Chapter 14
Sunscreen Photostability

Craig A. Bonda and Dennis Lott

Key Points

* Sunscreens are photochemical systems, and their behavior is best under-
stood through the science of photochemistry.

* Deeper understanding of the complex photochemistry of avobenzone has
led to better formulating methods and improved sunscreen performance.

» The photostability of sunscreen products is a function of the photostabili-
ties of the individual UV filters and the photochemical and photophysical
interactions between them.

* Photostability will retain a leading role in sunscreen product design as
costs and regulatory issues continue to drive sunscreen formulating
worldwide.

* Though significant challenges remain, the availability of photostabilizers
and, in many areas, new UV filters has allowed the sunscreen industry to
make great strides in improving photoprotection.

14.1 A Brief History

Photostability became a genuine concern to the sunscreen industry with the
introduction in Europe of avobenzone (butyl methoxydibenzoylmethane or
BMDM) in the 1980s and in the USA in the early 1990s. This photolabile
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compound was the first and for years remained the only UV filter to be effective
at protecting skin from longer wavelength UVA radiation (320—400 nm), widely
believed to be a primary cause of early skin aging and certain skin cancers [1].
Avobenzone degrades rapidly in sunlight [2] and may react chemically with other
organic compounds [3]. This spawned an “arms race” among both UV filter sup-
pliers and sunscreen manufacturers to discover ways to photostabilize or replace
avobenzone. Scientists in Europe focused on developing photostable UV filters to
compete with avobenzone, while other scientists in the USA and Europe focused
on discovering new photostabilizers. Both groups were successful: the resulting
new UVA filters and photostabilizers are now in widespread use throughout the
world.

Several photostable European UVA filters have been submitted for approval to
the US Food and Drug Administration for inclusion in the monograph for OTC
sunscreen drug products. In 2014, all were deemed by the FDA to have insufficient
data on which to base the requisite “generally regarded as safe and effective”
(GRASE) determination and were returned to their sponsors for additional informa-
tion [4]. This signals a continuing role for photostabilizers in sunscreens, especially
those to be marketed in the USA but also in other parts of the world where global
acceptability is desired and where cost considerations favor the continued use of
inexpensive avobenzone as the primary UVA filter.

14.2 Photochemistry of Photostability

The definitive source for general knowledge of organic photochemistry is Modern
Molecular Photochemistry of Organic Molecules by N.J. Turro, V. Ramamurthy,
and J.C. Scaiano (2010, University science Books, Sausolito, CA) [5]. Following is
a very brief summary of some of the key aspects as they relate to the subject at hand,
sunscreen photostability.

Organic chromophores convert the energy in a quantum of light — a photon — into
electronic excitation energy (Turro et al. 2010, p. 27). One photon excites one mol-
ecule, and, with rare and obscure exceptions, one and only one of a molecule’s
electrons is excited to a higher energy state at any one time.

Once excited, a chromophore has several photophysical pathways available to
dissipate its excited state energy. These pathways may be “radiative” or “non-
radiative.” By radiative is meant that the excited chromophore sheds some or all of
its energy by emitting a photon; non-radiative pathways expend energy kinetically
or vibrationally as heat, or by transferring energy to another molecule (Turro et al.
2010, p. 18-19).

The photostable situation may be represented as follows:

R+hv — *R -, R
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where R is a chromophore in its ground state, *R is a chromophore in its excited state,
hv is the energy in a photon, and —, is energy dissipation purely by photophysical
(radiative and non-radiative) processes, thus returning the excited chromophore to the
ground state with no changes in its structure or geometry (Turro et al. 2010, p. 40).
Photostable chromophores undergo billions of such cycles — photon absorption,
excitation, energy dissipation, and relaxation to the ground state — with a low (not
zero!) probability that there will be a net chemical change. In contrast, photolabile
chromophores have a relatively high probability that excitation will lead to a net
chemical change. The consequence of photolability is photodegradation or photode-
composition, characterized by a loss of absorbance and the appearance of new chemi-
cal entities. In sunscreens, photodegradation results in less protection for the skin than
would otherwise be expected and exposure of the skin to unwanted photoproducts.
The photolabile situation may be represented as follows:

R+hv >*R— [ —>. P

where — . is a photochemical process, I is a reactive intermediate, —r is a thermal
chemical process, and P is a chemical product (Turro et al. 2010, p. 10).

For absorption of a photon and excitation to occur, the energy gap between
the electron’s ground state orbital, known as the highest occupied molecular
orbital or HO, and its initial excited state orbital, known as the lowest unoccu-
pied molecular orbital or LU, must match exactly the energy of the photon. This
energy matching requirement is known as the “resonance condition” (Turro et al.
2010, p. 27).

For the UV filters used in sunscreens, the resonance condition requires encounter
wavelengths and energies that correspond to the UV portion of the solar spectrum.

The HO of an organic chromophore in the ground state contains a pair of elec-
trons. The electron pairs most commonly involved in excitation of an organic chro-
mophore are those in bonding or z orbitals (e.g., c=c) and nonbonding or n orbitals
such as those found associated with oxygen in carbonyls (c=0). The transition to the
LU by the excited electron is to an anti-bonding orbital, z*. Thus, the two most com-
mon transitions are represented by 7 — z* and n — z* (Turro et al. 2010, p. 52-55).

In the ground state, the two electrons in the HO are in the singlet state (Fig. 14.1)
in which the electrons are “spin-paired,” meaning they are spinning about opposite
vectors — “up” and “down” — and, in a magnetic field, are precessing 180" out of
phase. The ground state is conveniently represented by S, and symbolized by

. This spin-paired configuration is what allows two negatively charged elec-
trons to overcome their repulsion and occupy the same orbital. The spin-paired con-
figuration is maintained in the initial transition from ground (S,) to excited state
even as the two electrons become orbitally unpaired. Thus, the initial transition after
photon absorption is known as the “singlet excited state” which may have more than

one energy level and is represented by S, S,...S, and symbolized by #
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Transitions are favored between states that “look like” each other in the sense
that their electronic, vibrational, and spin configurations are similar (Turro et al.
2010, p. 4547, 117). Upon photon absorption, an electron in the singlet ground
state naturally transitions to a singlet excited state and almost never to a triplet
excited state. For many chromophores, the reverse is also true: an electron in the
singlet excited state will tend to relax to the singlet ground state either by dissipat-
ing its excess energy as heat (internal conversion) or by emitting a photon
(fluorescence).

The return to the ground state from the singlet excited state tends to happen
quickly; nanosecond time scales are common. Such a rapid return to the ground
state favors photostability since there is little time for chemical processes to
compete.

Figure 14.2 depicts the electron configurations of the triplet excited state which

is represented by T, and symbolized by _T_ An excited electron reaches a triplet
excited state by undergoing a spin flip and phase change usually as the result of a
magnetic interaction between the electron’s spin and another electron’s orbital
motion (Turro et al. 2010, p. 144). The transition from the singlet excited state to a
triple excited state is called “intersystem crossing.” The triplet excited state is meta-
stable; that is, the two electrons are unable to re-pair in their HO unless and until the
excited electron undergoes another spin flip and phase change. A chromophore in
the triplet excited state behaves as a diradical (i.e., having two unpaired electrons)
(Turro et al. 2010, p. 718). This fact coupled with its typically longer lifetime makes
the triplet excited state highly reactive and the starting point for most photochemical
reactions (Turro et al. 2010, p. 521).

