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Synopsis

The ability of sunscreens and antioxidants to deactivate highly destructive reactive oxygen species in human
skin has remained inconclusive. Two-photon fluorescence imaging microscopy was used to determine the
effect of sunscreen/antioxidant combinations upon UV-induced ROS generation in ex vivo human skin. A
sunscreen combination containing octylmethoxycinnamate (Parsol® MCX) and avobenzone (Parsol® 1789)
at SPF 8 and SPF 15 was tested for its ability to prevent UV radiation from generating ROS in the viable
epidermal strata of ex vivo human skin. A UV dose equivalent to two hours of North American solar UV was
used to irradiate the skin. Each sunscreen reduced the amount of ROS induced in the viable strata by a value
consistent with the SPF level. UV photons that were not absorbed/scattered by the sunscreen formulations
generated ROS within the viable epidermal layers.

The addition of the bioconvertible antioxidants vitamin E acetate and sodium ascorbyl phosphate (STAY-C®
50) improves photoprotection by converting to vitamins E and C, respectively, within the skin. The
bioconversion forms an antioxidant reservoir that deactivates the ROS generated (within the strata granu-
losum, spinosum, and basale) by the UV photons that the sunscreens do not block in the stratum corneum.

INTRODUCTION

Ultraviolet (UV) irradiation of human skin induces the generation of reactive oxygen
species (ROS), including singlet oxygen ('O,), hydrogen peroxide (H,0O,), and/or per-
oxynitrite (ONOO7) (1). These highly reactive derivatives of molecular oxygen react
with cellular components including lipid membranes and are considered a source of
photoaging and skin cancers that appear later in life (2-9). The ability of sunscreens to
protect against the generation of ROS within the skin has not been identified. Although
sunscreens do prevent erythema, and are recommended to be used as part of safe-sun
practices (10), current research suggests that photoprotection is also needed to reduce
ROS levels within the skin (11,12).
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Antioxidants have recently been added to formulations to deactivate ROS levels (12);
however, similar to our limited understanding of sunscreen-mediated ROS photopro-
tection, whether or not the addition of antioxidants enhances photoprotection against
UV-induced ROS generation is not well understood. This can be attributed predomi-
nantly to limitations in technology that, until recently, have not allowed for the study
of cellular processes within the opaque and heterogeneous environment of the skin.
Clearly, understanding the effect of sunscreens and antioxidants upon the level of UV-
induced ROS generated under biologically relevant conditions (i.e., in viable human
skin, at a commonly obtained UV dose) will aid our understanding of the efficacy of
these formulations and lead to improved photoprotection.

We have recently developed a two-photon fluorescence microscopy method with sub-
micron spatial resolution and submillimeter depth penetration in live human ex vivo skin
to determine UV-induced ROS levels (1). Following UV irradiation, at a dose equivalent
to two hours of North American summer solar UV (1600 J m ™), of human breast tissue,
. 107% moles of '0,, H,0, and/or ONOO~ were generated within each epidermal
stratum (1). As discussed herein, two-photon fluorescence microscopy serves as an
excellent tool to determine the photoprotective effects of sunscreens and antioxidants
upon ROS levels generated in epidermis irradiated by a commonly obtained UV dose
(1600 J m™).

MATERIALS AND METHODS

MATERIALS

Reagents. N,N'-[{3',6'-bis(acetyloxy)-3-oxospirofisobenzofuran-1(3H),9’ -[9H Ixanthenel-
2',7'-diyllbis(methylene)}-bis,N-[2-[(acetyloxy)methoxyl-2-oxoethyl}}-bis[(acetyloxy)-
methyl} (calcein-AM), dihydrorhodamine-123 (DHR) and fluorescein diphosphate
(FDP) were obtained from Molecular Probes. Sunscreen/antioxidant combinations were
provided by Roche Vitamins Inc. Table I lists the active ingredients studied. Two
sunscreen formulations with different sun protection factors (SPF) were tested. All
ingredients are listed by %-weight. The SPF 8 sunscreen contained 4% octylmethoxy-
cinnamate (OMC, Parsol® MCX) and 2% avobenzone (Parsol® 1789). The SPF 15
sunscreen contained 7.5% OMC and 3% Parsol 1789. Vitamin E acetate and sodium
ascorbyl phosphate were added to the formulations at 2.5%.

