders contain predominantly talc, chemically known as hydrated

magnesium silicate, and covering pigments. The covering pigments used in order of

increasing photoprotection are titanium dioxide, kaolin, magnesium carbonate, magne-

sium stearate, zinc stearate, prepared chalk, zinc oxide, rice starch, precipitated chalk, and

talc (Fig. 2) (3). The more talc and covering pigments found in a powder, the higher the

Figure 2 Facial powders contain titanium dioxide, kaolin, magnesium carbonate, magnesium

stearate, zinc stearate, prepared chalk, zinc oxide, rice starch, precipitated chalk, and talc. All these

ingredients function as inorganic filters.
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SPF and the more opaque the powder appears to the eye. As might be expected,

transparent powders offer an SPF of 2, translucent powders offer an SPF of 4 to 6, and

opaque powders offer an SPF of 8 to 10, depending on the thickness of the application.

Face powder can be applied loose to the face, over a facial moisturizer or sunscreen,

and on top of a facial foundation to increase product longevity and photoprotective

abilities. They can absorb both perspiration and oil to increase the life of the originally

applied sunscreen film. Many of the newer face powders, especially those in the mineral

makeup lines, give the face a light shine, produced by nacreous pigments, such as bismuth

oxychloride, mica, titanium dioxide–coated mica, or crystalline calcium carbonate. The

increased shine is largely for cosmetic purposes and does not denote a powder with better

photoprotection.

FACIAL MOISTURIZERS

Facial moisturizers were traditionally developed for the minimization of the appearance

of dry skin; however, multifunctional products are now on the market. A new product

category, known as sunscreen-containing facial moisturizers or antiaging facial

moisturizers, provides excellent photoprotection in SPF ranges of 15 to 30. These

products are designed for daywear only with casual sun exposure. They are aesthetically

elegant and excellent for daily application before driving to work or shopping, but possess

no water-resistant qualities, making them inappropriate for beachwear or extended

outdoors activity. Their antiaging claim is based on the prevention of photodamage,

which leads to wrinkling and dyschromia. As a matter of fact, the antiaging ingredient in

most facial moisturizers making this claim is sunscreen.

There are two basic facial moisturizer formulations: oil-in-water emulsions in which

water is the dominant phase and water-in-oil emulsions in which oil is the dominant

phase. Oil-in-water formulations are used for the thinner daytime facial moisturizers and

water-in-oil formulations are used for night creams or facial replenishing creams. Oil-in-

water emulsions can be identified by their cool feel and nonglossy appearance, while

water-in-oil emulsions can be identified by their warm feel and glossy appearance (4).

Sunscreen-containing moisturizers are generally composed of mineral oil, propylene

glycol, and water in sufficient quantity to form a lotion. The most popular organic

sunscreen filter employed is octyl methoxycinnamate followed by octocrylene,

oxybenzone, and metyl salicylate. Newer formulations are also using 1% to 3%

micronized zinc oxide, which only slightly lightens the skin following application.

Sunscreen-containing facial moisturizers are the best product for increasing sun

protection compliance in women and children. Using a multifunctional moisturizer that

enhances skin barrier function, minimizes the appearance of dry skin, and provides

photoprotection is a wise health decision. These products are more aesthetically pleasing,

less sticky, spread to a thinner film, and are less prone to sting eyes than traditional

sunscreens. Products with zinc oxide, ecamsule, octocrylene, avobenzone, and oxy-

benzone, or with diethylhexylnaphthalate (DEHN), avobenzone, and oxybenzone provide

excellent UVA photoprotection, preventing photoaging and skin cancer.

EYELID COSMETICS

Most consumers will not apply sunscreens or the previously discussed sunscreen-

containing moisturizers to the eyelid. Common reasons for missed application include eye

stinging, stickiness, heaviness, and difficulty of application. One option for increasing
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eyelid photoprotection in females is the use of eyelid cosmetics. Periorbital photo-

protection is extremely important, especially with the increased incidence of basal cell

carcinomas in the area. The most commonly used eyelid cosmetic is eye shadow,

available as pressed powder, anhydrous cream, emulsion, stick, and pencil. All eye

shadow formulations contain natural colors or inorganic pigments, functioning as

inorganic filters that provide photoprotection (Fig.3). Only the following purified, natural

colors or inorganic pigments listed in Table 1 can be used in the eye area as a result of the

Food, Drug, and Cosmetic Act of 1938 (5).

Pressed powder eye shadows are the most popular formulations and are applied to

the eyelid by lightly stroking a soft sponge-tipped applicator across the skin. They are

predominantly talc with pigments and zinc or magnesium stearate used as a binder. Kaolin

or chalk may be added to improve oil absorption and increase wearability. A water or oily

binder system may also be used, with oily binder systems such as mineral oil, beeswax, or

lanolin predominating. The amount of photoprotection afforded by these formulations

depends on the thickness of the application. If the entire eyelid skin is obscured, excellent

photoprotection is achieved. Thinner applications provide decreasing amounts of

photoprotection. It is very difficult, however, to determine the photoprotection of an

eye shadow, since they do not contain organic filters and are not labeled with an SPF.

Figure 3 Eye shadows contain pigments and talc that can provide photoprotection to the often-

neglected upper eyelid skin.

Table 1 Eye Shadow Ingredients Providing Photoprotection

Iron oxides

Titanium dioxide (alone, or combined with mica)

Copper, aluminum, and silver powder

Ultramarine blue, violet, and pink

Manganese violet

Carmine

Chrome oxide and hydrate

Iron blue

Bismuth oxychloride (alone, or with mica or talc)

Mica
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Better photoprotection is provided by anhydrous cream eye shadows, which contain

inorganic pigments in petrolatum, cocoa butter, or lanolin. These formulations are

waterproof, but have a short wearing time because of their tendency to migrate into the

eyelid folds, especially in patients with oily complexions or redundant eyelid skin. The

product is applied with the finger and gently rubbed across the eyelid skin. Anhydrous

cream eye shadows have also been formulated as an emulsion applied with a sponge-

tipped applicator or wand withdrawn from a cylindrical tube and stroked across the eyelid.

These products, known as automatic eye shadows, are also waterproof, with increased

wear duration over the creams. They contain beeswax, cyclomethicone, and pigments in a

volatile petroleum distillate vehicle. They provide excellent photoprotection if applied as

a thick film, and migration does not occur.

The most popular anhydrous eye shadows are eye shadow sticks and pencils. They

are composed of pigments in petrolatum, but have added waxes, such as paraffin,

carnauba, or ozokerite wax to allow extrusion of the product into a rod. Eye shadow sticks

are in a roll-up tube and must be creamy to prevent drag as they are rubbed across the

eyelid skin. For this reason, eye shadow sticks tend to migrate into eyelid creases in oily

complected patients or those with redundant eyelid skin. A more modern packaging is to

encase the rod in wood, thus forming an eye shadow pencil that is rubbed across the

eyelid. The pencil form is not as creamy as the eye shadow stick. These waxy eye

shadows provide the best photoprotection since they must be applied with the thickest

film. If the eye shadow does not migrate into the folds of the eyelid, long-lasting

photoprotection can be delivered.

Probably the best eyelid photoprotection is obtained by applying a sunscreen-

containing facial moisturizer with zinc oxide to the eyelids and allowing the product to

dry. Once drying has occurred, a colored powder eye shadow can be dusted over the skin.

This will increase the wear time of the sunscreen-containing facial moisturizer, and the

combination will possess a higher SPF than either product applied alone.

LIPSTICKS

The lips are similar to the eyes in that they are a frequently overlooked area for

photoprotection. Perhaps some of the problems prevent sunscreen application. Lip

photoprotection may taste bad, irritate the tender mucosa, require frequent application,

and yield a poor cosmetic appearance. One way to increase the compliance of lip

photoprotection is through the use of pigmented lip cosmetics, known as lipsticks.

Lipsticks are mixtures of waxes, oils, and pigments in varying concentration to yield the

characteristics of the final product. For example, a lipstick designed to remain on the lips

for a prolonged period of time is composed of high wax, low oil, and high pigment

concentrations. On the other hand, a product designed for a smooth creamy feel on the lips

is composed of low wax and high oil concentrations (6). The former formulation will

provide better photoprotection than the latter.

The photoprotection afforded by a lipstick is directly related to its ability to obscure

the underlying lip mucosa. Products that have a high wax concentration produce a thicker

film of pigment, which functions as an inorganic filter. Some lipsticks are available with

added organic filters to increase the SPF of the formulation, which is listed on the

packaging. It is very difficult, however, to produce a lipstick with an SPF over 30 because

of the poor taste imparted by the higher-concentration organic photoprotectants.

The waxes commonly incorporated into lipstick formulations are white beeswax,

candelilla wax, carnauba wax, ozokerite wax, lanolin wax, ceresin wax, and other
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synthetic waxes. Usually, lipsticks contain a combination of these waxes carefully

selected and blended to achieve the desired melting point. Oils are then added, such as

castor oil, white mineral oil, lanolin oil, hydrogenated vegetable oils, or oleyl alcohol, to

form a film suitable for application to the lips. The oils are also necessary for dispersion

of the pigments (7–9). These same waxes are used in lip balms, but pigments are not

added. Both lipsticks and lip balms afford excellent lip photoprotection.

SUMMARY

Colored cosmetics can provide photoprotection to the face when used alone or in

combination with sunscreens. The pigments found in all colored cosmetics, including

facial foundations, powders, eye shadows, and lipsticks, function as inorganic filters

delivering broad-spectrum photoprotection. The addition of organic filters serves to raise

the SPF of the formulation. Sunscreen-containing moisturizers are essentially lower SPF

sunscreens without water-resistant qualities that optimize aesthetics. Even though

cosmetics are formulated with adornment as the primary goal, their ability to deliver or

enhance photoprotection cannot be overlooked.
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Photoprotection and Products to
Simulate or Stimulate UV Tanning
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Dermatology Consulting Services, High Point, North Carolina, U.S.A.

SYNOPSIS

l Self-tanning products contain DHA, which is a semipermanent skin stain lasting

for five to seven days.
l DHA is a 3-carbon sugar that reacts with skin protein to produce melanoidins,

which are colored brown.
l Self-tanning products are nontoxic but impart minimal photoprotection to the

skin possessing an SPF of 3 to 4.
l Tanning accelerators and tanning promoters lack proof of efficacy and may be

dangerous.
l Self-tanning products may be a safe alternative to indoor and outdoor tanning.

INTRODUCTION

The desire to achieve tanned skin by fair-complected individuals is an interesting

psychological phenomenon. There are many different explanations for this pursuit of skin

darkening. One explanation focuses on differing work environments. When most

individuals were engaged in agricultural pursuits, the farm owners sported fair skin, while

the farmworkers sported tanned skin. Thus, tanned skin indicated a lower socioeconomic

status. When lifestyles changed with the industrial revolution so that most persons worked

indoors, only those who vacationed outdoors sported a tan, allowing tanned skin to be an

indication of higher socioeconomic status. Some argue that Coco Chanel began the tanned

skin revolution by popularizing the use of tanned women in her famous high-fashion

advertisements. There can be no doubt after examining popular press images of women

and men that tanned skin remains desirable, despite medical data to the contrary.

Tanning is a skin response to injury related to UVA exposure (1). The invention of

indoor tanning has increased the opportunities for individuals in all latitudes to receive
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UVA skin damage 24 hours daily regardless of season. A study of 3550 white females

between the ages of 13 and 19 years reported that nearly one-third had used the tanning

booth at least three times in their life (2). Thirty-seven percent of females and 11% of

males reported using indoor tanning at least once. Indoor tanning was also positively

correlated with other risk behaviors, such as alcohol, tobacco, and marijuana use.

Adolescents who used two to three of these substances were more than three times as

likely to use a tanning booth. Other factors that increased tanning booth use included a

personal income or allowance, living in a nonurban locale, and physical maturity. Factors

that correlated with decreased tanning booth use were greater cognitive ability, increased

frequency of physical activity, and a mother with a college degree. This recognition has

led many states to consider prohibiting minors from indoor tanning without parental

consent (3).

The recognition that tanning is unsafe has led to an industry aimed at producing

tanned skin without sun exposure. Products that stain the skin to mimic a tan are termed

“self-tanning preparations” or “sunless tanners.” Some argue that sunless tanning has led

to a decrease in tanning booth use among frequent users (4). A survey found that 70%

would decrease their tanning booth use, 26% would cut outdoor exposure, and 23% would

increase sunscreen use after using self-tanning products. However, these numbers are

controversial (5,6). It is interesting to note that 43% of tanning booths also offer the

application of self-tanning products (7).

This chapter focuses on the use of products designed to simulate and stimulate a tan.

The desire to stain the skin is not new, as ancient man used burnt ashes to blacken the

skin. The products that simulate a tan are mostly based on dihydroxyacetone (DHA)

lotions that produce staining of the skin. A variety of products, known as tanning

accelerators and promoters, have also been introduced to enhance the ability of the skin to

tan. This article examines the history, chemistry, formulation, and efficacy of these

products.

HISTORY

Self-tanning creams are based on DHA as it induces darkening of the skin (8). This

chemical was originally discovered in the 1920s as a possible artificial sweetener for

diabetics by Procter & Gamble, Cincinnati, Ohio. Dr. Eva Wittgenstein noted that when

the sweet, concentrated material splashed on the skin with chewing, the affected skin

turned brown and the brown color could not be removed with rubbing or water contact. It

was noted that the saliva turned the skin brown without staining clothing or the mouth.

This side effect made the substance unsuitable as a glucose substitute, and DHA was not

marketed until the 1950s when the first self-tanning cream was introduced into the

marketplace. The first self-tanning creams were met with little enthusiasm, however,

since the color was an unsightly orange.

CHEMISTRY

DHA (C3H6O3) is a simple 3-carbon sugar that has no known oral toxicity. The sugar

forms dimers when mixed in an aqueous solution, but it is the monomeric form that is

used in self-tanning preparations (Table 1). Its activity is highest at pH 4 to 6, requiring

storage in a cool, dry environment. DHA is chemically classified as a colorant or a

colorless dye. It is actually an intermediate in carbohydrate metabolism in higher plants

and animals and is a physiologic product of the body formed during glycolysis (9). The
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phosphate of DHA is found naturally as one of the intermediates of the Krebs cycle.

Currently, DHA is manufactured as a white, crystalline hygroscopic powder by

fermentation of glycerol using Gluconobacter oxydans.

TANNING REACTION

The tanning reaction occurs allowing the staining of the skin with DHA. The site of action

of DHA is in the stratum corneum and involves the conversion of DHA to pyruvaldehyde

with the elimination of water. The aldehyde reacts with the amine present in the skin

keratin to form an imine. The remaining steps of the reaction are not known, but the result

is cyclic and produces linear polymers that have a yellow or brown color known as

melanoidins (10). Melanoidins structurally have some similarities to skin melanin (11).

The browning reaction that occurs when DHA is exposed to keratin protein is known as

the Maillard reaction, named after Louis-Camille Maillard who first described the

reaction in 1912 (12). The Maillard reaction is currently defined as the reaction of the

amino group of amino acids, peptides, or proteins with the glycosidic hydroxyl group of

sugars to form brown products referred to as melanoidins.

Even though DHA is technically categorized as a colorant or colorless dye, the

melanoidins impart a semipermanent color to the skin by linking to the side chains of

proteins of the stratum corneum. The color similarity to melanin is due to the same

absorption spectra of both substances. Maximal melanoidin formation and maximum

color development occur at pH 5, which is the normal pH of healthy skin. Typically, the

DHA is removed from the tube at pH 3 to 4, where it is most stable, but is rapidly raised to

pH, following skin application.

SELF-TANNING PRODUCT USE

Self-tanning products can be formulated as creams, lotions, and sprays. DHA is usually

added to a creamy base in concentrations of 3% to 5%; however, concentrations of 2.5%

to 10% are possible (13) (Table 2). Lower concentrations of DHA produce mild tanning,

while higher concentrations produce greater darkening (14). This allows self-tanning

creams to be formulated in light, medium, and dark shades. Lower-concentration DHA

products are easier to use, since they are less prone to streaking where uneven application

leads to uneven brown staining. The addition of dimethicone improves the ability to

spread the DHA and yields a more even natural appearance.

As might be expected, skin areas with more protein stain a darker color. For

example, keratotic growths such as seborrheic keratoses or actinic keratoses will

Table 1 Chemistry of DHA

1. C3H6O3

2. White crystalline hydroscopic powder

3. 3-carbon sugar

4. Stable at pH 4–6

5. Store in cool, dry environment

6. Reacts with proteins to produce brown color

7. Chromophore known as melanoidins

Abbreviation: DHA, dihydroxyacetone.
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hyperpigment. Protein-rich areas of the skin, such as the elbows, knees, palms, and soles,

also stain more deeply due to a thickened compact stratum corneum. For this reason, it is

advisable to remove all dead skin through exfoliation before self-tanning cream

application. This can be accomplished physically with an abrasive scrub containing

polyethylene beads, a textured cloth, or a hydroxy acid moisturizer. It is important to

immediately remove self-tanning products from the palms of the hands, or they too will

stain brown with the application. DHA does not stain the mucous membranes, since a

stratum corneum is not present, but will stain the hair and nails.

The chemical reaction is usually visible within 1 hour after DHA application, but

maximal darkening may take 8 to 24 hours (15). The color lasts five to seven days as the

stained stratum corneum is sloughed. Many self-tanning preparations contain a temporary

dye to allow the user to note the sites of application and to promote even application, but

this immediate color should not be confused with the Maillard reaction. Bronzers, which

are water-based stains, may be added to produce a shorter-lived staining. Tan or brown

powdered pigments and glitters can be added to produce immediate skin effects.

Self-tanning creams have enjoyed a renewed popularity since their original

introduction in the 1950s. The original self-tanners produced a somewhat unnatural

orange skin color. This problem has been corrected through the use of more purified

sources of DHA that yield a more natural golden color. Yet, for persons with pink skin

tones, the self-tanning creams may still appear unnatural. Self-tanning creams are most

acceptable in persons with Fitzpatrick skin types II and III with golden skin undertones.

NEW DEVELOPMENTS IN SELF-TANNING TECHNOLOGY

There are several drawbacks to the currently marketed self-tanning products, which have

been partially solved through new technology. One problem is the inability to achieve a

rich dark brown color. Since DHA binds to protein, this challenge has been overcome by

applying a protein-containing cream to the skin before application of the DHA. One

proprietary formulation incorporates application of a sulfur-containing amino acid, such

as methionine sulfoxide, to the skin just before applying the DHA. This protein interacts

with the DHA, deepening the color of the skin stain.

Table 2 Application Technique for Self-Tanning Products

1. Wash skin thoroughly, soap residue can interfere with color development.

2. Do not apply any skin lotions or other products. If water-resistant products such

as sunscreens or long-wearing moisturizers have been previously applied, clean

the skin with rubbing isopropyl alcohol.

3. Exfoliate the skin with a scrub containing polyethylene beads to remove

desquamating skin and the surface of seborrheic keratoses.

4. Remove a small amount of self-tanning product from the bottle, only enough to

apply to one area at a time. Apply the product with a rubbing motion with long

even strokes that do not overlap in one direction. Continue application until the

entire skin has been coated. Apply a thin coat.

5. Wash hands thoroughly. Remove immediately from nails and hair.

6. Allow color to develop over the next 8–24 h.

7. If the depth of color desired is not achieved, better results are achieved with

multiple thin coats on successive days.

8. Reapplication of the product is required every 5–7 days to maintain the color.
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Another problem is the immediate staining of the skin that does not mimic a gradual

tan achieved with UV exposure. To give the appearance of a UV-acquired tan, many

facial moisturizers and body lotions contain lower DHA concentrations that produce

progressive darkening of the skin with repeated application. This allows gradual skin

color acquisition providing more control over the final skin color. These products are

more popular on the face where dramatic color changes are undesirable.

All DHA preparations impart a characteristic musty smell to the skin when the

browning reaction occurs. The smell is not obnoxious, but undesirable, and is an

indication that self-tanning products are being used. It is difficult to mask the odor with

fragrance ingredients, since they can degrade or discolor the DHA formulation. One

manufacturer has developed a self-tanning preparation that combines DHA and

cyclodextrins to increase stability and reduce odor (16).

PROFESSIONAL DHA APPLICATIONS

Another challenge with self-tanning preparations is the difficulty in applying the cream or

lotion evenly. While this problem has been overcome with addition of dimethicone to the

formulation, it is still difficult to apply the product to the back or intertriginous areas. This

need led to the development of proprietary DHA sprays that are applied in traditional UV-

tanning salons as an alternative income source. This process has been given a variety of

proprietary names, including the Parisian Tan and the Magic Tan. An industry guide to

self-tanning suppliers is of 30 pages, indicative of the diversity in this market.

The customer enters a self-contained shower where a hand-held sprayer or spray

heads mist the DHA-containing liquid over the entire body in an even film (17). Areas of

the body where a tan is not desired, such as the palms, soles, between the toes, etc., are

covered with petroleum jelly. These treatments cost approximately $40 to $80, depending

on geographic location, and must be repeated every two weeks. The treatment is

considered safe, since the DHA rapidly binds to skin keratin limiting systemic absorption.

Even if some of the product did enter the mouth, it is nontoxic and can be safely

consumed. Allergy to DHA is rare, but DHA-sensitive individuals must avoid all self-

tanning preparations as they all contain DHA (18).

PHOTOPROTECTION AND SELF-TANNING PRODUCTS

Self-tanning products only stain the skin. They do not provide any meaningful

photoprotection. DHA can only confer an SPF of 3 to 4, which is inadequate to be

considered as a sunscreen filter. The brown skin color absorbs at the low end of the visible

spectrum and minimally into the UVA spectrum (19). DHA has been added to some PUVA

(psoralens plus ultraviolet A radiation) regimens to allow higher UVA doses to be delivered

to the psoriatic plaques without damaging the surrounding normal skin. This technique is

said to increase plaque clearing (20).

Some self-tanning preparations add organic filters, such as ethylhexyl methox-

ycinnamate, ethylhexyl salicylate, homosalate, benzophenone-3, or octocrylene, which

are compatible with DHA. Inorganic filters, such as zinc oxide or titanium dioxide, must

be avoided since they induce rapid degradation of the DHA. However, the majority of

DHA products do not contain sunscreen, thus the consumer must not be lulled into a false

sense of confidence that the skin stain can provide photoprotection. The major

photoprotective effect of DHA products may be that they provide an alternative to

outdoor and indoor UV-induced tanning.
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TANNING ACCELERATORS AND PROMOTERS

A variety of products are marketed with the premise that they promote safe tanning. These

products have been labeled tanning accelerators and tanning promoters. Tanning

accelerators speed darkening of the skin by providing precursors to melanin, while

tanning promoters increase skin photosensitivity, claiming that an equivalent tan can be

achieved with less UV exposure. Tanning accelerators are based on tyrosine, but their

efficacy is doubtful (21). Tanning promoters incorporate substances that create a

phototoxic reaction, such as psoralens. Psoralens are dangerous in unskilled hands as eye

sensitivity also increases and severe sunburns can occur. Since there is no such activity as

safe tanning, the concept that psoralens can increase tanning safety and decrease

photoexposure is unfounded. In the past, tanning pills were sold that contained

canthaxanthin, which imparted a yellow color to the skin from carotenoids (22).

However, they have been removed from the market because of the severe side effects of

hepatitis, retinopathy, and aplastic anemia.

CONCLUSION

This chapter has examined self-tanning preparations, tanning accelerators, and tanning

promoters. Tanning accelerators and tanning promoters are not useful or safe, but it may be

worthwhile exploring the value of self-tanning products. Self-tanning products based on

DHA confer limited UVA photoprotection and cannot be considered effective sunscreen

filters, but the concept of sun avoidance from their use is worth investigating (Table 3).

Some argue that DHA staining of the skin is a safe alternative to the sun. Indeed,

this is true. DHA provides an acceptable tan in many persons, which may decrease their

desire to obtain a UV-induced tan. This may keep people out of the tanning booth and

decrease the incidence of photodamage and skin cancer. However, it perpetuates the

concept that light-complected persons should desire darker skin. I am not sure if this is

desirable. The use of tanned models, with either UV-tanned skin or digitally altered

tanned skin, in the media gives Caucasian youth the idea that dark skin is attractive. This

concept should be changed. It is important that children grow up with the understanding

that they must care for the skin color they received at birth. Failure to do so will ultimately

result in disease. These ideas should be generalized for lifelong total health. Persons with

a family history of diabetes should practice careful weight control and, persons with

Table 3 Advantages and Disadvantages of Self-Tanning Products

Advantages

1. Decreased outdoor tanning due to brown-stained appearance of the skin.

2. Alternative to indoor tanning offered at UV-tanning facilities.

3. Effective camouflage for lower extremity telangiectasias and cellulite.

4. Provides a safe method to achieve tanned skin in Caucasian individuals.

Disadvantages

1. Promotes the positive image of tanned skin.

2. Consumers may be deceived that stained skin is photoprotected.

3. Photoprotection is suboptimal at SPF 3–4.

4. Improper application may yield poor final appearance.

Abbreviations: UV, ultraviolet; SPF, sun protection factor.
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coronary artery disease should watch their cholesterol levels from a young age. Skin

health, or external health, should not be excluded from internal health.

A discussion of self-tanning products, tanning accelerators, and tanning promoters

belongs in a sunscreen book, as these are products affecting the skin used in conjunction

with sunscreens. Self-tanning products are the only semipermanent alternative to UV

exposure for achieving skin darkening in Caucasian individuals. The active ingredient,

i.e., DHA, has a proven safety profile, but tanning accelerators and promoters do not.