Photochemists use experimental methods to determine the processes a particular
chromophore will take in a given set of conditions and record their findings on state
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Fig. 14.2 In the triplet state, there are three possible orientations for the electron pair: (a) both
electron spin about “up” vectors; (b) the electrons spin about opposite vectors while precessing in
phase; (c) both electrons spin about “down” vectors

energy diagrams, also known as Jablonski diagrams, like the one in Fig. 14.3. Key
parameters for any photophysical process are its energy (E), its quantum yield (@),
its rate constant (k), and its lifetime (7). (Since 1/k=7, it is only necessary to measure
one: either rate constant or lifetime.) Quantum yield is a measure of the efficiency
of a process and is calculated either as the fraction of absorbed photons that produce
a specific sequence or by comparing the rate of a specific pathway to the sum of the
rates of all competing pathways. For example, if 10 out of 100 excited molecules
fluoresce, then the quantum yield of fluorescence is 0.10 (10 %).

Another way for an excited chromophore to return to the ground state is by
transferring its energy to another molecule, known as the quencher, Q. Energy
transfer can be represented schematically by

*R+Q —pr R+*0

where —gr is energy transfer (Turro et al. 2010, p. 390). Thus, the excited
chromophore transfers its excited state energy to the ground state quencher which
deactivates the chromophore to the ground state and raises the quencher to the
excited state. The relative efficiency of a quencher to quench the excited state of a
chromophore is characterized by a quenching rate constant, kgr, where ET stands for
energy transfer. The actual rate this happens in a solution (or, presumably, in a
sunscreen) is the product of the quenching rate constant and the concentration of the
quencher, [Q], plus the sum of all other deactivation pathways, kp.

kqobs :kD +kET ><|:Q:|
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Fig. 14.3 A state energy or “Jablonski” diagram like this is used by photochemists to keep track
of an organic chromophore’s three most important states: the ground state, Sy; the lowest energy
singlet excited state, S;; and the lowest energy triplet state, 7. The upward arrow on the left repre-
sents photon absorption and excitation. The downward and diagonally pointing arrows represent
photophysical processes that drain the chromophore’s excited state energy. Key parameters are the
energies, quantum yields, and lifetimes of each state and the rates of interstate transitions

where k, .5 is the quenching rate observed experimentally (Turro et al. 2010,
p- 390-391).

This is the basic mechanistic scheme for most of the photostabilizers to be dis-
cussed later in this chapter. First, we turn to avobenzone as the exemplar of a pho-
tolabile UV filter to find out why photostabilizers are needed in the first place.

14.3 Photochemistry of Avobenzone

Seminal studies published in 1995 by Schwack and Rudolph and in 1997 by Andrae
et al. contributed greatly to the early understanding of this important sunscreen
ingredient.
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Fig. 14.4 Graph shows that steady-state irradiation of the enol tautomer (A) generates the keto
tautomer (B) which, when left in the dark, spontaneously converts back to the enol form (C).
(Bonda et al. [2], reprinted with permission)

To investigate the photodegradation of avobenzone, Schwack and Rudolph irra-
diated 3.5 mmol solutions of avobenzone in non-deaerated cyclohexane, isooctane,
isopropanol, and methanol for up to 8 h using a solar simulator filtered to deliver
radiation either above 260 nm or 320 nm. Photodegradation progress was monitored
by HPLC, and the photoproducts were identified by GC-MS. About 12 photoprod-
ucts were identified, all of which originated from one of two radical precursors: a
benzoyl radical or a phenacyl radical. Photodegradation proceeded in the nonpolar
solvents cyclohexane and isooctane, but not in the polar, protic solvents isopropanol
and methanol. In the nonpolar solvents, photodegradation was almost twice as rapid
under shorter wave irradiation (>260) than under longer wave irradiation (>320). To
find out why avobenzone is photolabile in cyclohexane and isooctane and photo-
stable in isopropanol and methanol, Schwack and Rudolph carried out 'H NMR
measurements of avobenzone solutions dissolved in cyclohexane-d,, and isopropa-
nol-ds (.03 mol). In cyclohexane-d,,, avobenzone exhibited 3.5 % keto form, but in
isopropanol-ds, no keto form was detected. Based on these findings, Schwack and
Rudolph concluded that avobenzone photodegradation “depends strongly on the
presence of the 1,3-keto form” [6]. Therefore, discovering the origins of the keto
form and its subsequent behavior under irradiation became of primary interest to
researchers.

Andrae et al. showed that photolysis with UV radiation drives the conversion of
the enol tautomer to the keto form (Fig. 14.4) [7]. They applied steady-state irradia-
tion to avobenzone in acetonitrile (10°-10-1° M) using both a high-pressure mer-
cury lamp and a xenon light source, observing a decline in peak absorbance at
355 nm and a corresponding increase in peak absorbance at 265 nm. Based on
NMR, IR, and HPLC studies, they attributed the spectral change to the light-induced
conversion of the enol tautomer to the keto tautomer. Andrae et al. also applied a
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14 ns laser pulse of 355 nm to dilute solutions of avobenzone in acetonitrile,
observing a transient species with peak absorption at 300 nm. The group attributed
the transient absorbance either to an excited E-isomer of the enol or to an enol
rotamer which were assumed to be intermediates in the conversion to the keto form
(see Cantrell and McGarvey and Yamaji and Kida below).

A number of more recent studies published in the literature provide additional
guidance to avobenzone’s photoinduced behavior under various conditions. Many
of the gaps in avobenzone’s state energy diagram have now been filled in, providing
much needed clarity to its complex photophysics and photochemistry. Following is
a sample of the many studies published in the literature.

Cantrell and McGarvey employed nanosecond laser flash photolysis at 355 nm
and 266 nm on dilute (10-5 M) solutions of avobenzone in acetonitrile [8]. Photolysis
at 355 nm produced transient absorbance changes with a new peak at 300 nm and
bleaching (loss of absorbance) at 360 nm. No peak at 260 nm was observed, leading
to the comment that formation of the keto form must have a low quantum yield
(see Yamaji and Kida below). They attributed the transient peak at 300 nm to a non-
chelated enol rotamer (NCE), which is a Z-isomer. Hill had earlier determined the
quantum yield of formation of the 300 nm-absorbing species to be =~ 0.25 [9]. The
lifetime of the NCE rotamer is solvent dependent and ranges from 159 ms in
acetonitrile to 0.7 ms in butanol. Upon photolysis at 266 nm, Cantrell and McGarvey
observed a permanent loss of absorbance at 360 nm and no increase of absorbance
at 260 nm, suggesting that excitation of the keto form leads directly to avobenzone
decomposition. Nanosecond excitation at 266 nm of a pre-irradiated solution in
deoxygenated acetonitrile generated a transient absorbance spectrum from 300 to
500 nm which was attributed to the triplet state of the keto form. A further experiment
found the keto triplet to be quenched by molecular oxygen with a rate constant of 5
x 10° mol™! s7! and a quantum yield of singlet oxygen formation of 0.18.

