5~ HallStar

Sunscreen Photostabllity:
What it Is and how to make It
better

by Craig Bonda

taken in part from papers eauthored by Anna Pavlovjc
KerryHanson, ChriBardeen

ITheHallStar Company, Chicago, lllinois
2University ofCaliforniaRiverside

Contact: chonda@hallstar.com

© 2011The HallStar Company Right Chemistry...Positive Solutions



Preview

A Brief review of international sunscreen
regulations as related to UVA

A A brief look at the photophysics of organic UV

filters

A Introduction to a new photostabilizer for

broac
A Resu

A Conc

spectrum (UVB/UVA) sunscreens
ts ofn vivostudies
usions

Right Chemistry...Positive Solutions



W/cm?

Fops 2F GKS azftl N ! =+

Solar Irradiance
Albequerque, NM, Noon July 3

1.00E-04
B UVA
5.00E-05 B UVB
0.00E+00-

290 300 310 320 330 340 350 360 370 380 390 400
Wavelength (nm)

Right Chemistry...Positive Solutions



T T edin

Commonly used abbreviations

ASPF= Qun Protection Factor
AThe ratio oferythemalresponse (reddening) of protected skin
to erythemalresponse of unprotected skin
APPD= PersistentPigment Darkening
AThe biological response of skin to UVA exposure
AThe test method used to test for protection against UVA
APFA= Protection Factor UNA
AThe ratio of PPD of protected skin to PPD of unprotected skin
AAlso calledJVAPFor UVAProtection Factor
ACW= Cri?mtical Wavelenath

_[ AV = 0.94TA(1}dl

290 290

Where Ac = critical wavelength

A(X) = mean absorbance at each wavelength

di = wavelength interval between
measurements
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International Sunscreen Regulations
relating to UVA protection
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Four Examples of Regulatory Venues

A U.S.
A Sunscreens regulated as OvéreCounter drugs
A Japan
A Sunscreens regulated as cosmetics
A Europe (EU)
A Sunscreens regulated as cosmetics
A Australia
A Sunscreens regulated as Therapeutic Goods

Right Chemistry...Positive Solutions
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U.S.

A June 17, 2011: FDA published its Final RwieRinal
a2y 23N} LIKOU X

A Createsi 62 &dzy aONBSY OFUGSI2ZNRASaY { dz
AlLJISOUNMHzYe YR adzyaONBSya uKFOG ||

A To qualify as broad spectrum, a sunscreen must have a minimum

critical wavelength of 370
Ad¢cKS ONRGAOIT ¢ oSt Sy3adK Aa
which the integral of spectral absorbance curve reaches 90

percent of the integral over the UV spectrum from 290 to 400
VY ®PeE

A All other sunscreens are not broad spectrum

© 2011The HallStar Company Right Chemistry...Positive Solutions



U.S.

A June 17, 2011: FDA published its Final RuleRinal
a2y 23N} LKO X

A Testing-- clinical test required for SPF ahdvitrotest required for CW

A Primary change to SPF test is reduction of valid tests from 20 to 10
(up to three may be rejected)

A Critical Wavelength determined on PMMA plate (roughnegs 2
micron) following 4 MED exposure with solar simulator.
Application rate-- .75 mg/cn? (no presaturated finger cot)

A Critical Wavelength calculation

e 400
_[ A(M)dL=0.9 _f AL

290 290

Where Ac = critical wavelength

A[X) = mean absorbance at each wavelength

di = wavelength interval between
measurements
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Absorbance

UV absorbance of a sunscreen that passes the broad spectrum test
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U.S.

A sunscreen that does not pass the broad spectrum test
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U.S.

A June 17, 2011: FDA published its Final RWeGA y I f a2y 2:

A Labelingg new ways of communicating protection

A Sunscreens that pass the broad spectrum test are labeled as Broad
Spectrum SPF (value) on principal display panel. Broad spectrum
products with an SPF value of 15 or greater can claim to protect agains
sunburn, and decrease the risk of skin cancer and early skin aging
when used as directed with other sun protection measures.

A Sunscreens that do not qualify as broad spectrum or have SPF values
less than 15 may only claim to protect against sunburn and must carry
a warning on the label that the product does not decrease the risk of
skin cancer or early skin aging.