Dermatologists can feel confident recommending the use of self-tanning preparations, but

they should always be used in conjunction with a secondary sunscreen product.
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SYNOPSIS

l Oral photoprotective agents are a suitable complement for topical sunscreen

protection.
l The effect of oral photoprotective agents is mainly systemic, preventing or

reducing photoinduced oxidation, skin photodamage, and photoaging.
l Some oral photoprotective agents may be useful in skin cancer preventive

strategy.
l Many botanical agents and formulations have antioxidant activity/properties and

provide photoprotection at different levels.
l Evaluation of the photoprotective effect of oral agents includes erythema

formation (SPF) and other parameters, including photoimmunoprotection,

antimutagenic, and antioxidant activities.

INTRODUCTION

Sunscreen products are primarily designed to protect the skin from the harmful effects of

solar ultraviolet (UV) radiation upon topical application. They contain molecules or

molecular complexes that can absorb, reflect, or scatter UV photons. These are shielding

sunscreens and are among the most efficient methods of protecting from solar erythema and

sunburn caused by high-energy UV photons, but their potential efficacy in preventing

photoaging depends on their ability to block low-energy UV light. In this regard, sunscreens

that prevent local and systemic immunosupression are particularly useful to inhibit

207



[ram][7x10 Standard][D:/informa_Publishing/H8084_Lim_112080/z_production/z_3B2_3D_files/978-1-4200-8084-1_CH0016_O.3d] [3/11/08/

18:53:31] [207–222]

epidermal gene modifications like mutations on p53 gene, thymine dimers formation, and

induction of apoptosis, or to restore the levels of collagen production (1–5). In addition, new

substances with photoprotective capabilities, some of them after oral administration, have

been recently developed that prevent, ameliorate, or even repair solar-induced skin damage.

Furthermore, chemoprevention via non-toxic agents, especially botanical antioxidants

constitutes a plausible strategy for prevention of acute and chronic photodamage, including

photocarcinogenesis.

In this chapter, we provide an overview of the oral photoprotective agents and

substances with photoprotective properties not included under conventional sunscreens,

excluding DNA repair agents and DNA repair adjuvants, which are reviewed in another

chapter. Finally a section will be dedicated to the evaluation of these agents in terms of

photoprotection.

ORAL PHOTOPROTECTIVE AGENTS

The main method of use of photoprotective measures is pre-exposure topical application.

However, they may be inconvenient, wear out fast, and are not very efficient providing

global cutaneous protection. Therefore, additional measures, for example, oral treatments

are promising tools to complement topical sunscreen use.

Recently, several oral photoprotective compounds have been commercialized that

provide systemic coverage and are listed in Table 1. These products contain several active

principles that enable different mechanisms to prevent cutaneous sun damage. Most of

them possess antioxidant activities, which replenish the normal antioxidant capability of

the body after systemic loss of endogenous antioxidants during UV exposure (6,7). These

products include the following antioxidants:

Vitamin Derivatives

Carotenoids

Carotenoids are plant pigments that protect against photoinduced oxidative stress. They

have been postulated to play a significant role on skin photoprotection after ingestion;

however, most studies on carotenoid supplementation in healthy subjects showed no skin

Table 1 Oral Photoprotective Agents

Carotenoids

Licopene

Lutein and Zeaxanthin

Combination of antioxidants

Mixture of tocopherol and ascorbate

Mixture containing lycopene, b-carotene, a-tocopherol, and selenium

Seresis: carotenoids (b-carotene and lycopene), vitamins C and E, selenium,

and proanthocyanidins

Dietary botanicals: dietary flavonoids and phenolics

PL extract

Green tea

Genistein

Omega-3 polyunsaturated fatty acid

Abbreviation: PL, Polypodium leucotomos.
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photoprotection (8). A modest efficacy in systemic photoprotection has been shown to

depend on the duration and dose of the supplementation before exposure to UV radiation,

within the safety limits when administered in high (photoprotective) doses (9). More

recently, oral ingestion of lycopene, the major carotenoid of the tomato and a very

efficient singlet oxygen quencher, showed beneficial photoprotective effects. A signif-

icant decrease in the sensitivity toward UV-induced erythema has been observed in

healthy human volunteers after 10 to 12 weeks of lycopene administration (10).

Additionally, lutein and zeaxanthin, xanthophyllic carotenoids, commonly referred to as

xanthophylls, have been assayed in a 12-week placebo-controlled, multicentered study

where both xanthophylls were applied topically and orally administered (11). This study

was designed to allow for direct comparisons of lutein and zeaxanthin efficacy between

different routes of administration and to demonstrate the efficacy obtained when these

two routes of administration were combined. The authors showed slight photoprotection

at week 2 after ingestion, with greater efficacy when combined with topical application.

Combination of Antioxidants

Tocopherol and Ascorbate

In humans, oral administration of tocopherol and ascorbate showed no skin photo-

protection when separately used (12,13). Therefore, the lack of effect of single-

component compounds has justified the employment of combinations. Inclusion of

vitamins C and E in photoprotective compounds increases the photoprotective effects

compared with monotherapies (14). It seems that ascorbate regenerates tocopherol from

its radical form and transfers the radical load to the aqueous compartment being

eliminated by enzymatic antioxidant systems (15).

Antioxidant Complexes

An antioxidant complex containing lycopene, b-carotene, a-tocopherol, and selenium was

administered orally, daily through 7 weeks in 25 healthy individuals to reduce UV-

induced damages. A general reduction of the UV-induced erythema, a reduction of the

UV-induced p53 expression, the number of sunburn cells, and a parallel reduction of the

lipoperoxide levels have been probed. Additionally, the pigmentation increased. After the

oral intake of this antioxidant complex, many parameters of the epidermal defense against

UV-induced damages improved significantly (16).

Seresis

Seresis is an antioxidative combination containing physiological levels of lipid- and water-

soluble compounds, including carotenoids (b-carotene and lycopene), vitamins C and E,

selenium, and proanthocyanidins. A clinical, randomized, double-blind, parallel group,

placebo-controlled study in young female volunteers (skin phototype II) demonstrated that

Seresis slowed down the development of UVB-induced erythema and decreased UV-

induced expression of MMP-1 and -9 (17).

In summary, oral intake of antioxidant complexes may supplement photo-protective

measures provided by topical and physical agents and may also contribute to reduced DNA

damage, leading to skin aging and skin cancers.

Dietary Botanicals

Dietary botanicals include dietary flavonoids and phenolics. Their photoprotective and

anticarcinogenic properties are ascribed to their antioxidant and anti-inflammatory

activities. The more scientifically studied of these botanicals are discussed.
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Polypodium Leucotomos Extract

Polypodium leucotomos (PL) extract is a polyphenol-enriched natural extract from leaves

of the fern Polypodium leucotomos. This plant extract has been used as adjuvant treatment

for inflammatory skin conditions with no reported side effects. Besides its immunomo-

dulatory properties, PL has antioxidant properties. Topically applied or orally

administered PL leads to the quenching of free radicals, lipid peroxidation, and reactive

oxygen species (ROS) such superoxide anion, singlet oxygen, hydroxyl radical, and

hydrogen peroxide (18,19). These antioxidative properties are believed to be the main

cause of the observed protection from oral PL against sun damage and psoralen plus UVA

radiation (PUVA) phototoxicity. In this regard, topically applied or orally administered

PL was shown to augment the UV doses required for immediate pigment darkening,

minimal erythematogenic dose, and minimal melanogenic dose (17). Additionally, a low

oral dose (7.5 mg/kg) of PL was shown to exert a significant photoprotective effect on

human skin, reducing erythema, thymine dimer formation, and Langerhans cell depletion

(20,21). The observed reduction in thymine dimers formation seems to be the result of

enhanced base excision repair induced by its antioxidant effect. In addition, its beneficial

effects also include (i) inhibition of t-UCA photoisomerization (22), and in vivo and in

vitro cellular photoprotection (23–25), including abrogation of UV-induced TNF-a: and
nitric oxide (NO) production (26), (ii) enhancement of endogenous antioxidant systems

(27), (iii) inhibition of photoinduced immunosupression (28), and (iv) modulation of

cyclo-oxygenase 2 (Cox-2) expression and inflammation, preventing oxidative DNA

damage (8-hydroxyguanine) and accelerating repair of thymine dimers (29). Approxi-

mately 30 minutes must be allowed following ingestion to observe the photoprotective

effect, and the supplement must be repeatedly consumed to maintain the photoprotection.

Green Tea Polyphenols

Epigallocatechin-3-gallate (EGCG) is the major photoprotective polyphenolic component

of green tea. While skin protection by green tea polyphenols (GTPPs) has not been proved

in human intervention studies, their oral administration prevents UVB-induced skin tumor

in mice, which is mediated through (i) the induction of immunoregulatory cytokine

interleukin 12, (ii) IL-12-dependent DNA repair following nucleotide excision repair

mechanisms, (iii) the inhibition of UV-induced immunosuppression through IL-12 DNA

repair, and (iv) the inhibition of angiogenic factors and stimulation of cytotoxic T cells in

a tumor microenvironment (30). Additionally, oral administration of GTPPs to mice

remarkably inhibited UV-induced expression of skin MMPs, suggesting that GTPPs has a

potential antiphotoaging effect (31).

Genistein

Genistein is a isoflavone first isolated from the fermented soybean, with potent

antioxidant activity and low toxicity levels in animal studies (32). It is also a specific

inhibitor of protein tyrosine kinases and a phytoestrogen. It has been shown that orally

supplemented genistein inhibits UVB-induced acute and chronic skin photoaging and

photocarcinogenesis in mice (33).

Omega-3 Polyunsaturated Fatty Acid

Omega-3 fatty acids have been reported to decrease UVB-induced sunburn and inflammation

in a clinical trial; they also reduced UVA-dependent responses after three months of fish oil
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ingestion (34). However, fish oil is not widely used because large amounts must be consumed

to achieve the desired effect, resulting in burping and gastric distress.

OTHER NON SUNSCREEN PHOTOPROTECTIVE
AGENTS (TABLE 2)

Nonclassical Antioxidants

Skin damage due to UV light may also result from increased ROS production. Therefore,

topical antioxidants are a successful strategy for diminishing UV-related damage of the

skin. Classical antioxidants contained in sunscreen formulations include vitamin C,

vitamin E and b-carotene, whose photoprotective effects against UVB and UVA are well

characterized (35). In addition, there are new substances under investigation.

Vitamin-Related Compounds

Astaxanthin. Astaxanthin is a xantophilic pigment particularly efficient in the

elimination of peroxilipidic radicals and inhibiting the concentration of free polyamines

induced by UVA radiation, protecting fibroblasts from photoinduced damage (36).

Table 2 Other Non-sunscreen Photoprotective Agents

Nonclassical antioxidants

Vitamin-related compounds

Astaxanthin

Lutein and zeaxanthin

Polyphenolics

Ferulic and caffeic acids

Green tea polyphenols

Pomegranate

Resveratrol

Pycnogenol

PL extract

Flavonoids

Isoflavones

Genistein

Equol

Silymarin

Quercetin

Apigenin

Idebenone

Uncaria tomentose extract

PM thumb

N-(4-pyridoxylmethylene)-l- serine

Other photoprotective agents

Dihydroxyacetone

Caffeine and caffeine sodium benzoate

Pityriacitrin

Creatine

Cox-2 inhibitors

Abbreviations: PL, Polypodium leucotomos; PM, Polygonum

multiflorum; Cox-2, cyclo-oxygenase 2.
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Lutein and zeaxanthin. In humans, lutein and zeaxanthin showed increase in superficial

skin lipids and decrease in lipid peroxidation after two weeks of topical application, which

is beneficial in terms of photoprotection (11).

Polyphenolic Compounds

Polyphenolic compounds are an important part of human diet. Flavonoids and phenolic

acids are the most abundant in food. Some of them have photoprotective properties,

because they have antioxidative, anti-inflammatory and anticarcinogenic activities (37).

They include the following:

Ferulic and caffeic acids. Ferulic and caffeic acids are hydroxycinnamic acids of vegetal

origin. Topical application of a saturated aqueous solution of caffeic and ferulic acids in

healthy humans afforded a significant protection to the skin against UVB-induced

erythema (38). Ferulic acid is more frequently used in skin lotions and sunscreens than

caffeic acids. Ferulic acid is a ubiquitous plant constituent that arises from the metabolism

of phenylalanine and tyrosine. It occurs primarily in seeds and leaves both in its free form

and when covalently linked to lignin and other biopolymers. Because of its phenolic

nucleus and an extended side chain conjugation, it readily forms a resonance stabilized

phenoxy radical that accounts for its potent antioxidant potential. UV absorption by

ferulic acid catalyzes stable phenoxy radical formation and thereby potentiates its ability

to terminate free radical chain reactions. By virtue of effectively scavenging deleterious

radicals and suppressing radiation-induced oxidative reactions, ferulic acid may serve an

important antioxidant function in preserving physiological integrity of cells exposed to

UV radiation (39). Its maximal beneficial effect has been found by its incorporation into a

topical solution of 15% L-ascorbic acid and 1% a-tocopherol improving chemical

stability of these vitamins and doubled photoprotection to solar simulated irradiation of

human skin from fourfold to approximately eightfold as measured by both erythema and

sunburn cell formation. Inhibition of apoptosis was associated with reduced induction of

caspase-3 and caspase-7. This antioxidant formulation efficiently reduces thymine dimer

formation and provides significant synergistic protection against oxidative stress in skin

and should be useful for protection against photoaging and skin cancer.

GTPP. Green tea extract is one of the most extensively studied antioxidants. The fresh

leaves and bud of the tea plant Cammelia sinesis are steamed and dried in a process that

preserves the polyphenolic antioxidants. Epigallocatechin-3-gallate (EGCC) is the most

abundant and the most biologically active of the four major green tea polyphenolic

catechins present in green tea extract. Green teas possess antioxidant, anti-inflammatory,

and anticarcinogenic properties and appear to be beneficial when administered both orally

and topically. As mentioned previously, an early study demonstrated that oral uptake of

green tea induced a dose-dependent delay in tumor development following UV exposure

in mice (40). Similar chemopreventive effects have been demonstrated following topical

application of green tea polyphenolic catechins to hairless mice (41). ECGC appears to be

an important component of green tea for its effect in suppressing UV-induced

carcinogenesis (42). Additionally, green tea polyphenols have been shown to protect

against other types of UV-induced damage, such as reduction in the number of sunburn

cells and protection of epidermal Langerhans cells. Green tea extracts also reduced DNA

damage that occurs after UV radiation. Thus it appears that topical application of green

tea extract and some of its components are useful for mitigating the adverse effect of

sunlight on human skin. ECGC induces a threefold reduction of UVB-induced lipid
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peroxide levels, prevented UVA-induced skin damage (roughness and sagginess),

inhibited the expression of collagenase in cultured human epidermal fibroblasts as well

as the activities of both activator protein 1 (AP1) and nuclear factor-kappa B (NF-kB) and
reduced collagen cross-linking (43). Finally, the protective properties of GTPP against

UV light pose potential value against photoaging. Despite the extensive body of scientific

research on green tea extract, there is little clinical data on green tea–containing products.

The main reason for this is that the GTPPs are highly reactive and sensitive to light and

oxidation; they quickly lose activity if not used immediately after preparation. In addition,

EGCG is highly hydrophilic, limiting its penetration in human skin. Because of these

limitations, green tea extract is among the more difficult botanicals to formulate;

standardized delivery systems for topical application of GTPPs are yet to be established

(44). On the other hand, high concentrations of GTPPs or EGCGs can induce toxicity

(45). It has been suggested that the addition of 0.1% butylated hydroxytoluene to 10%

EGCG in a hydrophilic ointment significantly enhanced its stability (46). Despite all this,

green tea–related products are favorites among consumers who have long believed in its

health benefits.

Pomegranate. Pomegranate (Punica granatum, fam. Punicaceae) is a rich source of two

types of polyphenolic compounds; anthocyanidins (such as delphinidin, cyanidin, and

pelargonidin) and hydrolyzable tannins. It possesses strong antioxidant and anti-

inflammatory properties (47). Pomegranate protects against the adverse effects of UVB

radiation, inhibiting UVB-dependent activation of NF-kB and MAP kinase pathways. It

also provides protection against the deleterious effect of UVA light.

Resveratrol. It is a polyphenolic phytoalexin found in the peels and seeds of grapes, nuts,

fruits, and red wine. Topical application of resveratrol to hairless mice prior to UVB

irradiation significantly inhibited edema and decreased the generation of hydrogen

peroxide, leukocyte infiltration, and epidermal lipid peroxidation; therefore, resveratrol

protects against the damages caused by acute UVB exposure, and these protective effects

may be mediated via its strong antioxidant properties and significantly inhibited tumor

incidence, delaying the onset of tumorigenesis Some studies have shown that NF-kB
pathway plays a critical role in the chemopreventive effects of resveratrol against UVB

radiation damages (48). On the other hand, the effect of resveratrol on photoaging remains

to be examined. Additionally, resveratrol may be useful for enhancing the response of

radiation therapies against hyperproliferative, precancerous, and neoplastic conditions (49).

Pycnogenol1. It is a standardized extract of the bark of the French maritime pine, Pinus

pinaster Ait, which possesses potent antioxidant, anti-inflammatory, and anticarcinogenic

properties. Topic application of Pycnogenol resulted in significant and dose-dependent

protection from UV radiation-induced acute inflammation, immunosuppression, and

carcinogenesis. Pycnogenol has photoprotective potential as a complement to sunscreens,

possessing demonstrable activity when applied to the skin after, rather than before, UV

exposure (50).

PL extract. Topical treatment with PL hydrophilic extract inhibits erythema and

immediate pigment darkening reaction produced in vivo by UVB radiation and PUVA

therapy (24). This effect is mediated not only by its antioxidant capability but also by its

capability to inhibit the production of proinflammatory cytokines such as TNF-a or IL-6

(51). As mentioned previously, pretreatment of human keratinocytes with PL-inhibited

solar-simulated-radiation-mediated increase of TNF-a and also abrogated NO production
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and the induction of inducible NO synthase elicited by UV radiation. In addition, PL

inhibited the transcriptional activation of NF-jB and AP1 mediated by UV radiation. PL

showed to be an inhibitor of UV-induced t-UCA photoisomerization and photo-

decomposition and also in the prevention of the generation of oxidative metabolites

catalyzed by TiO2. On the other hand, it also preserves the number and morphology of

Langerhans cells during UV light exposure as well as during PUVA therapy (20,21,24).

PL also appears to reduce elastosis and photoinduced skin tumors due to chronic exposure

to UVB (52).

Flavonoids. Flavonoids are ubiquitous polyphenolic compounds; according to their

chemical structure, they are divided into flavonols, flavones, flavanones, isoflavones,

catechins, anthocyanidins, and chalcones. Over 4000 flavonoids have been identified, many

of which occur in fruits, vegetables, and beverages (tea, coffee, beer, wine, and fruit drinks).

The flavonoids have garnered interest because of their potential beneficial effects on human

health, especially because of their anti-inflammatory, antitumor, and antioxidant activities.

Isoflavones. Isoflavones are one main group of phytoestrogens nonsteroid plant

compounds with estrogen-like biologic reaction. Some of them have been shown to

have important photoprotective activities

Genistein: Genistein has been shown to protect mouse skin from UVB-induced oxidative

stress, UVB-induced photodamage, PUVA-induced photodamage, and UVB-induced

carcinogenesis (53). In humans, genistein topically applied effectively blocked UVB-

induced erytema and discomfort (33). Additionally, post-UVB application improved

discomfort with minimal effect on erythema (33).

Equol: Red clover (Trifolium pratense) is a rich source of primary isoflavones like

genistein and daidzein. Equol is a natural metabolite of the latter. It strongly

protects against UV irradiation and inhibits tumor promotion during photocarcinogenesis

(54) and photoaging (55). Its photoprotective action in mouse and human skin seems to

be dependent on metallothionein, a cutaneous antioxidant that modulates UV photo-

damage (56).

Although there is substantial evidence indicating that isoflavones are potentially

useful topical agents for photoprotection in cellular or mouse studies, it is still questionable

whether isoflavones really provide efficient photoprotection in humans, except for genis-

tein. In a pigskin model, topical application of 0.5% solutions of three individual

phytoestrogens, genistein, daidzein, and biochanin A, are better than similar solutions of

equol in protecting pigskin from solar-simulated UV-induced photodamage. However, the

protection was less than that provided by a topical combination of standard antioxidant

solution containing 15% L-ascorbic acid, 1% a-tocopherol, and 0.5% ferulic acid (57).

Silymarin. Silymarin is a plant flavonoid isolated from the seeds of milk thistle (Silybum

marianum). It consists of a mixture of three flavonoids, silybin, silydianin, and

silychristin. Current experimental observations indicate that it protects against sunburn,

DNA damage, nonmelanoma skin cancer, and immunosuppression (58). For some

authors, silibinin is its bioactive component; topically applied in hairless mice, it showed

a strong preventive efficacy against photocarcinogenesis, which involves the inhibition of

DNA synthesis, cell proliferation and cell cycle progression, and induction of apoptosis

(59). Further studies are required to determine the rate of cellular uptake, distribution, and

long-term effect of silymarin on skin.
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Quercetin. Quercetin is one of the promising flavonoids that possesses the higher

antioxidant activity among them. Topical formulations containing quercetin successfully

inhibit UVB-induced skin damage in mice (60).

Apigenin. Apigenin is a nonmutagenic bioflavonoid that prevents mouse skin carcino-

genesis induced by UV exposure, which could be mediated in part by inhibition of Cox-2

protein expression induced by UVB (61).

Idebenone

Idebenone is a synthetic analog of coenzyme Q10. This low molecular–weight molecule is

presumed to penetrate skin more efficiently than its parent compound. Both have been

suggested as topical antioxidant ingredients for skin protection from oxidative damage

caused by UV irradiation and pollution. Idebenone is a better antioxidant than other

antioxidants like dL-tocopherol, coenzyme Q10, l-ascorbic acid, and alpha lipoic acid

among others (44). Both 0.5% idebenone and 1% idebenone are available commercially. A

clinical study using Prevage MD1 by Allergan (Allergan, Irvine, CA) twice a day for six

weeks has revealed a significant reduction in fine lines and wrinkles as well as an increase

in skin hydration, resulting in a 30% global improvement in photodamage (62). Application

of idebenone in the morning under sunscreen may provide additional protection from free-

radical damage caused by the sun. Nevertheless, other studies found that idebenone does

not increase the photoprotective value of an established antioxidant combination (63). This

study showed that ubiquinone, idebenone, and kinetin offered little to no photoprotective

value, talking in terms of UVR erythema response, in comparison to a topical antioxidant

combination of vitamins C and E with ferulic acid. In summary, the information about the

photoprotective effect of idebenone is, so far, controversial.

Uncaria Tomentosa Extract

The aqueous extract of Uncaria tomentosa (previously named C-Med-100 and now

renamed AC-11), an extract of cat’s claw, appears to enhance the normal repair of

cyclobutyl pyrimidine dimers following UVB exposure. The observed reduction in

oxidative DNA damage (8-hydroxyguanine and strand breaks) is possibly the result of

enhanced base excision repair or an inherent antioxidant effect, or both. In a single-blind,

right side–left side beach sun exposure pilot study that included 42 healthy volunteers,

there were dramatic and significant ( p < 0.0001) reductions in erythema and blistering in

volunteers who applied 0.5% topical AC-11 with an SPF-15 sunscreen when compared

with the group that just applied an SPF-15 sunscreen (64).

Not all antioxidant substances have photoprotective effect despite being useful to

prevent photoaging. CoffeeBerry1 is the proprietary name for a mixture of antioxidants

harvested from the fruit of the coffee plant Coffea Arabica; it contains potent polyphenols

including chlorogenic acid, condensed proanthrocyanidins, quinic acid, and ferulic acid; it

has been commercialized as a night and day cream to treat and prevent aging of the skin,

the latter combined with octinate and oxybenzone (44). Another example is alpha lipoic

acid, a naturally occurring antioxidant, that topically applied has failed to provide

photoprotection in the animal model (pig) (65).

Polygonum Multiflorum Thumb

The root of Polygonum multiflorum (PM) thumb is used in Oriental medicine because it

is supposedly endowed with antibacterial, antifungal, and antiaging properties. Topical
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administration of PM extracts after UVB irradiation sustained superoxide dismutase 1

immunoreactivity and protected against UVB-induced stress. These results indicate that

topical application of PM extracts strongly inhibits oxidative stress induced by UVB

irradiation and suggest that PM extract may have an antiphotoaging effect (66).

N-(4-pyridoxylmethylene)-l-serine

N-(4-pyridoxylmethylene)-l-serine (PYSer) is an antioxidant that suppresses iron-

catalyzed ROS generation because of its iron-quenching activity. Topic application of

PYSer significantly delayed and decreased formation of visible wrinkles induced by

chronic UVB irradiation and inhibited UVB-induced increase in glycosaminoglycans

(67). These results indicate that PYSer is a promising antioxidant in the prevention of

chronic skin photoaging because of its iron-sequestering activity.

Topical application of antioxidants is limited by poor diffusion into the epidermis.

Moreover, antioxidants tend to be unstable (68). Only when these formulation challenges are

met can a topical antioxidant be effective. On the other hand, antioxidants are less potent than

physical filters in preventing sunburn (69). In a search to overcome these problems, a new

compound has been recently described. It is a combination of the UVB photon absorber

2-ethylhexyl-4-methoxycinnamate (OMC) and the antioxidant piperidine nitroxide TEMPOL.

This de novo synthesized molecule has shown very promising preliminary results in

photoprotection (70), but its applicability to human subjects still remains under scrutiny.

Other Photoprotective Agents

Dihydroxyacetone
Dihydroxyacetone produces temporary staining of the skin, but only offers a SPF of 3 to

4, conferring protection against long-wave UVA and visible light. In addition, the

durability of this sunless tanning effect does not last for the duration of the tan (71)

depending on the initial SPF provided. This ingredient has been removed from the U.S.