Skin samples. Ex vivo human skin (breast and facial) was obtained following patient-
requested surgery. Samples were obtained with approval from the University of Illinois
Internal Review Board. Skin from two individuals was studied. Both skin samples were

Table I
Active Ingredients Listed by %-Weight
SPF 8 SPF 15
Ingredient -E/C +E +E/C -E/C +E +E/C
Octylmethoxycinnamate (Parsol® MCX) 4 4 4 7.5 7.5 7.5
Avobenzone (Parsol® 1789) 2 2 2 3 3 3
Vitamin E acetate 0 2.5 2.5 0 2.5 2.5
Sodium ascorbyl phosphate (STAY-C® 50) 0 0 2.5 0 0 2.5
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lightly pigmented, although, because of their ex »ive nature, their types were not
classified. Sample 1 was obtained from the breast of one individual; sample 2 was facial
skin from a different individual. Age and gender are not specified due to the require-
ments of the University of Illinois Internal Review Board. Samples were acquired
immediately post-surgery and stored at 4°C in indicator-free RPMI media (Life Tech-
nologies) supplemented with gentamicin and L-glutamine until use.

Photoirradiation equipment. UV irradiation of each skin sample was achieved using two
UV fluorescence bulbs (T120W/12RS, Philips). The lamp source peaked near 310 nm
in the UVB before tapering into the UVA, where <20% of the photons came between
320 nm and 400 nm. Thus, the data acquired are predominately due to UVB-induced
reactions. UV irradiance is determined using an energy meter (Model 1825-C, New-
port). A total irradiance of 1600 J m™* was selected for two reasons. First, the amount
of DHR is not fully converted to rhodamine-123 at this irradiance, which indicates that
the amount of DHR present is sufficient to react with the quantity of ROS by a dose of
1600 J m™* (1). Second, an irradiance of 1600 J m~? is a biologically significant UV dose
and can be obtained from two hours of noonday summer solar UV exposure in the
northern hemisphere (13).

TWO-PHOTON FLUORESCENCE IMAGING MICROSCOPY AND ROS DETECTION IN SKIN

Two-photon excitation is achieved when a molecule simultaneously absorbs two photons
at the excitation wavelength. Typically, two-photon excitation is achieved using an
ultrafast, pulsed, near-IR laser system (785 nm, 10~ '” s, titanium:sapphire). Many are
familiar with confocal microscopy, which is commercially available. However, compared
to UV or visible confocal one-photon sources, two-photon excitation is advantageous for
sectioned imaging of the skin, providing reduced photobleaching of the probe fluoro-
phore and limited photodamage to the sample. In addition, Masters ¢ 2/. found that the
absence of a pinhole in two-photon excitation allows for greater depth penetration into
skin compared to UV confocal excitation (14). As a result, two-photon excitation pro-
vides submicron spatial resolution with submillimeter depth penetration such that data
can be acquired within the cells of each epidermal stratum and through to the upper
dermal layers. In two-photon fluorescence intensity imaging microscopy, the sample is
incubated with a fluorophore that can be excited at the two-photon excitation wave-
length. Fluorescence probes for a number of chemical reactions or properties within
biological samples are available, including those for ROS detection and pH within skin,
where a change in fluorescence intensity or lifetime relative to a control sample yields
information on the sample (1,15,16).