A Sunscreens previously qualified as water resistant now labeled as
Gol GSNJ NBaAauIy' onn Y)\)fdzuSaUCDs
gl 0SNI NBaArAadlyld y2¢ ft10StSR & ¢

A¢CSN)¥a &adzOK | &weadtpioomieS NEWBCRGF 3/¢2 Ga | £
and prohibition will be enforced!
A Must conform to OTC Drug Facts labeling format

© 2011The HallStar Company Right Chemistry...Positive Solutions



Sunscreen that helpgrevent sunburn andlecreases risk of skin cancer and early
skin aging

Sunscreen Labeling

According to Drug Facts
2011 Final Rule Active I i
Ayoborrons 3% S
i used as directsd with ofher sun ';;;“"*‘1“* - } e
mathosycinnamate 7.
reduces the risk of shin cancer .MHF-
and early skin aging. az well az F + il umed e dinated with other sun profection measunes {see Directions),
deoraasas tha risk of sikin canoer and sarty skin aging cnussd by ths sun
heipz prevent sunburn.
Warnings
Oy products labaled with both For external uss only
"Broad Spectrum” AND SPFI5 or Do not wse on damagaed of broken skin
higher have besn shown fo Whan using this product keep out of oyes. Rinse with waber fo move.
. all thees Fita /_ Stop wse and ask o dootor if rash coours.
’ BRAND Keep out of reach of children. I product is swallowsd, gat medical
help or contact a Poison Contral Canbar right ey,
Sunscreen \
Directions
* apply liberally 16 minuies befofa sun axposure
* roapply:
+ adter 40 minutas of swimming ot sweating
| * immaediataty afbar fowal drying
| lanst 2 hours
| SPF 15 ot skin cancer and sarky skin aging. To decnsasa this sk, mgulsly =

& sunachsan with a broad spectrum SPF of 15 or higher and ofher sun
protection maasuras including:
* |imit tima in the sun, especially from 10 am. -2 p.m.
* wonid’ longesleava shirts, pants, hats, and sunglassas
= ghikdren undar & months: Ask a doator

Inactive
o oo, Lt sl bz alookol, corbonne, cinmthicors,
- gy ]
WATER RESISTANT e e st o tocopharc fvitamin E)
(40 MINUTES) riathanclemmine, waler
Other information

* probact this product from exoassive heat and direct sun

or comments?
Call toll from 1 -S00-2000- 000

FDA

© 2011The HallStar Company Right Chemistry...Positive Solutions




Sunscreenghat only help prevent sunburn and require Skin Cancer/Skin Aging Alert

Sunscreen Labeling According to 2011 Final Rule
These products have Not been shown o profect against skin cancer and
sarly skin aging. They have bean shown only 0 help prevent sunbum.

L) LJ

Drug Facts

Active Ingrediants Purpose
Ayobonzona 3%
Homosalats 10% Sunacreen

Ootyl mathoxycinnamats 7.6%

BRANDY

Sunscreen \

. BROAD SPECTRUM | SPF 30
SPF 10

WATER RESISTANT VWATER RESISTANT

{40 MINUTES)

(40 MINUTES)

FIoA

© 2011The HallStar Company

Uses
* holps provent sunbum

Warnings

Skin CancerSkin Aging Alart: Spending time in the sun inocnases your
risk of skin cancer and sarly skin aging. This product has been shown
only to pravant sunburm, not skin cancar of earty skin aging.

For external wse only

Do not uss on damaged or brokoan skin

Whean using this product keep cut of ayas. Rinsa with water to remowe.

Stop use and ask a dootor if rash ooours

Keap out of reach of children. i produat is svenllowed, get madical
help o contact a Poison Control Cander ight away.

Dirsctions
# apply liberally 15 minutes befone sun exposure
.

