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Abstract

Protecting human skin against harmful UV radiation from the sun is an acute problem nowadays.
Due to decreased thickness of the ozone layer, more UV light reaches the ground surface. This is
one of the reasons of increased frequency of skin diseases. Titanium dioxide (TiO,) nanoparticles
are embedded with sunscreens into the skin to attenuate UV radiation through absorption and
scattering. The effectiveness of the interaction between particles and UV light depends on
nanoparticle sizes.

The aim of the study is to predict how the optical properties of the superficial layer of the
human skin (stratum corneum) can be modified by means of nanoparticles, assuming that these
particles are spheres and do not aggregate (this is achieved by application of some modern
treatment techniques). In-depth distribution of TiO, particles embedded into the skin after
multiple applications of sunscreens was determined experimentally using the tape-stripping
technique. A computer code implementing the Monte Carlo method was developed to simulate
photon migration within the 20-um thick horny layer partially filled with nano-sized TiO, spheres,
35-200 nm in diameter. Dependencies of UV radiation of two wavelengths (310 and 400 nm)
absorbed by and totally reflected from, as well as transmitted through the horny layer on the size
of TiO, particles were obtained and analyzed. Silicon nanoparticles of the same diameters were
considered for comparison. The most attenuating particles were found for both cases.

The harmful side-effect of UV light absorption by TiO, particles is the generation of free
radicals. Study of this phenomenon, using an electron paramagnetic resonance technique, was also
carried out in this thesis. Comparison of the strength of the effect was done for two particle sizes
administered onto either glass slides or porcine ear skin.

Keywords: free radicals, Monte Carlo simulations, nanoparticles, skin, stratum corneum,
Ti0O,, titanium dioxide, UV radiation
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1 Introduction

1.1 Motivation

Protecting human skin against the harmful influence of UV solar radiation, harm
which includes such dangerous diseases as skin cancer is an acute problem (Diffey
1991). Conventionally, skin is considered a multi-layered medium (Tuchin 2000,
Tuchin 2002). The outermost layer, called stratum corneum (or horny layer), serves
as a natural barrier for deeper skin layers with living cells. From the optical
viewpoint, its property is, in particular, to prevent penetration of UV radiation into
the epidermis and dermis. In order to strengthen its protective functions, a variety
of sunscreens containing chemical (absorbing) UV filters have been developed
(Edlich et al. 2004). To increase the amount of backscattered UV radiation and
avoid allergic reaction of individuals, chemical components are partially replaced
nowadays by so-called ‘physical components’, nano-sized particles of titanium
dioxide TiO, or zinc oxide ZnO (Innes et al. 2002). In addition to absorption
(within the definite UV spectral region) they have pronounced scattering properties
and decrease the amount of transmitted light through absorption and scattering.

The UV solar spectrum consists of three ranges: UVA (315400 nm), UVB
(280-315 nm), and UVC (100-280 nm) (McKinlay & Diffey 1987a). The most
harmful rays from the UVC range are completely absorbed by the stratospheric
ozone layer in the upper part of the Earth’s atmosphere, while the UVA and UVB
fractions reach the ground surface. The effect of the UV radiation on human skin
can be divided into two categories: acute and chronic (Diffey 1991). The former
includes sunburn (caused by UVB) and sun-tanning (by UVA) as well as
production of the vitamin D (caused by UVB). The chronic effects are carcinoma
(by UVB), melanoma and photoaging (both by UVA). All the effects caused by the
UVB radiation, except for the synthesis of the vitamin D, are negative. In the last
decades, due to the depletion of the ozone layer, an increasing portion of UV
penetrates the atmosphere. Another possible reason for larger doses of solar UV
radiation reaching people is the greenhouse effect. The proposed climate change
would make summers warmer, causing a corresponding change of behavior in
people which results in their remaining longer outdoors (Diffey 2004).

However, not all the nanoparticles are equally effective (to attenuate UV
radiation) for certain wavelengths of light. Moreover, the aggregation and
agglomeration of particles in sunscreens reduce their protective properties. Some
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emerging new manufacturing technologies which allow the production of
nanopowders with a narrow size distribution and free from aggregation (Innes et al.
2002) will lead to better-quality sunscreens.

1.2 Objectives

The aim of the thesis is to consider how protective UV light properties of the
uppermost layer of the skin, stratum corneum (horny layer) can be improved by the
embedding of TiO, particles. This issue is investigated both experimentally and by
Monte Carlo simulations. The Mie theory is applied to determine the most suitable
sizes to attenuate UV radiation of specific wavelengths.

The second issue to consider is the side effect of the UV irradiation, namely,
generation of free radicals. The contribution of skin and particles themselves to this
effect is to be revealed.

1.3 Outline of the thesis

Chapter 2 of the thesis is devoted to the skin structure. The composition and
function of the stratum corneum, viable epidermis, dermis and hypodermis are
described.

Chapter 3 focuses on the structure and properties of the stratum corneum. The
contents and role of its compounds, such as water, cells and lipids are discussed.
The permeability and optical properties of the layer as a whole are represented. A
review of the experimental methods used for the stratum corneum investigation is
also given.

Chapter 4 compares human skin with porcine skin. Similarities resulting from
experiments utilizing various techniques, e.g. tape stripping, UV/VIS spectroscopy,
fluorescent microscopy are shown.

Chapter 5 contains information about UV radiation as a part of the solar
spectrum. It shows the effect of the Earth’s atmosphere on different UV fractions
and their influence on skin.

Chapter 6 describes crystal structures and the properties of TiO, nanoparticles.

Chapter 7 introduces free radicals, reasons for their appearance and the
electron paramagnetic resonance technique for their detection. The experimental
part of the chapter describes the effects of TiO, nanoparticles of different sizes on
radical formation under UV irradiation both on glass slides and porcine skin.

16



Chapter 8 describes a developed mathematical model of the stratum corneum
partially filled with nanoparticles for Monte Carlo simulations. The Mie theory is
considered to produce input parameters for the simulations. Particles of two types,
TiO, and Si, are compared from the viewpoint of UV light attenuation.

Chapter 9 summarizes the obtained results.
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2 Skin structure

Skin is one of the largest organs of the human body. Being in contact with the
ambient medium, its function is to protect inner organs from different types of
hazards: mechanical, chemical, temperature, optical, biological etc. It occupies an
area of about 2 m? and has a weight of about 3 kg (up to 20 kg if fatty tissue is
taken into account) for adult individuals (Mosteller 1987). The skin thickness
depends on the region and varies between 1.5 and 4 mm (Fritch 1998).

The methods for studying skin structure are divided in two: invasive and non-
invasive. The former includes, for example, biopsy, when skin samples are taken
and then analyzed with a microscope. The latter are non-damaging techniques,
often implying optical methods, which use non-ionizing radiation and suitable
spatial resolution, e.g. optical coherence tomography (OCT) (Otberg et al. 2003;
Otberg, Richter, Knuttel et al. 2004; Jacobi, Waibler et al. 2005; Lademann,
Kniittel et al. 2005), laser scanning microscopy (Meyer et al. 2006; Teichmann et
al. 2006; Rieger et al. 2007), and fluorescence imaging (Riemann et al. 2004).

The layers of skin (starting from the skin surface) are stratum corneum, viable
epidermis, dermis and hypodermis (a layer of subcutancous fat). Sweat glands,
sebaceous glands and hair follicles are also considered as a part of skin. The
structure of skin is represented in Fig. 1 (www.mydr.com.au). An image obtained
by optical coherence tomography from a flexor forearm skin of a healthy 27-years-
old male is given in Fig. 2. The layered structure is clearly seen.

HUMAN SKIN
_— Hair
i Vs
- = Stratum corneum
) J l_ Granular cell layer
— = o P 0\— Spinous cell layer
A 7 Basal cell layer

Sebaceous gland
Erector pili muscle

| m——— Syveat gland
Merves

Hair follicle

T—i— Collagen and

| elaztin fibres

L _' Wein
Fat (adipoze)
@ Epidermis @ Dermis ==l
@ Subcutaneous tissue

Fig. 1. Structure of skin (www.mydr.com.au).
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Fig. 2. An OCT image of human skin in vivo (flexor forearm). Scale: the bar at the
bottom corresponds to 1 mm.

2.1 Stratum corneum

The outermost part of the skin is called the stratum corneum (horny layer). The
published data concerning the thickness of the stratum corneum differ: 6—40 um on
such common areas as abdomen, flexor forearm, thigh, and back (Anderson &
Cassidy 1973; Holbrook & Odland 1974).

The stratum corneum is formed by corneocytes — dead polyhedral-shaped cells
without nuclei, approximately 40 um in diameter and 0.5-pum-thick (Schaefer &
Redelmeier 1996). Their cellular organelles and cytoplasm disappeared during the
cornification process. There is an overlap between adjacent corneocytes which
increases stratum corneum cohesion. The intercellular region is filled with lipid
which represents a continuous medium and is required for barrier function.

The stratum corneum consists of about 15 layers, although exceeding this
value significantly (5-10 times) in places of intensive use such as soles and palms.
The upper layer (stratum disjunctum) contains about 3-5 layers and undergoes
continuous desquamation. Water makes up 15% of its weight. The lower layer
(stratum compactum) is thicker, more densely packed and more regular.
Additionally, it is more hydrated than the stratum disjunctum (30%). The cells of
stratum corneum renew themselves continuously: desquamated cells are replaced
by “fresh” ones coming from the epidermis. One cell layer takes 24 hours to form,
so the whole stratum corneum renews itself completely in two weeks.
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2.2 Viable epidermis

The viable epidermis is located under the stratum corneum. Its thickness is about
100 um. The epidermis comprises 10-20 layers of keratinizing epithelial cells, or
keratinocytes, responsible for stratum corneum synthesis. This layer also contains
melanocytes, which cause skin pigmentation and Langerhans cells which
contribute to immune response. The viable epidermis is conventionally divided into
three layers (counting from the dermis): stratum basale (basal layer), stratum
spinosum (spinous layer), and stratum granulosum (granular layer). Such a division
is caused by different stages of keratinocytes’ evolution. The deepest of all of these,
stratum basale, consists of stem cells and transit-amplifying cells. Committed cells
detach from base membrane and move through the stratum spinosum and stratum
granulosum towards the stratum corneum, changing their forms and contents. This
migration process takes about 2—4 weeks.