For example, to study ROS photoprotection within human skin, a five-step procedure is
followed to determine the effect of a topical formulation, like a sunscreen- or antioxi-
dant-containing créeme, upon UV-induced ROS levels within ex vivo skin samples. First,
approximately 2 mg cm ™ of the formulation is applied to the surface of a skin sample
(~0.5 cm x 0.5 ¢cm) and incubated for three hours at 4°C to maintain tissue viability.
Second, the sample is incubated for ten minutes at room temperature in a solution
containing the ROS-detecting probe dihydrorhodamine (DHR, 100 pM in 2:1 PBS/
EtOH). DHR is nonfluorescent until it reacts with 102, H,0,, and/or ONOO™ (and
potentially other ROS), forming fluorescent rhodamine-123 (R123, emission maximum
525 nm) (Figure 1A). Third, the sample is imaged to obtain background (before UV)
fluorescence levels for each epidermal stratum. Image areas are between 625 pm?® and
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Figure 1. Molecular probes used to detect ROS (A) and esterase activity (B).

4000 pm? and are acquired ca. every 10 pm, beginning at the stratum corneum surface.
Images in the z-direction as little as 2 pm apart can be acquired if desired. Fourth, the
skin sample is irradiated by UV (T120W/12RS, Philips), and finally re-imaged. Each
image acquired is composed of 256 x 256 pixels. A discussion of the UV source and its
differences relative to solar UV radiation is out of the scope of this paper; the reader is
referred to other work (1).

In our experiments two-photon excitation is achieved by a Nd:YVO, pumped (Millenia,
Spectra-Physics) titanium:sapphire laser (Tsunami, Spectra-Physics), whose fundamental
at 785 nm is coupled through the epifluorescence port of a Zeiss Axiovert microscope.
Fluorescence from the samples is collected by a photomultiplier tube (R3996, Hama-
matsu).

IMAGE ANALYSIS

To determine the reduction in UV-induced ROS at depth z due to a test formulation,
equation 1 is used:

I(Z)_ram[)le) (1)

I (Z )mntm/

At each epidermal depth z, the fluorescence intensity is calculated over the entire image.
These intensity data are averaged together for each skin area studied (I(2),,,,,.). At least
two unique areas are imaged per skin sample. 1(z),,,,,,, is calculated identically for each
area, where the control images are those acquired on skin incubated with DHR only and
indicate the control level of ROS that is generated at the UV irradiance used (1600 J

~2). The average reduction in ROS (% reduction,, ) is calculated by averaging all %

avg

reduction(z) values calculated from each tissue sample.

% — Reduction(z) = 100 — 100 (
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ESTERASE AND PHOSPHATASE ACTIVITY

To facilitate penetration of the enzymatic activity dyes, the stratum corneum of each skin
sample (~0.5 cm x 0.5 m) was removed by tape stripping (Scotch clear tape). These were
the only samples in which the stratum corneum was removed. Without removal of the
stratum corneum, the enzymatic-activity dyes did not penetrate and enzymatic activity
could not be detected. Each sample was incubated at room temperature in a 50-pM
calcein-am or fluorescein diphosphate solution (2:1 PBS:EtOH) for ten minutes. Cal-
cein-am is nonfluorescent until active esterases act upon it to form fluorescent calcein
(Figure 1B, emission maximum 520 nm). Similarly, fluorescein diphosphate is nonflu-
orescent until phosphatase activity leads to the formation of fluorescent fluorescein
(emission maximum 514 nm). The samples were imaged on the two-photon microscope.
Data from two control samples were also acquired on the two-photon microscope: the
autofluorescence of the skin sample was collected and the fluorescence intensity of the
calcein-am and FDP solutions used for incubation was also collected. The data were used
for comparison with the images of skin incubated with dye to determine if enzymatic
activity took place.

RESULTS AND DISCUSSION

Because their photoreactions may have a dramatic impact upon photoaging and photo-
carcinogenesis, we focus upon ROS generation in the keratinocytes of the strata granu-
losum, spinosum, and basale.