Sunscreen Monograph because of its poor ability to provide photoprotection.

Caffeine and Caffeine Sodium Benzoate

Caffeine and caffeine sodium benzoate possess sunscreen properties and also enhance UVB-

induced apoptosis when applied to the skin. Additional studies have shown that caffeine

sodium benzoate strongly inhibited UVB-induced tumor formation (72). Another study

revealed that caffeine applied topically after UV radiation resulted in a significant decrease

in UV-induced skin roughness/transverse rhytides, and doubled the number of apoptotic

keratinocytes, whereas other parameters, including epidermal hyperplasia, solar elastosis,

and angiogenesis did not change (73). These findings suggest that topical application of

caffeine to mouse skin after UV irradiation promotes the deletion of DNA-damaged

keratinocytes and may partially diminish photodamage as well as photocarcinogenesis.

Pityriacitrin

Pityriacitrin (PIT) is a potent UV absorber indole compound naturally occurring in

Malassezia furfur. PIT exhibits UV-protective activity on Candida albicans and

staphylococci, with no detectable toxicity (74). Nevertheless, it has been shown in

humans that the UV-protective effect of PIT is all in all very weak, suggesting that it is

likely only an inferior cofactor in the development of hypopigmentation in pityriasis

versicolor alba lesions following sun exposure (75).
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Creatine

Exogenous creatine was readily up-taken by keratinocytes and increased creatine kinase

activity, mitochondrial function, and protected against the effect of ROS, suggesting its

efficacy against a variety of cellular stress conditions, including oxidative and UV

damage in vitro and in vivo. This has further implications in other modulating processes

involved in premature skin aging and skin damage (76).

Cox-2 Inhibitors

Cox-2 is an important metabolic enzyme upregulated in different types of cancer.

Celecoxib, a selective inhibitor, decreased UVB-mediated inflammation, including

edema, dermal neutrophil infiltration and activation, prostaglandin E2 (PGE2) levels and

the formation of sunburn cells (77). Moreover, celecoxib also inhibited acute oxidative

damage and UVB-induced papilloma/carcinoma formation in long-term studies (78).

EVALUATION OF THE PHOTOPROTECTIVE CAPACITY OF
A NON-SUNSCREEN PRODUCT

Although controversial, SPF is the most reliable indicator of the efficacy of sunscreen

filters. However, Ery-PF (erythema protection factor) is more accurate than SPF because

the test protocol only takes into account the erythematous response after 24 hours.

Erythema measurement is an easy and noninvasive protocol that evaluates the efficacy of

sunscreens. The question remains whether erythema induction as measured by SPF is a

bona fide indicator of all UV damage. In fact, inflammation and loss of elasticity in

photoaging is induced by suberythematous doses of UV radiation. Moreover, it has been

recently reported that suberythematous UVB radiation not only alters Langerhans cell

count and antigen-presenting function but also induces pyrimidine dimer formation and

affects p53 expression (79,80). Therefore, there must be other methods to measure the

capacity to protect from the sun damage for non-sunscreen substances. These methods are

discussed next.

1. Photoimmunoprotection: Erythema is a poor indicator of immunosuppression.

Current methods rely to determine immunosupression include the sunscreen

ability to inhibit UV-induced local suppression of contact- or delayed-type

hypersensititivy responses, using either the induction or the elicitation arms of

these responses. The induction arm of the contact hipersensitivity response is

sensitive to a single suberythemal exposure of solar-simulating radiation, which

enables direct comparison with SPF, but it requires a large number of volunteers

and is not cost-effective (81). On the other hand, the elicitation arm exploits

prior sensitization to contact or recall antigens and can be applied to small

groups of volunteers. Some protocols, however, require repeated solar simula-

tion exposures, invalidating direct comparisons with SPF, which is based on a

single exposure. In conclusion, candidate sunscreens should not substantially

alter the relationship between UVR-induced erythema and immune modulation.

2. Antimutagenic activity: The mutation protection factor is defined as the ability

of a sunscreen to inhibit p53 mutations, i.e., induced by UVB irradiation (82).

Standardized techniques to calculate the mutation protection factor as well as the

immune protection factor are yet to be developed.

3. Antioxidant activity: It has been suggested that a standardized protocol of tests

including photochemiluminescence, prooxidative systems with measurement of
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primary and secondary oxidation products, UVB-irradiated keratinocytes stained

for thymine dimer formation, and sunburn cell assays as measures of antioxidant

capacity might be useful as tools to compare the environmental protection factor

(EPF) of various antioxidants (83).

CONCLUDING REMARKS AND FUTURE PERSPECTIVES

This chapter has provided an overview of several different compounds that highlight the

potential beneficial effects of oral photoprotective agents and other dietary supplements in

the prevention of photodamage and subsequent photocarcinogenesis and photoaging. The

mechanisms of photoprotection of most of these compounds are not fully defined yet;

many possess antioxidant activity, but others are completely unknown, and this remains a

very active area of both basic and clinical research.

Antioxidants and other nonstandard photoprotective agents may be used together

with conventional sunscreens in topical formulations to widen their photoprotective

spectrum. In this regard, oral photoprotective agents show promise for several reasons:

they are easy to use and they potentially provide enhanced skin photoprotection,

particularly in high-risk groups. In addition, some of these compounds have shown the

ability to delay or even decrease the frequency of skin cancer.

Adjuvant treatments to standard sunscreens have become a focus of interest to the

scientific community, particularly in public health and preventive medicine. In this

regard, some of the components with a botanic origin and a verified safety profile have

been successfully assayed against UV damage and in the prevention of skin cancer, using

in vitro techniques, animal models, and emerging clinical studies employing suitable

biomarkers such as erythema formation. Some compounds are already available as oral

supplements and others have been incorporated to topical products, including sunscreens.

Nevertheless, further clinical trials will be required to validate the preventive and

therapeutic value of these products.

In summary, oral sunscreens have demonstrated therapeutic value in the prevention

of sun damage and other deleterious alterations associated to skin aging. It will be

interesting to assess their efficacy in preventing photoaging in humans in long-term

clinical trials.
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SYNOPSIS

l The most important determinants of how photoprotective a fabric is are (i)

percentage cover (or its opposite, % porosity) and (ii) the type and concentration

of chemicals comprising the fabric.
l Percentage cover is the percentage of fabric surface area occupied by yarn/fiber.

Percentage porosity is the percentage of fabric surface area not occupied by yarn

or fiber. These are areas referred to as fabric interstices. UV rays pass directly

through a fabric interstice, striking the skin under the fabric without ever striking

a fiber, which might deter its passage.
l Percentage cover is the most important factor, as it determines how much of

incident UV will strike a fiber as the ray moves from the face of the fabric to the

skin surface under the fabric.
l Any fabric that has a percentage cover of 94% or less will have a UPF less than

15, the lowest value permitted for a fabric with a claim of UV protection. This

statement holds true no matter what the fiber content of the fabric is and what

chemicals have been applied.
l Other fabric features that influence how photoprotective a fabric is are yarn

openness and fabric thickness, as these structural features determine the path of

scattered radiation from the fabric face to the fabric back.
l Chemicals in fabrics that can alter UV rays that strike them include the fiber

polymers, pigments, dyes, optical whitening agents, and specially designed UV-

absorbing compounds (often called UV-cutting agents). Specific chemicals within

each of these classifications will have different interactions with solar UV radiation.
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INTRODUCTION

Long before the advent of sunscreens, products developed for the sole purpose of

protecting human skin from harmful solar ultraviolet (UV) rays, people wore clothes for

the specific purpose of protecting their skin when outdoors under the summer sun.

Notable examples include head-to-toe garments worn by men, women, and children living

in Middle Eastern countries and in the Sahara Desert in Africa and by Victorian women in

England and the United States. About 1990, clothing for protection from UV radiation

became a topic of considerable interest in the scientific community because of rapidly

increasing skin cancer rates. The interest centered on how to (i) assess photoprotection,

primarily sunburn protection, provided by fabric, the material from which garments are

made, and (ii) engineer fabric to provide excellent photoprotection, particularly protection

from sunburn. Reviews of the subject began to be published in 1993 (1). Recently, three

lengthy reviews on the topic of fabrics as solar UV protection materials were published

(2–4), adding further to information summarized in 2000 (5), 2003 (6), and 2004 (7).

Today, there are at least nine documents that specify how to prepare and test fabric for

photoprotection and how to use data collected to provide a singular value on labels of

garments sold with a claim to UV protection and about garment style requirements (8–16).

This review does not repeat what has been previously summarized. Rather, this

review focuses on the two most fundamental concepts that must be clearly understood for

anyone to understand how fabric must be engineered to provide photoprotection. The first

concept centers on fabric structure, which plays a key role in how much incident UV

radiation passes though the fabric unchanged. The second concept centers on fabric

chemistry, which determines whether incident UV rays reach the skin beneath the fabric.

Specific chemistries are briefly discussed.

FABRIC ARCHITECTURE

A brief introduction to fabric architecture is necessary to ensure that textile terminology

used in this chapter is understood, as aspects of fabric architecture (also called structure or

construction) play critical roles in fabric as a photoprotective material. For detail beyond

what is offered below about fabric architecture, refer to the book by Hatch (17).

Fiber

Fabrics are manufactured products whose fundamental unit is fiber. Fibers are always

much longer than they are wide and usually nearly round. The smallest usable fibers are

0.5 in (15 mm) long and approximately 0.0004 in (10 mm) wide. While there is not an

upper limit to length, the upper limit to width is approximately 0.002 in (50 mm ), because

yarn and garment fabric made from wider fibers are too coarse to be comfortably worn

next to the skin. Fibers are classified by length as either staple or filament. Natural

fibers—for example, cotton, flax (linen), and wool—are only available as staple.

Manufactured fibers (such as rayon, acetate, polyester, nylon, acrylic, and olefin) and silk

(a natural fiber) are available as both filament and staple. Filament fibers are often miles

long, while staple fibers are so short that length is specified in inches: for example, wool

fibers are 0.5 to 15 in, cotton fibers 0.5 to 2.5 in, and flax (linen) fibers 1 to 14 in. Most

summertime garments are made from fabrics made entirely or partially from cotton fiber,

a combination (i.e., blend) of polyester fiber in staple form and cotton fiber. Many

garments sold with a claim of sunburn protection are made from polyester or nylon fiber.
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Yarn

Fibers are manufactured into yarns, which are cylindrical structures extremely long in

comparison with their width. Most yarns in garment fabrics are spun yarns (yarns made

from staple-length fibers), but some are made from filament yarns (yarns made from

filament fibers). Figure 1 shows a short section of a spun yarn made with cotton fiber

(left) and a short section of a filament yarn composed of polyester filaments (right). Here,

the polyester fiber filaments have been textured, i.e., changed from being absolutely

straight, so the filaments do not pack tightly together. Texturing helps water vapor emitted

from the skin to pass through the yarn structure and improves the feel of the fabric on the

skin, thus improving the comfort of the fabric.

Fabric Construction

Yarns are used to manufacture fabric, which are structures “having substantial surface

area in relation to thickness and sufficient mechanical strength to give the assembly

inherent cohesion.” The categories of fabric constructions are woven, knit, nonwoven,

twisted, and compound. The two construction classes of interest to the subject of this

chapter are knit and woven, as these are the constructions primarily found in garment

fabrics (Figs. 2 and 3).

Knit fabrics are those that are composed of intermeshing loops of yarn. The major

classes of knit fabrics are weft and warp knits, but it is the weft-knit fabrics (the jerseys and

rib weft knits) that are primarily used in the manufacture of the popular summertime T-shirts,

golf shirts, and “lightweight “running pants (Fig. 2). Woven fabrics are those that have two

or more sets of yarns interlaced at right angles to each other. Since nearly all woven fabrics

Figure 1 Photomicrographs of a spun (left) and filament (right) yarn. Source: From Ref. 17.

Figure 2 Jersey-weft knit (left) and single rib weft knit (right). Source: From Ref. 17.
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of interest are those with two sets of yarns (lengthwise yarns called warp yarns and crosswise

yarns called weft yarns) and have either plain or twill weave structure, only those structures

are illustrated in Figure 3. Jeans, dresses, and sport shirts as well as many slacks and skirts

are made from woven fabrics. Usually, the easiest way to differentiate the type of fabric, knit

or woven, is to see if it stretches when pulled in the direction of the yarns. Knit fabrics

elongate easily and considerably in relation to woven fabrics.

FEATURES IMPORTANT TO PHOTOPROTECTION

The photoprotectiveness of fabrics is expressed as UV protection factor (UPF; see next

section). Three features of fabric that have a major impact on photoprotection are

percentage cover, yarn “openness,” and fabric thickness or yarn size (Table 1).

Presence of Interstices

Unlike sunscreens, which form continuous films on the skin surface, fabrics have areas

where there is no fiber. There are “holes or pores”—more properly called interstices—

through the fabric (from the face to the back of the fabric). The presence of interstices is

obvious in Figures 2 and 3 as these are the areas between the yarns. Radiation that is

perpendicularly incident to the fabric surface at an interstice passes directly though the

fabric. This radiation is called directly transmitted radiation.

Of major interest is to know howmuch of the fabric’s volume is unoccupied by yarn or

fiber. The reason is that where there is no fiber, incident UV rays will pass directly through.

Actually a volume measurement is not made. Rather, the approach is to determine what

percentage of a fabric’s surface area is not occupied by fiber or, oppositely, to determine the

percentage of fabric surface area occupied by yarn or fiber. The first determination is called

percentage porosity, and the latter, percentage cover or percentage cover factor.

In Figure 4, percentage cover data are provided for nine woven fabrics (18). In all

the fabrics, the yarns are spun yarns of the same size. What differs in each set of three

fabrics is the type of fiber composing the fabric: cotton, modal (a type of rayon fiber), and

modal Sun (a rayon fiber modified during fiber production by introducing a compound

to reduce the transmittance of UV radiation through it). As one looks across from left to

right on each row of fabrics, the black area increases and the white space lessens,

Figure 3 Plain weave (left) and twill weave (right) woven fabrics. Source: From Ref. 17.
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corresponding to the increasing percentage cover from left to right. The technique used to

determine the percentage cover was image analysis, which involves dividing the total

number of black pixels by the total number of pixels to determine percentage cover.

Figure 5 shows the most important concept of all (18). According to this concept,

until percentage cover is at least 94%, the UPF value for a fabric remains below UPF 15

Table 1 Factors that Affect Photoprotectiveness of a Fabric

Fabric architecture Determines the pathway and/or the length of the pathway for a

UV ray to pass from the fabric face to the fabric back.

% cover factor: the

percentage of fabric

surface area occupied by

yarn/fiber. Oppositely, %

porosity is percentage of

fabric surface area not

occupied by yarn/fiber

Related to the closeness of the yarns in the fabric; called fabric

count (formerly called yarn count).

Fabrics with % cover < 94% will always have UPF values

< 15, no matter what the fabric chemistry is or what the

structural features of the fabric are. The interstices in the

fabric, empty spaces between yarns, allow radiation that

strikes the fabric perpendicularly in these areas of the fabric

surface to pass directly through the fabric without ever

striking a fiber.

Yarn openness/density of

fibers with the yarn

Comparing two fabrics with identical cover factor and

chemistries but differing in the spacing of fibers with the

fabric’s yarns; the fabric made with yarns having more space

between fibers within the yarns would probably be less

protective than a fabric made with yarns with less space

between the fibers as there is less chance for a scattered UV

ray to be stopped before reaching the other side of the fabric.

There is no research that documents this, however. In other

words, the arrangement of the fibers in the yarn changes the

pathway of the ray through the yarn.

Yarn size/fabric thickness The thicker the fabric, all other fabric structural features and

chemistry being the same, the more likely that an incident

UV ray will not emerge on the opposite side of the fabric.

Fabric chemistry Determines which UV rays striking a fiber will be blocked from

passing through the fabric. With the exception of fiber

polymers, the higher the concentration of these compounds

on fiber surfaces or within the fiber itself, the higher the UPF

of the fabric.

Fiber polymers Some fiber polymers strongly convert UV wavelengths to

wavelengths outside the UV range.

Fiber additives

Dyes Some dyes strongly block UV wavelengths and thus help to

increase the fabric photoprotection.

Pigments Generally, the presence of pigments within fibers is known to

enhance photoprotection.

OWAs Overall, the addition of OWAs to fabric improves the measured

UPF.

Compounds designed to

enhance photoprotection

These UV cutting agents can be applied to fabrics during

laundering or applied in the textile mill. As long as they stay

bound to the fabrics, they provide an increase in

photoprotection.

Abbreviations: UPF, UV protection factor; OWA, optical whitening agents.

Photoprotection by Fabric 227



[ram][7�10 Standard][D:/informa_Publishing/H8084_Lim_112080/z_production/z_3B2_3D_files/978-1-4200-8084-1_CH0017_O.3d] [3/11/08/

18:54:0] [223–242]

Figure 4 Effect of percentage cover [C(%)] for three sets of fabrics. Note that the black area

increases and the white area lessens, corresponding to increasing percentage of cover from left to

right. Source: From Ref. 18.

Figure 5 The combined effect of percentage cover and fibers to offer high photoprotection.

Source: From Ref. 18.
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(the accepted minimum value) even when the fibers in the fabric (modal Sun) have the

capability of capturing a broad range of the UV radiation directed at the fabric. Another

way to explain this concept is that UPF only increases when percentage cover is greater

than 94% and the fibers in the fabric are highly photoprotective. Only the fabrics made

from modal Sun fibers (i.e., fiber modified to inhibit transmittance of UV through it) have

significantly increased UPF values as percentage cover increases above 94%.

Percentage cover of a fabric is not necessarily constant over the lifetime of the

garment. When garments are laundered, the fabric from which they are made may shrink.

Percentage cover would increase because in the shrinkage process the yarns move closer

together. One hundred percent cotton and rayon fabrics, especially those which have not

been finished to control shrinkage, are more likely to shrink than 100% nylon, 100%

polyester, and polyester/cotton blend fabrics. Some 100% cotton fabrics, especially those

with a knit construction may have high shrinkage percentages. When shrinkage results in

a fabric that has a percentage cover of 94% or greater, then photoprotection of that fabric

would be expected to increase, because shrinkage leads to an increase in percentage

cover. Percentage cover may decrease when a fabric stretches, as is often the case with

knit fabrics. The tighter a knit garment fits, the greater the potential for percentage cover

to decrease (i.e., % porosity to increase).

Density of Fibers Within Yarns

How closely packed the fibers are in a yarn structure will influence degree of

photoprotection provided by the fabric. UV rays that strike a fiber at the fabric surface,

rather than “empty space” between fibers in the yarn, may be backscattered and then

poses no harm to the skin under the fabric. Also, UV rays that do strike a fiber right at the

fabric surface may be altered to wavelengths outside the UV region (e.g., visible light) or

possibly to UV region wavelengths that are less damaging to the skin. Unfortunately,

there have been no studies on UV transmission of fabrics of different yarn densities while

maintaining all other aspects of a fabric’s architecture to be identical.

Yarn Size/Fabric Thickness

Yarn size, the diameter of the yarn, and fabric thickness, the distance between fabric face

and back, are thought to influence photoprotection. There are no data, however, that

demonstrate their contribution. Theoretically, the greater the distance UV rays have to

travel through the fabric, the greater the number of opportunities they will have to strike a

fiber that has the capability to change their wavelengths to ones outside of the UV portion of

the electromagnetic spectra. This would be most true in fabrics that are composed of two or

more fibers such as cotton (which does not alter the wavelength of UV rays) and polyester

(which does change the wavelength of incident UV to wavelengths outside the UV range).

DETERMINATION OF FABRIC PHOTOPROTECTION

Fabrics can provide photoprotection against several types of UV-induced changes:

sunburn response, tanning reaction, precancerous skin lesion development, photoaging,

and skin moisture retention. Each type requires different testing protocols, all of which

have been recently described in detail by Hatch and Osterwalder (2). Because fabrics used

in almost every research study are described in terms of UPF value, a brief description of

this in vitro sunburn protection assessment is given here. A review of in vivo sunburn

protection determination has been provided by Hatch and Osterwalder (2).
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The first step in determining sunburn protection is to place a swatch of the fabric in

a spectrophotometer equipped with an integrating sphere, which is essential for collecting

UV rays passing directly through the fabric (through the fabric interstices) and those

passing through the fibrous part of the fabric and emerging as scattered radiation. This

instrument has the capability of directing UV rays toward a fabric placed in the

instrument, so that its surface is perpendicular to the source of the UV rays; this

instrument also has the capability of detecting scattered as well as directly transmitted UV

radiation. The reason for mounting the swatch perpendicular to incident radiation is to

make sure that UV transmission is maximal and the measured UV protection is the least.

Therefore, the UV protection provided by clothing in actual wear situation when the

incident UV rays are not at right angles is usually higher than that determined in the

laboratory (19). The instrument then directs one wavelength at a time toward the fabric

surface. If rays of that wavelength pass through the fabric (face to back), they will be

detected by a photodetector under the fabric. The data collected are number of transmitted

rays. The instrument then cycles to the next wavelength in the UV range (or it might be

programmed to skip to every other wavelength or every 5th wavelength). The

photodetector records how many rays pass through the fabric. Usually, the first swatch

is removed, another swatch taken from an area some distance from where the first swatch

was cut from the fabric is then mounted in the spectrophotometer, and the above process

is repeated. Testing at least two swatches, often more, is done to obtain a better estimate

of the photoprotection of the fabric. Once the data have been collected, percentage

transmittance and/or fabric UPF value is calculated.

Percentage Transmittance/Blocking

Percentage transmittance is the ratio of the amount of radiation transmitted through the

fabric to the amount of radiation directed perpendicular to the fabric surface. While total

percentage transmittance can easily be calculated and reported, this is not usually done

because the information that is more valuable is to calculate percentage of the UVB

radiation transmitted and percentage of UVA radiation transmitted or conversely,

percentage of UVB blocked and percentage UVA blocked. Results might be 10% UVB

and 20% UVA transmitted, which would be 90% UVB and 80% UVA blocked. This

information is useful to the extent that one knows how much UVB is being directly

transmitted (through the fabric interstices) and how much is being reflected off fiber

surfaces as it makes its way unchanged through the yarn structures.

While percentage transmittance/blocking information is useful, it does not

communicate an important difference that may exist among a group of fabrics. To

explain, consider just two fabrics, each blocking 90% of incident UV rays using

transmittance testing. However, when human subjects wore swatches of these two fabrics

on their arms and the same solar radiation (the same dose of radiation) was directed at the

swatch surfaces, the skin was much redder under one swatch than the other. The

explanation for this difference lies in the fact that each UV ray is not equal in its skin-

burning potential.

UPF Value of Fabrics

A better indication of sunburn photoprotection is UPF. In this system, any individual

wearing swatches of two fabrics—side by side—with the same UPF value will observe

the same degree of skin reddening when the swatches are removed. This is because the
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transmittance data collected in the spectrophotometer are combined with erythemal action

spectra data in the determination of UPF (16). Erythemal action spectra data are data

collected using human subjects (in vivo data). These data give the relative differences

among the UV rays to cause cutaneous erythema. Each wavelength has been assigned a

weight on the basis of the length of time it takes to observe just perceptible redness to the

skin of the subject being irradiated. Weights are assigned on the basis of length of time to

just perceptible redness—the shorter the time, the higher the weight.

The equation below (3) is used to calculate the UPF value of a fabric.

UPF ¼

P400

l¼290

EðlÞ � SðlÞ � Dl
P400

l¼290

EðlÞ � TðlÞ � SðlÞ � Dl

where:

E(l) ¼ solar spectral irradiance (W m�2 nm�1)

S(l) ¼ relative erythemal spectral effectiveness

Dl ¼ measured wavelength interval (nm)

T(l) ¼ average spectral transmittance of the specimen

By definition, UPF is the ratio of average effective UV irradiance transmitted

through air to the average effective UV irradiance transmitted through fabric. For

example, if percentage cover is approximately 94%, then approximately 6% of incident

UV is transmitted; therefore, the UPF will be 100% (without the fabric) divided by 6%

(with fabric) or approximately UPF 15. The UPF value calculated therefore indicates how

much longer a person can stay in the sun when fabric covers the skin as compared with the

length of time without fabric covering to obtain the same erythemal response, with the

endpoint being “just perceptible skin reddening.” Therefore, similar to sun protection

factor (SPF) of sunscreens, UPF is also heavily weighted to reflect protection against the

biological effects of UVB, and less so of the UVA.

In Figure 6, the spectral transmissions of UV through five fabric swatches are

shown. It should be noted that the lower the transmission in the UVB region, the higher is

the UPF value of the tested fabric. Specific details on how to conduct transmittance

testing and use the transmittance data to calculate a UPF value for the fabric tested can be

found in standard documents that were developed by committees within national,

regional, or international standard setting organizations (8,9,11,12,14). Fabrics with UPF

values above 40 are classified as protective in Europe (14) In locations with high intensity

solar radiation, UPF values of 50þ may be required for clothing to protect sufficiently

against solar UV (20).

FABRIC CHEMISTRY

Fabric chemistry that is important in this discussion is the presence of chemicals that have

the capability of interacting with UV rays. Another way to say this, actually the most

common way to say this, is “the presence of chemicals that absorb UV rays.” In this

paper, the term “absorb” is not used because it can be and unfortunately is inferred to

mean that UV radiation is being absorbed like water into a sponge and held at the skin

surface. Of course, this is not the correct picture and is a picture that that places harmful

“substances” near the skin. Various mechanisms are at work within a fabric; two such

mechanisms are (i) conversion of incident UV wavelengths to heat wavelengths and (ii)
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conversion from a UV wavelength with high sunburn potential to a UV wavelength of

lesser sunburn potential, but these mechanisms are not discussed here.