2.3 Dermis

The dermis forms the largest part of the skin, with a thickness of 1200 um. The
most significant component of the layer is collagen fibers, accounting for 70% of
the dermis weight. It forms a kind of skeleton within the dermis. The second
important compound is elastic connective tissue, providing elasticity and shape
retention. A variety of cell types is found in the layer: fibroblasts, endothelial and
mast cells; microphages, lymphocytes and leukocytes can penetrate in case of
inflammation. Fibroblasts produce connective tissue components such as collagen,
laminin, fibronectin and vitronectin. Microphages play a role in phagocytosis and
are important for protecting against microorganisms. Mast cells important in tissue
regeneration after injury and in defence reactions against parasites. The dermis
contains also blood plexus, which is responsible for such processes as nutrition,
heat exchange, repair, immune responses and thermal regulations. Limphatic
vessels regulate pressure of the interstitial liquid in the dermis.

2.4 Hypodermis

The hypodermis is located under the dermis. It consists of fat cells (adipocytes)
arranged in lobules. The role of this layer is to store energy and provide insulation
and protection against injury. It may also serve as a reservoir of hydrophobic
substances penetrating the stratum corneum.
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3 Stratum corneum: structure and properties

In order to investigate the composition and structure of the stratum corneum,
various techniques have been applied: fluorescent staining technique (Christophers
1971), X-ray (Bouwstra et al. 1995) and electron diffraction (Pilgram et al. 1998)
spectroscopy, electron paramagnetic resonance (EPR) spectroscopy (Kawasaki et
al. 1999), transepidermal water loss (TEWL) technique (Schwindt et al. 1998;
Weigmann, Ulrich ef al. 2005), tape stripping method (Weigmann et al. 1999), and
attenuated total-reflectance Fourier-transform infrared (FTIR) spectroscopy
(Garidel 2002).

A model of the stratum corneum accepted for percutaneous absorption is
represented by “bricks in mortar”. Bricks are supposed to be protein-rich
corneocytes, whereas intercellular lipids are seen as mortar. This model is
simplified because the stratum corneum is not a homogeneous layer: its cells
undergo morphological and chemical changes during their migration to the skin
surface. Nevertheless, we will describe this layer as a whole. The structure of the
stratum corneum is represented in Fig. 3 (Schaefer & Redelmeier 1996).

} Stratum corneim

} Stratum granlosum

Stratum spinosum

Stratum basale

Fig. 3. Structure of the stratum corneum (Schaefer & Redelmeier 1996).
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3.1 Structure of stratum corneum

3.1.1 Water

According to Schaefer & Redelmeier (1996), the stratum corneum consists of
water (15%), proteins (70%) and lipids (15%). However, some authors (Bouwstra
et al. 2003) report higher water content for the stratum corneum in vivo: 30-50%.
It is not constant within the horny layer and increases with a depth reaching the
water level of the epidermis (70% by weight). FTIR spectroscopy, combined with
tape stripping (Bommannan et al. 1990) and cryo-scanning electron microscopy
(Bouwstra et al. 2003) were used to determine water content in the stratum
corneum at different hydration levels. Most of the water was accumulated in the
corneocytes. At extremely high hydration levels (300% by weight), water domains
were present also in intercellular regions. Between 17% and 300% by weight, the
cell thickness increased linearly with water concentration suggesting that the
swelling of the corneocytes occurred mainly in the direction perpendicular to the
skin surface. Water content is not a constant value and it is influenced by air
humidity, moisturizers, surfactants, and age.

3.1.2 Corneocytes

Corneocytes are the main storage for proteins in the stratum corneum. They contain
a keratin core wrapped by an envelope. Protein composition is highly structured,
insoluble and resistant to chemical and physical treatment.

The chemical composition of corneocytes can be sensed by FTIR spectroscopy.
Identification of proteins can be revealed by amide I and amide II as well as by
symmetric methyl absorption (Garidel 2002). The core of corneocytes consists
mainly of highly-organized, densely packed keratins with some associated filaggrin.
Keratins may be responsible for 80% of the dry mass of corneocytes.

A corneocyte envelope may occupy up to 7% of the dry mass of a corneocyte.
The envelope is 90% proteins and 10% lipids (by mass). It is even more resistant to
the effects of boiling, treatments of alkali and detergents than are the core proteins.

3.1.3 Intercellular lipids

Intercellular lipids as suggested by the name are located between corneocytes
within the stratum corneum. They account for 15% of the dry mass of the layer.
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They provide cohesion of corneocytes and are responsible for the barrier function
of the stratum corneum. The lipids are chemically stable. Chemical composition is
identified by methylene stretching vibrations and carbonyl ester band (Garidel
2002). It is accepted that the compounds of the lipids are ceramides, free fatty acids
and cholesterol in equimolar concentrations. It was revealed that the lipids were
organized in lamellae aligned parallel to the skin surface.

Lipids can exist in three forms: solid crystalline, gel and liquid crystal phase.
The first two forms are characterized by orthorhombic and hexagonal hydrocarbon
chain packing respectively. The difference between the packings can be monitored
by means of diffraction (X-ray or electron) or by FTIR spectroscopy. In the model
systems, one form can transform into another with a change in pressure, hydration,
solvents, salt concentration, pH, temperature. The application of surfactants can
also affect the fluidity of the intercellular lipids, which can be monitored by EPR
spectroscopy, indicating the applied spin labels mobility. The transitions occur at
the following temperatures: orthorhombic — hexagonal state at 30-45 °C;
hexagonal — liquid crystal at 65-90 °C (Bouwstra et al. 1995).

3.2 Properties of stratum corneum

3.2.1 Permeability

Although the stratum corneum is a heterogeneous structure, in cases where there is
liquid substance penetration, it behaves as a homogeneous membrane and the
diffusion law is correct (Kalia et al. 1996; Kalia et al. 2000; Alberti et al. 2001).
No indication of a tortuous pathway for water diffusing across the stratum corneum
was found; the calculated diffusion pathlength was equal to the physical thickness
of the layer (Schwindt ef al. 1998). The penetration of substances can occur by
intercellular (along lipid lamellae), by transcellular (through corneocytes) as well
as via glands (sweat sebaceous) and along hairs. None of these ways can be treated
exclusively.

The in-depth penetration profile of substances topically applied onto the skin is
dependent on the vehicle used. In experiments with vanillin mixed with two kinds
of emulsions, it was shown that the use of ethanol enhances penetration in
comparison to w/o emulsion (Jacobi et al. 2003). Application of vehicles also
affects the cohesion properties of corneocytes: o/w emulsion increases it and
ethanol decreases it (Lademann et al. 2006).
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Figure 4 illustrates an in-depth penetration profile of a chemical UV filter
(used in sunscreens) reconstructed after tape stripping using spectroscopy methods.
The concentration of the UV filter substance was determined for each tape strip, as
described previously (Jacobi, Weigmann et al. 2004). The tape strips with
corneocytes were cut to a size of 1.5 x 4.3 cm”. Then they were put into tubes
containing 6.45 ml of ethanol each (UVASOL, Merck, Germany). The tubes were
processed by ultrasound for 10 min (Sonorex Super RK 102H, Bandelin Electronic,
Germany). Solutions were purified by centrifugation (5 min at 4000 cycles/s, MR
1812 centrifuge, Jouan, Germany). The uppermost part of the solution was
transferred with a pipette into a quartz cell of 10 or 1 mm in thickness (Hellma,
Germany). The UV/VIS spectra of the extracts were measured between 240 and
500 nm using the pure solvent as a reference. The concentration of the UV filter
was calculated from the determined absorption maxima at 308 nm on the basis of a
calibration curve for this substance in ethanol.
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Fig. 4. In-depth distribution of chemical UV filter (utilized in sunscreens), within the
porcine stratum corneum, as revealed by the tape stripping technique.

3.2.2 Optical properties in UV range

The dependences of the scattering and absorption coefficients of the stratum
corneum on wavelengths within the UV spectral range are shown in Fig. 5. The
experimental data (filled squares) were taken from the literature (Cheong et al.
1990) and approximated by a linear decay for the scattering coefficient and an
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exponential decay for the absorption coefficient. It is worth mentioning here that
both coefficients for the stratum corneum are considerably larger than those
corresponding to other skin layers (dermis, epidermis) (van Gemert et al. 1989).
Absorption is strongly affected by urocanic acid and such amino acids as
tryptophan and tyrosin, since they are the main chromophores of the horny layer
(Bruls, Slaper ef al. 1984; Young 1997). The dependence of the transmission on the
thickness of the stratum corenum could be described as satisfactory by an
exponential function, implying that the Lambert-Beer law is approximately valid
(Bruls, Slaper ef al. 1984).
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Fig. 5. Scattering (a) and absorption (b) coefficient of stratum corneum (adopted from
Cheong et al. 1990).
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4 Porcine and human skin: comparison

Porcine skin has been used extensively in biomedical and particularly in
pharmacological and toxicological research because of similarities of some
properties with human skin (Simon & Maibach 2000).

4.1 Penetration studies

The abovementioned properties include permeability; morphology; hair follicle,
sweat and sebaceous glands contents. The permeability of different substances
(haloprogin, N-acetylcysteine, cortisone, testosterone, caffeine, and butter yellow)
contained radioactive labels ('*C and **S) through the whole thickness of skin in
vivo was studied by detecting penetrated substances in urine 5 days after
application. A comparison was made between the dorsal and midlumbar regions of
pigs and the ventral forearm of humans (Bartek et al. 1972). It was revealed that
overall, the skin of a miniature swine had the closest permeability characteristics to
that of human skin with this series of compounds.