Following irradiation by 1600 J m * UV of the ex vivo breast tissue tested, a dramatic
increase in rhodamine-123 fluorescence, and thus ROS levels, was detected in all viable
epidermal strata (Figure 2A—C) and in the collagen-rich dermis (Figure 2D). The images
indicate the fluorescence intensity expected in the different strata following a UV dose
of 1600 J m™?; they represent our controls for the two skin samples. As the images show,
ROS are generated predominantly in the cytoplasm of the keratinocytes. This can be seen
by noting the red and yellow areas surrounding the blue nuclei. The blue colors indicate
the absence of detectable ROS. Because our ROS probe may not have penetrated the
nuclear membrane, we cannot comment upon nuclear ROS generation at this time.
These images are consistent with previous data (1) and result from the presence of
UV-absorbing chromophores present in the cytoplasm of the cells NADH/NADPH,

200 5

Figure 2. Two-photon fluorescence intensity images of R123 emission in viable ex vzvo human breast skin
following irradiation by 1600 J m~> UV. These images represent the control data used to calculate the effect
of the formulations tested upon ROS levels. The corresponding intensity scale bar is displayed below each
image, where red represents the maximum number of ROS generated following irradiation. Blue indicates
the absence of ROS. Images are displayed of the strata granulosum (A), spinosum (B), basale epidermis (C),
and dermis (D). Each image is 50 pm x 50 pm.
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riboflavin, tryptophan). Identical results were found for the ex vivo facial skin (data not
shown).

The photoprotective effects of sunscreens and antioxidants are determined by comparing
identically acquired images of the control data against images of skin to which the cest
formulations were topically applied. As Figure 3 shows, topical application of the
sunscreen formulations SPF 8 or SPF 15 containing OMC and Parsol® 1789 decreases
the fluorescence intensity in the cytoplasm of the stratum spinosum keratinocytes. This
indicates that the number of ROS generated within the keratinocytes decreases due to
the application of the sunscreen to the skin’s surface. The images are representative of
those acquired for the strata granulosum and basale as well. Table II lists the %
reduction,,, in the fluorescence signal detected for each viable epidermal stratum of both

the breast and facial skin samples tested.

It is both interesting and important to compare the data acquired from the two different
individuals (Table II). The sunscreen combination tested attenuates UVB by approxi-
mately 80% for SPF 8 and 90% for SPF 15. Thus, we would expect that the amount of
ROS detected in the layers below the skin’s surface, where the sunscreen remains, would
be 10% less for samples to which have been applied SPF 15 vs SPF 8 sunscreen. In fact,
this is what is detected in the breast tissue studied. SPF 8 sunscreen reduces the amount
of ROS generated by 84.7%; increasing the SPF to 15 improves the reduction of ROS
to 90.1%. These values are consistent with the absorptive properties of the sunscreens
used. However, in contrast, the application of SPF 8 and SPF 15 sunscreens to the facial
samples yields 42% and 79% reductions in ROS levels, respectively. This correlates to
an almost 40% decrease in the number of ROS that are generated in skin to which has
been applied the SPF 15 rather than the SPF 8 sunscreen, which is not consistent with
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Figure 3. Two-photon fluorescence intensity images of the stratum spinosum of human ex vivo breast skin
following irradiation by 1600 J m™2 UV. Displayed are images of skin with SPF 15 (A—C) and SPF 8 (D-F)
OMC and Parsol® 1789 sunscreen (A,D), the sunscreen plus vitamin E acetate (B,E), and the sunscreen plus
vitamin E acetate and sodium ascorbyl phosphate (STAY-C® 50) applied topically to the skin’s surface (C,F).
Image 3C is predominantly blue in color, indicating an almost complete absence of ROS. Note the absence
of apparent cell structure due to the lack of fluorescence and thus detectable ROS.
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Table 11
Comparison of % Reduction,,, in R123 Fluorescence (i.e., ROS level) in the Viable Layers of Human
Skin Following Application of SPF 8 or SPF 15 OMC +Parsol 1789 Sunscreen and Antioxidants