The fabric chemistries that are of primary interest are

1. polymers that compose fibers,

2. chemicals added to fiber during manufacture (called fiber additives),

3. dyes and pigments used to color the fabric,

4. optical whitening compounds, and

5. compounds designed to capture or alter UV rays.

Fiber Polymers

How fibers rank relative to each other in regard to photoprotection has been reported by

Crews and colleagues (21). They found that fibers could be classified in three distinct

groups given here in decreasing order of photoprotectiveness:

Group 1: polyester (best photoprotection)

Group 2: wool, silk, and nylon

Group 3: cotton and rayon (cellulosic fibers) (least photoprotection)

It is not surprising to find polyester fiber at the top of the list as polyester fiber is

made from polymers containing benzene rings, structures known to convert UV

wavelengths to wavelengths outside the UV range.

The grouping shown above is based on fibers without any compounds added that

would alter photoprotection. These results should not be confused with or compared to

results of those studies in which fabric of various fiber contents were judged best for

photoprotection and ranked. In these cases, wool fabrics were judged best for

photoprotection, a ranking they achieved easily as wool fabrics tend to be thicker than

fabrics made from other fibers.

Figure 6 Spectral transmittances of five fabrics of differing UPF. Fabric 1 (mean UPF 12, no

rating), fabric 2 (mean UPF 24, UPF rating 20), fabric 3 (mean UPF 60, UPF rating 50þ), fabric 4

(mean UPF 86, UPF rating 50þ), and fabric 5 (mean UPF 240, UPF rating 50þ).
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Dyes

Dyes are organic chemicals that are able to selectively capture certain wavelengths of

light and reflect certain wavelengths of light within the visible range of the

electromagnetic spectrum. Dye molecules may also capture wavelengths in the UV

range and those that do would be expected to contribute to the photoprotection of the

individual wearing the fabric to which they are applied. Also, dyes with the strongest

ability to capture wavelengths in the UVB region would be expected to produce fabrics

with greater photoprotection. As fabric is dyed to a deeper shade using the same dye,

photoprotection provided to the wearer of the fabric should increase because of greater

dye concentration in the darker fabric.

Srinivasan and Gatewood (22) studied the effect of dyeing a bleached cotton fabric

with dyes of various colors (hues) known to interact differently with UV radiation (Table 2).

Fourteen direct dyes, most often used to color cotton fabrics, were chosen. The dyes selected

differed in chemical classification (monoazo, disazo, triazo, polyazo, stilbene, and

phthalocyanine). Dyes were applied to 5-g fabric swatches at theoretical concentrations of

0.5% and 1.0% on weight of fiber (owf); 1% owf represents a medium depth of shade typical

of summertime fabrics.

Direct dyes were chosen because dyes from this class are most often used to color

cotton fabrics. The 14 dyes selected differed in chemical classification (monoazo, disazo,

triazo, polyazo, stilbene, and phthalocyanine). The hues were yellow (4 dyes), red

(3 dyes), violet (1 dye), blue (3 dyes), green (1 dye), brown (1 dye), and black (1 dye).

After prescouring the print cloth, dyes were applied to 5-g fabric swatches at theoretical

concentrations of 0.5% and 1.0% on owf. A control sample was prepared by subjecting

the bleached print cloth to a blank dyeing process with all ingredients except the dye to

eliminate the effect of fabric shrinkage on percentage transmittance and therefore on

calculated UPF. Specimens of dyed fabric were submitted for UV transmittance

assessment using American Association of Textile Chemist and Colorist (AATCC) test

Table 2 UPF of Fabrics That Contain the Same Concentration of Various Direct Dyes

Direct dye used

to dye fabric

Fabric UPF after 0.5%

owf dyeing process

Fabric UPF after 1.0%

owf dyeing process

Adjusted 1.0% dyed

fabric UPF

None 4.1

Yellow 12 13.1 18.6 17.8

Yellow 28 19.9 29.3 21.6

Yellow 44 18.4 28.6 25.3

Yellow 106 19.3 27.6 25.0

Red 24 27.6 37.1 31.3

Red 28 38.7 50.7 41.3

Red 80 17.3 24.7 20.3

Violet 9 20.9 28.8 23.5

Blue 1 21.5 30.2 25.5

Blue 86 16.2 18.6 24.0

Blue 218 13.1 19.0 16.6

Green 26 22.3 29.2 26.2

Brown 154 22.8 30.6 24.7

Black 38 29.8 40.2 33.7

Abbreviations: UPF, UV protection factor; owf, weight of fiber.

Source: From Ref. 22.
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method 183-2000 (11). The mean UV, UVA, UVB percentage transmittance values were

calculated from each scan and averaged for 16 scans (4 specimens � 2 scans � 2

replications). UPF values were then calculated.

Analysis of variance was conducted on the UPF data to determine if application of

dye changed UPF values of the cotton print cloth and whether greater owf application led

to higher UPF. The dyed fabric UPF values are shown in columns 2 and 3 of Table 2.

These data show that increasing the concentration of the dye in the fabric leads to

increased UPF. For each dye, the fabric UPF value is higher after the 1.0% owf

application of dye than after the 0.5% owf application; namely, the darker fabric of each

pair would afford greater sunburn protection.

To determine the specific-dye effect on UPF of the fabric, the concentration of dye

in each fabric needed to be the same. This was not the case because the dyes had different

exhaust rates. To determine the percentage exhaustion from the dye bath, the

absorptiometric measurements of the residual dye bath solution were compared with

calibration curves prepared from dye solutions at known concentrations based on the

weight of the commercial dye.

Having the dye exhaust rate data made it possible for the researchers to use an

analysis of covariance, treating concentration as a covariable. Fisher’s least significant

difference test was then used to determine which of the dyed fabrics differed in their UPF

values. The adjusted UPF values are as shown in column 4 of Table 2.

The adjusted results show that fabric color (hue) is not a reliable indicator of UV

protection provided by dyed fabrics because dyes of the same hue produced fabrics with

varying UPF at identical concentration level. This study also showed that black fabric

does not necessarily provide the best sunburn protection, as one of the red dyes (Red 28)

produced a fabric having a higher UPF value than the black fabric. Here it is critical to

remember that color seen is due to one’s brain interpreting the visible rays that reach one’s

eyes. Color is not the result of “seeing” invisible UV radiation. No conclusions were

drawn about the relationship between dye chemical constitution (class) and UV protection

because of the limited number of dyes in each of the chemical classes.

Srinivasan and Gatewood (22) also devised an equation similar to that used in

calculating the UPF of fabrics for evaluating dyes in solution on the basis of their

transmittance values. This equation calculates the effective UV transmittance, which is

the relative effectiveness of dyes in improving the UV protection of a fabric, on the basis

of the transmittance of dyes in solution weighted for solar spectral irradiance and relative

erythemal spectral effectiveness. Because this method takes into consideration the

effectiveness of both UVA and UVB transmittances and because the concentrations of the

dyes in the solutions can be more easily controlled than in fabric, it led the researchers to

conclude that determining the effective UV transmittance of dyes in solution would

probably be an excellent procedure to screen dyes before going through the expense of

applying them to fabrics to investigate UPF effectiveness.

Pigments

Pigments in textiles are inorganic microscopic-sized particles, some of which are colored.

In textiles, pigments

1. are naturally present in conventional cotton fibers, making the fibers brownish;

2. are present in naturally pigmented (colored) cotton fibers, making the fibers

green, pink, brown, or tan;

3. may be incorporated into manufactured fibers to reduce luster and/or color them;
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4. are used to dye fabrics of any fiber composition to yield solid-colored fabrics;

5. are used in printing fabric to yield either a solid-colored or patterned fabric;

6. are purposefully added to manufactured fibers to enhance the photoprotection of

the fabric; and

7. are applied to cotton fabric in finishing to form a layer of photoprotective

chemical over the cotton fiber surface.

The presence of pigments within fibers is known to enhance the photoprotection of

fabrics containing them. Pailthorpe (23), observing that unbleached conventional cotton

fabrics had a higher UPF than bleached cotton fabrics, speculated that the presence of

pigments in the unbleached cotton fabric was the reason. Crews and colleagues (21)

showed this was true when they found that the UV transmission of bleached conventional

cotton (white because the pigment was removed from the cotton fiber) was nearly twice

that of unbleached conventional cotton containing pigment. Further, Hustvedt and Crews

(24) showed that naturally pigmented (also called naturally colored) cotton fabrics had

UPF values far superior to conventional, bleached, or unbleached cotton. The values

reported for naturally pigmented cotton fabrics were: green, UPF 30 to 50þ; tan, UPF 20

to 45; and for unbleached conventional cotton fabric, UPF 8. Additionally, the UPF values

of the naturally pigmented cottons, even after 80 AATCC fading units of xenon lamp light

exposure, merited sun protection ratings of “good” (UPF 15 to 24) to “very good” (UPF

25 to 39) according to ASTM 6603 voluntary labeling guidelines for UV-protective

textiles (9).

Wedler and Hirthe (25) showed that when ultrafine TiO2 particles are added to the

polymer solution of manufactured fibers in low concentration and those fibers are made

into very thin, lightweight fabrics, then high photoprotection to human skin can be

achieved. Manufactured fibers to which these particles are added include rayon (modal),

polyester, and nylon.

Three recent research studies explore ways to improve the photoprotection of cotton

fabrics (26–28). Briefly, Xin and colleagues (26) developed a method to apply a thin layer

of titania film to the surface of cotton fibers and showed that the UPF rating of the treated

fabrics were 50þ. Further, they showed that films adhered fast to the fabric even after 55

launderings, as the UPF remained to be 50þ. Xu and colleagues (27) were able to form an

inorganic network consisting of Ti-O-repeating units, (Ti-O)n Because UVA was not

effectively blocked by the treatment, they also used an optical whitener (see below). This

treatment increased the UPF of the cotton fabric from 6.5 to 79. Zheng-Rong and

colleagues (28) applied ZnO nanosol as a finishing agent during pigment dyeing of cotton

fabric, which included the usual adhesive to adhere the pigment to the cotton surface. UPF

of the cotton fabric reached 50þ, the fastness of the treatment to washing was excellent,

and the comfort of wearing the treated fabric was the same as wearing the cotton fabric

without the treatment.

Optical Whitening Agents

Optical whitening agents (OWAs), also known as florescent whitening agents and brighteners,

are included in almost every heavy duty detergent product sold in the United States and

Europe because they whiten and brighten fabrics. These compounds are also commonly

applied to cotton and cotton blend fabrics during mill finishing for the same reason.

OWAs convert a portion of the incident UV to a visible blue wavelength and reflect

this as visible blue light. Therefore, a person will perceive a fabric with OWA to be whiter

and brighter than an identical fabric that does not contain OWA.
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Although most OWA compounds have weak absorbance at the UVB spectrum,

studies have been done to evaluate what improvement in fabric UPF could be achieved

with the addition of these compounds to cotton fabric in the textile finishing mill (29), or

during laundering of fabrics which were and were not mill finished with OWA (30).

Overall, the addition of OWAs to fabric did improve the UPFs. In the laundering studies,

UPF value tended to increase with each laundering of the fabric, partly because of the

deposition of OWA onto the fabric and partly because of fabric shrinkage. However, the

UPF increase, even after multiple launderings, usually did not reach 30. Readers

interested in more detailed summaries are referred to review articles by Hatch (7), Hatch

and Osterwalder (2), and CIE (3).

Compounds Designed to Enhance Photoprotection

Compounds designed (developed) specifically to enhance photoprotection provided to the

skin by fabrics are called UV-cutting agents (UVCAs) or UV-absorbing agents in the

literature. These compounds have chromophore systems that absorb UV radiation very

effectively while in situ on textiles. Of importance is that these compounds stay on the

fabric through multiple washings (i.e., are substantive to the fabric), and their

photoprotective property does not decrease with fabric wetting (5). UVCAs also

contribute to fabric whiteness and brightness. It should be noted that UVCAs should not

be confused with compounds whose purpose is to slow the solar degradation of fibers.

UVCAs Applied to Fabric in the Finishing Mill

When UVCAs are applied in the textile mill to cellulosic fabrics, cellulosic-blended

fabrics, 100% polyester fabrics, or 100% nylon fabrics, the finished fabrics are usually

made into garments for which a claim of UV protection will be made. However, the

presence of these chemicals on mill-finished fabrics is often not revealed in labeling.

Details of the research undertaken to establish the increases in UPF of fabrics to which

these compounds were applied are provided in various studies (31–35). For summaries of

these studies please refer to review articles by Hatch and Osterwalder (2), CIE (3), and

Hatch (6).

UVCAs Applied to Fabric During Laundering

A few laundry product manufacturers add the specially designed photoprotection

compounds to detergents and fabric softeners, or use these compounds to make a

dedicated laundry product whose sole intent is to enhance the UPF values of cotton and

cotton blend fabrics laundered with it. At the present time, laundry detergents and fabric

softeners containing UVCAs are only available for purchase in Europe, Asia, and

Australia. Rinse cycle fabric softeners (conditioners) containing UVCAs are currently only

available in Switzerland and Japan. A laundry additive, Rit SunGuard, manufactured by

Phoenix Brands (Indianapolis, Indiana) and distributed primarily to grocery stores, is only

available in the United States. It has been shown that these products led to significant

improvement in UPF values of cotton fabrics, which initially have little sunburn protection

capability (36–41). Summaries of these studies are available in recent reviews (2,3,7).

Of particular interest are two studies conducted by researchers outside the product

development arena to determine differences in the amount of UPF enhancement that

would result by home-laundering fabrics with different laundry products (42,43). Wang

and colleagues (42) laundered a jersey fabric (initial UPF 4.7) and a print cloth fabric
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(initial UPF 3.1). They found that after five cycles of laundering in water only, the UPF of

their jersey fabric increased to 7.1 and UPF of their print cloth increased to 4.2, which

they attributed to fabric shrinkage. After five cycles of washing in AATCC detergent with

OWA, the UPF value was 6.0 for jersey and 4.4 for print cloth. After washing the

swatches once with detergent containing UVCA, the UPF for jersey was 11 and 7 for print

cloth. By the fifth wash cycle, the jersey fabric had a UPF value of 23, and the print cloth

had a value of about 12.

Using different products, Kim and colleagues (43) laundered two white knit fabrics:

a 100% cotton jersey (initial UPF of 14.2) and a 60% cotton-40% polyester pique (initial

UPF of 23.4). After one laundering cycle with the Rit SunGuard product, UPF values

were 81.4� 23.0 (jersey) and 39.6� 8.3 (pique). With Rit Whitener and Brightener

product, values were 30.5� 6.1 (jersey) and 36.6� 6.1 (pique). UPF values above 30

were obtained by the conclusion of the fifth laundering with Tide (Proctor and Gamble,

Cincinnati, Ohio) and with Wisk1 (Unilever, Englewood Cliffs, New Jersey). The authors

concluded that adding only the Rit SunGuard product to laundry water resulted in the

most rapid achievement of a UPF of 30þ.

Sprays

Several UVCA-containing products are available in spray cans: Puraderm (http://www

.puraderm.com/products_sunsafe.htm), UV Block by Atsko (http://www.atsko.com/

products.html#uvprotection), and Grainger’s (http://www.grangersusa.com/products/

spray-on-uv-waterproofing.html). No research information was found on improvement

of UPF of fabric to which they were applied.

PURCHASING CLOTHING FOR PHOTOPROTECTION

Clothing has always been understood to be a means to shade the skin from the sun. There

are currently two major classifications of photoprotective garments: (i) garments sold with

a specific claim for sunburn protection and (ii) cover-up garments. UV-protective

garments are excellent and necessary choices for individuals who are prone to sunburn

and for those with photosensitivity diseases. Fabrics used in these garments have the

required percentage cover of 94%. Most garments are made from 100% cotton fabric, a

blend of cotton and polyester fiber, 100% nylon fabric, or 100% polyester fabric. The

100% cotton fabric garments are usually treated with a specially designed UV compound;

however, it is usually not possible to know how the nylon or polyester fabrics have been

treated. Garments made with nylon and polyester fiber will most likely be designed to

allow water vapor from the skin to pass through the garment. Mesh fabric is commonly

used as part of the garment in the underarm area, in pleats across the back of a shirt, or on

the leg of pants because water vapor otherwise has difficulty passing though these fabrics

with high percentage cover. One hundred percent cotton photoprotective garments do not

need, and usually do not have, these design elements; water vapor can easily pass through,

as there is space between the fibers in the yarns. Water vapor can also pass directly

through fabrics made of rayon fibers. Sporting goods shops are an excellent place to

find these UV-protective garments. For a listing of companies based in the United

States, which offer these garments for sale, log into http://cals.arizona.edu/research/

uv-protective-clothing.

For various reasons, people wanting to protect their skin may not choose to

purchase UV-protective clothing because of the cost and not finding a preferred garment
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style or a fabric they wish to have next to their skin. For this group of people, the task

becomes one of making the “wisest” choices of cover-up garments among those in the

retail marketplace or hanging in their closets. Let’s say the person prefers cotton

garments. Wise choices would be garments made with naturally pigmented cotton fiber/

fabric and garments that have been pigment dyed. Labeling on the garment, in catalog

descriptions, or at point of sale in a retail store will usually reveal these garment fabric

“features” because the garment manufacturer wants the consumer to know what is

distinctive about this product choice. Other 100% cotton garments, even those made from

white (bleached) cotton fabric, can be good choices provided they have been or will be

immediately laundered using laundry products containing dedicated photoprotection

chemicals. Garments made from 100% cotton fabric that have been repeatedly laundered

would also offer good photoprotection because of the buildup of OWA and fabric

shrinkage. Threadbare garments would not be good choices.

An erroneous piece of advice in selecting photoprotective fabric is to hold fabrics

up to a visible light source, view the fabric surface, and decide through which fabric one

sees the most distinctive pinpoints of light; that fabric is then judged as the least

photoprotective. This popular advice is scientifically incorrect for the following reason.

The most distinctive points of light will occur when the black fabrics are held up to the

light because black means that the visible light striking the fibers is all captured, hence

none goes through the fabric (Fig. 7A). There are no scattered visible rays emerging from

the side of the fabric being viewed by the human eye, hence the fabric might be judged as

not photoprotective. On the other hand, shining visible light to a fabric made with fibers

that allow visible radiation to pass through will not only result in visible rays passing

through the fabric interstices (pores, holes), but through the fibrous area as well (Fig. 7B).

With white fabric, all the incident visible radiation passes through, some as direct

radiation and some as scattered radiation. The scattering “softens” or “blurs” the directly

transmitted visual rays, resulting in less-distinctive pinpoints of light. The white fabric

might be then judged to be photoprotective. However, one has to remember that it is the

capturing of the invisible UV rays, rather than the visible light, that determines the UPF of

the fabric. So, if the black and white fabrics capture the same invisible UV rays, the UPF

of the fabrics will be the same regardless of the amount of visible light passing through

Figure 7 Transmittance of visible radiation though a black fabric and a white fabric with identical

percentage cover. Source: Adapted from Ref. 5.
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them. If the white fabric captures more of the incident UV rays than the black fabric,

particularly the most erythemogenic UVB rays, then the white fabric will be more

photoprotective than the black fabric.

SUMMARY

Photoprotection by fabrics is highly dependent on the construction of the fabric. Fabric

may appear to form a continuous covering on the skin surface, but a close look at a fabric

reveals that the fiber, its fundamental unit, is not present everywhere. This feature of

fabrics makes them different from sunscreens, a product in which the UV compounds are

uniformly distributed over the skin surface to form a continuous photoprotection barrier.

Fabrics must have a percentage cover of 94% before the minimum acceptable

amount of sunburn photoprotection (UPF 15) can be achieved. This level of protection is

only possible when the fabric’s fibers have some capability of preventing incident UV

rays from passing though the fibrous matrix. Once fiber covers the skin in an almost

continuous “film,” then it is the chemistry of the fibers (meaning the polymers from which

they are composed) and all the other chemicals present on the surface of the fibers or

within the fiber (between the polymers), such as colorants and pigments, OWAs, and

compounds designed to stop UV rays that determine how photoprotective the fabric will

be to the skin underneath it.

The fabrics that are popular in the summer are those made from 100% cotton and

rayon fibers, or fabrics made with a blend of these fibers with polyester fiber.

Unfortunately, cotton and rayon fibers, composed of cellulosic polymers, have little

ability to prevent UV radiation from passing though them. Therefore, for these fabrics, the

presence of UV-absorbing or UV-reflecting chemicals within and on the surface of the

fibers is critical. In many ways, wearing of garments that cover the arms and legs and

torso has advantages over the use of sunscreens. These include the fact that garments do

not have to be reapplied during the day, they last for months to years, UVA as well as

UVB protection is provided by the chemistry of most fabrics, garments do not have to be

put on 30 minutes before going outside as the protection is immediate, and there are no

known skin reactions to any of the compounds used to enhance the photoprotection of

fabrics. The downside of photoprotection by fabrics is that the wearer may not know the

level of protection afforded unless he or she has purchased clothing bearing a label stating

the photoprotection provided by the garment fabric. It is inadvisable for consumers to

make judgments, even comparative ones, about the percentage cover of fabrics in

garments, because there is no simple and reliable way to do so outside of testing

laboratories.
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Stücker M, eds. Skin cancer and UV Radiation. Berlin Heidelberg: Springer, 1997:382–387.
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SYNOPSIS

l Presently, most of the glass manufactured is float glass.
l Advances in glass manufacturing technology have resulted in the availability of a

wide variety of glass—from clear glass that allows most visible light to go

through to glass that can reflect heat, insulate, and filter a large portion of UV

rays.
l Windshield of automobile is made from laminated glass, which has excellent

UV-filtering property. Side and rear windows are made of tempered glass, which

is less effective at filtering UV, hence accounting for eruption occurring on side-

window-exposed body sites in patients with photosensitivity.
l Aftermarket window films decrease transmission of UV, visible light, and

infrared radiation. In the United States, federal and state regulations specify the

minimal amount of visible light transmittance through these films (for

windshield, 70% minimum; for side and rear windows, 20% to 35% minimum).

INTRODUCTION

The hazardous effect of ultraviolet radiation (UVR) is now well recognized; public

education is ongoing. People are recommended to seek shade during the peak UVB period

(10 a.m.–4 p.m.), seek shade when outdoor, regularly use sunscreen, wear protective

clothing, and use hat and sunglasses (1–6). However, people may not be aware that

overexposure to the sun can occur even if they are indoors.
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Eighty percent of the average day of Americans is spent indoors (7). Although not

as high as the outdoor workers, a study in 2000 demonstrated that homeworkers still

receive high ultraviolet (UV) exposure between 7 and 10 standard erythema dose (SED)

per day in spring and 2 or more SED in winter and on cloudy summer days (1 SED is

equivalent to an erythemal effective radiant exposure of 100 J/m2) (8).

Compared with all exterior building components, windows provide the least amount

of insulation. It is known that standard glass filters out ultraviolet B (UVB), but ultraviolet

A (UVA), visible light, and infrared radiation are still transmitted. Current residential and

commercial architectural designs incorporate more and larger window areas for a better

view (Fig. 1). This design trend is supported by the evolution of energy-efficient glazing;

however, with larger windows, more UV rays are transmitted into the buildings. There are

new developments in the glass industry, resulting in additional efficient filters for UVA

and infrared radiation that can now be incorporated to the glass. Most of these glasses are

indistinguishable to the human eyes but provide different degrees of UV and infrared

protection. This chapter will review an update on the role of photoprotection by glass.

WINDOW GLASS AND PHOTOPROTECTION

History of Glass

The origin of glass began almost 5000 years ago. Archaeologists have discovered

evidence of glass objects as early as 3000 B.C. (10). There were records that demonstrated

that the ancient Greeks used glass in their buildings for baths and rooms. Window glass is

believed to originate in Rome at the end of the third century; it was very thick and

translucent, so it could let the light in, but people could not see out. In 1921, on the Italian

island, Murano, workers developed clear, almost transparent glass called “cristallo”; this

is where the word “crystal” comes from (10).

In the Middle Ages, glass making was a hand-made process. Window glass was

made by blowing the molten glass into a flat disc, which was then spun to thin and flatten

it out. Over hundreds of years, technical methods have been developed to make clear glass

in large quantity, resulting in glass manufacturing as we know it today (10).

Figure 1 A common residential window configuration is likely to have substantial UV exposure.

Source: From Ref. 9, with permission from Elsevier.
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What is Glass?

Glass is a mixture of sand: very high-quality silica sand added with other materials such

as salt cake, limestone, dolomite, feldspar, soda ash, and cullet. Cullet is broken glass,

adding cullet helps the batch melt more easily (10). The resulting mixture is called a batch

(Fig. 2). Melting and later cooling of the batch makes a solid glass without forming

crystals, thereby making glass transparent. In the past, most of the glass manufactured in

the United States was plate glass, which was made by a process of grinding and polishing.

Now, plate glass has been almost totally replaced by float glass (10).

Presently, 90% of flat glass is manufactured as float glass. The term “float” glass,

derived from the production method, was introduced in the United Kingdom by Sir

Alastair Pilkington in 1959 (11). Float glass refers to glass made by melting the batch in a

furnace at 15008C; then the molten batch is poured from a furnace into a controlled

chamber that contains a bed of molten tin. The glass floats on the tin and takes the shape

of the container (10). After leaving the chamber, the molten glass is put in an oven. Here it

is slowly cooled. This process, called “annealing,” produces a long ribbon of high-quality

flat glass that will be later cut into smaller pieces for fabrication.

Types of Glass

Common types of architectural glass used in residential and commercial buildings are

summarized in Table 1, and discussed in the following paragraphs.

