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The use of nanoparticulate zinc oxide (ZnO-NP) in sunscreens and other cosmetic products has raised
public health concerns. The two key issues are the extent of exposure to ZnO-NP and the likely hazard
after the application of ZnO-NP in sunscreen and cosmetic products to humans in vivo. Our aims were

l<§yWOT{151 to assess exposure by the extent of ZnO-NP penetration into the viable epidermis and hazard by changes

Zinc oxide in the viable epidermal redox state for a number of topical products. Of particular interest is the role of

IS\];,“OPart‘de the particle coating, formulation used, and the presence of any enhancers. Multiphoton tomography with
m

fluorescence lifetime imaging microscopy (MPT-FLIM) was used to simultaneously observe ZnO-NP pen-
etration and potential metabolic changes within the viable epidermis of human volunteers after topical
application of various ZnO-NP products. Coated and uncoated ZnO-NP remained in the superficial layers
of the SC and in the skin furrows. We observed limited penetration of coated ZnO-NP dispersed in a
water-in-oil emulsion formulation, which was predominantly localized adjacent to the skin furrow. How-
ever, the presence of ZnO-NP in the viable epidermis did not alter the metabolic state or morphology of
the cells. In summary, our data suggest that some limited penetration of coated and uncoated ZnO-NP
may occur into viable stratum granulosum epidermis adjacent to furrows, but that the extent is not suf-
ficient to affect the redox state of those viable cells.

Crown Copyright © 2013 Published by Elsevier B.V. All rights reserved.
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1. Introduction

The application of sunscreen for skin photoprotection is a key
health strategy promoted by dermatologists and medical organiza-
tions to prevent ultraviolet (UV)-induced skin damage. Exposure to
UV radiation is responsible for various harmful effects including
sunburn, photoallergy, accelerated aging with the premature

appearance of wrinkles, and an increased risk of developing a skin
cancer [1,2].

Sunscreen products contain various chemical (organic) or phys-
ical (inorganic) UV filters to protect against UV radiation. Physical
sunblocks include titanium dioxide (TiO,) and zinc oxide (ZnO), as
micro- and nanoparticles. Nanoparticle sunscreens offer the advan-
tage of being transparent to light, in contrast to the opaque, white
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multiphoton-excited photoluminescence; MPT-FLIM, multiphoton tomography with fluorescence lifetime imaging microscopy; NA, numerical aperture; NAD(P)H, reduced
nicotinamide adenine dinucleotide and reduced nicotinamide adenine dinucleotide phosphate; NP, nanoparticles; o/w, emulsion oil-in-water; ps, picosecond; ROS, reactive
oxygen species; SC, Stratum corneum; SD, standard deviation; SG, stratum granulosum; SS, stratum spinosum; TCSPC, time correlated single-photon counting; TEWL,
transepidermal water loss; UV, ultraviolet; VEC, viable epidermal cells; w/o, emulsion water-in-oil; ZnO, zinc oxide; ZnO-NP, zinc oxide nanoparticle.
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color seen with microparticles [1]. ZnO nanoparticles (ZnO-NP) are
widely used and transmit, reflect and scatter the visible part of so-
lar radiation, while at the same time, they strongly absorb in the
UV region, covering UVB (290-320 nm) as well as short (320-
340 nm) and long (340-400 nm) UVA spectrum [1-3]. It has been
suggested that sunscreens with larger particles of ZnO that form
an opaque white film on the skin are unappealing to consumers
and lead to lower and insufficient application rates [1]. Formula-
tions with ZnO-NP are easier to spread on the skin surface and
are transparent, thus providing better acceptance and compliance.

Although nanomaterials represent a major technological ad-
vance, their use raises questions from the scientific community,
regulatory agencies, and the general public regarding their safety
[4-6]. Concern has been raised about their increased reactivity of
NPs due to their small size and their higher specific surface area
[7]. Indeed, toxic effects are higher when nanoparticle surface-to-
volume ratio is increased, and there is direct contact to viable cells
[8,9]. However, no toxicity has been reported for topically applied
nanoparticles used in sunscreens. There is also a greater propensity
for smaller nanoparticles to release free radicals when exposed to
light [8], but this can be reduced by coating the nanoparticle [3].
Such a coating may also improve the formulation characteristics
of the nanoparticles [2].

The barrier function of the skin, generally attributed to the stra-
tum corneum (SC), prevents the entrance of foreign molecules and
pathogens from the external environment as well as the loss of
endogenous substances. The skin barrier function arises from the
unique lipid composition of the SC and by its organization of the
orthorhombic packed intercellular lipid bilayers in multiple lamel-
lar structures [10]. The potential of solid NP to overcome the skin
barrier, to penetrate the SC, and diffuse into underlying structures
lies at the center of the debate about their safe topical use in cos-
metics. So far, most investigations concerning ZnO-NP have been
carried out in vitro [9,11-14], with our group undertaking the first
in vivo human studies [12,15,16]. Almost all reports showed that
the penetration of topically applied ZnO-NP was limited to the
superficial layers of the SC and that no NP was detected in the via-
ble epidermis. However, Cross et al. [13], while showing no pene-
tration of ZnO-NP through human skin, did show a trend to high
zinc ion penetration for topically applied ZnO-NP relative to con-
trols. A similar was reported by Gulson et al. [17,18] who detected
increased levels of ®3Zn in blood and urine of human volunteers
after topical application of sunscreens containing 19 nm ZnO par-
ticles enriched with the stable isotope °8Zn under “in-use” condi-
tions. However, it was not possible to determine whether the
587n had penetrated the SC barrier in the form of solid particles
or had previously solubilized. It is to be noted that the mean zinc
recovery after ZnO-NP penetration through human skin is almost
an order of magnitude less than pig skin, although the latter sug-
gests their penetration was not significantly different to controls
[14].