Huong et al. studied avobenzone photostability in three environments: diluted
solutions in laboratory solvents of varying polarity, concentrated solutions in non-
volatile solvents, and in commercially available sunscreen products [10]. In dilute
solutions irradiated in a xenon test chamber, the study found avobenzone to be pho-
tostable or nearly so in dioxane, acetonitrile, ethyl acetate, tetrahydrofuran, ethanol,
and isopropanol and photolabile in hexane, heptane, and cyclohexane. The photola-
bility manifested as a rapid decline of absorbance at 350-360 nm and a correspond-
ing increase in absorbance at 260-270 nm. However, in confirmation of work
previously reported by Bonda et al. [11], Huong et al. also found that the photode-
graded solutions, when left in the dark and monitored for UV absorbance at timed
intervals, slowly recovered their initial absorption at 350-360 nm, while their
absorption at 260-270 also declined to pre-irradiation levels (Fig. 14.4). They also
confirmed another of the findings of Bonda et al. (1997): that as little as 1 % isopro-
panol in the hexane solution completely inhibited avobenzone’s loss of absorption
at 350-360 nm upon irradiation. In concentrated solutions of 2 and 4 % (w/w) in
various cosmetic oils (mineral oil, isostearyl isostearate, alkyl tartrate, alkyl lactate),
photodegradation of avobenzone appeared to be relatively independent of the sol-
vent with as much as 80 % of the avobenzone converted to photoproducts. A total of
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11 commercially available European sunscreen products were tested by applying
each in a measured amount to a polymethyl methacrylate (PMMA) plate and irradi-
ating it in a xenon test chamber. After irradiation, the sunscreen was extracted with
solvent and the resulting solutions analyzed by HPLC. The study found the behavior
of avobenzone in these sunscreens to be highly variable, with the loss of compound
ranging from 3 % to over 90 %. Loss of SPF ranged from 0 to 50 %.

Mturi and Martincigh employed UV spectroscopy, HPLC, GC-MS, and NMR to
investigate avobenzone’s photostability in solvents of differing polarity and protic-
ity [12]. As others had, they found avobenzone to be photostable in the polar, protic
solvent methanol. In polar, aprotic DMSO, loss of absorbance was attributed to
photoisomerization from the enol form to the keto form. However, in nonpolar,
aprotic cyclohexane, loss of absorbance was due primarily to photodegradation. In
moderately polar, aprotic ethyl acetate, both photoisomerization and photodegrada-
tion occurred. However, photoisomerization only occurred in the presence of oxy-
gen, while photodegradation occurred irrespective of oxygen.

In their 2013 paper, Yamaji and Kida reported on their photochemical and kinetic
studies of the enol-keto and keto-enol tautomerization processes [13]. Steady-state
photolysis of avobenzone in acetonitrile (~10-5 mol) produced the characteristic
decline in absorbance of the enol form at 356 nm and a corresponding increase in
absorbance of the keto form at 265 nm. This happened both in the presence and
absence of oxygen. They did not observe generation of the keto form during
photolysis of avobenzone in cyclohexane, though production of photodegradation
products was observed. Using laser flash photolysis on avobenzone in acetonitrile,
Yamaji and Kida were able to determine the quantum yield (®,) of keto tautomer
formation to be 0.014 with the value being independent of dissolved oxygen. Laser
flash photolysis at 266 nm performed on the keto form produced a new absorption
band with a 390 nm peak and a broad band from 450 to 600 nm which was attributed
to absorbance of the triplet keto form. The 390 nm signal subsequently decayed at
the rate (k) of 1.6 x 10° s~! in the absence of oxygen (lifetime: 7x=6.25x1077 s)! and
7.6 x 10° s7! (lifetime: ¢y =1.32 x 1077 s) in aerated acetonitrile solutions. After
formation by photolysis of the enol form, the lifetime (zx) of the keto form in the
dark was determined to be 5.1 h.

Kikuchi, Oguchi, and Yagi studied the excited states of avobenzone and a spe-
cially synthesized model of avobenzone’s keto form, observing the UV absorption,
fluorescence, phosphorescence, and electron paramagnetic resonance spectra (EPR)
of both compounds in ethanol at 77° K [14]. From the intersection of the UV absorp-
tion and fluorescence spectra, they were able to determine the singlet excited state
energy (Ejs,) of the enol form to be 25,600 cm™! (73.19 kcal mol™"). By similar means,
they determined the singlet excited state energy of the keto form analog to be
27,000 cm™" (77.20 kcal mol™"). From the first peak of phosphorescence, they deter-
mined the triplet excited state energy (Er;) of the enol form to be 20,400 cm™
(58.33 kcal mol™) and the triplet excited state energy of the keto form to be
24,400 cm™! (69.76 kcal mol™"). From the decay of the first peak of phosphorescence,

Lzyr represents the lifetime of the keto triplet.
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Fig. 14.5 A state energy diagram for avobenzone, compiled primarily from studies conducted at
low concentrations in acetonitrile solutions. Photolysis of the enol tautomer drives an increase in
the concentration of the keto tautomer, which, when excited by UVR, undergoes a Norrish type I
cleavage to produce benzoyl and phenacyl radicals. The asterisks signify that the molecule within
the brackets is in an excited state (Bonda et al. [2], reprinted with permission)

Kikuchi et al. determined the triplet excited state lifetime (z,,) Of the enol form to
be 30 ms and the triplet excited state lifetime of the keto form to be 190 ms.

A compound’s fluorescence lifetime puts an upper limit on the lifetime of the
singlet excited state. As reported by Bonda et al. (2009), measurements conducted
at the University of California-Riverside determined the fluorescence lifetime of the
enol form to be 13 ps [15].

From these and other studies, a picture of avobenzone’s photophysics and
photochemistry has emerged, which is depicted graphically in Fig. 14.5.

14.4 Photostabilities of Other UV Filters

Avobenzone is not the only photolabile UV filter used in sunscreens. In fact, there
are no perfectly photostable UV filter, though some are nearly so.

Tarras-Wahlberg et al. irradiated OMC mixed with petrolatum first with 20 MED
of UVB radiation and then with 100 J/cm? of UVA radiation. They observed slight
loss of peak absorption after the UVB dose and a much larger loss of peak absorp-
tion after the UVA dose. HPLC analysis of the sample following irradiation revealed
formation of a new peak which the researchers attributed to OMC’s cis isomer,
indicating that irradiation drove conversion of the normally dominant trans isomer
to its cis counterpart, which absorbs UV with a similar peak but at a significantly
lower molar extinction coefficient [16]. Others have found that when present in high
concentrations, OMC can react with itself as two molecules undergo a [2+2] cyclo-
addition reaction [17].