* giter 40 minutes of swimming or sweating
* immudinbaly after towal drying
* of lanst avery 2 hours

+# ghildsen unde & montha: Ask a dockor

Inactive

aloe axtract, bafdum sulfate, banzyl alcohol, carbomeat, dimethicona,
discdium EDTA, jojoba oi, methylparaben, cotedecane'hds

oopolymar, polyglyoaryl=3 distearate, phanethyl alcohol, propyiparaben,
sarbitan iscstenrnbs, sorbitol, stearo said, tooopherol (witemin E),
{riethanclaming, water

Other information
* probaot this product from exoassioe heat and difect sun

Questions or comments?
Call toll Frove 1 =S0N0=2000 0000
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Japan

AUVAPF determined clinicallyn(vivo)by PPD* and
O2YYdzy AOF USR OGAl | abce
APA+ (24)
APA++ (48)
APA+++ (highest level of UVA protectipRPD
score of 8 or greater)

*Persistent Pigment Darkening

Right Chemistry...Positive Solutions



Japanese Sunscreen Labeling

NIVEA

PROTECT
WATER GEL

Note PA++

below SPF 25 [E=—— "5 &




> I

Europe

Ratio of labeled SPF to PFA should be no greater
than 3

Critical wavelength should be at least 370 nm
tt5 A4 tC! a32f R Invilrd yR
UVA method proposed b@olipaincludes pre
Irradiation

SPF scores are grouped; for example:
A SPF 3@ 49.9 is SPF 30 (PFA 10)
A SPF 5@ 59.9 is SPF 50 (PFA 17)
A SPF >59.9 is SPF 50+ (PFA 20?)

Right Chemistry...Positive Solutions




European Sunscreen Labeling

Note color
coded category
ratings. These
I NB al 2
al A IKDPE
V20S a9
Konformé
meaning it
meets the 3:1
SPF to PFA
standard.



Australia

A All sunscreens must be SPF 15 and have minimu
Critical Wavelength of 360 as determinediby
vitro test that includes prerradiation

A Expected soon to adopt a version of the 2006 EU
Recommendations (SPF.PFA:1)

© 2009The HallStar Company Right Chemistry...Positive Solutions



Australia

AS/NZ 2604
ARevised draft open for public consultatigdeadline July 18, 2011
AExpected to be published end 2011/early 2012
AWaiting for ISO 24443 in vitro UVA to be published befordfinatise
Ancludes ISO 24444 in vivo determination of SPF
AVlaximum SPF will be raised from 30+ to 50+
ASpecifies permitted SPF numbers (more than EU; 4, 8 + 40) for
mandatory labeling.

ABroad spectrum:
Acurrently optional unless making afgtgeing claims
Aproposal to make obligatory if SPF >30 (primary + secondary)
AINRB LI2Zalf F2N 2LJ0A2yFf WOEGNY ONRIR
sunscreens

Credit: DebraRedbourn dRCosmetic Regulations, UK
Presented at Sun Protection Conference, Jurg, 2011, London
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Australian Sunscreen Labeling

HAMILTON

QUADBLOCK’

FOR EXTREME SUN EXPOSURE

SPF 30+ is the
highest

allowed T ﬁg-
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The Photophysics of Organic UV
Filters
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The Paradigm of Photophysics and Photochemistry

Photochemical

!(Change in structure or geometry

(Electronic isomer) (Chemical reaction)
R +hn >R n__, - P
A A

(No change in structure or geometry)

Photophysical Thermal

R= Chromophore in ground state
*R = Chromophore in excited state
| = Reactive intermediate
P= Reaction product
hn = UV photon

NJ Turro, V Ramamurthy, 3€aianpPrinciples of Molecular

PhotochemistryniversityScience Boaoks; Sausalito, A 2009,p. 40



Visualizing Photon Absorption

Photon Absorption to EKorma ydrbﬁlfh Excited State
© BlackLight Power, Inc




Resonance ConditioiDE =hn

( 1122 nm,DE=234 kcal md)
Excited State

+ > ']

\1S' \1S

hn

Ground State Ground State



Resonance ConditioliDE =hn
( 1280400 nm,DE=98.671.5 kcal mo’r)

Singlet

\/ ; — Triplet

Lowest Unoccupied
Molecular Orbital (LU)

—9—
B

D O©— O —

Highest Occupied
Molecular Orbital (HO)
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DEXSTER
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DeactiVationof Excited Sates by
Emissionsaand RadiationlesdPathways

GROUD STATE
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DEXSTER

molecules i
from the
ground state
to the singlet

excited state.
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DEXSTER

Physical
processes
“drain” the
molecules to
the triplet
excited state,
and directly to
the ground
state.