Jacobi, Toll, Audring et al. (2005), investigated in vivo the penetration of
sodium fluorescein dye on human lips and in vitro on a porcine snout, using a
dermatological laser scanning microscope; the biopsies were analyzed by laser
scanning fluorescence microscopy. The studies revealed the accumulation of
sodium fluorescein in the uppermost part of the skin, proving the high efficiency of
the barrier function of the stratum corneum. In a number of experiments (Jacobi,
Toll, Sterry et al. 2005) penetration of the same object — sodium fluorescein — into
the stratum corneum and hair follicles of pigs’ ears was investigated in vitro. In
addition, the distribution of the dye from the acceptor fluid (located under
epidermis) within the complete tissue was obtained. Both results are similar to
those observed in vitro on human skin.

4.2 Morphology and thickness

Morphology of a porcine snout and human lips was investigated by histological
technique (Jacobi, Toll, Audring et al. 2005). It was found that the structure of both
organs was quite similar, although the porcine stratum corneum was three-times
thicker than a human one (38-88 um and 13-28 um, respectively) and the
epidermis was 1.5 times thicker (115-198 um versus 74—148 um).
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The porcine ear skin by comparison to other body areas shows a high degree of
similarity to that of human skin (Jacobi, Kaiser et al. 2007): the thickness of the
horny layer is about 21 um (6—19 um for humans), the thickness of the epidermis is
about 72 um (70 um for human shoulders and 82 um for buttocks); the density of
hair is also quite similar: 20 items were observed on a 1 cm? versus 14-32 vellus
hairs per cm® in humans. The diameters of both porcine hairs (82 pm) and
infundubular orifices (200 wm) are larger than those of humans (vellus hairs of 16—
18 um in diameter on most body regions and orifices of 78 um on forearm and of
66 um on forehead). Nevertheless, pig ear skin seems to be the most suitable as in
vitro model for human skin, at least in studies on percutaneous absorption.

4.3 Tape stripping procedure

The tape stripping technique is widely used to reconstruct in-depth penetration
profiles of topically applied substances within the stratum corneum in vivo
(Weigmann et al. 1999; Weigmann et al. 2001; Jacobi et al. 2003; Lindemann,
Weigmann et al. 2003; Lindemann, Wilken et al. 2003). During the procedure, thin
strips of stratum corneum are removed one by one from the same skin area. This
method is minimally invasive because only dead cells are removed. It is described
in detail in numerous publications of Prof. Lademann and colleagues (Weigmann et
al. 2003; Jacobi, Weigmann et al. 2004; Jacobi, Kaiser et al. 2005; Weigmann,
Jacobi et al. 2005; Teichmann et al. 2005). After tape application, the area is
covered with a piece of paper and 5 there-and-back movements with a roller are
made to force the skin to stick to the tape homogeneously. It is therefore essential
to keep constant pressure on the skin surface. A tape is removed with one quick
movement and fixed onto a frame. A series of up to 100 strips are taken to
completely remove the stratum corneum.

In our experiments, we utilized the ear skin of freshly slaughtered German
domestic pigs. The ears were used within 0—4 days after delivery. Before treatment
they were stored in a fridge at a constant temperature. On the day of experiment,
the ears were taken out of the fridge for 1 hour to warm up. They were
subsequently carefully washed with running cold water from the tap to remove
traces of contamination (sebum, sweat etc.) and then wiped with a paper napkin.
The whole ear (or its piece) was fixed with nails on a foam plastic plate wrapped
with aluminium foil. In addition to this, hairs were removed from the area under
investigation with medical scissors with bent cutting surfaces (to avoid destruction
of the skin).
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The area chosen for tape stripping was marked with a water-resistant marker.
Adhesive 19-mm thick tape Tesa film No. 5529 (Beiersdorf, Germany) was used
during the procedure. Plastic frames were utilized as tape holders. Frames with
empty and corneocytes-covered tapes were weighted on a precision balance (model
BP 211D, Sartorius, Germany) with an accuracy of 0.01 mg before and after
stripping to reveal surface density (mass per cm?) of corneocytes attached to the
tapes. A 1 min delay was needed in order to allow the balance to come to a steady
state. The researcher’s hands were covered by gloves and pincers were used during
the whole procedure.

4.4 UV/VIS spectroscopy

Spectroscopic measurements were carried out within a wavelength range of 300—
1050 nm, utilizing spectrophotometer Lambda 20 (PerkinElmer, Germany)
connected to a computer. Transmittance through 1 x 1 cm® tape strip with
corneocytes was detected; a tape free of corneocytes was used as reference. The
transmittance spectra were plotted in real-time mode on a computer screen. Such
spectra can be converted automatically to absorbance spectra by the embedded
software, according to the relation 4 = 1g (1/7), where A means absorbance and T
transmittance.

Histograms demonstrating the distribution of absorbance versus strip number
for the two marginal wavelengths of the investigated range (300 and 1050 nm) are
shown in Fig. 6 (I).
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Fig. 6. Absorbance measured separately for each skin strip for 100 strips at 300- (a) and
1050-nm (b) wavelength (I).
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Both plots look similar, regardless of the wavelength, although the vertical scales
are different, in which absorbance of the light of the shorter wavelength is more
pronounced. In fact, corneocytes both absorb and scatter light; the term
“pseudoabsorption” might therefore be applied following the earlier published
papers (Weigmann et al. 1999; Weigmann et al. 2001). Usually, absorbance
decreases with the increasing strip number. It means that the thickness of cell
layers stuck to the tape diminishes. This is caused by a higher degree of cohesion
between the corneocytes in deeper cell layers. However, in the picture, one can see
features: some strips are out of order (near No. 30). It can be caused by e.g.
excessive pressure applied to the roller during the stripping procedure. Such strips
are excluded from the further consideration. It is worth mentioning also that
contribution of the strips with numbers larger than 60 is considerably smaller than
that of other ones.

The cumulative absorbance of cells for four wavelengths (300, 550, 800, and
1050 nm) is represented in Fig. 7 (a). It means that absorbance is summarized
consecutively for corneocytes on the first strip, then — on the first two strips, then —
on the first three strips etc. until all the strips are taken into account. All four curves
coincide within the whole strip number range. The picture also shows distinctly
that the contribution of strips No. 60—100 hardly exceeds 10% of total absorbance.
Fitting one of these curves (for 300-nm radiation) by an exponential function (red
line in the colored version) is illustrated in Fig. 7 (b).
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Fig. 7. Cumulative absorbance relative to the strip number for four chosen wavelengths
(a) and for 300-nm light approximated by an exponential curve (b, red line in the colored
version). This is in good correlation with human skin: 107 — 111*exp(—n/21) (Jacobi,
Weigmann et al. 2005).
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Comparison between porcine and human skin is satisfactory: for swine
A =104 — 111*exp (—n/27) and for humans 4 = 107 — 111*exp (—n/21) (Jacobi,
Weigmann et al. 2005), where 7 is a tape strip number.

The removed strips were weighed to ascertain the correlation between
absorbance and surface density of corneocytes. The latter was calculated as a ratio
of cells mass on the tape and the area covered by them (the width of the tape was
constant: 19 mm; the length varied from 39 to 42 mm). A spectroscopic method of
estimating cell layer thickness is more convenient and faster than the weighing
procedure. However, some residues such as sweat, sebum, and interstitial fluid can
affect both the measured weight, from one side (Weigmann et al. 2003) and the
optical properties of corneocytes (some kind of optical clearing) — from the other.
All the sample strips should therefore be carefully examined and those, which do
not follow the trend, should be excluded from the further consideration. The linear
correlation between absorbance and surface density was found and is shown in Fig.
8 (a). Dependency of the correlation coefficient revealed from four measurements
of different samples on wavelength is represented in Fig. 8 (b). Relative error does
not exceed 4%.
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Fig. 8. Relationship between absorbance at different wavelengths and surface density
of corneocytes (a) and correlation coefficient calculated from four independent
measurements for the same wavelengths (b). Strips disturbed by uneven distribution of
cells, sebum, hairs etc. are excluded.
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4.5 Visualization of corneocytes

In order to get images of corneocytes, laser scanning fluorescence microscopy was
used. The system called Stratum (OptiScan, Australia) was based on Ar" laser
emitting light at the wavelength of 488 nm. This radiation is within the absorption
band of the dye sodium fluorescein (0.1% water solution) used as visualizing
substance. It was applied directly onto skin strips. The fluorescence signal (peak at
590 nm) was collected by an objective lens fixed in a hand-held holder and
transferred by a fiber to the photodetector. Such a system was extensively used
previously for dermatological purposes, such as studying the accumulation of
fluorescent dyes in hair follicles (Otberg et al. 2003) and in stratum corneum
(Lademann, Richter et al. 2003; Jacobi, Waibler ef al. 2004), in vivo determinations
of doxorubicin and its metabolites within the skin (Jacobi, Waibler et al. 2005),
revealing of open and closed follicles spectroscopically (Otberg, Richter, Knuttel et
al. 2004), in vivo imaging of Malassezia yeasts on human skin (Meyer et al. 2004),
efficacy of skin care products (Teichmann et al. 2006), evaluation of barrier creams
(Rieger et al. 2007) and optical characterization of different skin abnormalities, e.g.
mycoses, sunburn, psoriasis, basal cell carcinoma (Meyer et al. 2006).

Fig. 9. Images of corneocytes on the 5-th strip: porcine (a) and human (b) cells obtained
by laser scanning fluorescent microscope based on Ar+ laser source (488 nm).
Fluorescent substance sodium fluorescein was used. Picture dimensions are 250 pm x
250 um (I).