The photostabilities of 18 UVB filters approved for the use in sunscreens in the
EU were studied in vitro by Couteau et al. [18]. Each UV filter was incorporated into
its own standardized oil-in-water emulsion. The researchers applied 30 mg of each
formulation to roughened PMMA plates. The plates were irradiated in a xenon test
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Table 14.1 Photostabilities of UVB Filters [18]

UVB filters (from most to least

photostable) Rate constant of photodecay (k min™")
Iscotriazine (DBT) .00008
PABA .0001
Bisoctrizole (MBBT) .0004
Oxybenzone (OXY) .0005
Ensulizole (PBSA) .0005
Benzophenone-5 .0006
Octocrylene (OC) .0014
Enzacamene (4-MBC) .0021
Octyl triazine (EHT) .0022
Homosalate .0023
3-Benzylidene camphor .0031
Octinoxate (OMC) .0031
Polysilicone-15 .0038
Anisotriazine .0044
Amiloxate .0059
PEG-25 PABA .0061
Padimate O .0062
Octisalate .0075

Each of the 18 UV filters, listed above from most to least photostable, was incorporated into its
own standardized oil-in-water emulsion, which was applied to a substrate and irradiated in a xenon
test chamber. Measurements were taken at timed intervals and the rate constant of photodecay (k)
calculated by the equation SPF/SPF, = e

chamber filtered to block radiation <290 nm. The SPF was measured at timed inter-
vals with a UV transmittance analyzer. Photodegradation of each formulation was
expressed in three ways: as the number of minutes of irradiation required to cause
the coated plate to lose 50 % of its SPF (#544,); as the number of minutes of irradiation
required to cause the coated plate to lose 10 % of its SPF (#9y5,); and as the rate con-
stant of photodecay (k) according to the equation SPF/SPF,=¢*. Table 14.1 pres-
ents the results of the study in rank order from most to least photostable.

Herzog et al. studied the photostabilities of ethylhexyl methoxycinnamate
(OMCOC), ethylhexyl triazine (EHT), avobenzone, BEMT, and OC [19]. They
incorporated each UV filter into its own oil-in-water emulsion which they applied to
a quartz plate and irradiated in a xenon test chamber. At timed intervals, they used
solvent to extract the residual emulsion containing the UV filter from the quartz
plate and then analyzed the solution by HPLC. After 50 MED, OC and BEMT were
found to be photostable. OMC and avobenzone were strongly degraded (<20 % and
<1 % were recovered, respectively), and EHT was less degraded (approximately
50 % was recovered). The researchers noted degradation of OMC is not observed in
ethanol solutions at low concentrations. A rapid initial loss of absorption is attributed
to a change in the equilibrium between the trans and cis isomers (toward the cis)
which quickly stabilizes and after which no further drop occurs.
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14.5 Sunscreen Products and UV Filter Combinations

UV filters are almost never used alone in sunscreen products, which may contain up
to six UV filters. Bimolecular interactions between UV filters of the same or
different species, or between the UV filters and inactive ingredients with which they
are paired, can have a positive, negative, or no effect on the sunscreen’s photostability,
as illustrated in the studies referenced below.

A major sunscreen manufacturer and marketer in the USA reported studies of the
photostabilities of numerous sunscreen products in their comments to the FDA in
2007 [20] and their follow-up supplement in 2008 [21]. In one study, commercially
available sunscreen products were applied in measured amounts to microscope
slides and exposed to natural sunlight until 7.5 MED was reached as measured by a
radiometer. The UV filters were then assayed by HPLC. Independent labs in Sydney,
Australia, Winston-Salem, North Carolina, and Ormond Beach, Florida, took part.
Some of the products were tested by all three labs, others were tested by two. The
14 products ranged from SPF 30 to SPF 80 and comprised 10 lotions, one lotion
spray, two continuous sprays, and one stick product. Four of the products contained
OMC in combination with avobenzone, and nine combined OC with avobenzone,
two of which also contained OMC. Three contained avobenzone without either OC
or OMC. The results may be found in Table 14.2, which groups the products tested
by the presence or absence of the three UV filters. Clearly, of the products tested,
the most photostable are those that contain OC and avobenzone and no OMC, or do
not contain avobenzone at all. In all 12 of the products containing them, the two
salicylates, octyl salicylate and homosalate, showed significant photolability, declin-
ing on average by about 24 % and 15 %, respectively.

Beasely and Meyer determined the impact of avobenzone photolability on SPF
and UVA-PF [22]. They started with a model SPF 50 sunscreen product which
contained 3 % avobenzone photostabilized with 7 % OC. They then prepared a

Table 14.2 % UV filters remaining after 7.5 MED of natural sunlight by HPLC

OC + Avo, no OC + Avo + Avo + OMC,no | OMC, no Avo

UV Filters OMC (N=9) OMC (N=2) OC (N=2) (N=1)
Octocrylene (OC) | 100 % 100 % 100 %
Oxybenzone 96.8 % 94.9 % 100 % 97.0 %
Avobenzone (Avo) |91.0 % 59.6 % 25.0 %

OoMC 49.4 % 41.0 % 65.1 %

Octyl salicylate 77.8 % 75.8 % 76.3 % 75.1 %
Homosalate 86.4 % 81.4 % 86.8 % 84.2 %

14 commercially available sunscreen products were applied to microscope slides and exposed to
natural 7.5 MED of natural sunlight. The studies were duplicated or triplicated by labs in Australia,
North Carolina, and Florida. After exposure, each sunscreen was extracted from the slide by
solvent and analyzed by HPLC to determine the amount of each UV filter remaining. The two
salicylates showed significant loss in all products. Avobenzone was most photostable when
combined with octocrylene (OC) without OMC
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series of four new photostable formulations identical in every way to the original
except that the avobenzone concentration was reduced by 20 %, 33 %, 67 %, and
100 % (no avobenzone), respectively, in order to simulate corresponding degrees of
avobenzone loss due to photodegradation. These products were then tested on
human volunteers and the SPF and UVA-PF determined for each and compared to
the original. As expected, the researchers found that reducing the avobenzone con-
centration had the greatest effect on UVA-PF, though SPF suffered significant losses
as well. Small losses of avobenzone (<20 %) had little effect on either SPF or
UVA-PF. However, reductions of avobenzone concentrations of 33 % and 67 %
resulted in the SPF declining from 51 to about 48 and 45, respectively, and the
UVA-PF from about 18 to about 14 and 12, respectively. The formulation contain-
ing no avobenzone, which simulated a complete loss of the UVA filter due to pho-
todegradation, achieved SPF 40 and UVA-PF 8.