Clear Glass

Clear glass is generally described as transparent and colorless (10). Majority of the glasses

are produced by the float glass process. The primary characteristic of glass in architectural

applications is to provide protection from the outside elements, while providing a view

and enabling visible light transmittance to the interior. Depending upon its thickness, a

single pane of clear glass allows up to 90% of the visible light (assessed from 400 to 780

nm), up to 72% of UV (assessed from 300 to 380 nm), and up to 83% of solar heat to pass

through (9).

Figure 2 “Batch” is a mixture of very high-quality silica sand and other materials such as salt

cake, limestone, dolomite, feldspar, soda ash, and powdered cullet. Glass is made by melting and

cooling the batch. Source: From Ref. 9, with permission from Elsevier.
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Tinted Glass

Tint glass is made by adding coloring agents to the batch mix. These coloring agents

include bronze, green, blue, and gray. The tint is typically specified for its aesthetic and

solar-radiation absorption properties (12). Tinted glass also transmits less UV compared

with clear glass.

Reflective Glass

This type of glass is designed to reflect light and heat, commonly used in commercial

buildings. Reflective glass is a clear or tinted glass that has very thin layer of metal or

metal oxide on the surface. The use of these coatings gives the glass a mirrorlike

appearance (10). Commonly used coatings include silver, copper, gold, and earth tone.

Reflective glass minimizes unwanted solar heat gain and reduces UV transmission. It

eliminates the ability to see the interior of a building from the outside; observers will only

see their own reflection during daylight. At night, however, because of the higher light

intensity inside than the outside, the mirroring effect is reversed. An outside observer may

see in, but an interior observer may only see his or her own image (9).

Low-Emissivity Glass

Low-emissivity (Low-E) glass is the type of glass that is gaining in popularity and is

broadly used in residential and commercial building. It is a clear glass that comprised

microscopically thin, optically transparent layers of silver sandwiched between layers of

antireflective metal oxide coatings. Most low-E coated glass will significantly reduce the

loss of generated heat. The most common low-E products also minimize undesirable solar

heat gain through a window without the loss of color neutrality and visible light

transmission (13). These coatings reflect from 40% to 70% of the solar heat that is

normally transmitted through clear glass, while allowing the full amount of visible light to

pass through. If the windows are designed to let in the heat from winter sun while

retaining the heat generated from inside the building, such as those needed in northern

area of the United States, the low-E coatings are applied to the inside pane of glass. In

southern areas or hot climates, low-E coatings are applied to outside pane of the glass and

are usually applied to bronze-, green-, or gray-tinted glass to reduce glare and to reflect

the sun’s heat away from the building (10). Different types of low-E coatings have been

designed to allow for high, moderate, or low solar gain applications, so attention to

product-specific performance attributes is necessary to achieve the desired effect.

Table 1 Common Types of Glass Used in

Residential and Commercial Buildings

Clear glass

Tinted glass

Reflective glass

Low-E glass

Tempered glass

Laminated glass

Insulating glass

UV-blocking coated glass

Abbreviation: Low-E, low-emissivity.

Source: Modified from Ref. 9, with permission from

Elsevier.
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Tempered Glass (Toughened Glass)

Tempered glass is the type of glass that is two or more times stronger than annealed

glass. When broken, it shatters into many small fragments, preventing major injury

(14,15). This type of glass is intended to be used when strength, thermal resistance, and

safety are important considerations, such as for glass facades, sliding door, building

entrances, and bath and shower enclosures (14). It is also used for side and rear windows

of automobiles.

Laminated Glass

Laminated glass, sometimes called “lami” is made by permanently bonding two pieces of

glass together with a tough plastic interlayer [polyvinyl butyral (PVB)] under heat and

pressure (10,13). Once bonded together, the glass sandwich acts as a single unit and

generally appears very similar to standard clear glass, and the interlayer is virtually

invisible. The benefit of laminated glass is that if broken, glass fragments will adhere to

the PVB interlayer rather than falling free, thereby reducing the risk of physical injury and

property damage. It provides a characteristic “spider web” cracking pattern when the

impact is not enough to completely pierce the glass (15). Laminated glass effectively

filters over 99% of UV up to approximately 375 nm without sacrificing visible light

transmission; with new developments, new types of laminated glass has become more

transparent to wavelengths above 380 nm. Laminated glass also provides sound

insulation. It is commonly used in automobiles (for windshields), airports, museums,

sound studios, schools, greenhouses, and large public spaces. To enhance the quietness of

the ride, laminated glass is now used for side and rear windows of high-end cars.

Insulating Glass

It is a glass made in insulated glazing unit (IGU). IGU is a set of two or more panes of

glass enclosing a hermetically sealed air or gas space (10,16) (Fig. 3). In the United

Figure 3 An IGU is a combination of two or more panes of glass with a sealed airspace between

panes. Inert gas, e.g., argon or krypton, is commonly filled between panes of glass in IGUs to

enhance insulation. These gases are less heat conductive than air. The UV-blocking coated glass is

designed for use in an IGU configuration. Hot-melt-butyl is a type of sealant in IGU. Abbreviation:

IGU, insulating glass unit. Source: Guardian Industries Corp (Auburn Hills, Michigan, US).

Photoprotection by Glass 247



[ram][7x10 Standard][D:/informa_Publishing/H8084_Lim_112080/z_production/z_3B2_3D_files/978-1-4200-8084-1_CH0018_O.3d] [4/11/08/

21:29:18] [243–256]

Kingdom, this is often called “double glazing.” The most important function of insulating

glass is for heat insulation. Glass itself has no insulative property but the air space

between glass layers does. Argon is the gas commonly used in IGU as it is economical.

Krypton, considerably more expensive, is not generally used except for a very thin

double-glazing or high-performance triple-glazing units (3 pieces of glass) (17). Today,

insulating glass units (IGUs) are included in over 95% of all windows sold in the United

States. Although still a small percentage of total window sales, for very cold climates

areas, triple-glaze IGUs are growing in popularity (9).

UV-Blocking Coated Glass

This type of glass has a very thin, special coating that makes it nearly distinguishable

from standard clear glass (9). The coating blocks nearly all UV but maintain visible light

transmission. UV-blocking coated glass is designed for use in an IGU; it is commonly

used in windows and framing of museum quality artwork.

Spectrally Selective and UV-Blocking Insulating Glass

This glass package provides the highest degree of UV protection. It is made of one piece

of spectrally selective low-E-coated glass and one piece of UV blocking–coated glass. It

blocks more than 99% of UV transmission (assessed from 300 to 380 nm) and 70% of

unwanted solar heat gain, while allowing nearly 70% visible light to pass through (9).

The transmissions of visible light and UV through different types of glass are shown

in Table 2, Table 3, Figure 4A, and Figure 4B. It should be noted that the glass

performance data referenced throughout this document have been generated by Guardian

Industries Corp. (Auburn Hills, Michigan, U.S.) by using the Lawrence Berkeley National

Laboratory (LBNL) Window 5 software program. Spectral performance data contained in

Table 2 Typical Residential Architectural Window Glass Configurations with Properties

of Solar, Visible Light, and Ultraviolet Transmissiona

Type of glass Thickness (mm) Tsolb (%) Tvisb (%) Tuvb (%)

Monolithicc clear glass 3.0 mm 83% 90% 72%

Monolithic tint glass 3.0 mm 61% 62% 40%

Monolithic laminated glass 6.0 mm 74% 88% 0.6%

Double glazedd clear glass 3.0 mm/3.0 mm IGUe 72% 82% 57%

Double-glazed tint glass 3.0 mm/3.0 mm IGU 52% 56% 33%

Double-glazed spectrally

selective low-E glass

3.0 mm/3.0 mm IGU 36% 71% 20%

Double-glazed laminated

glass

6.0 mm/3.0 mm IGU 63% 80% 0.5%

Double-glazed spectrally

selective UV-blocking

glass

3.0 mm/3.0 mm IGU 34% 69% 0.1%

aData provided by Guardian Industries Corp. (Auburn Hills, Michigan, U.S.).
bTsol: transmission of solar radiation, Tvis: transmission of visible light (assessed from 400–780 nm), Tuv:

transmission of ultraviolet radiation (assessed from 300–380 nm).
cMonolithic glass: a single pane of uncoated glass.
dDouble glazed: an insulating glass unit formed using two layers of glass separated by a sealed airspace.
eIGU: Insulating glass unit.

Source: From Ref. 9, with permission from Elsevier.
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the Window 5 program have been submitted by the individual product manufacturers and

verified by LBNL staff and a peer review process.

Thickness of Glass

Float glass is commonly produced in a wide range of thickness depending on the

application requirements. The most common thickness of residential and commercial

window glass is between 2.3 and 6 mm. Examples of common glass thickness and the

associated application are demonstrated in Table 4. Effect of thickness of glass on UV

transmission is demonstrated in Table 5.

Color of Glass

Glass is produced in a wide range of color depending on the application requirements.

Examples of common glass colors and the associated applications are demonstrated in

Table 6. Effect of glass colors on the properties of solar, visible light, and UV

transmission is demonstrated in Figure 5.

Testing Methods for Quantitative Assessment of UV Protection of Glass

Several factors affect UV transmission of a finished window glass. Some of the main factors

are glass type, glass color, interleave between glass, and coating on glass (9). Thickness of

glass has little effect on UV transmission. Spectrometry is a method used in determining

UV transmission of the glass. The tested glass sample is placed in a specimen holder of

spectrophotometry in alignment to illuminating beam. The wavelength from 280 to 780 nm

is scanned with 5 nm intervals. In this chapter, the relative transmission in the range of 300

to 380 nm is used to calculate transmission of UV (Tuv, %). The relative transmission in the

range of 400 to 780 nm is used to calculate transmission of visible light (Tvis, %).

Table 3 Typical Commercial Architectural Window Glass Configurations with Proper-

ties of Solar, Visible Light, and UV Transmissiona

Type of glass Thickness (mm) Tsolb (%) Tvisb (%) Tuvb (%)

Double-glazed tint glass 6.0 mm/6.0mm IGU 35% 40% 20%

Double-glazed spectrally

selective low-E glass

6.0 mm/6.0 mm IGU 32% 68% 28%

Double-glazed reflective

glass

6.0 mm/6.0 mm 13% 19% 17%

Double-glazed spectrally

selective reflective glass

6.0 mm/6.0 mm 24% 43% 25%

Double-glazed laminated

glass

6.0 mm/6.0 mm IGU 58% 79% 0.5%

Double-glazed spectrally

selective UV-blocking

glass

6.0 mm/6.0 mm IGU 32% 67% 0.2%

aData provided by Guardian Industries Corp. (Auburn Hills, Michigan, U.S.).
bTsol: transmission of solar radiation, Tvis: transmission of visible light (assessed from 400 to 780 nm), Tuv:

transmission of ultraviolet radiation (assessed from 300 to 380 nm).

Source: From Ref. 9, with permission from Elsevier.
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AUTOMOBILE GLASS AND PHOTOPROTECTION

It has been estimated that a person spends an average of 80 to 107 min/day exposed to

sunlight while driving or traveling by car (7,18). UVA exposure inside a car was shown to

be high enough when calculating a person’s lifetime UV exposure (7). Transmission of

UVR through automobile glass depends on the type and tint of glass (9). For safety

reasons, all windshields are made from laminated glass, which can filter most of the UVA.

Figure 4 (A) Ultraviolet, visible light, and near infrared transmittance (300–2500 nm) of different

types of architectural glass. Source: Data are provided by Guardian Industries Corp. Auburn Hills,

Michigan, U.S. (B) Ultraviolet and short-wavelength visible light transmittance (300–550 nm) of

different types of architectural glass. Source: Data are provided by Guardian Industries Corp.

Auburn Hills, Michigan, U.S. Modified from Ref. 9, with permission from Elsevier.
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However, side and rear windows are usually made from tempered glass (non-laminated

glass); therefore, a significant level of UVA can pass through. Individuals traveling by car

can be exposed to considerable amount of UVA through side and rear windows. Several

studies demonstrated that signs of chronic UV exposure such as photoaging and

premalignant skin cancers are more prevalent among those to the driver’s side (19–21).

Photosensitive patients such as those with polymorphous light eruption also present with

skin lesions that flare on the arm on the driver’s side. It was shown that parts of the

drivers’ bodies closest to a window such as driver’s arm or driver’s head received the

most radiation (22). UV exposure was two to three times greater in a smaller car

compared with a larger car (23).

A study was conducted on UV transmission through samples of windshields, side

windows, rear windows, and sunroofs of Mercedes-Benz cars (22). Windshields were

found to effectively block UV of wavelengths shorter than 375 to 385 nm. For insulative

Table 4 Common Architectural and Automotive Glass Thickness and Applicationsa

Application Monolithic glass

thickness

Application configurations

Residential architecture 2.3 mm, 3.0 mm, 4.0 mm,

5.0 mm, 6.0 mm

IGU comprised two pieces of equal-

thickness glass

Commercial

architecture

5.0 mm, 6.0 mm, 8.0 mm,

10.0 mm

IGU typically comprised two pieces of

equal-thickness glass

Automotive

(monolithic

tempered glass)

3.1 mm, 4.0 mm, 5.0 mm Monolithic tempered glass used

primarily for side and rear windows

in passenger vehicles

Automotive (laminated

glass)

4.0 mm, 5.0 mm, 6.0 mm Laminated glass used primarily for

front windshield and some side

windows

aData provided by Guardian Industries Corp. (Auburn Hills, Michigan, U.S.).

Abbreviation: IGU, insulating glass unit.

Source: From Ref. 9, with permission from Elsevier.

Table 5 Percentage of UV Transmission Through Different Types

and Thickness of Glassa

Glass type Thickness Tuv (%)b

Clear glass 2.3 mm 75

Clear glass 6.0 mm 63

Tinted green 2.3 mm 47

Tinted green 6.0 mm 28

Tinted bronze 2.3 mm 46

Tinted bronze 6.0 mm 24

Low-E 2.3 mm 21

Low-E 6.0 mm 19

aData provided by Guardian Industries Corp. (Auburn Hills, Michigan, U.S.A.).
bUV transmission measured between 300 and 380 nm.

Abbreviations: UV, ultraviolet; Tuv, transmission of UV; Low-E, low-emissivity.

Photoprotection by Glass 251



[ram][7x10 Standard][D:/informa_Publishing/H8084_Lim_112080/z_production/z_3B2_3D_files/978-1-4200-8084-1_CH0018_O.3d] [4/11/08/

21:29:18] [243–256]

green glass, significant UV transmission through the glass started at 385 nm, reaching

11% at 390 nm. Back and side windows were less effective in filtering UV than the

windshield. For back-window glass, UV transmission started at 335 nm rising with a

minor decrease between 370 and 385 nm to a maximum of 63% at 390 nm. Sunroof glass

filters UV shorter than 335 nm. In this study, simulated UV exposure during driving was

done by placing dummies with attached dosimeters in the car. On the arm, the averages of

UVA exposure when the windows were shut and opened were 3 to 4% and 25 to 31% of

ambient radiation, respectively. In an open convertible car, the most intense UV exposure

was found on the driver’s vertex, and the relative personal dose reached 62% of ambient

radiation (22).

Hampton et al. assessed the percentage of UVA transmission through a range of

automobile glass types coated with different color tints (24). The most important factor in

reducing penetration of UVA through automobile glass is lamination. Clear

Table 6 Common Architectural and Automotive Glass Colors and Types and Their

Applicationsa

Application Glass types

Residential architecture Clear, bronze, gray, spectrally selective low-E, spectrally

selective UV-blocking low-E, laminated glass

Commercial architecture Clear, low iron clear, bronze, gray, green, blue green,

reflective, spectrally selective low-E, spectrally selective

reflective low-E, laminated glass

Automotive (monolithic

tempered and laminated)

Solar green, solar gray, solar control coated glass

aData provided by Guardian Industries Corp. (Auburn Hills, Michigan, U.S.).

Abbreviations: Low-E, low-emissivity; UV, ultraviolet.

Source: From Ref. 9.

Figure 5 Ultraviolet and short-wavelength visible light transmittance (300–550 nm) of common

glass with different colors. Source: Data are provided by Guardian Industries Corp. Auburn Hills,

Michigan, U.S. Modified from Ref. 9, with permission from Elsevier.
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non-laminated glass provided the lowest UVA protection, followed by non-laminated

light green, non-laminated dark green, and laminated clear glass. Gray-tinted laminated

glass provided the highest UV protection. Only 0.6% of UVA and 0.8% of UVA1 was

transmitted through gray-tinted laminated glass compared with 62.8% of UVA and 80.5%

of UVA1 by non-laminated clear glass. Clinical relevance of UV exposure in automobile

in the photosensitive patient was also assessed. A 5 J/cm2 dose of UVA, which is

sufficient to induce cutaneous eruption in patients with severe photosensitivity, could be

obtained when the arm is placed near a non-laminated clear window for 30 minutes, or

non-laminated light green window for 1 hour. If a laminated gray window were used as a

substitute, at least 50 hours of UV exposure would be required to produce skin lesions in

those patients. In addition to lamination and tinting, UVA exposure in automobiles can be

influenced by non-glass-related factors such as position of the individual in a vehicle,

direction of travel with respect to the sun, and time of the day.

Percent of UV and visible light transmission through different types of automobile

glass is shown in Table 7. It should be noted that as UV transmission decreases, it is the

long-wave UV, predominantly UVA1, which continues to be transmitted.

ENHANCED PHOTOPROTECTION THROUGH THE USE
OF WINDOW FILM

Window film is transparent plastic film or metallic laminate, which is applied to glass

windows. Because significant UVA can transmit through side and rear windows of the

cars, it is now possible for automobile owners to further darken the tint on side and rear

windows. Window film reduces the transmission of UV rays, visible light, and infrared

radiation; permits reduction of interior heat gain; and minimizes the fading of interior

Table 7 Percent of UV and Visible Light Transmission Through Different Types of

Automobile Glassa

Application Glass type Tvisb (%) Tuvb (%)

Vision glass

Windshield Standard green tint laminated glass 75% 3%

Windshield Solar management laminated glass 71% 2%

Tempered side window Standard green tint 79% 48%

Tempered side window Solar management glassc 73% 33%

Tempered rear window Standard green tint 79% 48%

Tempered rear window Solar management glass 73% 33%

Privacy glass

Tempered side window Gray privacy glassd 18% 8%

Tempered rear window Gray privacy glass 18% 8%

Moon or sun roof Laminated, dark gray privacy glass 6% 2%

aData provided by Guardian Industries Corp. (Auburn Hills, Michigan, U.S.A.).
bTvis: transmission of visible light, Tuv: transmission of ultraviolet radiation (assessed from 300 to 380 nm).
cSolar management glass: tinted glass with enhanced solar control characteristics that is designed to block

infrared radiation, thereby reducing the solar heat transmitted into the car.
dPrivacy glass: monolithic, tempered tinted glass with enhanced solar control characteristics and very low

visible light transmission, thereby significantly reducing solar heat transmission and visibility through the

glass.

Source: From Ref. 9, with permission from Elsevier.
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components. Because window film can restrict the driver’s vision especially in dark

condition, in the United States, aftermarket tints are not allowed to go below the federally

mandated 70% minimum visible light transmittance of automobile windshields, except for

the top 4 in (10.2 cm) of the windshield (25). Most states in the United States do allow

aftermarket tinting of side and rear windows. The minimum allowable visible light

transmission levels for side and rear windows are determined by each state, most of them

do allow tint with no less than 35% visible light transmittance (25), while some states

allow window tint as dark as 20% visible light transmittance (26). It has been reported that

window film with 35% and 20% visible light transmittance filtered UVA below 370 and

380 nm, respectively (27).

The benefit of window film in photoprotection was supported by an in vitro study

(28). Mouse fibroblasts were subjected to four conditions: exposure to solar simulating

radiation (SSR) alone, SSR filtered through automobile glass (tempered glass), SSR

filtered through UV-absorbing film, and SSR filtered through automobile glass coated

with UV-absorbing film. Capability for photoprotection was measured by 3T3 neutral red

uptake assay. Cells exposed to SSR alone had significant cell death with survival rate of

only 11%. Cells exposed to SSR filtered with automobile glass had 37% survival rate,

while those irradiated through window film and the combination of automobile glass with

film had survival rates 90% and 93%, respectively. In this study, the authors also

measured UVR through a car window. They measured UVR from the driver’s side

window glass, the driver’s side window glass with UV-absorbing film applied and

through the windshields. The side window with UV-absorbing film blocked most of the

UVR, allowing only 0.4% UV transmission, followed by the windshield that allowed 2%

UV transmission. Side-window glass without film allowed UVR transmission as high as

79% of solar UVR (28).

Because of a wide variety of films and the ease of installation, aftermarket

automobile window tinting has become popular. However, automobile tint is best

installed by professionals; without the proper tools and techniques, amateur filming is

prone to bubbling and separation from the glass.

CONCLUSION

In addition to outdoor UV exposure, UV exposure through architectural window glass and

automobile glass while being indoor and in a car is a topic that should be addressed.

Nowadays, new glass technologies can give us options to choose the glass that provide

high UV protection. Awareness of photoprotection by glass is an important component of

the total photoprotection strategy.
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Contact Lens

Minas Coroneo
Department of Ophthalmology, University of New South Wales at Prince of Wales
Hospital, Sydney, New South Wales, Australia

INTRODUCTION

Sight, our highest bandwidth sense, mediates via optic nerve fibers that provide the

majority of the fibers of sensation to the human brain, is on the one hand totally dependent

on visible light energy, and on the other, can be damaged by it and the contiguous

ultraviolet (UV) and infrared wavelengths.

Our understanding of the effects of sunlight on the eye has improved over time. There is

a realization that the pathogenesis of a large number of ocular conditions could be attributable

in large measure to UV radiation. These conditions have been grouped and named “the

ophthalmohelioses,” from the Greek ophthalmos (eye) and helios (sun), to refer collectively

to diseases of the eye caused by sunlight. Table 1 is a list of the ophthalmohelioses—ocular

conditions in which sunlight has been postulated to play a role in pathogenesis.

Much of the UV light that strikes the eye is reflected, indirect light (albedo).

Although it is commonly known that one can be sunburned while under the shade of an

umbrella, the elegant studies of Urbach (1) demonstrated that reflected light struck

the regions of the orbits. It was therefore not surprising that the ophthalmohelioses were

prevalent in places of high ground reflectance or in individuals exposed under these

conditions. Because of the indirect and geometrical nature of this exposure, individual

exposure was inaccurately estimated from the standard questionnaires used in

epidemiological studies—individual exposures and factors peculiar to individuals could

result in underestimation of exposure.

Another source of underestimation by individuals of levels of exposure is that UV

levels can be high on cloudy days or under certain weather conditions and that peak

exposure occurs in the middle of the day. Whereas peak UV exposure is widely believed

to occur in the middle of the day (reflected in the well-known advice to avoid the midday

sun), recently high ocular exposure has been recorded in mornings and evenings (2). In

this study, peak ocular exposures were recorded at 9 a.m. and 3 p.m. when the solar zenith

angle was 508 (Fig. 1) during spring and autumn (latitude 36 degrees, 39 minutes north).
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Table 1 A List of the Ophthalmohelioses

Eyelid Wrinkles; sunburn; photosensitivity reactions; cicatricial ectropion;

dermatochalasis; premalignant changes; malignancies, such as

basal cell carcinoma, squamous cell carcinoma, and melanoma

Ocular surface Vernal catarrh, pinguecula, pterygium, climatic keratopathy

(labrador keratopathy), actinic granuloma, keratitis (flash, snow

blindness), arcus/transparency, band keratopathy, corneal

endothelial polymorphism, reactivation of herpetic keratitis,

scleritis in porphyria, senile scleral plaques, post-photorefractive

keratectomy (PRK) haze, malignancy of the cornea or conjunctiva

Uvea Melanoma, miosis, pigment dispersion, uveitis, blood-ocular barrier

incompetence

Crystalline lens Cataract, anterior capsular herniation, early presbyopia, capsular

pseudoexfoliation, subluxation in Marfan syndrome, intraocular

lens dysphotopsia

Vitreous Liquification

Retina Photic maculopathy, erythropsia, macular degeneration, choroidal

melanoma, visual loss with photostress in carotid stenosis

Glaucoma Experimental

Ocular posture Intermittent exotropia

Systemic Xeroderma pigmentosum, basal cell carcinoma, basal cell nevus

syndrome, porphyria cutanea tarda, polymorphous light eruption,

drug-induced photosensitivity, uremia, immunosuppression, myopia

Figure 1 Peak ocular exposures were recorded during morning and afternoon hours, in sharp

contrast to the commonly held belief that the greatest UV exposure occurs during midday.
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Unlike the skin, the eye is less exposed to direct light and is largely insolated by scattered,

reflected light. This type of exposure increases the likelihood of peripheral light-focusing

(PLF) effects and would be expected to maximize ocular damage (Table 1).

In addition to the potentially harmful effects of normal levels of sunlight on the eye,

there are also concerns about the ozone hole and the ophthalmic consequences of increased

ocular UV insolation (3). There is a unique exposure of the human eye, and in particular the

exposure of the human limbus, as well as the fact that a large temporal visual field not only

aids survival but acts as a large collecting zone for UV light incident on the temporal

limbus. There is also a growth in knowledge of ocular stem cell populations from initial

findings in the limbus (4) and a gradual realization that peripheral light foci coincide with

certain ocular stem cell populations. As there is no animal model of pterygium, researchers

relied on cell culture studies and were able to culture epithelial cells typical of pterygium.

This has enabled scientists to explore the role of UV-induced inflammatory events and in

particular the role of matrix metalloproteinases in the pathogenesis of pterygium and

cortical cataract. It is likely that similar pathways are involved in the pathogenesis of several

of the ophthalmohelioses. As the eye provides the only substantial lens-focusing system of

the body, the ophthalmohelioses would be expected to develop earlier than the

dermatohelioses, and so eyes are exposed to increasing amounts of UV radiation. The

increased pterygium prevalence may be an early consequence of this exposure.