Black-and-white images of investigated objects were displayed on a computer
screen on a real-time scale. Rotating a small wheel located on the hand-held holder,
the length of one of the optical arms was modified, allowing for in-depth scanning.
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By analysing images taken from different strips, it was possible to follow in-depth
morphology changes of the cells. From Fig. 9 (a) one can estimate also porcine
corneocytes sizes: about 30 um in diameter. Human cells look similar (Fig. 9 (b))
and their dimensions are more or less the same, as can be concluded from the
comparison of the two images.

35



36



5 UV radiation

5.1 Solar spectrum

The solar spectrum above the atmosphere and at the sea level is represented in Fig.
10 (Gueymard et al. 2002). Due to absorption of certain compounds in the
atmosphere (ozone O;, oxygen O,, carbon dioxide CO,, water vapour H,0O), the
spectrum reaching the Earth surface loses some spectral lines in its different parts.
UV radiation is a part of the solar spectrum occupying a range of 100—400 nm.
It is conventionally divided into three sub-ranges (McKinlay & Diffey 1987a):
UVC (100-280 nm), UVB (280-315 nm) and UVA (315400 nm). The former is
completely absorbed by the ozone layer of the atmosphere located at a height of
18-40 km above the Earth’s surface. The latter two are also attenuated: UVB
— about 25 times, UVA — about 2 times, so that both fractions represent 5% of the
solar intensity. They reach the atmosphere-ground interface and affect humans.
Both types of rays could be harmful if a dose of radiation on the skin is exceeded.
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Fig. 10. Solar spectrum above the atmosphere (1) and at the sea level (2) (Gueymard et
al. 2002).

5.2 Effects on skin

The influence of UV radiation can be divided into two categories: acute and
chronic (Diffey 1991). The former includes sunburn and sun tanning as well as
production of vitamin D. The chronic effects of these are skin cancer and
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photoaging. The UVB fraction is responsible for sunburn and increases the risk of
the certain types of skin cancer (basal-cell carcinoma and squamous cell carcinoma)
due to direct DNA damage, which is mainly the formation of a thymine-thymine
dimer. The UVA fraction causes sun tanning, photoaging, and malignant melanoma
by indirect DNA damage (by means of free radical formation). Although malignant
melanoma is rare, it is responsible for 75% of all skin-cancer-related deaths.
According to investigations, it is found that 92% of all melanoma cases are caused
by indirect DNA damage and only 8% of the melanoma is caused by direct DNA
damage (Davies et al. 2002). Moderate sun tanning can prevent sunburn due to
increased production of melanin, which is natural protector against overexposure of
human skin to UV radiation because of pronounced absorption within UV spectral

range.

5.3 Action spectrum and effective spectrum

The terrestrial solar spectrum contains a pronounced maximum somewhere near
500 nm (green light); the spectral intensity of UV radiation (400 nm and shorter) is
considerably lower. Nevertheless, photons of the shortest fraction of the
represented spectrum are the most powerful and therefore more dangerous than
those of the other spectral regions. Action spectra of the susceptibility of the
human skin to erythema (McKinlay & Diffey 1987b) and of generalized DNA
damage (Setlow 1974; Setlow 1993) due to UV radiation are shown in Fig. 11.
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Fig. 11. Erythemal and DNA-damage action spectra (McKinlay & Diffey 1987b).
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As can be seen from the graph, erythema can more or less indicate the increasing
probability of DNA damage, at least for wavelengths shorter than 310 nm. The
action spectrum is a parameter that describes the relative effectiveness of energy at
different wavelengths in producing a particular biological response. “Biological
response” may refer to effects at a molecular level, such as DNA damage, or at a
whole organism level, such as plant growth. An action spectrum is used as a
“weighting factor” for the UV spectrum to find the actual biologically effective
dose for a given effect. Multiplying the plots from Figs. 10 and 11 (erythermal
action spectrum), one can evaluate the effective spectrum taking into account the
spectral intensity of wavelengths within the original solar spectrum (Fig. 10). The
result of such a procedure is shown in Fig. 12 (IV). One can conclude from this
plot that erythema dangerous zone is 305-320 nm (mostly UVB range).
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Fig. 12. Effective spectrum of solar radiation within UV spectral range (IV).
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6 Nanoparticles of titanium dioxide

In order to improve the UV protective function of the stratum corneum, chemical
and physical compounds are added to sunscreens (Edlich et al. 2004; Jacobi,
Weigmann et al. 2004). The former are absorbing organic chemical substances
while the latter are nanoparticles of titanium dioxide (TiO,) and zinc oxide (ZnO)
(Innes et al. 2002) which both absorb and scatter UV light. Recently, silicon (Si)
nanoparticles were suggested for use in sunscreens (Rybaltovsky et al. 2006).

TiO, nanoparticles are extensively used nowadays also in cosmetics, paints, air
and water waste purification (Diebold 2003). Among the three existing crystal
modifications of TiO, (anatase, rutile and brookite), rutile and anatase are used
widely. Their crystal structures are represented in Fig. 13.
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Fig. 13. Crystal structures of anatase (a) and rutile (b) (www.millenniumchem.com).

Energy band gaps in anatase and rutile are 3.2 and 3.0 eV, respectively; such gaps
correspond to the wavelengths of 388 and 414 nm. Data about the photoactivity
(phototoxicity) of different crystal forms are contradictory: some authors report
that anatase is the most photoactive, if irradiated by UV light (Cao et al. 1999,
Kakinoki et al. 2004), while the others claim that either rutile form (Watson et al.
2003) or mixture of rutile and anatase (Bakarjieva ef al. 2005) are the most active.
As indicated in the cited publications, photoactivity strongly depends on relative
humidity, preparation temperature, production process, particle size, as well as on
dopants (Zhang et al. 1998), coating and correlates with the reflectance spectra
(Vorontsov et al. 2001). The photocatalytic activity of titanium dioxide, resulting in

41



free radical generation in skin, is a negative factor, which is essentially suppressed
by coating the particles with silica (SiO,), dimethicone or alumina (Al,O;) (Warner
et al. 1997; Lademann et al. 2000). Both anatase and rutile particles used in
sunscreens oxidize DNA and RNA in vitro and in human cell culture (Dunford ef al.
1997; Hidaka et al. 1997) under UV irradiation. However, it is important to know,
whether the amount of radicals generated by the particles on the skin exceeds that
produced by the skin itself.

Nanoparticles tend to form aggregates and agglomerates of 100-200 nm in size,
worsening their protecting properties in the UVB range and shifting the
pronounced attenuation to the longer wavelength UVA and visible regions of the
solar spectrum. The typical organization of anatase particles of different diameters
(25 and 400 nm) are shown in Fig. 14. Nevertheless, novel manufacturing
technologies, e.g., mechanochemical processing (MCP™) enable the production of
nanopowders without such disadvantages and with a narrow size distribution (25 +
4 nm) which can be successfully used in sunscreens (Innes et al. 2002). The usual

size distribution of TiO, particles is 15-20% from the mean value (Ahonen et al.
2001).

(@)

Fig. 14. TEM photos of 25- (a) and 400-nm (b) nanoparticles of titanium dioxide.
Magnification: x110 (a) and x22 (b). Scale: bar corresponds either to 0.2 um (a) or 1 um

(b).
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7 Free radical generation under UV irradiation

7.1 Free radicals

Free radicals are moleculs with an unpaired electron on the external orbital and of
high chemical reactivity. All radicals existing in the human organism can be
divided into two kinds: natural and alien. The former are those which are inherently
produced in the organism during chemical reactions: radical oxygen species (ROS)
such as superoxide (O,), singlet oxygen ('O,), hydroxyl radical (OH); as well as
nitric oxide (NO) etc. They play an important role as regulatory mediators in
signalling processes such as regulation of vascular tone, monitoring of oxygen
tension in the control of ventilation and erythropoietin production and signal
transduction from membrane receptors in various physiological processes (Darr &
Fridovich 1994; Droge 2002). Under normal conditions, the amount of free radicals
is balanced by enzymes and antioxidants. An excessive increase in ROS production
occurs in, for example, the pathogenesis of cancer, diabetes mellitus,
atherosclerosis, neurodegenerative diseases, rheumatoid arthritis,
ischemia/reperfusion injury (Drége 2002). The alien free radicals appear as a
consequence of the effect of ionizing radiation, UV light, xenobiotics, etc. on
human tissue and are harmful.

7.2 EPR technique

The study of free radicals can be carried out by direct and indirect methods. The
former implement the effects of either electron paramagnetic resonance (EPR) or
chemoluminescence. The latter include investigations of the end products of the
reactions with free radicals involved or application of inhibitors. The EPR (also
called ESR — electron spin resonance) technique is based on the absorption of
microwave radiation by an unpaired electron of a molecule located in a magnetic
field.

Direct detection of short-lived free radicals by the EPR method is possible only
at quite low temperature (77 K, liquid nitrogen), owing to their sufficient steady-
state concentrations only under such conditions (Fuchs et al. 2001). In order to
achieve suitable concentrations at room temperature, spin traps and spin markers
are used (e.g., PCA, DPPH, Tempol, TEMPO, DMPO, 4-POBN). Spin traps are
molecules, which bind to short-lived free radicals and form detectable stable forms
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of radicals (spin adducts). Spin markers are stabilized radicals contributing to the
EPR signal; however, being in contact with short-lived free radicals stabilized
radicals lose or add an electron and become undetectable. The decrease in the EPR
signal in this case quantifies the free radicals under investigation. The EPR
methodology is a useful tool for the non-invasive in vivo measurements of skin
barrier function, drug/skin interaction and cutaneous oxygen tension (Fuchs et al.
2001).