To approximate the environment in human skin below the surface, Damiani and
co-workers prepared liposomes containing pairs of UV filters and suspended them
in saline. The suspensions were placed in the wells of cell culture plates and irradi-
ated with UVA delivered by a commercial sun lamp. The total dose was calculated
as equivalent to about 90 min of exposure on the French Riviera on a sunny summer
day. The irradiated samples were collected, diluted with ethyl acetate, and centri-
fuged to recover the UV filters, after which UV absorption measurements were
made and compared to non-irradiated controls. The photostable combinations
paired avobenzone with bis-ethylhexyloxyphenol methoxyphenyl triazine (BEMT),
methylene bis-benzotriazolyl tetramethylbutylphenol (MBBT), and diethylamino
hydroxybenzoyl hexyl benzoate (DHHB). The combination with OC improved avo-
benzone’s UVA absorption by 35 %, while the combinations with OMC and EHT
showed the least photostability, losing most of their absorption throughout the entire
UVA range. Combinations of OMC with BEMT, MBBT, DHHB, and EHT were
photostable [23].

The oft-used combination of avobenzone and OMC was studied by Herzog and
co-workers (2009). They prepared a sunscreen emulsion containing 3.4 % OMC
and 2.4 % avobenzone and compared the amount of OMC recovered after irradiation
with the amount recovered from the emulsion containing OMC alone. They noted a
significant acceleration of OMC photodegradation when avobenzone was added
and attributed the increase to the availability of a second pathway to a [2+2]
cycloaddition (the first being the reaction of OMC with itself) stemming from the
reaction of the enol form of avobenzone with OMC. On the other hand, adding
OMC to avobenzone did not affect the amount of avobenzone recovered, indicating
that the OMC-avobenzone reaction competed successfully with formation of
avobenzone’s keto form to reduce the pathway to the Norrish type I cleavage.

As of this writing, the FDA does not permit avobenzone to be combined with
either TiO, or ZnO in sunscreens marketed in the USA [24]. Both combinations are
permitted in many other venues throughout the world however. TiO, in particular is
widely used in combination with organic UV filters.

Titanium dioxide exists naturally in three crystalline forms: rutile, anatase, and
brookite. The TiO, grades used in sunscreens are made from rutile or anatase. Both
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forms are available in a range of particle sizes, from nano to micron. In general, the
larger the particle size, the more whitening is the effect on the skin. Both TiO2 and
ZnO are semiconductors with band gaps in the solar UV range. Absorption of a
photon with energy equal to or greater than the band gap promotes an electron from
the valance band to the conduction band, which creates an electron (—)/hole (+) pair.
When this happens, molecules close to or adsorbed to the particle surface can inter-
act with these charge carriers to become reduced (gain an electron) or oxidized (lose
an electron). Because of this, these metal oxides have photocatalytic properties and
can behave as either oxidant or reductant to generate reactive oxygen species (ROS)
such as hydroxyl radicals (OH) and superoxide anion (O,—). These ROS in turn can
react with the organic components in sunscreens including UV filters, contributing
to their degradation [25]. Of the TiO, crystalline forms, anatase is regarded as the
more photocatalytically active [26]. For that reason, there have been recent calls to
limit the TiO, in sunscreens to grades derived from rutile [27]. Commonly, though
not always, the TiO, and ZnO grades used in sunscreens are passivated (rendered
less reactive) by treating the surfaces of the particles with chemically inert sub-
stances such as silica, dimethicone, or aluminum hydroxide. Other surface treat-
ments are used to improve the particles’ oil or water dispersibility [28].

Kockler et al. studied the influence of TiO, particles size on the photostabilities
of avobenzone and OC by preparing oil-in-water emulsions in which the avobenzone
and OC were dissolved in the oil phase, and various grades of TiO, were dispersed
in the water phase [29]. TiO, grades tested included a silica-coated rutile TiO, with
a mean particle size of 119 nm, an uncoated anatase nano TiO, with mean particle
size of 25 nm and an uncoated anatase micro TiO, with a mean particle size of
0.6 pm. Measured amounts of the emulsions were applied to glass plates and
irradiated for 14.6 h at 400 W/m? in a xenon test chamber. After irradiation, solvent
was used to extract residual emulsion from the plates, and the solutions were
analyzed by HPLC. From the emulsions containing avobenzone alone or combined
with coated, micro, and nano TiO2, recovery of avobenzone after irradiation ranged
from O to 3.81 %. From the emulsion containing OC alone, or combined with
coated, micro, and nano TiO2, recovery of OC ranged from 88.33 t0 99.98 %. From
the emulsions containing avobenzone and OC plus coated, micro, and nano TiO2,
recovery of avobenzone was 16.0 %, 12.6 %, and 0.6 %, respectively, and recovery
of OC was 98.2 %, 95 %, and 92.5 %, respectively. A separate experiment determined
that neither avobenzone nor OC adsorb onto any of the TiO, particles’ surfaces. The
authors concluded that uncoated nano-TiO, is more deleterious to both avobenzone
and OC than either micro or coated TiO,.

Nguyen and Schlossman studied avobenzone photostability in dilute solutions in
ethanol in the presence of various grades of TiO,, coated and uncoated, and one
untreated and four treated ZnO grades [30]. The ethanol solutions contained 0.04 %
avobenzone and 4 % of metal oxide. Each sample was irradiated using a UV lamp
for 1 week. Afterwards, each sample was centrifuged to remove the metal oxide
from the solution, and the solution’s UV absorption and transmittance were
measured with a UV/Vis spectrophotometer. Both anatase and rutile forms of TiO,
were tested. Primary particle sizes ranged from 15 nm to 300 nm. Surface treatments
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included octyltriethoxysilane, methicone, dimethicone, silica, aluminum stearate,
and C9-15 fluoroalcohol phosphate. Among the anatase samples, the one treated
with octyltriethoxysilane show the least negative effect, with 19 % of avobenzone’s
absorbance remaining after irradiation compared to <1 % for the other treatments.
Among the first group of rutile samples, the one treated with methicone produced
the best result with 38 % of avobenzone’s absorbance remaining after irradiation
compared to <1 % for the others. Among the second group of rutile samples, the one
treated with silica (primary particle size 90 nm) was the best with 76 % of
avobenzone’s UV absorbance remaining after irradiation compared to 28 % and
3 % for the C9-15 fluoroalcohol phosphate and aluminum stearate treated samples,
respectively. Among the ZnO samples tested, the two treated with silica fared the
best, with avobenzone retaining 49 % and 18 % of its UV absorbance compared to
<1 % and 3 % for the methicone- and silane-treated samples, respectively. The
authors concluded that when combining avobenzone with TiO,, rutile is superior to
anatase. Also, surface-treated TiO2 and ZnO are better than uncoated TiO, and ZnO
for limiting loss of avobenzone’s absorbance following irradiation. They also noted
that in this study, silica-treated TiO, proved to be superior to all other treated metal
oxides tested for limiting loss of avobenzone’s absorbance following irradiation.

14.6 Photostabilizing Sunscreens

According to an Internet search conducted in November 2014, there are 12
photostabilizers in use in sunscreens somewhere in the world including three UV
filters — BEMT, 4-MBC, and OC — that are known to have photostabilizing proper-
ties [31]. Of these, only OC is globally approved; the other two are not permitted for
use in sunscreens in the United States. The molecular structures of the photostabilizers
and other compounds discussed in this chapter may be found in Fig. 14.6.