Right Chemistry...Positive Solutions
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DEXSTER

The faucet
“leaks” all the
molecules
destroyed by
photochemical
reactions.

© 2009The HallStar Company Right Chemistry...Positive Solutions



Chromophores, including the UV

filters used In sunscreens, convert

the energy in ultraviolet radiation

(UVR) and light into electronic
SEOAUGFGA2Y SySNH&X
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Electronic: y/g
(computed from quantum numbers n,l,m)*

Shown:
1s0 to 2pl to 1sO
amu=1

Rendered with
Orbital Viewer,
available on
www.orbitals.com

-
0
v
5
-

*principal, orbital,(s,p,d,fetc.) angular momentum
Right Chemistry...Positive Solutions



Chromophores, including the UV
filters used In sunscreens, convert
the energy in ultraviolet radiation
(UVR) and light into electronic
SEOAGI GA2Y Sy SNH

X

(D-

XUKSY O2y@SNU Sf SO
excitation energy into nuclear
vibrational energy.

Right Chemistry...Positive Solutions



Vibrational: ¢ (Nuclear Motion)

The simplest case is the stretching motion of a
diatomic molecule

2 N i

| 221 SPE=EUKRG Y

Potential energy equals one half the spring
constant (bond strength) times the square
of the displacement from equilibrium

Right Chemistry...Positive Solutions



Potential energy

When graphed, the motion of an harmonic
oscillator describes a parabola: y axis is
energy; X axis is internuclear separation

PE = % kx?

Internuclear separation

MNBHL CHEHISU Y. FUSILIVE Solutions
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Vibrational: ¢ (Nuclear Motion)

Classical Potential Energy Curve

Potential energy
of form Energy
12
2k ?
|
Y I T W - S
i :
| ,
D I R :
.

€-—--—=====

-
Internuclear separation X
Each point on the surface represents a specific energy and geometry

1 ILLIJ.II ] Iy 'JCI-phySiCS. phy
astr.gsu.edu/hbase/quantum/hosc.htn



The 3D molecular
motions take the
form of anenergy
surfacewhere each
point on the surface
corresponds to a
potential energy and
specific nuclear
geometry. A
potential energy
curveis a cross
section of a 3D
energy surface

Vibrational: ¢ (Nuclear Motion)

.

©LMCE Environmental LaboratoBgolePolytechniqueé~ederal de Lausanne. Used with permission
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Vibrational: ¢ (Nuclear Motion)

The 3D molecular
motions take the
form of anenergy
surfacewhere each
point on the surface
corresponds to a
potential energy and
specific nuclear
geometry. A
potential energy
curvels a Cross
section of a 3D
energy surface

http://en.wikipedia.org/wiki/lmage:Thermally Agitated Molecule.qgif



http://en.wikipedia.org/wiki/Image:Thermally_Agitated_Molecule.gif

-
- >

Vibrational: ¢ (Nuclear Motion)

Vibrational motion is both quantum and anharmonic

=3

4.0

rJ

U

WRY104 an—1
(-
=

=40 Pl il [T O NS | R [N T, |f—
00 20 40 60 20 100 120
R/au
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Potential energy

R+finA*R Fluorescence?)
*RA R +hn
\ i Wi
i'—- V=5 ?\\‘ f.—-—— >
i | .
I l /
I | |
] o :>
DEhn | ; ! +hn? o
! : | X0SOlFdzaSsE GKS
i V=3 : } are actuallyanharmonig
i i / and may lead to reactive
.- V=0 I inter-mediates and
N products.
Equilibrium
O/H O

Nuclear configuration

Right Chemistry...Positive Solutions



AvobenzondJnimolecularPhotoreactions

0O O
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Electron spinS
Background

Experimentally, it was discovered that silver atoms, having lone electrons with
no orbital angular momentum €& s or O)n their outer shell, are deflected by

a nonuniform magnetic field (SterGerlachExperiment, 1921) into two

distinct parts indicating that the have a magnetic moment with two possible
orientations. Classically, a charged particle such as an electron with a
magnetic momenmusthave angular momentum; i.e. be a spinning ball of

charge.