Skin is a tissue protecting deeper located organs from various hazards of the
environment, such as chemical, biological and physical, in particular, from UV
light. Excessive doses of UV radiation can cause direct or indirect (via formation of
free radicals) DNA damage leading to carcinogenesis (Ananthaswamy & Pierceall
1990). Skin is a suitable object for EPR investigations because of its surface
location and relatively small thickness. Using the microwave radiation of 1-
10 GHz, which penetrates as deep as 1-35 mm into the skin, it is possible to
monitor the penetration of spin traps and spin markers inside the skin (Herrling,
Fuchs et al. 2002; Meinke et al. 2008) and the in-depth appearance of generated
radicals by means of EPR imaging (Herrling et al. 2005). According to
investigations, UV-induced radicals include ROS and lipid radicals (Nishi et al.
1991; Ogura et al. 1991; Herrling et al. 2003) as well as melanin radicals (Collins
et al. 1995). As shown by experiments with human skin in vivo (Herrling, Zastrow
et al. 2002), the UVA part of the UV spectrum (290-320 nm) is mainly responsible
for the generation of free radicals (80—90% of total amount) because of higher
penetration depth, in contrast to UVB light (320400 nm) which contributes to
radical generation only in the epidermis (up to a depth of 200 um).

7.3 Experiments with TiO, nanoparticles

Two types of samples were used in the experiments: placebo (sunscreen o/w
emulsion without any filters, Creme Sante soleil SPF 8 F148-006 (RoC, France))
with coated TiO, nanoparticles embedded. The samples were applied either onto
glass slides or onto porcine skin in vitro. TEM images of the particles used are
depicted in Fig. 14. The surface density of the substance was 2 mg cm >
corresponding to the recommendations of COLIPA (COLIPA 1994) for sunscreen
applications. The placebo was weighed a on precise balance BP 211D (Sartorius,
Germany) with an accuracy of 0.1 mg using a syringe. One type of spin marker,
PCA (Sigma-Aldrich Chemie, Germany), was used to detect short-lived free
radicals emerging under UV irradiation. PCA was dissolved from powder in a
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water-ethanol (1:1) solution at a concentration of 10 mM. It was chosen from other
available spin markers owing to its satisfactory stability for our applications: after a
3 minute-long UV irradiation, the EPR signal decrease was about 1% and after an
18 minute-long irradiation — only 6% (Haag 2007). Additionally, in porcine skin
there are low amounts of antioxidants, thus prolonging the existence on PCA. As a
source of UV radiation (280—400 nm) a device TH-1E (Cosmedico Medizintechnik,
Germany) was used. The radiation intensity was 4.3 mW cm > measured by the
powermeter HBM-1 (Hydrosun Medizintechnik, Germany), which corresponds to
the solar UV intensity (4.6 mW cm 2). The EPR system LBM MT 03 (Magnettech,
Germany) operating in L-band (1-1.5 GHz) of 46 mT magnetic field strength with
magnetic field modulation (frequency — 100 kHz, magnitude — 0.15 mT) was used
for detecting the EPR signal. The generated short-lived radicals react with the
pyrrolidine nitroxide PCA, which is thereby reduced to the corresponding
hydroxylamine. PCA loses its free electron and the signal intensity in the EPR

signal decreases correspondingly.

7.3.1 Raman spectroscopy

The Raman spectroscopy system (LMTB, Germany) (Darvin et al. 2005; Darvin et
al. 2006; Darwin et al. 2006) was based on a CW Ar" laser operating at the
wavelength of 514.5 nm (power 9 mW).
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Fig. 15. Signal of Raman scattering from powder titanium dioxide nanoparticles with
diameters of 400 nm (1) and 25 nm (2).
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In order to reveal the crystal form of the used titanium dioxide particles, Raman
spectra of the powders of particles of two sizes were measured. The obtained
spectra are presented in Fig. 15. The signal produced by 25-nm particles is much
smaller than the signal produced by 400-nm ones, owing to features of particles-
light interaction. Three obvious peaks appear in the graph. These indicate,
according to Jackson (1998), that the crystal form of the particles under
investigation is anatase.

7.3.2 Mie calculations

For Mie calculations, MieTab 7.23 software (http://amiller.nmsu.edu/mietab.html)
was used. As input parameters, the radiation wavelength, refractive indices of the
particles and the surrounding medium, as well as particle sizes were required.

The Mie theory was used to describe the interaction between the particles and
UV radiation. The spectrum of the UV light source is depicted in Fig. 16. For the
calculations, two wavelengths were chosen: 310 nm and 335 nm. The first one was
chosen because it was close to the maximum of the source spectrum and
corresponded to the maximum of the product of the solar spectral irradiance over
wavelength with the erythemal action spectrum (IV). The second one was taken for
comparison.
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Fig. 16. Spectrum of the UV lamp used in the experiment.

Titanium dioxide is a birefringent crystal, with different refractive indices for light
polarized perpendicular or parallel to the optic axis. In the “average index”
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approximation, the particles are supposed to be isotropic, with real and imaginary
parts of the refractive index equal to n, = (2n, + n.)/3 and k, = (2k, + k.)/3, where
n, and k, (n. and k,) are the ordinary (extraordinary) real and imaginary parts of the
refractive index, respectively (Palmer et al. 1989). For the 310-nm and 335-nm UV
radiation these constants taken from (Jellison et al. 2003) result in:
n, — ik, = 3.48 —1-:0.83 (for 310 nm) and n, — ik, = 3.37 — i-0.25 (for 335 nm).
The refractive index of the surrounding medium (placebo) was 1.4, the diameters
of the particles were considered to be 2—200 nm with 2-nm steps. The result of the
calculation is shown in Fig. 17. Absorption efficiency factor Q, is the ratio of the
absorption and the geometrical cross-sections of a particle. The value (Q,/d), where
d is a particle diameter, is proportional to the absorption coefficient of a particle
suspension (V, VI, Popov et al. 2006b) and therefore takes into account the
presence of other particles of the same type in the sample.
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Fig. 17. Relative absorption efficiency factor referred to the particle diameter (Q.,s/d) for
310- (1) and 335-nm (2) UV radiation calculated according to the Mie theory, maxima of
the curves correspond to the particle diameters of 74 and 90 nm.

7.3.3 Experiments on glass slides

The glass slides had the following dimensions: width — 2.5 cm, length — 5 cm,
thickness — 2 mm. There were three types of prepared slide samples (5 couples of
samples of each type): 1) placebo with small (25 nm in size) particles, 2) placebo
with large (400 nm) particles, 3) placebo only. The slides were covered
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homogeneously with a mixture of the corresponding substances (2 mg cm *) and
PCA (50 pl). In each couple, one sample was irradiated with the UV lamp (25-nm
particles — for 1 min, 400-nm ones and placebo only — for 2 min); the other was
used for control (was not irradiated). The samples were put into the EPR system
and measured before and after the irradiation. The signals were displayed in real
time on the computer screen in the software environment supplied with the system.
They were stored as files and then analyzed.

Fig. 18 shows the mean values with standard deviations of the results obtained
from 5 samples on glass with or without particles (Popov et al. 2008). Standard
deviations vary between 0.02 and 0.24 for non-irradiated samples and 0.10 and
0.26 for the irradiated samples.
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Fig. 18. Temporal dependences of amplitudes of the EPR signals obtained from the
samples on glass: placebo with 25-nm particles (a), placebo with 400-nm (b) particles
and placebo without particles (c) UV-irradiated during 1 min (a) or 2 min (b, c) (¢) and
not irradiated (m). Zero-time corresponds to the beginning of UV irradiation (for the
irradiated samples) (Popov et al. 2008).
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Dependences of the EPR signal amplitudes on time for the irradiated and non-
irradiated samples are depicted. Statistically, there is no effect of UV radiation in
the presence of large particles and placebo without particles. However, the effect is
distinctly seen in the case of small particles, although they were irradiated for a
shorter time (1 min). This phenomenon can be explained in the framework of the
Mie theory. Considering that Fig. 17 represents the absorption efficiency curves for
310-nm and 335-nm radiation, we can conclude that 25-nm particles absorb UV
light much more efficiently than the 400-nm ones for 2 = 310 nm or at the same
level for 4 = 335 nm at the same volume concentrations. It is known that the
particles tend to form aggregates and agglomerates, although ultrasonic stirring
was used during the process of embedding particles into the placebo. The
formation of the above-mentioned structures causes an increase in the average size
of particles leading to the increased absorption efficacy of the 25-nm particles and
decreasing that of the 400-nm particles. Greater absorption means more active
production of free short-lived radicals. The curve corresponding to the non-
irradiated large particles looks very similar to that of placebo and different from
that of small particles.

7.3.4 Experiments on porcine skin in vitro

The ears of domestic pigs were delivered from a nearby farm (Gut Hesterberg,
Germany) on the day following the slaughter. Before the experiments, the ears
were washed with cold running water and gently wiped with paper napkins. All
hairs on surfaces of the ears were completely removed with medical scissors with
curved edges to avoid injuring the skin. Then Tesa adhesive tape (Beiersdorf,
Germany) was used for tape stripping according to (Weigmann et al. 1999). 20 tape
strips were taken from the same area to remove the stratum corneum in part.
Corresponding to (I), with this number of strips about 50% of stratum corneum was
removed. A roller was used to press the tape to the skin. This procedure was
required to ease the penetration of the PCA into the skin (Meinke ef al. 2008). The
PCA served as a marker for revealing the production of free radicals. In the
investigation of free radicals with the EPR technique, the deeper the PCA
penetrated, the higher the amount of skin volume was involved.