% Reduction_,, (+ standard deviation)

avg

Breast Facial

SPF 8 SPF 15 SPF 8 SPF 15

+OMC, Parsol® 1789 84.7(1.1) 90.1(1.1) 42.2(4.2) 79.4(2.0)
+OMC, Parsol® 1789, vitamin E acetate 88.3(0.8) 91.9(0.9) 41.8(6.5) 79.0(4.2)
+OMC, Parsol® 1789, vitamin E acetate, STAY-C® 50 91.7(1.1) 95.5(0.5) 54.0(2.4) 84.1(3.7)

the absorptive property difference of ~10% between the two formulations. This dramatic
change is not attributed to differences between skin samples. Cellular, pigmentation,
and structural differences that may contribute to variability in the level of ROS detected
between skin samples would not affect results obtained from the same skin sample to
which the different SPF formulations have been applied. The % reduction,,,, values may
differ between individual skin samples due to differences in the application of the
sunscreen formulations. Although the FDA-approved amount (2 mg cm™?) of sunscreen
formulation was first measured prior to application, it is possible that less adhered to the
facial skin as opposed to the breast skin. As a result, the total amount of formulation
applied may be inconsistent between individual samples. Thus, UV attenuation by the
sunscreens on each skin sample may differ. The data are consistent with the conclusion
that the amount of sunscreen present upon the skin determines the amount of UV light
that penetrates through the stratum corneum, which will in turn affect the amount of
ROS that are generated in the cells below the stratum corneum. Specifically, the more
sunscreen present at the skin’s surface, the less UV light reaches the nucleated kera-
tinocytes and the fewer ROS generated. The data indicate that sunscreens provide
incomplete protection against ROS generation.

As Figure 3 shows, however, improved ROS photoprotection is achieved with the
addition of the bioconvertible antioxidants vitamin E acetate and STAY-C® 50. The
addition of vitamin E acetate either to the SPF 8 or SPF 15 formulation reduces the
amount of ROS generated within the viable epidermis. The decrease in ROS production
can be seen directly by comparing the fluorescence intensity images Figures 3A against
3B and Figure 3D against Figure 3E, which indicate that vitamin E acetate reduces the
amount of ROS generated in the lower viable epidermis. We can calculate the %
decrease in ROS due to the addition of vitamin E acetate using the fluorescence intensity
values that correspond to the images in Figure 3. Using the breast tissue data, the
average % decrease (for both the SPF 8 and 15 data) between the average of the +vitamin
E acetate formulation and the sunscreen-only formulations is 20.9% =+ 3.9% (Figure 4).

The addition of both antioxidant precursors yields the best ROS photoprotection. As
indicated in Figure 3C by the dominant blue-green colors, the ROS generated are
dramatically quenched by the addition of the two antioxidant precursors. In addition,
note that almost all ROS are quenched following application of the SPF 15-dual anti-
oxidant formulation. The addition of vitamin C to either the SPF 8 or SPF 15 formu-
lation leads to an average % decrease relative to the sunscreen-only formulations of

50.4% + 5.2% for the breast tissue (Figure 4).

Purchased for the exclusive use of nofirst nolast (unknown)
From: SCC Media Library & Resource Center (library.scconline.org)



596 JOURNAL OF COSMETIC SCIENCE

% -Decrease in ROS Levels of the Lower Epidermis Due to

P Bioconvertible Antioxidants: Average of SPF 8 & 15 Data _
50.4%1 5.2% I Breast
9 BRI Facial
g 0 -
g 21.5%£ 2.1%
e MY
0 1
Vitamin E Acetate Vitamin E Acetate, STAY-C 50

Figure 4. The % decrease in ROS levels, compared to the sunscreen-only formulations, in the lower, viable
epidermis due to the addition of antioxidant precursors. All fluorescence intensity data acquired for both
skin samples and at both SPF values are used to calculate % decrease. Each bar in the graph represents the
average decrease in ROS due to the addition of the antioxidant(s) to the sunscreen formulations.

However, it should be noted that the % decrease in ROS levels in the lower epidermis
is less for the facial skin data. As discussed above, this is most likely due to uneven
application of the formulation and bioconversion of the antioxidant precursors to active
antioxidants.