The ophthalmohelioses have a tremendous impact on patients’ quality of life and

have significant implications to the cost of health care. While cataract is not entirely due

to insolation, it now seems certain that sunlight plays a contributory role—cataract is one

of the most, if not the most, commonly performed surgical procedure in many societies.

Pterygium, typically afflicting a younger population, adds a tremendous burden, both

human and financial, in sunny countries (5).

There has been great interest in prevention of these diseases as well as identifying

at-risk individuals. There is also a large variation in the protection afforded by sunglasses

and hats. Standard-setting groups are just starting to recognize that lateral protection

afforded by sunglasses is of considerable importance. Yet even with the best of intentions,

in certain environments (surfing), sunglass and hat wear are inconvenient and

consequently are seldom used. It is in this setting that UV-blocking contact lenses may

play a particularly limited but important role. As they typically span the limbus, they are

currently the most effective means of reducing, if not eliminating, peripheral light foci.

UV-blocking contact lenses have been available for many years, but their use as

ocular protectants has been limited. While they do not provide protection to the facial skin

and eyelids, protection by this means may be a pragmatic and reliable solution in certain

situations offering advantages over sunglasses, the efficacy of which has raised concerns.

Populations at increased risk of ocular UV damage include those that have high

exposure—both outdoors (sailors, surfers) and indoors (welders)—and in patients who may

be photosensitized by genetic factors or drugs. Ground reflectance of UV light can be a

critical determinant of ocular exposure. The best natural reflector is snow, explaining why

goggles are usually necessary for adequate protection on the snowfields (6). This explains

why ocular UV exposure can be similar in vastly different climates. Thus, pterygium can

occur under vastly different climatic conditions—two cases of pterygium blindness have

been reported in an indigenous Australian (7) and an Alaskan native (8). Short wavelength

UV radiation is scattered and reflected, terrain reflectance being more important than terrain

elevation. Cloud cover and haze may actually increase ocular UV exposure (9,10).

There was early understanding of the importance of the role reflected UV light

plays in the etiology of the dermatohelioses. Urbach (1) performed a series of experiments

using a chemical dosimeter system and mannequin heads, which were irradiated under
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different conditions. On exposure to UV light, the heads turned from yellow to deep red

and the change quantified by reflection photometry. These experiments demonstrated that

terrain reflectance was a key determinant of ocular UV exposure. Many conventional

spectacles/sunglasses offer little side protection from albedo, as much of the lateral

conjunctiva and limbus remain exposed. Such glasses reduce glare from direct, visible

light and may encourage wearers to increase their exposure to UV albedo. This would

result at the very least in increased UV insolation of the ocular surface and perhaps even

of intraocular structures as a result of pupil dilatation (because of shading from direct

visible light by sunglasses). Hedblom (11) pointed out that wearing conventional

sunglasses was frequently associated with the development of photokeratoconjunctivitis

(“snow blindness”) on Antarctic missions.

INITIAL STUDIES ON PERIPHERAL LIGHT-FOCUSING EFFECT

Initial studies (12–14) have determined the pathways by which the anterior eye, acting as

a side-on lens, focuses light onto the opposite side of the eye, most noticeably to the distal

(nasal) limbus, the usual location of pterygium and pinguecula (called the type 1

phenomenon). Light proceeds across the anterior eye via transcameral pathways and not

by so-called sclerotic scatter. The degree of limbal focusing is determined in part by the

corneal shape and anterior chamber depth, and this may explain why particular

individuals in a particular environment are afflicted. Using computer-assisted optical ray-

tracing techniques (15–17), the transcameral light pathways were confirmed.

It has been calculated that the peak light intensity at the distal limbus is

approximately 20 times that of the incident light intensity (14)—this has further been

refined in subsequent studies to take into account corneal shape (15,16) as well as

focusing on the crystalline lens (17). The limbal effect peak intensity was found at an

incident angle of 1048 (17). Furthermore, it seems that the light focus is actually not a

spot, but a complex arc shape—explaining why it is difficult to appreciate when viewing

along the path of incident light.

The earliest report of PLF is from the work of von Helmholz (18). By asking a

subject to accommodate, he was able to observe a movement of the light focus anteriorly,

neatly demonstrating that the anterior crystalline lens surface (and iris) move forward

during accommodation. Graves (19) described a method of corneal illumination, termed

“sclerotic scatter,” in which light was presumed to pass horizontally across the cornea by

total internal reflection within the corneal stroma. Although this is considered as a

possible pathway in initial observations (12), initial ray-tracing studies (13) determined

that this mechanism could not occur. Another early report from Mackevicius (20) linked

the observation of a limbal focus to pterygium pathogenesis. Rizzuti (21) used a penlight

in keratoconus patients to illuminate the temporal limbus and noticed distal limbal

focusing. He claimed that this was not seen in normal corneas.

Calculations would predict (15) that a steeply curved cornea (as is seen in

keratoconus) would be expected to produce an intense distal limbal focus. Furthermore

“normal” corneas also produce such foci. It was noticed in cattle (22) that limbal foci

occurred and coincided with the sites of precursor lesions for squamous carcinoma—

ironically bovine eyes were used (14) to work out the optical pathways involved in

conjunction with ray-tracing experiments. Light focusing was again implicated in

pterygium pathogenesis (23), but the pathway was thought to be by sclerotic scatter

(transcorneal) and the mechanism of pathogenesis to involve damage to subconjunctival

tissue, dellen formation, and subsequent pterygium formation.
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These previous studies failed to define the precise optical pathways, the intensity of

the limbal focus, the potential to damage stem cells, and the pathophysiological

mechanisms involving matrix metalloproteinase activation (24,25).

They also failed to recognize that limbal focusing was one of a series of foci induced

by the anterior eye’s peripheral optics. As the PLF phenomena were being elucidated, the

location and importance of ocular stem cell populations were becoming evident. Perhaps

the earliest report of the critical nature of the limbus in renewal of the corneal epithelium

was published in 1971 (4). A recent review of ocular stem cells (26) confirms the location

of stem cells at the sites of the three principal PLF phenomena (Fig. 2).

1. The limbus

2. The nasal crystalline lens equator

3. The eyelid margin

Figure 3 is a schematic diagram (27) of the hypothesis of corneal epithelial

replacement. Basal limbal stem cells generate transient amplifying cells, and these give

rise to centripetally directed postmitotic cells suprabasally and terminally differentiated

cells superficially. Apart from renewal of corneal epithelium, the limbus maintains a

barrier so that normally conjunctival and corneal epithelium remains separated.

Ordinarily, little direct UV light strikes the ocular surface. With PLF, a beam of 20�
the incident intensity crosses the anterior chamber, little altered by aqueous humor (28)

and strikes the basal and relatively unprotected stem cells. This circumvents the normal

protection of this corneal stem cell niche by the more superficial limbal cells that

normally absorb directly incident light (29). As stem cells are pluripotent and capable of

division, alteration by UV light can conceivably result in a tissue mass of a number of cell

types that break the limbal barrier and invade the cornea. Of interest is the recent finding

Figure 2 The location of stem cells (SC) at the sites of the principal peripheral-focusing

phenomena.
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(30) that the presence of a pterygium can be associated with deep corneal changes at the

level of the endothelium, and Descemet’s membrane and that endothelial cell density may

be lower in these eyes. This is consistent with damage induced by PLF.

Pterygium Pathophysiology and Peripheral Light-Focusing Effect

A hypothesis that explains pterygium pathophysiology by postulating an alteration of

limbal stem cells may also help to explain the characteristic wing shape of the pterygium.

Early observations (31) of pigmentary patterns in the corneal epithelium suggest that

areas of limbus contribute pie-shaped areas of the corneal epithelium. These patterns have

recently been elegantly demonstrated by UV photography (32).

Using this concept and a population balance model of corneal and limbal epithelial

production (33), we were able to model the expected wing shape of a pterygium (34).

Further indirect evidence that PLF plays a role in disease pathogenesis is the observation

that iris melanoma occurs more frequently in the horizontal aspects of the iris (Fig. 4) (35).

Pterygium can be located temporally—in some series, this is seen in only 2% of

cases. However, in one study of sawmill workers (36), 15% had temporal pterygium alone

and 11% had both temporal and nasal pterygia together (36). In an Arabic population,

temporal pterygium was reported in 2.4% of cases, whereas in a Chinese population, in

6.7% of cases (37). There was an early suggestion that a large nose would protect the eye

from sunlight (38), and this appears to be true for peripheral light crossing the midline in

the direction of the temporal limbus.

There is further indirect evidence that pterygium pathogenesis is related to PLF

phenomena. In the upper panel of Figure 5A, a patient with a right divergent strabismus

has a nasal pterygium affecting his left orthophoric eye. If pterygium was due to UV

radiation striking the eye axially, the right nasal bulbar conjunctiva is more exposed and

would be expected to be afflicted by pterygium ahead of the left eye. This phenomenon

was first noted by Saad (39). Recently, pterygium has been reported in the sighting

eye of a marksman (40), consistent with previous observations of the dominant eye being

Figure 3 A schematic diagram of the hypothesis of corneal epithelial replacement.

262 Coroneo



[ram][7�10 Standard][D:/informa_Publishing/H8084_Lim_112080/z_production/z_3B2_3D_files/978-1-4200-8084-1_CH0019_O.3d] [3/11/08/

18:55:17] [257–280]

predominantly affected by pterygium (41). In the lower panel of Figure 5B, a patient

has a pterygium in his hypotropic left eye. The pterygium is displaced superiorly, again

consistent with transcameral light pathway as a causative factor.

Recently, we developed a method that may detect early (preclinical) ocular surface

sunlight-induced damage usingUV fluorescence photography (UVFP) (42,43). Figure 6A, B

Figure 4 An iris melanoma is present underlying a nasal pterygium.

Figure 5 (A) Upper, a patient with a right divergent strabismus has a nasal pterygium affecting his

left orthophoric eye. (B) Lower, a patient that has a pterygium in his hypotropic left eye.
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demonstrates areas of nasal limbal fluorescence in eyes that are otherwise clinically normal.

These areas of fluorescence are consistent with focal damage induced by PLF. In a study in

school-aged children, we were able to detect these changes in children aged nine years and

more (Table 2). The prevalence of these changes increased with chronological age, with

clinical changes (pinguecula) being noted from age 13. We were surprised to find that in

the 12- to 15-year-old group, 81% of children had evidence of damage (clinical and

preclinical).

The possible causes of fluorescence include cross-linking of collagen induced by

UV irradiation, the presence of metabolites such as reduced NADH or derivatives of

amino acids such as tryptophan, or evidence of altered corneal epithelial stem cells

(42,43). Since exposure to UV radiation in childhood increases the risk of subsequent

development of pterygium (44), effective preventive strategies at this time of life may

prove to be crucial. A number of studies (45–47) have found that children lack

understanding and awareness of UV damage to the eyes and that sun protection practices

among adolescents are not only suboptimal but appear to have declined (47). During the

Figure 6 (A, B) Images from an 11-year-old girl. The areas of fluorescence are seen only on

ultraviolet photography, and in these areas the ocular surface is clinically normal.

Table 2 Evidence of Ocular Damage in Children at Various Ages: Evidence of Ocular

Sun Damage in Children Stratified by Age Group, as Determined by Using Standard

Visible Light Photography (Control) and UV Florescence Photography

Age group (years) Number of children with

changes consistent with

pingueculae on control

photography

Number of children

with fluorescent areas

on UV fluorescence

photography

3–8 0/27 (0%) 0/27 (0%)

9–11 0/23 (0%) 6/23 (29%)

12–15 7/21 (33%) 17/21 (81%)
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course of these studies, we found that both the children and their parents were very interested

in the changes that we could demonstrate. It may be that this graphic demonstration of early

preclinical and clinical changes of sun damage will reinforce the important health message to

reduce sun exposure and adopt preventive measures. In fact, there has been an

acknowledgment that future educational programs will require an innovative approach to

modify adolescent behaviors in relation to sun exposure and sun protection (47).

Using UVFP, we went on to investigate the patterns of fluorescence in established

pterygia. Four patterns were seen (Fig. 7), with 80% of patients demonstrating

fluorescence at the leading edge of the pterygium, at the limbus, or both. We postulated

that the areas of fluorescence represented areas of cellular activity within the pterygium.

Lack of fluorescence was thought to occur in pterygia that are “burned out” and represent

disease that is no longer active.

We have previously pointed out (14) that pterygia have been found to develop about

a decade before UV-induced skin conditions and thus may be an early indicator of

increased UV insolation. Changes detected on UVFP may prove to be the earliest

indicator of UV changes in the body.

Cataract and Peripheral Light-Focusing Effect

A second type of light-focusing effect was originally noticed if the light source was

moved more anteriorly (than the location required to produce a limbal focus). Light is

focused by the anterior eye, through the pupil (circumventing the protective effect of the

iris), and onto the crystalline lens equator stem cells (Fig. 8).

Subsequently, light exits the eye through the vascular ciliary body and appears as a

red spot on the ocular surface—this phenomenon was most easily observed in lightly

pigmented eyes. Recently, we (17) have completed ray-tracing studies that demonstrate

that the peak intensity of visible light varied between 3.7� and 4.8�. Focusing of UVA

showed attained higher peak intensities of 4.6� to 8.6� with maximum peak intensities

occurring at angles of incidence of 828 to 868.

Figure 7 Fluorescence patterns in established pterygia.
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The inferonasal localization of cortical cataract has been reported as far back as 1889

(48). Since then there have been many studies confirming this finding (49–55). It was well

known in clinical ophthalmic practice (Figs. 9 and 10A, B). There was a rekindled interest

in this observation (12,56,57) following the initial observations of PLF phenomena in the

anterior eye in 1982. These transcameral/translenticular pathways were confirmed by

ray-tracing experiments (57,17). More recently, large epidemiological (58–67) and

morphological (68) studies clearly demonstrated that most cortical cataracts form initially

or are prevalent in the inferonasal area of the lens. The germinative zone of the crystalline

lens is located equatorially (Fig. 11). This region may be more sensitive to focused UV

radiation than other parts of the crystalline lens (69).

Figure 8 (A, B) Light is focused by the anterior eye, through the pupil, and onto the crystalline

lens equator stem cells.

Figure 9 A clinical photograph of a patient with cortical cataract present in the nasal/inferonasal

quadrants of the crystalline lens, present bilaterally.

Figure 10 (A, B) The inferonasal localization of cortical cataract.
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A computational model was employed to examine the growth of the normal human

lens and the induction of spoke-like cortical cataract (Fig. 12A, B). It was demonstrated

that if clusters of germinative cells are caused to opacify, the resultant opacities are

predominantly spoke-shaped (70).

Intraocular Lens and Pseudophakic Dysphotopsia

With the development of modern intraocular lenses (IOLs) an unexpected symptom was

recognized with particular types of IOLs, known as pseudophakic dysphotopsia; the visual

disturbances include glare, streaks, and dark shadows in the temporal visual field and can

affect a significant number of pseudophakic patients (71). Pseudophakic dysphotopsia is

Figure 11 (A, B) Show the germinative zone of the crystalline lens.

Figure 12 (A, B) Fiber growth for one sector in the anterior surface of the adult human lens. A

representative light envelope (broken line) of standard PLF concentrates light at the equatorial 08
area, consistent with 3 o’clock position (B). Cataractous lesions in anterior fibers of the adult lens.

Lesion at 08 represents localized damage of Figure 12A, but the actual shape depends on the extent

of the cellular damage and the initial site of injury. Abbreviation: PLF, peripheral light focusing.
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more prevalent than is realized, being reported in 7% to 90% of cases (72). It has been

associated, although not exclusively, with square-edged acrylic IOLs designed to reduce

capsule opacity (71). Thus, in resolving one problem, a second problem, dysphotopsia,

has emerged. Unfortunately, some IOL models also reduce likelihood of an intrinsic

solution to the problem, as they inhibit the development of peripheral capsular opacity.

Interestingly, dysphotopsia does not appear to have been described in the phakic state,

suggesting that the design of the crystalline lens overcomes this problem. It seems that

PLF is responsible for these symptoms (Figs. 13 and 14A, B). Oblique light incident at the

Figure 13 Oblique light incident at the temporal limbus (right) is concentrated at the nasal edge

of the IOL and reflects to the nasal retina. Abbreviation: IOL, intraocular lens.

Figure 14 (A, B) Clinical photos of a patient with pseudophakic dysphotopsia. Square-edged IOL

had been implanted in the right eye of a 47-year-old man (left panel). Off-axis lighting from the

temporal field elicited foci of intense light on the nasal aspect of the IOL, which resulted in the

replication of the visual phenomena noted by the patient. The focusing gain was 2.56 times the

incident intensity, and the critical incidence window at the temporal cornea was between 718 and
898 to the sagittal plane. Abbreviation: IOL, intraocular lens.
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temporal limbus (right) is concentrated at the nasal edge of the IOL. Light rays continue

posteronasally to strike the nasal retina at different areas depending on the angle of

incidence. Some light rays may pass between the anterior lens surface and the posterior

iris. Another pathway is via the periphery of the IOL (as opposed to the lens edge).

The Eyelids and Peripheral Light-Focusing Effect

A third type of PLF effect is on the eyelid margin. Again the site of a stem cell population,

it is postulated (12) that this may account for the nasal predilection for eyelid skin

malignancy (73,74).

In some series, basal cell carcinomas (BCC) represent 20% of eyelid tumors and

90% of eyelid malignancies (Figs. 15 and 16A, B). BCC of the eyelids also have a high

Figure 15 A basal cell carcinoma (BCC) that has commenced in the medial aspect of the eyelids

and has grown onto the side of the nose.

Figure 16 (A, B) The weather-beaten facial appearance is not uncommon in outback Australia.

This patient suffered from skin malignancies of the ear, face, and eyelids, cicatricial ectropion,

pterygium, and cataract. The preponderance of skin malignancy in the postauricular and retroauricular

sites and on the posterior aspect of the helix, as compared to the superior aspect of the ear, has been

noted (1). This may coincide with the direction of albedo, from below and from behind. These are the

directions from which albedo concentration in the anterior eye is best demonstrated.
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risk of recurrence. BCC is the most common cause leading to eyelid reconstructive

surgery—eyelid reconstructions can entail use of complex methods and require tumor

removal, functionality, and an aesthetic outcome (75). This surgery represents a major

surgical workload in certain countries.

Sliney recognized early that these phenomena tied together many pieces of a puzzle

relating ocular sun exposure and a number of diseases with distinctive locations and

features (76). He and others (2,76–86) have called these phenomena the “Coroneo Effect.”

Prevention of the Ophthalmohelioses

Hollows, who had a long-term interest in the ophthalmohelioses, after many years of work

in outback Australia, set out sensible guidelines for preventing these diseases (87). While

on the one hand housing provides shelter from the elements, on the other, modern

architecture may allow increased sunlight indoors.

In fact, indoor glare can be problematic (87). Certain materials may also be

conducive to high UV reflectance. Thus, it was known in Kenya that hats should be worn

indoors in houses with corrugated iron roofs and no ceilings, as “galvanized sheets did not

repel all the sun’s rays” (87), or more likely, result in high levels of scattered UV light

indoors. Corrugated galvanized iron, invented in the 1840s, is a strong, light-weight,

corrosion-resistant, inexpensive, easily transported material and has been widely used in

buildings, but it seems that it is highly reflective of UV light. Modern paints resist the

elements and may also be highly reflective of UV light, potentially increasing our

exposure close to, if not in, our shelters.

Sunglasses

Conventional sunglasses are often worn for stylistic reasons, and until recent times, there

has been less regard for sunglasses as protective devices. Sunglasses have a number of

added disadvantages:

1. They reduce glare from direct, visible light and may allow wearers to increase

their exposure to UV albedo (14). It has been pointed out that the eye is the

natural and most efficient light warning system and represents the only means to

caution a person adequately against the dangers of sunlight, since the skin itself

is not able to announce overexposure rapidly enough to force its owner to get out

of the sun in time. Modern man has invented remedies for the light sensitivity of

the eye to be able to spend more time in the sun without feeling uncomfortable

(88). In one study, people wearing sunglasses were less likely to wear hats and

protective clothing (89). A possible connection between the use of sunglasses

and the risk of developing skin cancer, especially malignant melanoma, has been

suggested (88). The development of UV-safe sunglasses that transmit visible

light was raised (88).

2. Wearing conventional sunglasses under conditions of extreme albedo (as in the

Antarctic) can be associated with the development of photokeratoconjunctivitis

(“snow blindness”) (11). This may be as a result of inactivation of the natural

protective mechanism of squinting (90).

3. As the pupil response is most sensitive to visible light, conventional sunglasses

may allow pupil dilation in proportion to the darkness of the sunglasses (91) and

increased intraocular insolation.

4. Potential decrease in low-contrast visual acuity (92).
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5. Reduced visual field attributable to spectacle frame (93).

6. Inconvenience—discomfort from frame, scratched lenses, fogging, and expense.

A natural protective mechanism in extremely bright light is squinting (that is,

narrowing the palpebral fissure)—in this process, the lateral eyelids, as they close, limit

the amount of light striking the lateral aspect of the eye.

Interestingly, in extremely bright light, the nondominant eye is closed, explaining

why pterygium initially afflicts the dominant eye (41). Sunglass styles vary considerably,

particularly since many standards do not address the issue of side protection. As a

consequence, side protection can vary from extremely effective to nonexistent (Fig. 17).

Even with wraparound-style sunglasses, side exposure can still be considerable.

Thus, in one study, movement of the sunglass frame 6 mm from the forehead resulted in

variation of the percentage of UV reaching the eyes ranging from 3.7% to 44.8% (94). It

was found that the amount of attenuation is highly variable and depends mainly on their

size, shape, and wearing position of the spectacles. One style of sunglasses, popular

among surfers and mountaineers, has leather “blinkers.” While very effective at reducing

glare, these sunglasses greatly reduce peripheral field of vision, which can be dangerous.

The effect of spectacle frames on field of vision is well recognized (93,95).

A significant problem, however, is that sunglasses remain inconvenient as

protective devices, particularly in certain sports such as surfing in which participants

are known to have a high prevalence of pterygium, or sailboard riding in which

participants are known to have a potentially high prevalence of pterygium. A range of

sunglasses, some of which float, as well as caps have been developed; however, a casual

survey on any surfing beach in Sydney, Australia would suggest that these devices are not

widely used. Furthermore, there are other sports such as tennis or cricket where sun

exposure may be substantial, and sunglasses are inconvenient because of rapid, sudden

movements or perspiration resulting in fogging or lens grime. Participants of these sports

often play unprotected and would benefit from a more sophisticated protective strategy.

Contact Lenses

UV-blocking contact lenses may play a significant role in solar protection. Incidentally,

contact lenses may cause discomfort in patients with pterygium, and this may be an

Figure 17 In this image, conventional sunglasses have no effect on PLF at the limbus.

Abbreviation: PLF, peripheral light focusing.
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indication for surgery. An extremely useful role for contact lenses is following pterygium

surgery, as a bandage lens—greatly alleviating pain. There is a report of an association of

intense UV and contact lens wear, and the development of corneal (limbal) intraepithelial

neoplasia (96).

UV-blocking contact lenses have been available for many years (97), but have not

been widely adopted (97,98). It has been suggested (99) that this may be due to the

longtime lag between UV exposure and disease manifestation, while attitudes to sun

exposure may play a role, as for skin protection (100,101).

It may also be that there is a lack of understanding of the light pathways and

pathophysiology central to the development of the ophthalmohelioses, since use of UV-

blocking contact lenses appears to have no disadvantage yet offers the best ocular

protection possible from UV radiation. In recent years, there has however been a

resurgence of interest with the development of better contact lenses (102–105) as well as a

better understanding of the advantages they offer in relation to the specific ocular

advantage of shielding the limbus to prevent PLF (16,17).

Experiments have been carried out confirming that PLF effects are greatly

attenuated by the use of UV-absorbing contact lenses (16). UVA and UVB sensors were

placed on the nasal limbus of an anatomically based model eye. The temporal limbus was

exposed to a UV light source placed at various angles behind the frontal plane. Peripheral

light focusing was quantified with the sensor output. The ensemble was mounted in the

orbit of a mannequin head and exposed to sunlight in three insolation environments within

the region of Sydney, Australia. Peripheral light focusing for UVA and UVB was

determined with no eyewear or with sunglasses and commercially available soft contact

lenses, with and without UV-blocking capability (Figs. 18–21).

We (16) demonstrated that the intensity of UVA peaked at approximately 1208
incidence, the level at which the UVB response was also at its maximum. The

Figure 18 Presents the intensity of peripheral light (arbitrary units) focused at the distal limbus,

measured with a UVB detector (&). A conventional 1.50 D contact lens had a slight effect (*). A

contact lens of the same 1.50 D optical power and material but with a UV-blocking additive (D)
caused a significant reduction in the intensity, but did not show a peak (16).
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intensification of UVA was up to 18.3�. The intensity of PLF for UVA and UVB was

reduced by an order of magnitude by a UV-blocking contact lens, whereas clear contact

lenses had a much lesser effect. Only the UV-blocking contact lens achieved a significant

effect on UVA and UVB irradiance in urban, beach, and mountain locales (p < 0.056).

Figure 19 Presents the intensity of peripheral light (arbitrary units) focused at the distal limbus of

the aspheric model cornea, measured with a UVA detector (&). A conventional 1.50 D contact lens

had a slight effect at lower angles (*). The intensity was significantly reduced in the presence of a

contact lens of the same 1.50 D optical power and material, but with a UV-blocking additive (D) (16).