The surface of each porcine ear area, 5 x 14 cm’ in size, was marked with a
permanent marker. The areas were divided into pairs of small areas of 2.5 x 4 cm?
or 2.5 x 3 c¢m®. One area in the pair was used immediately after the preparation
procedure was completed; the other area was used 25-30 min after the application
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of substances. The borders of all the areas were covered with a colour glue to build
barriers between neighbouring areas. As with the experiments that applied particles
onto glass slides, three different substances were investigated: placebo with 25-nm
particles, placebo with 400-nm particles and placebo without particles. The PCA
was added to all substances (100 pl per each small area). The substances were
topically applied onto the skin, with a surface density of 2 mg cm >, During the
application of the corresponding (according to the area) amount of the substances
the skin was massaged with a massage device (Petra PC 60, Petra-electric,
Germany) covered with a latex glove finger saturated in advance with the
substance. From each small area, two punch biopsies were taken with a round-
edged sharp cutter: one was later irradiated with the UV lamp (stratum corneum
side); the other was used for control. The diameter of the skin samples was 12 mm;
the thickness was 2 mm (all skin layers from the surface to the cartilage in the
middle of the ear). The biopsies were removed from the ear using a scalpel and
pincers and were fixed onto a glass slide using acryl glue. Certain samples were
subsequently irradiated by UV light for 3 min. The irradiated samples were
measured in the EPR system before, immediately after and 15 min after the
irradiation. Those serving as controls were measured at 0, 3, 7, 10, 15 min (zero
time corresponds to the start-time point of sample irradiation). Four to six samples
were used for each measurement in order to collect statistical data.

One group of skin samples was irradiated immediately after preparation, the
other — with a 25-30 minute-long delay. The results of the measurements of the
first group with standard deviations are presented in Fig. 19. Standard deviations
vary between 0.04 and 0.25 for non-irradiated samples and 0.08 and 0.30 for the
irradiated samples. Even with statistical errors taken into account, the effect of UV
irradiation is clearly seen in all cases (the points corresponding to such samples are
located lower than those of non-irradiated ones), the magnitude of the effect is
almost the same for the samples with the particles in placebo, with placebo only
and for the skin samples without placebo and particles. This means that the amount
of short-lived free radicals appearing under UV irradiation are comparable and do
not depend on the presence of the particles on the skin surface. In other words, the
contribution of skin to free-radical generation under UV irradiation exceeds that of
the particles.

The effect of the penetration time (0 min versus 25-30 min) of the substances
before UV irradiation is depicted in Fig. 20. There is no significant difference; it
should be mentioned, however, that in the samples corresponding to the large
particles (Fig. 20 (b)) as well as to placebo (Fig. 20 (c)) and to skin without
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placebo and particles (Fig. 20 (d)), the lines connecting the average values and
relative to measurements without any delay are located above the lines
corresponding to the delayed experiments. However, the situation is the reverse for
the samples with small particles (Fig. 20 (a)).
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Fig. 19. Temporal dependences of amplitudes of the EPR signals obtained from the
samples on porcine skin in vitro, measured without delay: placebo with 25-nm (a) or
400-nm (b) particles, placebo without particles (c) and skin without placebo and
particles (d) UV-irradiated during 3 min (e) and not irradiated (m). For averaging, 4 skin
samples with placebo and each type of the particles, 6 skin samples with placebo only
and 6 skin samples without placebo and particles were measured. Zero-time
corresponds to the beginning of UV irradiation (for the irradiated samples).
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Fig. 20. Comparison of time-dependent amplitudes of the EPR signals after 3 min-long

UV irradiation of the skin samples immediately after preparation (=) and 25-30 min later

(e): placebo with 25-nm (a) or 400-nm particles (b), placebo without particles (c) and

skin without placebo and particles (d). For averaging, 4 skin samples with placebo and
each type of the particles, 6 skin samples with placebo only and 6 skin samples without
placebo and particles were measured. Zero-time corresponds to the beginning of UV

irradiation (for the irradiated samples).
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8 UV protection by nanoparticles

8.1 Multiple application of sunscreens on skin: location of particles

The experiment employed the previously-described tape stripping technique
(Weigmann et al. 2001). The study was performed with 6 healthy volunteers with
skin types II and III. An emulsion containing coated titanium dioxide particles
(mean diameter 100 nm) was studied, and 2 mg cm * of this preparation, according
to the COLIPA standard (COLIPA 1994), were applied on the flexor forearm. A
skin area of 10x8 cm® was marked with a permanent marker. 160 mg of the
selected emulsion was applied with a syringe and distributed homogenously with a
gloved finger. The procedure is illustrated by Fig. 21 (Lademann, Weigmann et al.
2005).

Fig. 21. Application of a sunscreen and tape stripping: application of the emulsion (a),
homogeneous distribution with a saturated glove finger (b), pressing of the tape by a
roller (c), removing of the adhesive tape (d) (Lademann, Weigmann et al. 2005).
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After application of the emulsion, the volunteers rested for 1 h, without sweating
and without covering the test area with textiles. The model sunscreen with titanium
dioxide was administered 5 times over a period of 4 days. The volunteers were
allowed to wash the treated skin area and wear any clothes as they would on the
beach. The tape stripping started on the fourth day 1 h after application. Such a
long period is caused by requirements of dermatologists, when sunscreens are
applied before every exposure to the sun, and reapplied frequently and liberally, at
least every two hours, as long as staying in the sun, and especially after swimming.
This is needed for a more homogeneous, superficial distribution of administered
particles. As shown (Lademann, Rudolph et al. 2004), the homogeneous
distribution can increase effectiveness of sunscreens by a factor of 10 in terms of
SPF (sun protection factor), and inversely, an uneven distribution of the applied
sunscreens decreases SPF and leads to necessity of use the step model of the
treated skin (Ferrero et al. 1999).

Thin strips of stratum corneum (about 1-um-thick each) were removed one by
one using Tesa adhesive tape. The penetration profile was obtained by analyzing
the amount of the stratum corneum (amount of corneocytes) and that of TiO,
removed with each tape strip. The thickness of the skin strip relative to the whole
thickness of the horny layer was determined spectroscopically (Jacobi et al. 2003;
Weigmann et al. 2003). Due to presence of particles NIR light was used for this
purpose (Popov et al. 2006a). The surface concentration of the particles in each
strip was estimated by X-ray fluorescent measurements (Lademann et al. 1999),
which yielded about 14 pg cm 2 in the first strip and almost zero in the strip taken
from the depth of 15 um. Most of the particles were located within the depth range
of 0—-3 um. The results of the procedure are shown in Fig. 22 (VI).
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Fig. 22. Experimental determination of TiO. particles in-depth distribution within the
stratum corneum, obtained by the tape-stripping technique (VI).
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Evaluation of the volume concentration of TiO, particles C [%, if multiplied by 100]
in the uppermost strip (see Fig. 22) can be performed as follows:
NV, _ M V_ M

C — H (1)
v Py Vo VoopgV

where N is the number of TiO, particles with volume V) and density p, each, within
a strip of volume V. The total mass of all the TiO, particles inside the strip is M.
The volume ¥V equals to the strip thickness (in our case 0.75 wm) multiplied by the
surface area (1 cm?). As it can be deduced from Fig. 22, mass M equals to 14 pg
(because the area is 1 cm?). Density of TiO, (rutile form) py is 4 g cm . Therefore,
it can be calculated that the volume concentration of TiO, particles within the
uppermost strip is about 5%. In deeper parts of the horny layer the skin contains
considerably fewer particles.

8.2 Mie calculations: cross-sections and anisotropy factors

Optical parameters, such as scattering and absorption coefficients (i and g,
respectively) for a medium partially filled with TiO, (or Si) particles, are needed as
input data for the Monte Carlo simulations. They can be expressed using scattering
o, and absorption g, cross-sections of a particle. These cross-sections can be either
smaller or larger than the geometrical cross-section of a particle because they are a
measure of interaction (scattering and absorption) between a photon and a particle.
Thus, using the same notations as in the equation (1) we find that

N-oc. C w-d* m-d* /4 0-C
2%~ 02% _c.o.- =15=—, 2
N-oc, C m-d? m-d* /4 0 -C
9% _C 5 B4 . —15.2 % 3
/’la v I/:) Qa 4 Qa ﬁd3/6 d ()

here O, = o/0, and O, = 0,/0, are relative (dimensionless) light scattering and
absorption efficiency factors respectively, and o, = 7d’/4 is the geometrical cross-
section of the particle, d is the particle diameter (100 nm in the experiment), C is
volume concentration of particles. The efficiency factors O, and Q, were
determined using the Mie scattering theory with the help of MieTab 7.23 software.
As reported in Shao & Schlossmann (1999), particles 35-200 nm in diameter are of
spherical shape. Even for prolate pigment TiO, particles with the aspect ratio of
about 1.5 the spherical approximation is acceptable (McNeil & French 2000). Real
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Re(n,) and imaginary Im(n,) parts of the refractive index of TiO, and Si particles
for the light with the wavelength A required as input data for this software are
represented in Table 1 (Palik 1985). The sum of the two values O, and Q, is called
the relative light extinction efficiency factor, Q...

Table 1. Real and imaginary parts of refractive indices of TiO, (rutile form) and Si for
310- and 400-nm UV light (Palik 1985).

A, nm Re(n,) —i*Im(ny)

TiO, Si
310 3.56 —i*1.72 5.01 - i*3.59
400 3.3 -i*0.008 5.57 —i*0.387

The greater the extinction efficiency factor, the higher the attenuation (absorption
and scattering) of the radiation transmitted through a sample. However, there is one
more parameter of particles-light interaction characterizing light propagation inside
a medium; namely, the average cosine of scattering (scattering anisotropy factor),
g = <cos@>. This varies within the interval [—1, 1]. Unity is related to the fully
forward scattering, negative unity — to the fully backward scattering, while zero
value corresponds to isotropic or symmetrical scattering. Assuming the refractive
index of the horny layer n,, = 1.53 (Tuchin 2000), we calculated the relative
scattering, absorption, and extinction efficiency factor Q,, O,, and Q..; respectively,
as well as g and constructed a quantity [Q, + O,*(1 — g)]/d for the 310- and 400-
nm radiation for the diameters of TiO, (and Si) particles ranging from 35 to 200 nm
with a step of 2 nm. Such a quantity satisfactorily predicts the most attenuating
particle sizes (VI, Popov et al. 2007). The results of the calculations are depicted in
Fig. 23.