Herzog et al. showed that one way to increase the photostability of a photolabile
UV filter like avobenzone is to increase the optical density of the system, effectively
increasing the competition for the same photons. The idea is that the fewer photons
absorbed by the photolabile UV filter, the lower will be its photodegradation. They
illustrated this by comparing ethanolic solutions of EHT of low and high optical
density. After exposure to the same amount of radiation, the solution of lower
density displayed a half-life of 61 min compared to 210 min for the solution of
higher density. The authors note that this strategy is effective only in cases where
increasing the optical density does not also increase the rate of bimolecular chemical
reactions, as it does when OMC is added to avobenzone [19].

Herzog et al. also compared and contrasted OC, a photostable UVB filter that is
known to quench avobenzone’s triplet excited state [32], with BEMT, a broadband
(UVA and UVB) UV filter [33]. They determined the quenching rate constants of
OC and BEMT for avobenzone, finding that OC is about 2.5 times more efficient
than BEMT in stabilizing avobenzone. The authors also concluded that BEMT’s
stabilizing effect may in part be due to competition with avobenzone for photons.
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Another UV filter that has considerable overlap with avobenzone’s absorption spec-
trum is oxybenzone (benzophenone-3). Mendrok-Edinger et al. reported that adding
2 % oxybenzone to 4 % avobenzone increases photostability to 80 % compared to
23 % without [34]. Since it is energetically unlikely that Oxybenzone quenches
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avobenzone triplets (using the measured triplet energy of 4-methoxybenzophenone
as a proxy) [35], its competition for photons may explain the photostabilizing effect.

For excited state quenching to occur, the transfer of energy from excited UV fil-
ter to quencher must be energetically downhill (Turro et al., 2010, p. 385). That is,
the excited state energy of the quencher must be lower than the excited state energy
of the UV filter for the same multiplicity (singlet to singlet, triplet to triplet).

There are two common mechanisms by which an excited state donor (D) transfers
energy to a ground state quencher (Q). The first is a dipole-dipole interaction
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(also known as “Coulombic” or “Forster” energy transfer) in which the electric field
generated by the excited electron of the donor resonates with an electron of the
quencher, essentially transferring the donor’s energy through space to the quencher
(Turro et al., 2010, p. 399). Thus, the donor returns to the ground state, and the
quencher is raised to the excited state. This mechanism diminishes with the inverse
sixth power of the distance between donor and acceptor (Turro et al., 2010, p. 402).
Energy transfer by the dipole-dipole mechanism is the mechanism most often
responsible for singlet-singlet quenching.

The second mechanism is known as the electron exchange mechanism (also
known as “Dexter” exchange). In this mechanism, the excited donor (*D*) and
quencher (Q) collide such that the donor exchanges its excited state electron for one
of the quencher’s ground state electrons, returning the donor (D) to the ground state
and elevating the quencher (?Q*) to the excited state. Energy transfer by the Dexter
exchange mechanism is easily visualized as follows:
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The Dexter exchange mechanism is the most common one for triplet-triplet
quenching. The majority of photostabilizers on the market today (2014) function as
quenchers of avobenzone’s triplet excited state.

OC has long been recognized as a triplet quencher for avobenzone. Mendrok-
Edinger et al. (2009) reported that 3.6 % OC added to 4 % avobenzone in a sun-
screen emulsion conferred 90 % photostability. Lhiaubet-Vallet et al. tested
avobenzone alone and in combination with six other UV filters, measuring by HPLC
the amount of avobenzone and UV filter recovered after irradiation for four hours (!)
with a solar simulator. The UV filters tested were OMC, OC, BEMT, diethylamino
hydroxybenzoyl hexyl benzoate (DHHB), EHT, and dioctyl butamido triazone
(DBT). The combination of OC and avobenzone was the clear winner with 84 % of
the avobenzone and 100 % of the OC recovered. Next was BEMT and avobenzone,
with 72 % of the avobenzone and 96 % of the BEMT recovered. With no
photostabilizer, only 41 % of the avobenzone was recovered [36].

Polyester-8 is a low molecular weight (ca. 1900 daltons) organic polymer that is
terminated with cyanodiphenyl propenoic acid, the same chromophore as
OC. According to its manufacturer, it retains OC’s ability to photostabilize avoben-
zone by a triplet quenching mechanism though with lower efficiency [37].
Undecylcrylene dimethicone (UCD) is a silicone polymer that also incorporates the
OC chromophore. The manufacturer’s literature states that it “enhances the photo-
stability of the UVA filter avobenzone by quenching its triplet excited state” [38].

Ethylhexyl methoxycrylene (EHMC) is a commercially available cosmetic
ingredient that is marketed as a photostabilizer for avobenzone and other photolabile
compounds [39]. Kikuchi and co-workers determined EHMC'’s excited singlet and
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triplet state energies to be 72.3 kcal mol™! and 55.5 kcal mol™, respectively [40].
These excited state energies are below those measured by Kikuchi et al. (2009 and
2010) for avobenzone (73.2 kcal mol~! and 58.3 kcal mol!, respectively) and for
OMC (85.49 kcal mol! and 55.75 kcal mol™!, respectively), making the quenching
of the singlet and triplet excited states of both compounds by EHMC energetically
feasible. Researchers at the University of California-Riverside confirmed the ability
of EHMC to quench avobenzone’s singlet excited state. The researchers employed
a streak scope (also known as a streak camera) to measure avobenzone’s fluorescence
lifetime in the absence and presence of varying concentrations of EHMC. At
10 mmol concentration of EHMC, the singlet excited state lifetime of avobenzone
was reduced from 1.3 x 107!"' s to 1.86 x 107'? s, shorter by about an order of
magnitude [41].

Bonda et al. (2010) compared EHMC and OC to photostabilize the combination
of avobenzone and OMC. The researchers prepared three solutions of 3 %
avobenzone and 7.5 % OMC in ethyl acetate. One solution contained 3 % EHMC,
one contained 3 % OC, and a third control solution contained no photostabilizer.
The solutions were applied to PMMA plates and allowed to dry before they were
irradiated with a solar simulator. After 25 MED, the control with no photostabilizer
retained 44.5 % of its UVA absorbance compared to 53.9 % with 3 % OC and
83.7 % with 3 % EHMC.

4-Methylbenzylidene camphor (4-MBC; USAN Enzacamene) is a UV filter that
functions as an avobenzone photostabilizer, almost certainly by a triplet quenching
mechanism. Though not permitted in the USA, it has been used in Europe for
decades at concentrations up to 4 %. Mendrok-Edinger et al. (2009) prepared a
solution of 4 % 4-MBC and 4 % avobenzone which they applied to a roughened
glass plate and then irradiated with 25 MED. Afterward, the plate was washed with
solvent, and the resulting solution was analyzed by HPLC. Subsequently, 88 % of
the avobenzone was recovered compared to 23 % from the solution containing no
photostabilizer.