We previously measured the penetration of ZnO-NP into the
skin by combining multiphoton tomography with spectral imaging
[12]. However, the sensitivity in quantifying ZnO-NP can be in-
creased by combining multiphoton tomography with fluorescence
lifetime imaging microscopy (MPT-FLIM) [15,19]. This method
uses the different “lifetimes,” the average fluorescence time (pho-
ton emission) for a molecule arising from it returning from an exci-
tation light induced excited state to its ground state. Fluorescent
lifetime imaging (FLIM) is the resolution of lifetimes for different
molecules in space (x,y,z) and time [19]. FLIM can also be com-
bined with spectral imaging, a process that has been called Multi-
spectral FLIM (SLIM) detection [20]. Thus, FLIM and SLIM can be
used to produce a spatial image showing the differences in the
fluorescence lifetime between several fluorophores and can there-
fore distinguish compounds with a similar emission spectrum [21].

MPT differs from traditional confocal fluorescence microscopy by
using two or more photons of low energy, rather than one high-en-
ergy photon, to excite fluorophores within the sample. In this case,
the excited state of the molecule is reached when it absorbs two
photons simultaneously. Since the energy of the photons is inver-
sely proportional to the wavelength, longer excitation wavelengths
(typically infrared) can be used compared to single-photon micros-
copy. As these causes less photodamage than short wavelength la-
sers, MPT is well-suited for imaging live cells [22]. At the same
time, deeper tissues can be imaged, due to the greater penetration
of infrared radiation [23,24].

Reduced nicotinamide adenine dinucleotide (NADH), reduced
NADH phosphate (NADPH), and flavine adenine dinucleotide
(FAD) are the major autofluorescent metabolic species in skin. As
NADH and NADPH share overlapping absorption, fluorescence,
and lifetime properties, both molecules are collectively referred
to as NAD(P)H. However, most of the NAD(P)H fluorescence (up
to tenfold) is believed to arise from NADH [25]. Changes in
NAD(P)H and FAD intensities and fluorescence lifetimes are linked
to alterations in the cellular metabolic state [25]. NADH is a central
coenzyme found in all living cells and is involved in several energy
metabolic pathways, such as anaerobic glycolysis, the electron
transport chain, and the citric acid cycle. FAD is a redox cofactor
used for electron transport and has a key role in oxidative phos-
phorylation [25]. NADH and FAD" provide different measures of
the oxidation state of a cell in that NADH and NADPH increase in
intensity on the depletion of oxygen, whereas the intensity of
FAD" is increased by oxygen [26]. Their conjugate species, NAD"
NADP*, and FADH, are non-fluorescent [25].

The aim of our study was to evaluate the influence of coating
and formulation on ZnO-NP penetration into the different skin lay-
ers of human volunteers using the noninvasive MPT-FLIM tech-
nique. Three different types of formulations were examined: a
gel, an oil-in-water emulsion (o/w; E1), and a water-in-oil emul-
sion (w/o; E2). Concordantly, NAD(P)H and FAD lifetimes were
analyzed to monitor potential changes in the metabolic activity
of the cells treated with ZnO-NP formulations.

2. Materials and methods
2.1. ZnO nanoparticles

In this study, two different kinds of ZnO-NP used in commercial
cosmetic products were compared: Z-COTE® and Z-COTE® HP1
(BASF, Ludwigshafen, Germany). Both are inorganic micronized
pigments in the form of a dry white powder. Z-COTE® are uncoated
nanoparticles which have an amphiphilic nature but are preferen-
tially incorporated into the water phase of a formulation. Z-COTE®
HP1 consists of approximately 98% of ZnO and 2% of triethoxycap-
rylylsilane, which is a silicone derivative, used as a hydrophobic
coating material. This coated ZnO-NP is therefore hydrophobic
and can easily be dispersed into the oil phase of a formulation.
According to the manufacturer’s specifications, both coated and
uncoated nanoparticles are less than 200 nm in size.

2.2. Formulations

Three vehicles were prepared: a gel, an o/w emulsion (E1), and a
w/o emulsion (E2). The composition of each formulation is listed in
Table 1. In each case, ingredients are defined according to the INCI
(International Nomenclature of Cosmetic Ingredients) convention,
quantities are listed as percentages, and triethanolamine was used
to adjust the formulation pH to be between 5.5 and 6. The E1 and
E2 formulations both contained the hydrating agents: glycerin
(which is also present in the gel formulation), lanolin and
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