In both parts of the figure the curves corresponding to silicon have more
pronounced peaks than those corresponding to titanium dioxide. It means that for
the diameters of particles corresponding to the maxima, silicon better attenuates the
UV light of the indicated wavelengths. The positions of the maxima are at 56 and
60 nm for Si and TiO, particles, respectively, for the 310-nm radiation. For the
400-nm light the maxima are located at 70 (for Si) and 126 (for TiO;) nm. As can
be concluded from the plots, silicon nanoparticles are better protectors almost
within the whole range of the considered particles sizes. The most drastic
difference between Si and TiO, curves is for the wavelength of 400 nm. The Si
peak is shifted to the smaller diameters and is much larger than the TiO, peaks.
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This differs from the 310-nm curves, for which the difference of maxima is not so
large and the maxima are located rather close to each other.
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Fig. 23. Dependences of quantity [Qa + Qs*(1 — g)]/d on particle diameter for TiO, and Si
nanoparticles for 310- (a) and 400-nm (b) light.

8.3 Monte Carlo simulations

8.3.1 Model of stratum corneum with particles

As known, the skin surface is not plane (Jacobi, Chen et al. 2004): furrows and
wrinkles (known as ‘sulci’) are located on its surface and represent a reservoir for
topically applied substances. After application of a sunscreen, nanoparticles are
accumulated in such structures. This causes uneven distribution of them over the
skin surface. Nevertheless, it should be taken into consideration that sulci represent
only 10% of the skin surface structure (age of the volunteers: up to 45 years), so
most of the skin surface can be approximated as flat surface. Additionally, the area
covered by hair follicles is much smaller than the rest of the skin surface (Otberg,
Richter, Schaefer et al. 2004) because of their small surface density. So it is
reasonable for sunscreen protection to take into consideration only skin surface free
from follicles. Moreover, the content of TiO, particles (if applied) in such follicles
is rather low (less than 1% of applied) as experimentally shown (Lademann et al.
1999), because the horny layer serves as a barrier. In our experiments the sunscreen
with the particles was applied several times during the four days, resulting in a
more homogeneous distribution than if administered only once. Taking into
account the above mentioned reasons, a plane-layer model (not a step model, as for
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uneven distribution of sunscreen (Ferrero et al 1999)) of the stratum corneum
treated with a sunscreen was developed.

The Monte Carlo method implemented in a developed computer 3D code using
Delphi® software environment, was applied to simulate the propagation of UV light
within the stratum corneum with embedded TiO, (or Si) particles (II, III, Popov,
Priezzhev et al. 2005). Fig. 24 illustrates the geometry of the sample model.
Incident light is directed perpendicularly to the air-skin interface. The collimated
incidence is modelled instead of diffuse light, which perhaps would be more
relevant for a sun-bather (because of curvature of body parts and if some overcast
takes place) due to the following reasons.

N

epidermis 4 /\

Fig. 24. Model of the stratum corneum partially filled with particles used in Monte Carlo
simulations: 1 — incident radiation, 2 — diffusely reflected radiation, 3 — absorbed
radiation, 4 — transmitted radiation, 5 — upper part of stratum corneum (1-um-thick, with
particles), 6 — lower part of stratum corneum (without particles). Thickness of the whole
stratum corneum (5 and 6) is 20 um.

We consider the integral characteristics of the registered radiation (over the whole
surface or within the whole layer). The computational model of the stratum
corneum consists of an infinitely wide plain layer, the upper part of which (1-um-
thick) contains TiO, (or Si) particles. Some authors try to take into account the real
conditions representing the interfaces between the skin layers as quasi-random
periodic structures (Meglinskii & Matcher 2002). The total thickness of both parts
is 20 um, which corresponds to the real dimension of this skin layer on the back
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and arms (Bordenave et al. 2002); only the palms and soles have thicker stratum
corneum (up to 150 um)because of more intensive use of hands and feet (Caspers
et al. 2003).

The Monte Carlo method was used to simulate the propagation of photons
inside both parts of the horny layer. One million photons were injected into the skin.
All results were normalized by this value. This amount ensured suitable calculation
time of about 5 minutes for each set of parameters and a statistical error of less
than 3%. Imaginary detectors were located on the outer sides of each part of the
horny layer. The lowermost one separated the stratum corneum from the epidermis.
Such tissue-detector localization in vivo can hardly be achieved noninvasively,
making simulations very important. Some experiments were performed recently in
vivo to reveal the protection effect of administered sunscreens, but they disturbed
living tissue with detectors situated between epidermis and dermis (Lademann,
Jacobi et al. 2004). The detectors collected photons moving from the horny layer
into the air or epidermis. In this study, we considered only the “unshaded” effect of
the horny layer with TiO, (or Si) nanoparticles added, not taking into account
deeper localized skin layers as scattering and absorbing media. The epidermis
affected only the mismatch of refractive indices between itself and the stratum
corneum. It was not described by any optical parameters except the refractive index
(n,, = 1.5) because all UV photons penetrating the epidermis were considered
potentially dangerous for its viable cells. That is why the topically applied
substances are used to decrease the amount of UV light transmitted through the
horny layer. Further consideration of photon migration within the epidermis and
lower layers was not involved in the study; but these layers could affect the total
amount of radiation detected on the surface of the skin and inside it. In other words,
UV photons penetrating the epidermis might also be scattered back into the stratum
corneum without infliciting any damage. Once in the stratum corneum, they might
(1) exit the skin into the air, thus becoming completely harmless, (2) be absorbed in
the stratum corneum (adding to the temperature rise in there), or (3) get scattered
back into the epidermis. Not only this could reduce the fluence level in the
epidermis, but the ratios between the above mentioned three events could vary
strongly with the particle diameter and light wavelength. In this study, the
following components of the radiation were registered: the amount of photons
totally reflected in the backward direction (detected on the surface of the skin),
absorbed within each part of the stratum corneum with and without particles and
transmitted both through the upper part and the whole horny layer.
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Cells of the stratum corneum are known to be shaped as flat cylinders
(Schaefer & Redelmeier 1996). Although they differ from other cells of internal
skin layers such as epidermis and dermis, the Henyey-Greenstein (HG) phase
function (Henyey & Greenstein 1941) seems to give a satisfactory characterization
for the stratum corneum scattering behaviour in the UV region that was deduced
from the comparison of experimental data and calculations results (Bruls & van der
Leun 1984):

1 1-g°

0=
PusO) = s ¢? —2g cos )

7 S

where g is the scattering anisotropy factor. The circumferential angle is defined as
@ = 2nRandom (Cashwell & Everett 1959), where Random is a Delphi” software-
generated random value, evenly distributed within the interval of [0, 1].

A superposition of the horny layer matrix (host medium) and particles
embedded into it is considered in the model. These particles are of nano-size and
assumed to be spherical. Light scattering from such particles is described by the
Mie scattering phase function p.(6) (van de Hulst 1957) obtained by the software
MieTab 7.23 mentioned above. The hybrid scattering phase function for the upper
part of the horny layer (with the particles) used in these simulations is:

p(O)=R-p,,, () +(1=R): p,;(0), ©)

z;:f P(6)sin(6)do =1, (©6)

where R = u,"/(u,"” +u,?), 1" is the scattering coefficient of the particles of the
concentration C determined by the formula (2), x” is a scattering coefficient of
the horny layer matrix. The expression (5) is a simplified form of the scattering
phase function of a mixture of polydisperse particles, where each kind of particle
has its own scattering phase function (Murant et al. 1998). The use of a linear
combination of two phase functions is not unusual: previously, the HG function
and an isotropic term were suggested to describe light scattering in human dermis
(Jacques et al. 1987) and dental enamel and dentin (Fried ef al. 1995), a modified
HG function with a normalization factor was used for human brain and stomach
(Thueler et al. 2003), while a double HG function — for white matter of a neonate
brain (Kienle et al. 2001). The mean free path /,, and a free path L of a photon are
defined as

Ly = (0 17 1,0+ ) (7)
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L=-1,, -In(1- Random), ®)

where 1,” is the absorption coefficient of the particles of the concentration C

determined by the formula (3), ,”

is the absorption coefficient of the horny layer
matrix. Optical properties of the matrix for the considered wavelengths are shown
in Table 2 (van Gemert et al. 1989; Tuchin 2000). Interaction between a photon and
an equivalent quasiparticle is simulated. A medium consisting of such
quasiparticles combines optical properties of both the horny layer matrix and the
nanoparticles. A quasiparticle can scatter or absorb an incident photon. The photon

is scattered with the probability p, determined as:
ps = (ﬂs(l) + ﬂs(Z)) / (/’l.s(l) + ﬂa(l) + llls(Z) +#a(2))' (9)

In any other case it is absorbed. A more detailed description of the algorithm can be
found elsewhere (Popov et al. 2003). The volume concentration of the particles C
used in the simulations was 1%.

Table 2. Optical properties of stratum corneum matrix for 310- and 400-nm UV radiation
(van Gemert et al. 1989; Tuchin 2000).

A, nm s, mm™’ Ha, mm™’ g Nm
310 240 60 0.9 1.53
400 200 23 0.9 1.53

8.3.2 Results of simulations

Figure 25 illustrates the dependences of absorption on particle diameters within the
upper part of the stratum corneum where nanoparticles (TiO, or Si) are present.
One can see that the curves on both parts of the figure have similar shapes as those
in Fig. 23. Positions of the highest values of absorption also coincide with those
from Fig. 23 except for the TiO, curve at 400-nm light: the most absorbing
particles have diameters of 122 (not 126) nm. About 50% of the incident radiation
is absorbed if optimal particles of both types are used. It is worth noting that
titanium dioxide particles absorb 400-nm light very weakly (no more than 5% of
the incident radiation).
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Fig. 25. Absorption of 310- (a) and 400-nm (b) light within the upper part of stratum
corneum (with particles).

Reflectance from the whole stratum corneum (i.e. photons emerging from both part
of the layer, with and without particles, registered on the surface of the layer) is
depicted in Fig. 26.
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Fig. 26. Reflectance of 310- (a) and 400-nm (b) light from the whole stratum corneum in
presence of TiO; or Si nanoparticles within its uppermost 1-um-thick part.