Figure 20 Presents the relative intensity of peripherally focused UVB measured using the

mannequin head model in three insolation conditions. In all environments, the UV-blocking contact

lens produced significantly lower intensities than no eyewear (*p < 0.056) (16).
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Experiments have been also carried out demonstrating the PLF of a UV light source

in eyes with non-UV-blocking and class 1 and class 2 UV-blocking contact lenses.

A number of studies have clearly identified another type of sunlight hazard: the

peripheral focusing of obliquely incident light. UV radiation from albedo (reflected

ambient light) is capable of establishing PLF in the anterior segment, but this can be

shielded by UV-blocking soft contact lenses. Sunglasses may be unable to shield oblique

rays, unless side protection is incorporated. Contact lenses can offer UV protection

against all angles of incidence, including the peak-response angle. They can also protect

the eye in settings in which the wearing of sunglasses is not feasible or convenient.

However, the external structures of the eye, such as the conjunctiva and the eyelids,

remained at risk and would continue to benefit from the use of UV-blocking sunglasses or

spectacle lenses.

CONCLUSIONS

Current literature provides strong evidence that the eyes are subject to an increasing risk

of damage by UV radiation exposure. It is therefore prudent to consider eye protection

against UV radiation, especially those persons who participate in work and leisure

activities that expose them to high levels of UV radiation. More recent studies have

demonstrated some of the limitations of UV-absorbing spectacle lenses and sunglasses.

Contact lenses with UV-blocking characteristics can reduce ocular exposure to the UV

radiation implicated in most sun-related disease.

Figure 21 Presents the relative intensity of peripherally focused UVA measured using the

mannequin head model in three insolation conditions. In all environments, the UV-blocking contact

lens produced significantly lower intensities than no eyewear (*p < 0.02) (16).
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This chapter reviewed the effects of UV radiation on the ocular structures (the

limbus, the nasal crystalline lens equator, and the eyelid margin) and discussed the

options available to reduce or eliminate the risk of eye damage.
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Public Education in Photoprotection

Steven Q. Wang and Allan C. Halpern
Memorial Sloan-Kettering Cancer Center, Dermatology Division, New York,
New York, U.S.A.

SYNOPSIS

l A successful public health message must be consistent and straightforward, easy

to understand, and simple to repeat.
l There are two major motivating factors in photoprotection campaign: health

based (focusing on skin cancers) and appearance based (focusing on photoaging);

each appeals to different demographics.
l Message for photoprotection is as follows: sun avoidance; seeking shade; and the

use of protective clothing, hat, and sunscreens.
l National and state governments should play a more active role in creating

favorable legislative policies, while fashion and beauty industries should be

recruited to change public perception on the perceived attractiveness associated

with tanned skin.

INTRODUCTION

Skin cancer is the most common type of cancer in the United States. There are more than

one million new cases diagnosed each year (1). Basal cell carcinoma (BCC) accounts for

more than 75% of the total number of skin cancers and squamous cell carcinoma (SCC)

constitutes 15%. Although both skin cancers can be treated effectively with topical

medication, radiation, or surgery, unchecked growth of BCC and SCC can lead to local

destruction and functional impairment. Advanced stages of SCC can spread and

metastasize. Melanoma (MM) only constitutes 5% of the skin cancers but is more deadly.

Over the last few decades, the incidence of MM has been increasing steadily. In 2008, it is

estimated that there will be 62,480 newly diagnosed MMs, and 8420 deaths from this

cancer (1). Currently, there is no effective cure for advanced disease; only early diagnosis

followed by prompt excision ensures a good prognosis.
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Ultraviolet (UV) exposure from the sun has been attributed as a major culprit for

causing skin cancer (2–5). UVB (290–320 nm) is the major wavelength for causing

sunburn, and it directly damages the cellular DNA leading to the formation of the 6-4

cyclobutane pyrimidine dimers. UVA (320–400 nm) has longer wavelengths, and there

are more UVA rays reaching the earth’s surface. Compared with UVB, UVA penetrates

deeper into the skin tissue (6). It interacts with endogenous and exogenous photo-

sensitizers and generates reactive oxygen species (ROS) that damage the DNA bases and

cause cellular mutations (7–11). Chronic UV exposure leads to the formation of actinic

keratosis and SCC, while intermittent exposure has been associated with the development

of MM and BCC.

The heavy burden of disease and rising incidence of skin cancers are among the

major reasons for the introduction of public campaigns focused on primary prevention.

The campaigns educate the public about the harmful effects of excessive UV exposure

and various photoprotective measures. Hopefully, this knowledge and insight can

motivate the public to change behaviors accordingly, and eventually lead to a decreasing

incidence of skin cancers. In this review, we will discuss the message regarding

photoprotection, outline the challenges encountered, and highlight a number of solutions

ranging from new ideas to those proven to be successful.

THE MESSAGE

In general, there are two components of the message of any public health campaign aimed

to change beliefs and behaviors of a large group—the motivating factors and the

instructions. The motivating factors should be tailored to target different demographic

groups, while the instruction should be easy to comply. A successful message must be

consistent and straightforward, while at the same time easy to understand and simple to

repeat. Lastly, a successful message should appeal to an individual’s intellectual and

emotional receptivity.

Motivating Factors

There are two major motivating factors in the campaign for promoting photoprotection—

health based and appearance based. The rising incidence and burden of disease associated

with skin cancer remain the major reasons compelling the launch of various public

education programs for photoprotection. The health-based factor emphasizes the risk of

skin cancer associated with UV exposure. It focuses on morbidity and mortality. Health

care providers, e.g., dermatologists, have long emphasized the need for photoprotection to

patients with histories or risks of skin cancers. Nonprofit organizations, such as the

American Academy of Dermatology (AAD), the Skin Cancer Foundation, and the

American Cancer Society have launched various programs to highlight the danger of skin

cancers. For the most part, the health-based approach has received the most attention for it

is more relevant and direct to serve the ultimate goal of the campaign, i.e., reducing skin

cancer. This approach typically works well with individuals who have personal or family

histories of skin cancers. It may not, however, be effective for other segments of the

population, such as elderly men and young adults. Older men tend to be generally

resistant to health promotion messages. For young adults, the harmful impact of skin

cancer may be too distant in their minds to have an immediate effect that would change

their current behavior.

In addition to the health-based approach, the appearance-based approach has gained

more traction in the recent years, along with a general growing acceptance and interest in
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cosmetic procedures and antiaging products. This approach highlights all the harmful

effects of photoaging, ranging from the formation of dyspigmentation to the appearance

of skin wrinkles. It also stresses on the importance of photoprotection as the basis for

slowing the process of photoaging. This approach is very effective in reaching the

segments of the population that are neither influenced by nor convinced of the risk of skin

cancers. A number of studies (12–18) have demonstrated that interventions based on this

approach may be more effective than health warnings alone.

In sum, the two sets of different but complementary motives are powerful incentives

to change the public’s behavior and interaction with the sun. These influences can be used

to target different segments of the population.

The Instructions

In the United States, the instructional component of the message for photoprotection

involves a series of actions in the following order of importance: sun avoidance; seeking

shade; and the use of protective clothing, hat, and sunscreens (Table 1). On a casual

glance, the instructions seem straightforward. It can quickly be conveyed by health care

providers to their patients or disseminated by the media to the public. On careful review,

however, these instructions face a number of challenges in achieving public compliance.

Sun avoidance by definition is the best means to reduce UV exposure, but compliance

for most individuals is not easy. There are a number of health benefits associated with

sunshine, and active lifestyles involving outdoor activities improve physiologic and

emotional state of well being. Furthermore, daily sunlight exposure helps to generate

adequate vitamin D. Aside from the health benefit, our current beauty perception identifies

tan skin as attractive. This misguided perception is a powerful incentive for individuals

to be tanned, let alone practicing sun avoidance. Realizing that total abstinence from

sun exposure is not an achievable goal nor desirable for most people, the public has

been instructed to limit or minimize UV exposure from the sun during the peak hours

(i.e., 10 a.m.–4 p.m.), because the UV rays are most intense during this time period.

Table 1 Simple Guideline for Photoprotection

1. Minimize sun exposure and seek shade during 10 a.m.–4 p.m. when the sun is

the strongest. Plan outdoor activities for the early morning or late afternoon.
2. Wear a wide-brim hat, long sleeved shirt, and long pants when out in the

sun. Tightly woven materials with dark colors offer greater sun protection.
3. Apply sunscreen 20–30 min before going outdoor. Reapply at least every 2 h

as long as you stay in the sun. Remember to use sunscreen even on overcast

days.
4. Beware of reflective surfaces, such as sand, snow, concrete, and water.
5. Beware of high altitude places, because there is less atmosphere to absorb the

UV rays.
6. Avoid tanning salons.
7. Keep infants out of the sun.
8. Teach children sun protection early. Sun damage occurs with each unprotected

sun exposure and accumulates over the course of a lifetime.
9. Protect your eyes and your skin. Do not forget to wear UV-filtered sunglasses.
10. Watch for the UV index.

Abbreviation: UV, ultraviolet.
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Seeking shade is the next best option for individuals who enjoy the outdoors, while

still having a sufficient amount of photoprotection. In Australia, where incidence of skin

cancer is higher, shade structures are installed over playgrounds, over pools, and in

community centers. Shade trees are planted to block UV exposure from the sun. In the

United States, however, such measures only take place in few local communities

championed by private citizens and nonprofit organizations, but are not adequately funded

by local or national government agencies.

Protective clothing and hats are very effective in blocking UV rays. Tightly weaved

clothing with particular fabrics offer excellent UV protection. A number of manufacturers

in the United States are producing comfortable and breezy clothing articles that offer high

UV protection factor. Wide-brim hats are also important as they can extend coverage over

the scalp, forehead, cheek, nose, ears, and neck, all the anatomic sites predisposed to skin

cancers. The use of clothing articles for protection has been widely accepted in Australia.

Schools have “no hat—no play” policies restricting children without hats from playing

outdoors. In the United States, the public has begun to use these articles for protection,

especially for kids. Compared with sunscreens, clothing provides a more uniformed

blockage of both UVB and UVA rays. In addition, there is no need for reapplication.

Although sunscreen is less effective in preventing UV exposure compared with the

above-mentioned strategies, it is the most employed action by the public for

photoprotection. A frequent question from patients with histories of skin cancer is

“Doctor, so what sunscreens should I use?” This often is the first and only question on

their minds when they think about photoprotection. While sunscreen use is important, one

should not ignore the need for sun avoidance, seeking shade, and using clothing and hats.

This perception of the dominant importance of sunscreen may be the result of market

force. Sunscreen sales command an annual revenue of more than one billion dollars in the

United States. The sunscreen and cosmetic companies actively promote their products to

the public. In contrast, there is little commercial interest in lobbying for sun avoidance,

seeking shade, or wearing hats and clothing. Aside from the market force, educators and

health care providers also tend to highlight the importance of sunscreen use to their

patients on the basis of the observation that it is most likely to be adopted into daily

practice. Survey studies examining skin cancer prevention education by pediatricians

showed that more pediatricians recommend using sunscreen than wearing clothing and

seeking shade (19–21). In sum, the preferred sequence of photoprotection action may be

distorted when the message reaches the public. Many individuals use sunscreens as their

first line of defense for photoprotection while ignoring sun avoidance practices and using

protective clothing.

There are two major hazards in singling out sunscreens as the most important

element in photoprotection. First, people do not apply an adequate amount of sunscreen to

achieve the desired protection. In the laboratory setting for testing the sun protection

factor (SPF) value of sunscreen products, a 2-mg/cm2 concentration of sunscreen is

applied to the subject. However, in real life, most people use much less, i.e., 0.5 to 1 mg/

cm2 (22). To achieve adequate and consistent protection, sunscreens need to be applied 20

to 30 minutes prior to outdoor exposure, and with outdoor activity, reapplied every two

hours. Most people do not follow these guidelines. Hence, consumers who use a product

with an SPF of 30 may only receive an SPF 15 or less (22). Second, in the United States,

the only numerical efficacy rating for sunscreen is the SPF. It is measured on the basis of

an in vivo test that assesses protection against sunburn or erythema, a biological response

produced mainly by UVB. The SPF value offers no clear indication on the degree of

protection against UVA. Although most sunscreen products sold in the United States

claim to have broad-spectrum UVA coverage, the extent and magnitude of UVA
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protection is neither measured nor assessed. Until recently, many products in the United

States only offered limited UVA protection (23). Hence, while consumers wearing

sunscreen with high SPF can stay out in the sun longer, they may inadvertently receive a

large dose of UVA exposure that can induce reactive oxygen-mediated damage to cells

and tissues.

THE MESSENGERS

Health Care Providers

Efforts to disseminate photoprotection knowledge and change public behavior are carried

out by a host of participants, each with his/her own strengths and limitations. Physicians

are the most obvious candidates because of their authoritative status and medical

knowledge. Among the different specialties, dermatologists are the most qualified and

experienced in delivering the message (24), and the majority of dermatologists believe

that counseling their patients about photoprotection is important. Furthermore, as skin

specialists, dermatologists can influence their patients using both health-based and

appearance-based motives. An annual examination for skin cancer or laser treatment for

removal of solar lentigines would be ideal situations to emphasize the need for adequate

photoprotection. Unfortunately, in actual practice, not all patients receive such counsel

from their dermatologists. In a study by Polster et al. (25), only 27% of the surveyed

patients reported that their dermatologists counseled them about the risk of sun exposure.

Feldman et al. (24) found that dermatologists only provided counseling 41% of time for

high-risk skin cancer patients. The frequency of counseling was much lower, 22%, for all

patients’ visit.

Pediatricians are another important group engaged in the effort to disseminate

photoprotection knowledge and change public behavior because of their interaction with

kids and teenagers. Childhood exposure to UV radiation increases the risk for skin cancer

as an adult, and childhood education determines lifelong habits regarding sun protection.

Therefore, sun prevention in childhood is very important to prevent skin cancer later in

life. Yet despite increased public education, studies (26) show that nearly 43% of children

aged less than 11 years had experienced a sunburn within the past year of the survey. To

reach this segment of the public, pediatricians are the ideal candidates. Approximately

60% of surveyed pediatricians have reported that they usually or always counsel about sun

protection (19,27). Most, however, recommend sunscreen use over sun avoidance, shade

seeking, and protective clothing.

Family practice (FP) and general practice (GP) physicians provide comprehensive

care for patients. Ideally, they can provide primary and secondary prevention efforts (i.e.,

education and self-examination) for patients who may not have access to dermatologists.

Annual examinations would be a timely opportunity to deliver the message regarding the

harms associated with excessive UV exposure. Very few patients, however, report that

such counsel was given by their GPs. Feldman et al. (24) showed an approximate 1%

instance of counseling in office visits by GPs and FPs.

In general, physicians of nearly all specialties agree that counseling on photo-

protection is a good idea, but a very small percentage of them actually provide the

education in practice. A number of explanations are offered for the gap between perceived

good care and actual practice, those ranging from simply not remembering to lack of

knowledge. The crucial barrier, however, is lack of time and incentive (28,29). These

obstacles are especially evident for GPs and pediatricians who are additionally pushed to

perform other screenings to address urgent health issues. Some approaches to resolve these
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hurdles include using nurses or other health care extenders to perform the education.

Although these are reasonable substitutions, direct verbal communication, and education

from physicians remain more influential in changing patients’ actual behaviors (27,30).

Media and Organizations

The role of media and organizations in this health campaign cannot be underestimated.

The public receives most of its knowledge regarding the risk of UV exposure and the need

for photoprotection from the media through television, radio, newspaper, posters,

magazines, and the Internet. Polster et al. (25) have shown that more patients obtained sun

protection knowledge from the media than from their dermatologists. Since media is yet

to achieve the desired results, messages need be broadcasted repeatedly over an extended

duration, a practice requiring sustained effort and funding.

The major supporters for this effort are government agencies, the sunscreen

industry, and nonprofit organizations such as the AAD, the Skin Cancer Foundation, and

the American Cancer Society. In contrast to antismoking campaigns, there are no paid

advertisements condemning the harm of excessive UV exposure from sun or tanning

salons. Advertisements from the sunscreen industry and clothing companies can be seen

in printed media or on the Internet, but they lack the sensational effects seen in

antismoking advertisements.

The government and various nonprofit organizations have created a number of

successful programs and curricula to promote healthy sun behaviors. The SunWise School

Program, developed by the U.S. Environmental Protection Agency (EPA) is the first

national educational program for sun safety of children in elementary and middle schools

(31). The overall goal was to provide sun protection education to at least 20% of the

nation’s school children. The program uses classroom-based, school-based, and community-

based approaches to educate children. Other projects involved the collaboration of a

number of governmental agencies. For example, the EPA has partnered with the National

Weather Service to include UV index forecasts for large U.S. cities. The UV index

information has become widely available to the public. Other efforts have led to the

designation of the first Monday in May as “Melanoma Monday” and May as skin cancer

awareness month. This has created a recurring opportunity to reach out and educate the

public at the beginning of every summer. In addition, each May, the AAD and various

other dermatologic organizations combine their efforts to provide free skin cancer

screening for the public. These screening sessions have also been the venues for pubic

education on photoprotection.

In summary, the messengers in this public campaign include health care providers,

media, government agencies, and nonprofit organizations. Each has an important and

complementary role in educating the public.

CHALLENGES

Over the past decades, knowledge about the risks of sun exposure and behaviors for

photoprotection, specifically sunscreen use, has improved (32–34). There are, however,

several areas where additional improvement is needed. A number of studies showed that

50% of children and adults do not protect themselves adequately from UV exposure (35–

42). Children and teenagers have become the most difficult demographic group to reach

because they do not adopt healthy sun-protective behaviors. In a cross-sectional survey of

10,000 U.S. teenagers, 83% of the responders had at a least one sunburn during the past
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summer, and 36% had three or more sunburns (43). Less then 40% used sunscreens. More

alarmingly, 25% of girls aged 15 to 18 years had used a tanning bed.

The poor protection behavior in teenagers and certain segments of the adult

population can be attributed to a number of factors. Some of these have already been

discussed in the above sections. The major reason, however, is the disconnect between

knowledge and behavior (44,45). In general, the public has comprehended the message

about the harmful effects of excessive UV exposure. The beneficial relationship between

practicing sun-safe behavior and reducing the risks of skin cancer is sensible and easy to

accept. The difficulty lies in adopting these behaviors accordingly. As Jones et al. (46)

demonstrated in their study, 90% of surveyed participants knew sun exposure was a major

risk factor for skin cancer, and 95% knew that sun beds were not a safe way to tan.

Despite the knowledge, less than 20% used sunscreen on regular basis, and 30% had used

or were currently using sun beds.

This disconnect between knowledge and behavior exists in other health prevention

programs, such as antismoking and blood pressure control education. Why does such a

gap exist? Better yet, what are the barriers that impede individuals from changing their

behaviors after gaining the insight? Answers to these questions need to be placed within

the context and understanding of behavior modification (47). In the first stage of behavior

modification (i.e., pre-contemplation), individuals have not identified the need to change.

These can be corrected with education and knowledge. In most behavior modification

programs, this, perhaps, is the easiest step. Photoprotection education over the past

decades should be viewed as effective in this regard.

Moving beyond this step, individuals proceed to the next three stages: contempla-

tion, action, and maintenance. At each of these stages, unique barriers to altering

behaviors may exist for different segments of the public. Individuals at the contemplation

stage have already understood the potential harms associated with UV, but they may feel

that these risks are not applicable to them. This “won’t happen to me” attitude is

especially prevalent in teenagers who are healthy, energetic, and feel invincible, a

combination making most of them more risk prone. Furthermore, the thought of skin

cancer and its associated morbidity are too distant to influence these young people.

Individuals moving beyond the contemplation stage into the action and maintenance

phases face different challenges. In photoprotection, the return on behavior modification

is not immediate or easily noticeable. Daily use of sunscreens by middle-aged men with a

long history of sun exposure may not dramatically reduce new cases of actinic keratoses

or skin cancers in a short period. Similarly, daily photoprotection practice may not reverse

signs of photoaging for appearance-conscious women. Lack of immediate “rewards” or

noticeable results can decrease the motivation needed to maintain lifelong practice. In

sum, effort, time, discipline, and repeat motivations are needed to sustain continued

behavior modification. Hence, it is difficult for individuals to practice a healthy

photoprotection lifestyle even though they understand the risks and benefit of these

lifestyle modifications.

SOLUTIONS

Ongoing public education on photoprotection is needed as the primary prevention

measure to reduce the incidence of skin cancer. To effectively improve behavior changes,

we need alternative strategies and programs beyond current public education campaigns.

New government policies and legislations can play a major role in promoting

photoprotection behavior. Educational departments at the state level, especially in the

sunny southern states in the United States, should adopt the Australian “no hat—no play”
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policy. By restricting children who do not have hats from playing outdoors, this simple

rule will be far more effective than any educational message in keeping kids from

receiving excessive UV exposure during the peak hours. Tax incentives can be another

area of exploration. The government can reduce or remove all taxations on sunscreens or

protective clothing, which will in turn remove price as a potential barrier for healthy

photoprotective behavior. In contrast, the government should increase tax on all tanning

salons, like the tax hikes imposed on the cigarette industry. The increased tax revenue can

possibly be used to fund sun safety education and shade structures in public venues. Last,

legislations on restricting teenagers from using tanning salons without parental consent

can be adopted on a nationwide basis. Currently, only a selective number of states have

this requirement. Although these policies are difficult to implement, success in any of the

above proposals can have a profound impact on behavior modifications for millions of

individuals.

While we wait for sweeping policy changes, we need to develop and focus on

interventions that facilitate both education and behavioral changes at the same time.

Education messages alone are not adequate in bringing changes to behavior. Furthermore,

the interventions need to have multiple components to be more effective in changing

behaviors. Adopting such an intervention strategy has proven to be effective in primary

school and recreational settings (48). In the primary school setting, children received

interactive didactic sessions and take-home activities about sun protection. In addition,

parents were given brochures and involved in sessions to develop sun protection plans.

These interventions improved behaviors (48,49). In tourism and pool settings,

interventions included sun safety training, interactive activities, programs for parents,

and providing shaded areas and sunscreen for the participants. Collectively, these actions

improved covering-up behavior (48,50,51). The successes of these interventions are based

on the principles of social cognitive theory, role modeling, and environmental support.

Apart from multicomponent interventions, actions and messages relying on

appearance-based motives should also be emphasized. In comparison to health-based

messages, appearance-based messages may have far more reaching impact (12–18).

Visual components, such as UV photographs (15,52), can be used to reveal the underlying

photodamages that may not be visible on casual glance. Seeing those images can

potentially provide an inducement for individuals to modify behaviors. More importantly,

a paradigm shift is needed in our society’s characterization of beauty. There is a pervasive

feeling in our popular culture today that a baseline tan connotes a sense of health, beauty,

and even affluence. This must be changed. The fashion and entertainment industries need

to lead this effort, because they invariably set the trend in defining beauty. Although the

change will not be an overnight process, a number of fashion editors have endorsed the

concepts in the Skin Cancer Foundation’s campaign—“Go with your own glow.” As

hinted in the name of the campaign, it attempts to promote the message that one does not

need to tan to feel or look attractive. To the skeptics of such campaigns, it is important to

mention that it was not too long ago that individuals with fair skin were considered

attractive and affluent. It was only at the beginning of the 20th century that this fashion

sense changed in the Western world. In Asia, however, fair-skinned complexion is still

preferred, and women use sunscreens and even carry umbrellas to protect themselves

from the sun. We need this pivotal shift in our collective thinking process. The rejection

of tanned skin as an attractive quality will be a powerful incentive for a large portion of

the public to practice sun-safe behaviors.

Last, the current instructional portion of the photoprotection message is lacking a

crucial component—a discussion on the use of antioxidants for protection and repair. The

current instruction focuses only on sun avoidance, seeking shade, protective clothing, and
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the application of sunscreens. Even in best-case scenarios, individuals practicing all of the

above behaviors may experience damage from solar exposure. For most individuals who

only use sunscreens for protection, the damage will be more substantial because

sunscreens do not block or absorb 100% of the UV rays. To preserve the genetic integrity,

the resulting DNA mutations need to be repaired almost on a constant basis. A number of

natural antioxidants (53–58) exhibit protective and reparative effects against different

oxidative stresses. Of course, additional research, especially in vivo studies, are needed to

further characterize the topical and oral antioxidant regimens that can provide an extra

degree of protection against UV.

CONCLUSIONS

Photoprotection is an important strategy to reduce skin cancers and prevent photoaging.

Looking back over the past few decades, the work by health care providers, government

agencies, and nonprofit organizations has raised public awareness on the harms associated

with excessive UV exposure. The effort and commitment by all players in this public

campaign need to be applauded. There is still, however, a long road ahead. By and large,

the public understands that healthy photoprotective behaviors involve sun avoidance,

seeking shade, protective clothing, and using sunscreens, but a large segment of the

population still does not translate this insight into actual behavior modifications. The

disconnect between knowledge and behavior is a real challenge. To improve compliance,

sustained effort from all parties is needed to continue this public-health campaign. More

importantly, national and state governments should play a more active role in creating

favorable legislative policies, while fashion and beauty industries should be recruited to

change public perception on the perceived attractiveness associated with tanned skin.