Another triplet quencher for avobenzone is diethylhexyl 2,6-naphthalate (DEHN)
[42]. Mendrok-Edinger et al. (2009) found DEHN to be mildly effective. In their
experiment, less than 50 % of avobenzone was recovered after 25 MED. Bonda and
Steinberg reported that matched sunscreens containing 3 % avobenzone and either
0 % or 4 % DEHN were exposed to 10 MED of solar-simulated radiation and then
analyzed on a UV transmittance analyzer. In the sunscreen without DEHN, UVB
and UVA attenuation declined to 77 % and 64 %, respectively, while in the sun-
screen with 4 % DEHN, UVB and UVA attenuation remained at 92 % and 91 %,
respectively [43].

Polyester-25 is a low molecular weight polymer that is marketed as a photostabi-
lizer for avobenzone [44]. Based on examination of its structural components, it
would be expected to function mechanistically in a manner similar to EHMC.

A recent entry to the photostabilizer category is trimethoxybenzylidene
pentanedione (TMBP) [45]. The manufacturer tested ethanol solutions containing
3 % avobenzone, 5 % octisalate, and 15 % homosalate to which was added either
4 % OC, 2 % DESM, or 2 % TMBP, measuring UVA absorption before and after
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irradiation. After 100 J/cm?, the solution containing TMBP retained about 70 % of
its UVA absorption compared to 60 % for OC and about 30 % for DESM.

Another concept is to use antioxidants to photostabilize avobenzone. Afonso
et al. investigated this strategy by combining ubiquinone (coenzyme Q-10) and
tocopherol (vitamin E) at various ratios with avobenzone in model sunscreen
emulsions [46]. They reported a 62.2 % increase in avobenzone photostability when
avobenzone was combined with ubiquinone at a 2:1 ratio and a 15.3 % improvement
when avobenzone was combined with tocopherol at a 1:2 ratio.

Bis-ethylhexyl hydroxydimethoxy malonate (HDBM) is marketed as an
antioxidant that improves avobenzone photostability. According the manufac-
turer, HDBM'’s triplet energy is too high to quench avobenzone’s triplet excited
state. Rudolph et al. tested a solution of 2 % HDBM and 2 % avobenzone in
isopropyl myristate which they spread on PMMA plate. The plate was irradi-
ated in a xenon test chamber with the equivalent of 5 MED, after which the
sample was extracted with solvent and the absorption of the solution measured.
At 355 nm, the avobenzone peak, the sample lost 41 % of its absorbance com-
pared to the control with 2 % avobenzone alone which lost 58 %. A structurally
similar compound, DESM, was also tested. DESM is marketed by its manufac-
turer as both an antioxidant and a triplet quencher for avobenzone. After irra-
diation, the solution of 2 % DESM and 2 % avobenzone lost 29 % of its
absorbance at 355 nm [47].

Butyloctyl salicylate was found by Mendrok-Edinger et al. (2001) to be moder-
ately effective in photostabilizing avobenzone. When butyloctyl salicylate was
added at 5 % to a 4 % avobenzone solution then irradiated with 25 MED, 50 % of
the avobenzone was recovered compared to 23 % without butyloctyl salicylate.
Excited state quenching by butyloctyl salicylate of avobenzone is energetically
unfavorable and is therefore ruled out [48]. As a liquid phenol, butyloctyl salicylate,
like other salicylate esters, is a protic solvent. Recalling that avobenzone is
essentially photostable in protic solvents such as isopropanol, it is likely that the
stabilizing effect on avobenzone is due to butyloctyl salicylate’s proticity. This
effect was previously reported by Bonda et al. (1997).

Sunscreens that combine avobenzone and OMC present a special challenge for
photostabilization. Under exposure to UVR, avobenzone and OMC engage in a
reaction known as the De Mayo reaction. The De Mayo reaction describes the reac-
tion of an enol with an alkene to produce a [2+2] cycloaddition followed by a retro
aldol cleavage [49]. The reaction usually proceeds through the excited enol.
However, in the case of avobenzone and OMC, the reaction probably proceeds
through the excited alkene, OMC. This view is supported by Kikuchi and Yagi who
observed the intermolecular triplet-triplet energy transfer from avobenzone to OMC
through measurements of EPR and time-resolved phosphorescence spectra [50].
First they noted that triplet-triplet energy transfer from avobenzone to OMC is
energetically favorable because avobenzone’s triplet energy (Er; e =358.3 kcal mol™;
Eri keto=09.8 kcal mol™") lies above that of OMC (Er,=55.75 kcal mol™), while
avobenzone’s singlet excited state (Eg; ¢no=73.2 kcal mol™") lies below that of OMC
(Es;=85.5 kcal mol™), thus ruling out singlet-singlet energy transfer.
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Lhiaubet-Vallet et al. determined the bimolecular quenching rate constant of the
methylated avobenzone analog, BM-DBM-Me by OMC to be 7.3 x 10° M~! s7!. For
reference, the researchers also measured the bimolecular quenching rate constant by
OC to be 3.8 x 10° M™' s7'. By inference from
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these findings, avobenzone efficiently transfers its triplet energy to OMC which
elevates ground state OMC to its triplet excited state. OMC triplets then become the
aggressive species in the previously described De Mayo reaction to photodegrade
both compounds and produce photoproducts. OC’s quenching rate constant, at only
about half of OMC'’s, is not competitive.

Chatelain and Gabard (2001) studied the ability of BEMT to photostabilize the
OMC-avobenzone combination, finding that BEMT exerted a protective effect on
both UV filters. In sunscreens containing 5 % each of avobenzone and OMC, adding
5 % BEMT decreased photodegradation of OMC from about 65 % to about 48 %
and photodegradation of avobenzone from 45 % to about 35 %. Photostabilizing the
combination of OMC and avobenzone remains one of the great challenges in
sunscreen formulating.

14.7 Testing Sunscreen Photostability

There are many ways to measure photostability. In this section we are concerned
only with methods that measure the photostability of fully formulated sunscreen
products as opposed to solvent systems that contain one or two UV filters.

One of the easiest methods to test sunscreen photostability is to monitor the
change in transmission of an otherwise transparent plate (e.g., quartz or PMMA)
that has been coated with the sunscreen being tested while it is being irradiated by
UVR. In this method, the coated plate and suitable controls are placed in the path of
the UV beam. Transmission is monitored by a detector in line with the beam but
placed on the other side of the plate. The change in UV transmission seen by the
detector may be quite rapid for a photolabile product. For example, if the output of
the solar simulator is 150 MED/hour, the solar simulator is emitting approximately
0.042 MED per second or about 1 MED every 24 s. Theoretically, the initial output
through the product covered plate would be 5 MED/hour for an SPF 30 sunscreen.
The MED/hour would rapidly climb for a photolabile product as the sunscreen’s
ability to absorb UV rapidly declines. The advantage of this method is it is simple
and fast. A second advantage is that it somewhat mimics the SPF test. The sunscreen
product sees the same spectra in the photostability test as it does in the actual SPF
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test. If a product is seen to deteriorate rapidly in the photostability test, then
essentially the product must be formulated with a heavier load of sunscreen actives
than a photostable product would need to obtain the same SPF. The disadvantages
of the test are that (1) the photostability of the product may be worse in sunlight than
under the solar simulator; and (2) the test does not identify which ingredient or
ingredients may be degrading.