The reflection does not exceed 12% even for the most reflecting particles. The
maxima are shifted by a couple of nm to the larger sizes in comparison to the
curves in Fig. 23. This is explained in such a way that locations of the maxima of
the extinction (Fig. 23) and scattering curves (not shown) do not coincide. If
illuminated with the 310-nm light, reflectance is higher for silicon nanoparticles
than for titanium dioxide ones for all considered sizes. If illuminated with the
400-nm light, smaller (up to 90 nm in diameter) Si particles reflect light better than
TiO, ones; for larger (90—200 nm) sizes the situation is reverse.
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If the particles are used as UV light protectors, their most important
characteristic is how they attenuate radiation in all ways (both absorption and
reflection). Transmittance of light of the two wavelengths is shown in Fig. 27. The
curves look like inverted ones from Fig. 23, as they should be: the higher the
extinction, the lower the transmittance. Three diameters of the most attenuating
particles are coincident with those corresponding to the maxima in Fig. 23, namely
56 and 70 nm for Si (for 310- and 400-nm light, respectively) and 62 nm (for
310-nm light) for TiO, particles. A slight mismatch is observed for TiO, and 400-
nm light: instead of 126 nm the optimal size is 122 nm. Nevertheless, it can be
concluded that the extinction curves adequately describe the attenuation of light by
particles. Simulation of UV light transmittance on emulsions with particles also
showed that optimal Si particles are smaller that those of TiO, (VII).
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Fig. 27. Transmittance of 310- (a) and 400-nm (b) light through the whole stratum
corneum in presence of TiO, or Si nanoparticles within its uppermost 1-um-thick part.

In Fig. 28 the comparison between the following three cases for 310- and 400-nm
radiation is made: 1) stratum corneum without particles; 2) stratum corneum with
optimal TiO, particles; 3) stratum corneum with optimal Si particles. The particles
are located within the 1-um upper part of the stratum corneum, according to our
model described above. Each column consists of the four components of the
radiation (counting from the bottom): absorbed within the upper part (with
particles), absorbed within the lower part (without particles), reflected from the
whole stratum corneum and transmitted through the whole stratum corneum
(entering epidermis located beneath the stratum corneum).
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Fig. 28. Effect of the optimal TiO, and Si nanoparticles homogeneously distributed
within the uppermost 1-pum-thick part of the stratum corneum for 310- (a) and 400-nm (b)
light.

Consider first the case of 310-nm radiation (Fig. 28 (a)). If particles of any of two
types are added, absorption increases dramatically in the upper part (from 5 to
40%), almost to the same level. The increase in absorption in this part causes its
decrease in the lower part (from 65% to 40% of the incident radiation).
Nevertheless, the total absorption increases (from 70% to 85%) in the presence of
the particles. Reflectance also increases. Because of these two factors,
transmittance decreases from more than 20 to around 10%.

The difference between the effects of the two types of optimal particles is more
pronounced if the radiation with the wavelength of 400 nm is considered (Fig. 28
(b)). TiO, particles are weak absorbers and the absorption in the upper part does
not differ much from that of the stratum corneum without particles (still some
synergy exists between the particles and the stratum corneum increasing absorbed
radiation (Lademann, Schanzer et al. 2005)); their main contribution to light
attenuation is caused by increased reflection (from 5% to 10%). In contrast to this,
Si particles are such effective absorbers at this wavelength that the absorption in
the upper part exceeds the absorption in the whole stratum corneum without
particles or with TiO, particles. The reflection is of the same level as for titanium
dioxide particles. The discussed reasons result in the transmittance values: about
45% and 20% in the presence of TiO, and Si particles respectively.

In the experiment carried out to compare its results with the simulations, the
transmittance of UV light through a layer of o/w emulsion (L’Oréal, France) with
nanoparticles UV-TITAN M 160 (Kemira, Finland) was measured with the
spectrophotometer Lambda 20 (Perkin Elmer, Germany). In the corresponding
simulations, 100-nm TiO, nanoparticles with a volume fraction of 0.2% embedded
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into a 20-um layer of the transparent medium with #,, = 1.4 were considered. Such
a low concentration was chosen to be within the frames of independent scattering
for all wavelength of the spectrum (288—800 nm). In all simulations one million
photons were launched into the medium. This amount ensured sufficient statistical
precision of the calculation with an error not exceeding 3%. Those photons that
went out of the medium were collected at the following angles: azimuthal 0-360
degrees; polar: 0-90 degrees for the photons detected in the forward hemisphere,
90-180 degrees for those detected in the backward hemisphere, the polar angle is
calculated relative to the direction of photon-incidence to the skin. The medium
was assumed to be isotropic in the lateral directions.

Comparison between the experimental and simulation results for TiO, particles
of average size of 100 nm is shown in Fig. 29 (a).
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Fig. 29. Experimental and simulation attenuation curves (a) and dependence of quantity
[Q. + Qs*(1 — g))/d on a particle diameter for 360-nm light calculated using the Mie theory
(b).

The curves represent the extinction (reciprocal to transmittance) in dependence on
the wavelength. The discrepancy between the experimental and simulation curves
is caused by the assumption of medium transparency and lower particle
concentration (0.2%) wused for simulations. The assumption of medium
transparency was used because the absorption coefficient of the emulsion was not
known. Some important features can be revealed from the experimental curve. As
seen, the maximal extinction is achieved at the wavelength of 360 nm. By using the
Mie theory, and taking into account the optical parameters of TiO, particles at
360-nm light (n, = 3.54, k, = 0.16 (Palik 1985)), a quantity representing a
combination of relative scattering and absorption efficiency factor, g-factor and
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particle diameter was calculated for the diameters of 35-200 nm and depicted in
Fig. 29 (b). The position of the maximum of the drawn curve indicates the size of
the most attenuating particles (VI). In our case it is 98 nm. Using the optical
parameters of the TiO, particles for UV and visible spectral ranges (Table 3), the
relative scattering and absorption efficiency factors as well as g-factor, a simulation
curve was calculated (Fig. 29 (a)). The maxima of the both curves in Fig. 29 (a)
clearly coincide. This proves that the size of nanoparticles embedded in the
emulsion in the experiment was about 100 nm.

Table 3. Optical parameters of TiO, particles in UV and visible spectrum ranges (Palik
1985).

Wavelength, nm Refractive index Wavelength, nm Refractive index

Re(ny) Im(n,) Re(n,) Im(ny)
288 3.07 2.40 580 272 0
294 3.42 2.47 600 2.70 0
307 3.56 1.72 620 2.69 0
318 4.46 1.92 633 2.68 0
360 3.54 0.16 660 2.66 0
400 3.13 0.008 680 2.65 0
440 2.96 0.053 700 2.64 0
460 2.90 0 720 2.63 0
480 2.86 0 740 2.63 0
500 2.82 0 760 2.62 0
520 2.79 0 780 2.61 0
540 2.76 0 800 2.61 0
560 2.74 0
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Fig. 30. Optimal sizes of TiO, imbedded into the stratum corneum.

Figure 30 represents the dependence of optimal diameters (from the viewpoint of
light attenuation) of TiO, particles, embedded in the stratum corneum, on the
wavelengths. The dependence is close to being linear: the larger the light
wavelength — the larger the TiO, particles should be to attenuate light in the optimal
way. This prediction is also supported by the simulations of OCT signals from the
stratum corneum partially filled with TiO, particles (Popov, Kirillin et al. 2005): for
633-nm light, the weakest signal from the rear border of the layer was observed for
the sizes of 200-nm (the largest size of all considered).
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9 Summary

In tape stripping experiments with the porcine ear skin, it is shown experimentally
that there is a linear dependence between the absorbance (equals to logarithm of
inverse transmittance) and thickness of the corneocytes on tape strips for all
wavelengths of the investigated region (300-1050 nm). Thus, it is possible to
replace the time-consuming weighing procedure with the spectroscopic
measurements. Dependence of the cumulative absorbance of the removed stratum
corneum on tape strip number can be satisfactory fitted by an exponential function.
This relationship allows an evaluation of the relative share of the removed stratum
corneum, without complete removal of this layer. All the obtained results correlate
well with those obtained on humans. Applied laser scanning fluorescence
microscopy to corneocytes imaging, qualitative similarities between forms and
sizes of porcine and human cells are found.

As proved experimentally by means of EPR spectroscopy, small (25 nm in
diameter) coated nanoparticles of titanium dioxide (anatase form) are more
photoactive than large (400 nm in diameter) particles. This effect is clearly seen if
the particles embedded into placebo are applied on glass. The Mie theory explains
the difference in light absorption by particles of the mentioned sizes and, as a
consequence, the difference in amount of generated free radicals. However, if the
particles are applied onto the porcine skin in vitro, no distinct difference is
observed. This is caused by high skin contribution to the generation of radicals. In
comparison to the skin’s ability to produce radicals, the nanoparticles do not play a
significant role in the concentrations used (2 mg cm ).

The modification of skin optical properties by means of application of
nanoparticles of two types (TiO, (rutile form) and Si) is investigated by
implementing the Mie theory and Monte Carlo simulations. For the two
wavelengths of light considered, the sizes of the most attenuating particles are the
following: 56 and 70 nm for Si and 62 and 122 nm for TiO, particles (for 310- and
400-nm light, respectively). The mechanisms behind these effects are absorption of
the UV radiation of the shorter wavelength radiation for the both types of the
particles; scattering for TiO, and absorption and to a lesser extent scattering for Si
nanoparticles of the longer wavelength light. Although the possible existence of
SiO; shells on the particles was not taken into account in the calculations, the effect
of extinction is more pronounced in this case because the real part of the refractive
index of SiO,is 1.47—-1.49 for the radiation of 290-400 nm and hence is lower than
that of skin (1.53).
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