> Direction of magnetic field, z

Direction of L
travel



Rotational motion and Tc")rie"r']tation of a
free electron in a magnetic field

Clockwise spin in the direction of the vector

Right Chemistry...Positive Solutions



Rotational and precessional motion and orientation of a
GdzLJ St SOUNRY AY | YI

\\'
‘\
X

Z Axis
Free electrora (s = %2,m= +%)
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Rotational and preceésional motion and orientation of a
GR2oYy ¢ St SOUNRY AY | YI

Free electrorb (s = %2,m=-%)

Right Chemistry...Positive Solutions



¢KS {Ay3aftSaG {dGrasSyY d
precessing 180out of phase (antiparallel)

Either
orbitally
paired or
unpaired

FaoO2 At SKe v STy @ iSingletStaten, b, bya, (S = 0,M= 0)

vectors are added together

Right Chemistry...Positive Solutions



~ o A. - T
¢CKS C¢NALIX Su {ulFuSY aO2dzL3x
vectors; precessing in phase (parallel)

Always
orbitally
unpaired

FaO2dzld SRE YSIya dTFipletstate sublevels,] T, T,
vectors are added together

Right Chemistry...Positive Solutions



Photofragmentation
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Avobenzone Octyl Methoxycinnamate Photoreaction

OH O
N | =
SRS - '
N
~0 [ N

O/

/O

D. Dondi, A. Albinia, N. Serpone., Interactions between different solar
UVB/UVA filters contained in commercial suncreams and consequent loss of
UV protection,Photochem. Photobio. S@Q06,5, 835843

Right Chemistry...Positive Solutions
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Energy transfer

(also called Excited State Quenching)

A General Description
i[] SG a5¢é 06S (UKS 52y 2N 0
state)
i[] SO G!'é¢ 0SS UKS ! OOSLJII 21
state)

D+ AA D+ A*

Right Chemistry...Positive Solutions
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Energy transfer

A Two important mechanisms

I Dipole-Dipole (aka Coulombic dforsterquenching; also
see FRET)
Aal QaAzy Fd I RAaAGFIYyOSE (GK2dzAK
power of the distance between donor and acceptor
A Primary mechanism for singlet quenching

T

Right Chemistry...Positive Solutions



Energy transfer

A Two important mechanisms

I Dipole-Dipole (aka Coulombic dforsterquenching; also
see FRET)
Aal QaAzy Fd I RAaAGFIYyOSE (GK2dzAK
power of the distance between donor and acceptor
A Primary mechanism for singlet quenching

Deonor fluerescence, Iy Acceptor absorbance £,

—
Vv

Right Chemistry...Positive Solutions
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Energy transfer

A Two important mechanisms

I DipoleDipole (aka Coulombic &ibrsterquenching; also
see FRET)

I Electron Exchange (aka Dexter exchange)
A Requires proximity (electron cloud overlap)
A Dominant mechanism for triplet quenching

raght Chemistry...Positive Solutions




Energy transfer

A Two important mechanisms

I DipoleDipole (aka Coulombic &ibrsterquenching; also
see FRET)

I Electron Exchange (aka Dexter exchange)
A Requires proximity (electron cloud overlap)
A Dominant mechanism for triplet quenching

+
!

Right Chemistry...Positive Solutions
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HO




In ker/k,

Energy transfer

Comparison of Coulombic (dipetipole) mechanism with Dexter Exchange

Size of aromatic
hydrocarbons

) Hypothetical plot of ET efficiency by

10

separation of Donor and Acceptor, R

Coulombic (26 In Rpa)

4

=——Dexter exchange (22Rp/Ros)

-10

20 n 40
Roa (A)

NJ Turro, V. Ramamurthy, S€aianoPrinciples of Molecular
Photochemistry)niversityScience 'Books, Sausalito, CA 2009, p. 402
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* Octocrylene \

* Polyester-8

* Diethylhexyl 2,6
naphthalate

* Methyibenzylidene

camphor )

© 2007 The HallStar Company Right Chemistry...Positive Solutions
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* Ethylhexyl methoxycrylene ]

)

GROUND)STATE

I
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another photon in a process calléduorescence (F)