A second method involves scanning a spot on a UV-transparent plate such as
PMMA or quartz to which a sunscreen has been applied, then irradiating the plate
and rescanning in the exact same spot. The scan should be made with a
spectrophotometer designed for this application. Most companies in the industry
use an instrument called a UV transmittance analyzer for this purpose. It is
recommended that several scans in different locations on the plate be made. The
irradiation source can be any device that emits UV energy. If a solar simulator is
utilized, it is recommended that it has a beam sufficient to cover the entire plate. Of
course, natural sunlight can be used as the UV source. In either case a radiometer or
spectroradiometer is used to measure the amount of radiation employed. This
method also has an advantage in that it is relatively simple. Another advantage is
that a variety of irradiation sources can be utilized. Another advantage is that many
of the spectrophotometers that are routinely used to test samples like this have
software that will automatically calculate such things as SPF, critical wavelength,
UVA-PF, etc. Yet another advantage is that the change in absorption at different
wavelengths can be seen. This provides some guidance as to which UV filters might
be degrading. For example avobenzone is the only UV filter approved in the USA
with a maximum absorbance at around 360 nm. If a loss of absorption is greater
around this wavelength, then it is reasonable to assume that the avobenzone is
degrading. A major disadvantage of this method is, again, it only shows where loss
of absorption occurs and does not identify each individual sunscreen.

In the next method, the sunscreen coating the plate is extracted with solvent after
exposure to UVR and analyzed by HPLC in order to measure quantitatively the
amount off each UV filter that remains. This method is much more precise than the
previous two. It also has the advantage that both broad-spectrum UVR sources and
natural sunlight can be used for irradiation.

Though this method supplies some of the best information concerning
photostability, it does have one distinct disadvantage in that it requires development
of a validated analytical method for each different UV filter combination that might
be encountered. The difficulty here is that in HPLC the peaks for different
compounds often overlap or obscure each other completely, making quantification
impossible. To be meaningful, the peaks must be separated, which is a time and
resource consuming process.

The fourth method is an in vivo one. As such it is perhaps the most revealing but
also the most difficult to perform. It is similar to the previous (HPLC) method in
that it involves assaying product to see which individual sunscreens degrade. A
measured amount of a sunscreen product is applied to a human volunteer. After
irradiation, the application site is washed with a suitable solvent (e.g., ethanol or
isopropanol), and the resulting solution is analyzed by HPLC.



14 Sunscreen Photostability 269

The result is a real-world evaluation of how a sunscreen product performs on the
skin after UV exposure. A broad-spectrum UV source can be used for irradiation,
but even better, natural sunlight can be used.

There are disadvantages. This method is difficult and requires the most skill of
several disciplines to accomplish. The analytical method must be validated. The
ability to swab most if not all of the available sunscreen from the skin must be
validated. The ability to extract the sunscreen from the swab material must be
validated. It requires trained clinical personnel to apply the product and monitor the
subjects during all phases of the test. Institutional Review Board approval may be
required before starting the test.

For additional detail and approaches to measuring sunscreen photostability, the
reader is referred to Sayre et al. (2009) [51], Moyal et al. (2002) [52], and Ou-yang
et al. (2010) [53].

Before concluding, we offer a few words about light (radiation) sources:

A number of published studies have found that, both theoretically and
experimentally, solar simulators differ from each other in the SPF they provide and
that even solar simulators that comply with regulatory standards may not provide
the same SPF as natural sunlight [54-58]. Whether or not this is due to differences
in photostability in natural sunlight compared to artificial sunlight is an open
question. Gonzalez et al. (2007) report a case in which photostability of a sunscreen
was greater in natural sunlight than in artificial sunlight. On the other hand, Lott
contends in his patent titled “Natural Sunlight Photostable Composition” (US
7,309,481) that “...wavelengths present in natural sunlight that are missing in the
artificial spectra, or are present in much less relative amounts than in natural
sunlight, are responsible (at least in part) for degradation reactions in many
sunscreens.”

14.8 Summary and Conclusion

The organic UV filters in sunscreens are photochemicals that absorb the energy in
ultraviolet radiation (UVR) by converting it to electronic excitation energy. At a
molecular level, this is understood as the promotion of a single electron in an
outer or valence orbital from its lowest energy state to a previously unoccupied
orbital of higher energy, referred to as the excited state. Subsequently if physical
processes drain the excess energy so that all of the molecules of the compound
return unchanged to the ground state, then the compound is photostable. If, how-
ever, the excess energy fuels chemical processes that change some or all of the
molecules, the compound is photolabile. Photolabile compounds lose effective-
ness as UV absorbers as they are exposed to UVR. So it is with some of the
organic chromophores contained in sunscreens and, therefore, with sunscreens
themselves.

As recognition of the skin-damaging effects of UVA radiation has grown, sun-
screen scientists and photochemists have increasingly turned their attention to
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understanding avobenzone, still the only effective organic UVA protectant approved
worldwide. Today, after 20 years of study, a comprehensive (though still incom-
plete) picture of avobenzone’s complex photochemistry has emerged. In a nutshell,
UVR exposure induces fragmentation and radical formation in a dose-related man-
ner. Exactly how this happens is not yet fully understood. What is known is that
avobenzone photodegradation is mitigated or curtailed by combining it with com-
pounds that quench its excited states. When combining avobenzone with TiO, or
7Zn0, coated is better than uncoated, and rutile is better than anatase.

All UV filters have been shown to be photolabile to some degree, though under
conditions of actual use, many can be considered to be photostable. In contrast,
the most widely use UVB filter in the world, OMC, is relatively photostable when
tested at low concentration in ethanol, but quite photolabile when tested at realis-
tic concentrations and in formulated products. When OMC and avobenzone are
combined, UVR catalyzes a photochemical reaction that degrades both com-
pounds, a result that continues to vex sunscreen formulators and for which no
complete “cure” has yet been found though both BEMT and EHMC have been
reported to help.

A number of photostabilizers have been developed that are more or less effective
at preserving avobenzone from photodegradation. Protic solvents help, as does
increasing optical density. The best photostabilizers quench avobenzone’s excited
states. Most of these are triplet quenchers; one has been shown to quench avoben-
zone’s singlet excited state.

Testing sunscreen photostability is straightforward: a measured amount of
product is placed on a substrate and analyzed before and after exposure to UVR and
the results compared. Ideally, the sun would serve as the radiation source. As a
practical matter, solar simulators must suffice for the foreseeable future.

The saga of sunscreen photostability has already produced a lasting dual legacy:
for consumers, the widespread availability in much of the world of photostable sun-
screens, and among sunscreen scientists, a new and deeper understanding of sun-
screen photochemistry. Just as the former promises better health for millions, the
latter portends a future of continual improvement in skin photoprotection.
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