We attribute the quenching of ROS to the presence of the antioxidants vitamin E and
vitamin C generated from the enzymatic conversion of vitamin E acetate and sodium
ascorbyl phosphate, respectively. The presence of esterase and phosphatase enzymes in
the epidermis naturally converts the photostable antioxidant precursors to their active
forms. Enzymatic activity in the studied samples was confirmed using two-photon
fluorescence imaging. Figure 5 shows fluorescence intensity images of the stratum
granulosum of the ex v7vo facial skin sample incubated with the enzymatic fluorescence
probe calcein-am. In the presence of esterase activity, nonfluorescent calcein-am is
converted to fluorescent calcein, which gives rise to the increased fluorescence intensity
above that detected from the images either of calcein-am solution or of skin autofluo-
rescence. Similarly, phosphatase activity is confirmed by the presence of fluorescence
following the conversion of nonfluorescent FDP to fluorescein (data not shown). Bio-
conversion of vitamin E acetate and sodium ascorbyl phosphate, and the consequent
quenching of UV-induced ROS by vitamin E and vitamin C, are consistent with the
enzymatic activity images showing the presence of esterase and phosphatase activity in
ex vivo human skin. In addition, Trivedi et #/. (17) report that vitamin E decreases the

Calcein-AM  -Calcein-AM  +Calcein-AM
A

1000 5 1000 5 1000

Figure 5. Fluorescence intensity images of (A) the esterase activity probe calcein-am in solution, (B) skin
autofluorescence, and (C) the stratum granulosum of calcein-am-incubated ex vivo facial skin.
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permeability coefficient of skin, which would enhance penetration of the antioxidant
precursors, allowing them to penetrate over the three-hour incubation time to the
stratum granulosum and lower layers. It has also been determined that bioconversion of
vitamin E acetate to its active antioxidant form is enhanced by UV irradiation (18).

It should be noted that ex vivo skin may differ from in vivo skin in its ROS generating
and enzymatic activities. Although media and refrigeration, as used in our experiments,
routinely maintain for several days skin grafts for tissue transplants, their ability to
prevent any degradation in biochemical processes in the skin is unknown. More or less
ROS may be generated iz vivo than ex vivo due to differences in UV chromophore
content. Mitochondria are a primary source of ROS in respiring cells naturally and also
following UV irradiation (19,20). Although treatment of our ex vivo samples does not
destroy mitochondrial respiration (1), differences between the ex vivo and in vivo envi-
ronments may be great enough to contribute to changes in the amount of ROS detected.
Similarly, it is unclear how enzymatic activity is affected by an ex vivo environment
compared with an iz vive environment. Until the recent advent of two-photon micros-
copy techniques, researchers have not had the tools to acquire data for direct comparison
of the biochemistries of 7 vivo and ex vivo tissue samples. In addition, with our ever-
increasing knowledge of the importance of the photobiological effects of UVA radiation,
the use of a UV source that more closely mimics the solar spectrum may prove important
when conducting more detailed experiments. We are currently developing methods to
translate the method described herein to explore these issues and, for more specific use,
to compare ROS generation in human subjects with ex vivo skin samples. In addition, we
are conducting further studies to compare the effect of antioxidants alone upon ROS
generation within the epidermis.

CONCLUSIONS

The addition of the bioconvertible antioxidants vitamin E acetate and sodium ascorbyl
phosphate improve sunscreen photoprotection by forming the antioxidants vitamins E
and C, respectively, within the epidermis. As a result, an antioxidant reservoir is formed
within the epidermis and the ROS that are generated by the residual UV photons, which
are not absorbed by sunscreen molecules in the stratum corneum, are quenched. With
additional work using two-photon fluorescence microscopy and broad-spectrum solat-
simulating light, a detailed study of the effects of any topical formulation upon ROS
generation can be accomplished. Because currently available fluorophores that detect
ROS are not approved by the FDA for human use, experiments would have to be
conducted iz vitro on either ex vivo skin or living skin equivalents, which we have found
to be excellent models (1). Other ingredients like nanofine Ti:O,, lipids, and esters may
have important effects on ROS levels, which could be determined through this method.
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