Successful effort by these two groups has the potential to change behavior patterns in

millions of Americans.
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Ascorbate, 209

ASEAN, regulation of UV filters,

73, 77

Astaxanthin, xantophilic pigment, 211

Australia

sunscreen randomized controlled trial

against AK in, 91–92

UV filters regulation, 68–69, 71

Automobile glass, 250–253

thickness and application, 251

visible light transmission, 253

Avobenzone, photoinstability of, 44–48

Basal cell carcinomas (BCC), 281

of eyelids, 269–270

sunscreen efficacy against, 92–93

Base excision repair (BER), 171

BCC. See Basal cell carcinomas (BCC)

BEMT. See Bis-ethylhexyloxyphenol

methoxyphenyl triazine (BEMT)

Benchmark dose (BMD), 145

Benzophenone-3 (oxybenzone), of organic UV

filters, 150

BER. See Base excision repair (BER)

b-Carotene, 92, 209, 211
Bis-ethylhexyloxyphenol methoxyphenyl

triazine (BEMT), 157

filter, 16, 21

BMD. See Benchmark dose (BMD)

Bone health, serum 25(OH)D levels, 121–122

Boots “star” rating system, 43

Broad-spectrum UV filters

molecular design of, 16–21

UV spectra of, 22
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Butyl methoxy dibenzoylmethane, 184
Caffeic acids, 212

Caffeine, and caffeine sodium benzoate, 216

Cake foundations, 194

Calophylum inophylum seed oil, as natural

sunscreen, 160

Cammelia sinesis, 212

Canada, regulation of UV filters, 68, 70

Cancer risk, serum 25(OH)D levels, 124–125

Candida albicans, 216

Canthaxanthin, 204

Cardiovascular health, serum 25(OH)D levels, 123

Carotenoids, 208–209

Cataract, 265–267

inferonasal localization of, 266

Chemiluminescence, 183

China, regulation of UV filters, 69–72

Chromametry, 184

Chromophore, in UVR-induced

immunosuppression, 104

Clear glass, 245

Clothing, 237–239

Cockayne syndrome (CS), DNA repair disease,

172

Coffea Arabica, 215

Colipa P3 standard formulation, 24–25

Colored cosmetics, 191–192

Common deletion, in mutations, 173

Contact hypersensitivity (CS), 105

Contact lenses, 271–274

PLF effects and, 272–273

Continuous spray sunscreen, 166

Coppertone1, 40

Cox-2. See Cyclo-oxygenase 2 (Cox-2)

Creatine, 217

CS. See Cockayne syndrome (CS), DNA repair

disease

Cullet, 245

Cyclobutane pyrimidine dimer (CPD)

photolesions, 104

Cyclooxygenase-2 (COX-2), 105, 210, 217

Cytokines, systemic effects of DNA

damage, 174

Daidzein, 214

Daily UV radiation (DUVR) exposure,

186–188

500-Dalton rule, 21–23

Day care products

and matrix metalloproteinases (MMP), 184

and photoaging, 186–188

and pigmentation, 184–185

and reactive oxygen species, 183–184

Density of fibers within yarns, 227, 229

Dental health, serum 25(OH)D levels,

125

Dermal penetration, 143–144

Dermis, human skin, 143

DHA. See Dihydroxyacetone (DHA)

DHHB. See Diethylamino hydroxy benzoyl

hexyl benzoate (DHHB)

Diabetes, serum 25(OH)D concentration and,

123–124

Dietary botanicals, 209–210

Dietary sources, of vitamin D, 118–120

Diethylamino hydroxy benzoyl hexyl benzoate

(DHHB), 157

Diethylhexyl 2, 6 naphthalate (DEHN), 47

Diethylhexyl butamido triazone, 157

Dihydroxyacetone (DHA), 216

applications, 203

chemistry of, 200–201

7-Dihydroxyvitamin (OH)2 D, 118

Directly transmitted radiation, 226

Disodium phenyl dibenzimidazole

tetrasulfonate (DPDT), 157

DNA damage

antioxidants, and, 175

cellular effects, 172–173

mutations, 173

photoproducts, 170–171

repair enzymes, 109–110

skin cancer, 173

sunlight wavelengths, 170

sunscreens, and, 175

systemic effects

cytokines, 174

immune suppression, 174

photoaging, 174–175

DNA repair

diseases

CS, 172

TTD, 172

XP, 172

enzymes, 176

gene polymorphisms, 172

mechanisms

BER, 171

NER, 171

photoreactivation, 172

overview, 169–170

DPDT. See Disodium phenyl dibenzimidazole

tetrasulfonate (DPDT)

Drometrizole trisiloxane (DTS), 157

DTS. See Drometrizole trisiloxane (DTS)

DUVR. See Daily UV radiation (DUVR)

exposure
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DUVR-induced photodamage, 187

Dyes, in fabric, 233

Efficacy enhancers, for sunscreens

emollients, 163

film formers, 163

light-scattering additives, 163–164

rheological additives, 163

EGCG. See Epigallocatechin-3-gallate (EGCG)

Electromagnetic radiation, 5

Emollients, 163

Encapsulation technologies, for sunscreens,

161–162

Endocrine disruption, 151

Environmental protection factor (EPF), 218

EPF. See Environmental protection factor

(EPF)

Epidermis, human skin, 143

Epigallocatechin-3-gallate (EGCG), 210, 212

Equol, 214

Ery-PF. See Erythema protection factor (Ery-PF)

Erythema action spectrum, 26, 231

Erythema protection factor (Ery-PF), 217

Erythemal effectiveness spectrum, 24, 26

Ethylhexyl triazone, 157

European perspective, methods to assess UVA

protection, 57–58

European Union, regulation of UV filters, 68

Exposure assessment, in human safety

evaluation, 144–145

Eyelids

cosmetics, 195–197

and PLF effects, 269–270

E/Z-isomerization, 45–46

Fabric

chemistry, 231–237

dyes, 233–234

OWA, 235–236

pigments, 234–235

polymers, 232

sprays, 237

UVCA, 236–237

construction, 225–226

fibers. See Fibers

interstices in, 226

knit fabric. See Knit fabric

mesh, 237

percentage cover of, 226, 227–229

thickness, 227, 229

UPF value, 227, 229, 230–231

yarn. See Yarn

Facial foundations, 192–194

Facial moisturizers, sunscreen-containing, 195

Facial powder, 194–195

Falling, serum 25(OH)D levels, 122–123

Ferulic acids, 212

Fibers. See also Yarn

density of, 229

filament, 224

manufactured, 224

natural, 224

polymers, 232

staple, 224

Film-forming polymers, 163

Flavonoids, 212, 214

Float glass, 245

Gamma oryzanol, as natural sunscreen, 160

Gene polymorphisms, and DNA repair, 172

Genistein, 210, 214

GGR. See Global genomic repair (GGR)

Glass. See also Window film

automobile glass. See Automobile glass

background, 244–245

color of, 249

composition, 245

float glass, 245

plate glass, 245

quantitative assessment, 249

residential glasses. See Architectural glass

thickness of, 249

Global genomic repair (GGR), 171

Gluconobacter oxydans, 201

Glycolysis, 200

Government organizations, in health

campaigns, 286

Green tea polyphenols (GTPP), 210, 212–213

GTPP. See Green tea polyphenols (GTPP)

Hazard identification, 140–144

Health based approach, 282–283

Health campaigns

challenges, 286–287

instructional component, 283–285, 288–289

protective clothing, 283

seeking shade, 283

sun avoidance, 283

messengers of. See Messengers, of health

campaigns

motivating factors in

appearance based, 282–283, 288

health based, 282

nonprofit organizations in, 282, 286

policies and legislations for, 287–288
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Health care providers, and health campaigns,

285

Heliocare1, 110

Higher molecular weight UV filters, 21–23

Human risk estimation, in human safety

evaluation, 145–146

Human safety evaluation

exposure assessment, 144–145

hazard identification, 140–144

human risk estimation, 145–146

Hydrolyzable tannins, 213

Hyperpigmentation, 186

IARC. See International Agency for Research

on Cancer (IARC)

Idebenone, 215

Immune-modulatory effects, serum 25(OH)D

levels, 126

Immune suppression, systemic effects of DNA

damage, 174

Immune system, skin, 102–103

sunscreen protection of, 107–109

UV-induced changes to cellular and

molecular aspects, 109

Immunosuppression

protection from, 106–110

DNA damage repair enzymes for,

109–110

photoprotective clothing, 107

sunscreen for, 107–109

systemic protection from, 110

UVR-induced, 103–105

caused by lower doses of UVR, 105

India, regulation of UV filters, 72, 73

Infraviolet discovery, 5

Inorganic sunscreen, 158–159

Inorganic UV filters, 146–149, 158–159

mechanisms of absorption with, 15

In silico mathematical models, of dermal

penetration, 143

Instructional components, of health campaigns.

See Health campaigns, instructional

components

Insulated glazing unit (IGU). See Insulating

glass

Insulating glass, 247–248

Interleukin (IL)-10, 105

International Agency for Research on Cancer

(IARC), 96

International Cooperation on Cosmetics

Regulation (ICCR), 77–78

International sunscreen regulation, comparison

of, 79–80

Interstices, in fabrics, 226

Intraocular lenses (IOL), 267–269

IOL. See Intraocular lenses (IOL)

Iowa Women’s Health Study, 126

IPF, sunscreens, 58–59

Isoflavones, 214

Japan, regulation of UV filters, 72, 74

Keratinocytes, 102–103, 106

Keratin protein, 201

Knit fabrics, 226, 237

weft-knit, 225

Knock-out mouse model, VDR, 121

Korea, regulation of UV filters, 73, 75

Krebs cycle, 201

Laminated glass, 247

Langerhans cells (LC), 102, 183, 187,

210, 212

migration to draining lymph nodes, 105

L-ascorbic acid, 212

LC. See Langerhans cells (LC)

Light-scattering additives, 163–164

Lipsticks, 197–198

Liquid formulations, 194

Liquorice, as natural sunscreen, 160

Low-emissivity glass, 246

Lupus erythematosus (LE), 86

Lutein, 212

Lycopene, 209

Lymph node, draining, 103

Lymphocytes, skin immunity, 102–103, 105

Magic tan, 203

Maillard reaction. See Keratin protein

Malassezia furfur, 216

Margin of safety (MoS), 146

Matrix metalloproteinase (MMP), 184

MBBT. See Methylene bis-benzotriazolyl

tetramethylbutylphenol (MBBT)

MED. See Minimal erythemal dose (MED)

Media, in health campaigns, 286

Melanin, 201, 204

vitamin prodcution in skin, 118

Melanoidins, 201

Melanoma (MM), 281

sunscreens efficacy against, 93–96

in Canadian schoolchildren, 93

in European schoolchildren, 93–94
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Membrane-structured solid nanoparticles

(MSSN), 164

MERCOSUR, regulation of UV filters, 75, 78

Messengers, of health campaigns

dermatologists, 285

government organizations, 286

media, 286

nonprofit organizations, 286

pediatricians, 285

physicians, 285

Methylbenzylidene camphor (MBC), 165

Methylene bis-benzotriazolyl

tetramethylbutylphenol (MBBT), 157

Mexoryl1, structure and absorption spectrum

of, 85

Microencapsulation, 161

Microtopography, 186

Mineral sunscreens, and human skin, 96–97

Minimal erythemal dose (MED), 27, 175

assessment of, 56

MMP. See Matrix metalloproteinase (MMP)

MoE. See Margin of exposure (MoE)

Moisturizers. See Day care products

MoS. See Margin of safety (MoS)

Motivating factors, in public health campaigns

appearance based, 282–283

health based, 282

MSSN. See Membrane-structured solid

nanoparticles (MSSN)

Muscle, serum 25(OH)D levels, 122–123

Mutation protection factor, 217

Nanostructured lipid carriers (NLC), 162

National Health and Nutrition Examination

Survey III (NHANES III), 120–121,

121–122, 123, 124, 125

NER. See Nucleotide excision repair (NER)

New Zealand, UV filters regulation, 68–69, 71

NF-kB. See Nuclear factor-kappa B (NF-kB)
NHANES III. See National Health and

Nutrition Examination Survey III

(NHANES III)

Nitric oxide (NO), 210

in UVR-induced immunosuppression,

104–105

NLC. See Nanostructured lipid carriers (NLC)

NO. See Nitric oxide (NO)

Nonprofit organizations, in health campaigns,

282, 286

Non sunscreen photoprotective agents, 211–216

evaluations of, 217–218

isoflavones, 214

polyphenolic compounds, 212–214

vitamin-related compounds, 211–212

No-rub sunscreen, 166

N-(4-pyridoxylmethylene)-l-serine (PYSer),

216

Nuclear factor-kappa B (NF-kB), 213
Nucleotide excision repair (NER), 171

Octocrylene, 184

Octyl methoxycinnamate, of organic UV

filters, 150–151

OECD. See Organization for Economic Co-

operation and Development (OECD)

OGG1. See Oxo-guanine glycosylase-1

(OGG1)

1,25(OH)2D, 120

25(OH) D. See Serum 25-hydroxyvitamin D

[25(OH) D]

Oil-based foundations, 193

Oil-free foundations, 193

Oil-in-water formulations, daytime facial

moisturizers, 195

Omega-3 polyunsaturated fatty acid, 210–211

Ophthalmohelioses. See also Peripheral light

focusing (PLF)

defined, 257

list of, 258

prevention of

contact lenses, 271–274

sunglasses, 270–271

Optical whitening agents (OWAs), in fabrics,

235–236

Oral photoprotective agents

antioxidants combination, 209

dietary botanicals, 209–210

omega-3 polyunsaturated fatty acid,

210–211

vitamin derivatives, 208–209

Oral toxicity, 200

Organic UV filters, 149–151, 156–158

mechanisms of absorption with, 15

Osteoarthritis (OA), serum 25(OH)D

levels, 126

Over-the-counter (OTC) monograph system,

FDA regulation, 66

OWA. See Optical whitening agents (OWAs),

in fabrics

Oxo-guanine glycosylase-1 (OGG1), 171

Oxybenzone. See Benzophenone-3

(oxybenzone), of organic

UV filters

Ozone layer, 182

PAF. See Platelet-activating factor (PAF)

Parisian tan, 203
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Percentage blocking. See Percentage

transmittance

Percentage transmittance, of fabric, 230

Peripheral light-focusing (PLF), 260–262

and cataract. See Cataract

corneal epithelial replacement, 261–262

eyelids, 269–270

ocular stem cells in, 261

in pterygium pathogenesis, 262–265

PGE2. See Prostaglandin E2 (PGE2);

Prostaglandin E2 (PGE2)

Phenolic acids, 212

Phenyl triazine derivatives, 23

Photoaging

and day care products, 186–188

and DNA damage, 174–175

molecular and cellular mechanisms, 105–106

process, 183

protection from, 106–110

DNA damage repair enzymes for,

109–110

photoprotective clothing, 107

sunscreen for, 109

shortening of telomere lengths, 106

systemic protection from, 110

Photodermatoses, 83–84

classification of, 84

sunscreens and, 83–87

Photodyskeratosic cells, 183

Photoproducts, in DNA damage, 170–171

Photoprotection

antioxidants, 175

approach to effective, 97

DNA repair enzymes, 176

history of, 1–9

mismatch between expected and delivered,

59–60

and serum vitamin D levels, 127–128

sunscreens, 175

Photoprotective clothing, for photoaging and

immunosuppression, 107

Photoreactivation, in DNA repair, 172

Photostability sunscreens, formulating for,

44–48

Photostabilizers, 164–165

Phytoestrogen, 210

Pigmentation, and day care products, 184–185

Pigments, 234–235

formulations, 192

sunscreens, formulating with, 48–49

Pilkington, Alastair, 245

Pinus pinaster Ait, 213

PIT. See Pityriacitrin (PIT)

Pityriacitrin (PIT), 216

PL. See Polypodium leucotomos (PL) extract

Plate glass, 245

Platelet-activating factor (PAF), 105

PM. See Polygonum multiflorum (PM) thumb

POD. See Point-of-departure (POD)

Point-of-departure (POD), 145

Polygonum multiflorum (PM) thumb,

215–216

Polymorphous light eruption (PLE), 84–86

Polyphenolic compounds, 212–214

Polypodium leucotomos, 110

extract, 210, 213–214

as natural sunscreen, 160

Polysilicone-15, 157

Pomegranate, 213

Pongamol, as natural sunscreen, 160

Pressed powder eye shadows, 196

Prevage MD1, 215

Pre-vitamin D3, Production by skin, 117–118

Product aesthetics, sunscreens, 40–42

Prostaglandin E2 (PGE2), 105, 217

Protective clothing, 283

Protein tyrosine kinases, 210

Pseudophakic dysphotopsia, and IOL, 267–269

Psoralen plus UVA radiation (PUVA), 210

Psoralens, 204

Pterygium, 262–265

Public health campaigns. See Health campaigns

Purpose1, 41

PUVA. See Psoralen plus UVA radiation

(PUVA)

Pycnogenol1, 213

PYSer. See N-(4-pyridoxylmethylene)-l-serine

(PYSer)

Quercetin, 215

Radiolabeled test materials, for dermal

penetration, 144

Reactive oxygen species (ROS), 210

prevention, 183–184

role in photoaging, 105–106

role in UVR-induced immunosuppression,

104–105

Reference dose (RfD), 146

Reference sun spectrum, 26

Reflective glass, 246

Repeated SSR exposure, 186

Repeat insult patch test (RIPT), 142

Resveratrol, 213

RfD. See Reference dose (RfD)

Rheological additives, 163
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Rheumatoid arthritis, serum 25(OH)D levels, 126

Rinse cycle fabric softeners (conditioners), 236

RIPT. See Repeat insult patch test (RIPT)

Rit SunGuard, 236

ROS. See Reactive oxygen species (ROS)

SCC. See Squamous cell carcinomas (SCC)

Schematic showing scattering, of UV, 164

Sclerotic scatter, 260

Seeking shade, 283

Selenium, 209

Self-tanning

creams, 200, 202

with organic filters, 203

products, 201–202

technology, new developments, 202–203

Seresis, 209

Serum 25-hydroxyvitamin D [25(OH) D], 118,

120

concentration and health, 121–126

dose of vitamin D3 for adequate levels, 120–121

vitamin D intakes and, 119–120

Serum vitamin D levels

photoprotection and, 127–128

skin types and, 128

sun exposure and, 126–127

Silybum marianum, 110, 214

Silymarin, 214

Singlet state-quenching process, 46

Skin

effects of sunscreen penetration into, 96–97

immune system, 102–103

irregular profile of sunscreen film on, 25

photoaging. See Photoaging

pre-vitamin D3 production by, 117–118

types and serum vitamin D levels, 128

Skin cancer

effective photoprotection approaches, 97

prevention by sunscreens, efficacy

assessment, 96

Skin Cancer Foundation, health campaigns,

282, 286, 288

SLN. See Solid lipid nanoparticles (SLN)

Solar elastosis, 186

Solar simulating radiation (SSR), 186, 254

Solar urticaria (SU), 86–87

Solid lipid nanoparticles (SLN), 162

South Africa, regulation of UV filters, 73, 76

SPF. See Sun protection factor (SPF)

SPF 15, performance of, 27

SPF 30

performance of, 27

UV transmission of, 13

SPF 60, performance of, 27

Squamous cell carcinomas (SCC), 281

sunscreen efficacy against, 92–93

SSR. See Solar simulating radiation (SSR)

Stem cells, in PLF, 261

Stratum corneum, human skin, 143

Sulfur-containing amino acid, 202

Sun avoidance, 283

Sunburn

immunosuppression and, 105

sunscreen protection from, 108

Sunglasses, disadvantages, 270–271

Sunlight wavelengths, in DNA damage,

170

Sun protection factor (SPF), 27, 89, 192,

231, 284

history of, 54–55

measurement of, 55

factors affecting, 55–56

vs. application amount for SPF, 29

Sun protection factor (SPF) boosters,

162–164

Sunscreens, 12

assessment of water resistance of, 58

delivery systems, 160–165

efficacy enhancers, 162–164

encapsulation, 161–162

photostabilizers, 164–165

against development of AK, 91–92

DNA damage, and, 175

efficacy, 28, 32

formulating for balanced protection,

42–44

formulating for consumer compliance,

40–42

formulating for photostability, 44–48

formulating with pigments, 48–49

formulation excipients, 160–165

galenics of, 25–26

history of, 39–40

improvement of UVA protection in, 36

inorganic, 158–159

IPF, 58–59

labeling of, 60–61

manufacturer-specific technology, 36

against MM, 93–96

natural, 159–160

organic, 156–158

patent freedom, 32–35

penetration into skin, 96–97

performance of, 27–28

performance of UV filters in, 23–28

photodermatoses and, 83–87

protection of photoaging, 109
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[Sunscreens]

protection of skin immune system,

107–109

UV-induced changes to cellular and

molecular aspects, 109

randomized controlled trial against AK in

Australia, 91–92

registration, 32

requirements for good uniform protection,

13–14

safety, 32

against SSC and BCC, 92–93

sticks, 166

systemic toxicity. See Systemic toxicity, of

sunscreens

UV attenuation mechanisms in,

14–15

UV filters in, 28–36

against UVR exposure, 89–91

Systemic toxicity, of sunscreens

inorganic UV filters, 146–149

organic UV filters, 149–151

Tanning

accelerators, 204

promoters, 204

reaction, 201

TCR. See Transcription-coupled repair (TCR)

TDSA. See Terephthalylidene dicamphor

sulfonic acid (TDSA)

Telangectasias, 186

Tempered glass, 247

Tenascin expression, 186

Terephthalylidene dicamphor sulfonic acid

(TDSA), 157, 184

TGF–b. See Transforming growth factor-b
(TGF–b)

Thymine dimer formation, 210

Time and Extent Applications (TEA), FDA

regulations, 68

Tinted glass, 246

Titanium dioxide, 48, 49

of inorganic UV filters, 147–149, 164

a-tocopherol, 209, 212
Toughened glass. See Tempered glass

Toxicity, vitamin D, 121

Toxicological tests, for hazard identification,

141–142

Transcription-coupled repair (TCR), 171

Transforming growth factor-b (TGF–b), in
photoaging, 106

Trichothiodystrophy (TTD), DNA repair

disease, 172

TTD. See Trichothiodystrophy (TTD), DNA

repair disease

T-UCA photoisomerization, 210

Ultraviolet A (UVA)

protection, 284–285

broad spectrum, 42–44

European perspective, 57–58

methods to assess, 57

U.S. perspective, 58

vs. UVB, 282

Ultraviolet B (UVB)

protection, broad spectrum, 42–44

vs. UVA, 282

Ultraviolet radiation (UVR), 181

absorption by chromophores, 104

factors, exposure to, 182

immunosuppression induced by, 103–105

spectrum, 182

types of, 181–182

Ultraviolet (UV) exposure

actinic keratosis, 282

BCC, 282

cutaneous consequences of, 90

SCC, 282

sunscreens against, 89–91

Ultraviolet (UV) rays, discovery of, 5

Uncaria tomentosa, 215

United States (US)

Dietary Reference Intake (DRI)

recommendations, for vitamin D,

118–120

methods to assess UVA protection, 58

regulation of UV filters, 65–68

sunscreen monograph, 216

UV-absorbing agents. See UV-cutting agents

(UVCA), for fabrics

UV-acquired tan, 203

UVA-I filters, 22

UVA-induced oxidative process, 183

UV attenuation, mechanisms of, 14–15

UV-blocking contact lenses.

See Contact lenses

UV-blocking coated glass, 248

UV-blocking insulating glass, 248–249

UVB/UVAII filters, liquids, 17

UV spectra of, 21

UVB/UVA-II filters, solid, 18

UV spectra of, 21

UVCA. See UV-cutting agents (UVCA), for

fabrics

UV-cutting agents (UVCAs), for fabrics,

236–237
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UV filters, 139–151

absorbance spectra, 158

broad-spectrum, molecular design of,

16–21

chemistry of, 16

in commercial sunscreens, 28–36

complexes, 34

examples of specially emphasized, 33

higher molecular weight, 21–23

inorganic, 146–149, 158–159

mechanisms of absorption with organic and

inorganic, 15

organic, 149–151, 156–158

UVA/B filters, 157–158

UVA filters, 157

UVB filters, 157

in sunscreens, performance of, 23–28

worldwide regulation of, 65–75

ASEAN, 73, 77

Australia, 68–69, 71

Canada, 68, 70

China, 69–72

European Union, 68

India, 72, 73

Japan, 72, 74

Korea, 73, 75

MERCOSUR, 65, 78

New Zealand, 68–69, 71

South Africa, 73, 76

United States, 65–68

UV-induced carcinogenesis, 212

UV-induced erythema, 209

UV protection, requirements, 11–12

UV protection factor (UPF), of fabric, 227,

229, 230–231

UVR. See Ultraviolet radiation (UVR); UV

radiation (UVR)

UV transmission of SPF 30 sunscreens, 13

VDR. See Vitamin D receptor (VDR)

Vitamin C, 211

retention, in W/O/W emulsion, 159

Vitamin D

dietary sources of and current

recommendations for, 118–120

and health, 121–126

[Vitamin D]

metabolism of, 117–121

pre-vitamin D3 production by skin, 117–118

photoprotection and, 127–128

skin types and, 128

sun exposure and, 126–127

toxicity, 121

Vitamin D3

dose for adequate 25(OH)D levels, 120–121

vs. vitamin D2, 121

Vitamin derivatives, 208–209

Vitamin D receptor (VDR), knock-out mouse

model, 121

Vitamin D2 vs. vitamin D3, 121

Vitamin E, 211

Water-based foundations, 193

Water-in-oil formulations, 195

Water-oil-water (W/O/W) emulsion, for

vitamin C retention, 159

Water resistance assessment, of sunscreens, 58

Waxes, lipsticks formulations, 197–198

Window film, 253–254

Window glass. See Glass

Wood’s lamp examination, 184

Woven fabrics, 225–226

W/O/W emulsion. See Water-oil-water

(W/O/W) emulsion, for vitamin C

retention

Xanthophylls, 209

Xeroderma pigmentosum (XP), DNA repair

disease, 172

XP. See Xeroderma pigmentosum (XP), DNA

repair disease

Yarn, 225. See also Fiber

size, 229

Zeaxanthin, 212

Zinc oxide, 49

inorganic UV filters, 149

ZnO nanosol, 235
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