SINGLET EXCITED STATE

GROUNDISTATE
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Test
Spots

MNegative
Controls

No + ++

Quencher Quencher Quencher

OO0

No Diluent + Diluent

++
Diluent

U.S. Patent 7,776,614
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Visible fluorescence of Avobenzone and
Octyl Methoxycinnamate (OMC)

Avobenzone OMC



Introduction to a new pho

broad spectrum (UVB/UVA) sunscreens

N:\)L,Jmiw
ST

| CosHzoNO,
391.214744

ANCI: Ethylhexyl methoxycrylene
AQil soluble
AHighsolvency (w/w)
Avobenzone25%
Oxybenzon&30%
Octyltriazone 25%
Bemotrizinol25%
AU.S. Patents 7,588,702; 7,597,825; 7,713,519; 7,754,191, 7,959,83:

Right Chemistry...Positive Solutions
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Avobenzone Fluorescence
Quenched by Ethylhexyl Methoxycrylene
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OMC Fluorescence Quenched .
by Ethylhexylmethoxycrylene

Right Chemistry...Positive Solt



Streak Scope Measurements

Sync signal O
?WEE‘I} electrode Streak Imaga
Optical /
mtansﬂ},r ~ . | %o
“ =
R Time
rine Slit Accelerating electrod ——— Space
Incident light cceleraling e e L Phosphor screen
Photocathode
MCP

© 2008 Hamamatsu Photonics
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Streak Scope Measurement of Avobenzon

Fluorescence Lifetime: 1.3 x3sec.

Awo_sineak

Fluorescence Lifetime Raw Data

1.0 S — Aobenzone in ETOH

— EtOH

0.8 -

1. The decay for Avo is
slightly broadenead relative
to the raman of ERCH

2. Can convolve Et with Avo data
to distinguish s

0.4 +

0.2 4

Fluorescence Intensity (normalized)

0.1 02 0.3
Time

Fluorescence Intensity (normalized)

1.0

0.2 -

0.6 5

0.4

Convolution of Avobenzone in EtOH

Avobenzone in EtOH
=13 ps

0.0 01 0.2
Time

Right Chemistry...Positive Solutions
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Streak Scope |
no Quenching by Octocrylene at 75:1

Avobenzone (.4 M) and Octocrylene (30 M) in Ethanol
No statistical difference between :(avo) & t(oc)

1.0+

Avobenzone
Avobenzone + Octocrylene

0.8 < Longer Time-Scale View

Fluorescence Intensity (normalized)

005 000 005 010 015
Time (ns)
Figure 3: Streak scope data shows that OC does not quench the

singlet excited state of EMDM (avo above), even when the ratio of OC
to BMDM is 75:1.

Right Chemistry...Positive Solutions



EHMC Quenching of Avobenzone Fluorescence

Fluorescence Lifetime Decay of Avobenzone
at Different EC Concentrations

1.0 =

EC Concentration
18 mM
— 10 mM

6 mM
—_—2mM

0.4 mM
—O0mM

0.5 —

Fluorescence Intensity (normalized)

0.0 —

Time (ns)
Figure 2: Streak scope data shows that EHMC (EC above) quenches the

singlet excited state of EMDM in a concentration-related manner, though
notin alinear one.

Right Chemistry...Positive Solutions



Streak Scope Data
EHMC Quenching of Avobenzone Fluorescence

Experimental and Calculated Stern-Volmer Data for EC and Avo

—i— Expected Stern-Wlmer data for
diffusican! quenching

—&— Expermental Stem-Volmer data
is non-linear at high EC conceniration

Here that data become non-linear.

= This indicates some form of quenching,
+——— hut it is not diffusion controlled.
2- /

[ |
i @0 ® O

l!l] ' é ' 1::] ' 15 20
£C Concentration (mh)
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EHMOohotostabilizesOMC and Avobenzone together

90%

80%

70%

60%

50%

40%

30%

EHMC is superior t@ctocrylenan preserving UVA
absorbance of a formulation containing 7.5% OMC and
3% Avobenzone afte25 MED

0% Photostabilizetr 3% Photostabilizetr 5% Photostabilizetl

Ethylhexyl methoxycrylene  Octocrylene
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