
Abstract. The propagation of radiation in different spectral
ranges in a superécial skin layer partially élled with titanium
dioxide nanoparticles at the volume concentration 0.67%ë
2.25% is simulated by the Monte-Carlo method. This volume
concentration corresponds to the maximum admissible
concentrations of particles that most eféciently attenuate
radiation in the independent scattering regime. The trans-
mission of radiation at 307, 400, and 500 nm in a 20-lm thick
skin layer is simulated and the effect of nanoparticles on the
contributions from photons of different scattering orders to
transmission is considered. It is shown that the administration
of nanoparticles results in the broadening of the scattering-
order distribution of photons propagated through the skin
layer and the shift of the maximum of this distribution in the
direction of a greater number of scattering events at
wavelengths 400 and 500 nm, the effect being more
pronounced at 400 nm. The increase in the scattering order
elongates photon trajectories in the medium and enhances
diffusely scattered radiation, thereby reducing transmission.

Keywords: propagation of optical radiation, nanoparticles, titanium
dioxide, Monte-Carlo method, skin model.

1. Introduction

The problem of protection of people from the harmful
action of UV radiation, which can cause, for example, skin
cancer is especially urgent at present due to the thinning of
the ozone layer in the Earth atmosphere. The human skin is

a protective barrier consisting of several layers [1]: the
horny layer, epidermis, papillary derma, the upper plexus of
blood vessels, reticular derma, the lower plexus of blood
vessels, and subcutaneous fat. These layers have different
scattering and absorption coefécients, refractive indices,
and anisotropy scattering factor [2]. The layer located at the
skin surface is called horny and consists of necrotic cells.
This layer protects lower-lying layers against chemical,
physical (in particular, optical), and other types of action.
The horny layer prevents the penetration of UV radiation
into epidermis and derma, which are located deeper in the
skin. To increase the eféciency of this function, creams
containing chemical (absorbing) and physical (absorbing
and scattering) materials have been developed [3, 4]. The
latter include titanium dioxide (TiO2) and zinc oxide (ZnO)
nanoparticles, which increase light reêection and absorp-
tion. The authors of [5] proposed to use silicon (Si) particles
for this purpose.

The UV radiation spectrum is conventionally divided
into three ranges [6]: UV-A (315 ë 400 nm), UV-B (280 ë
315 nm), and UV-C (100 ë 280 nm). The short-wavelength
part of UV radiation (UV-C), which is most hazardous for
living organisms on Earth, is completely absorbed in the
ozone layer located at a height of 18 ë 40 km over the Earth
surface, whereas the UV-A and UV-B radiation is absorbed
only partially and their main part reaches the Earth surface
[7]. The action of UV radiation on the human skin can be of
two types: acute or chronic [8]. The érst type includes the
sun burn (caused by UV-B radiation) and tan (caused by
UV-A radiation), as well as the synthesis of the D vitamin
(caused by UV-B radiation), while the second one includes
melanoma and photoaging caused by the action of UV-A
radiation. Because of a decrease in the ozone layer thickness
in recent years, the intensity of high-energy UV radiation
penetrating into the lower layer of the atmosphere, which is
the habitat of people, has become higher.

Nanoparticles are used in sunscreens to reduce UV-A
and UV-B irradiation. TiO2 particles absorb radiation at
wavelengths l < 365 nm, while ZnO particles absorb radi-
ation at wavelengths l < 380 nm. For this reason, the
former are used to attenuate UV-B radiation and the
short-wavelength part of UV-A radiation, while the latter
are mainly used for protection from UV-A radiation [4]. The
ability of TiO2 to produce free radicals and singlet oxygen
upon absorption of light in skin, which are hazardous for
cells, are suppressed by using quartz (SiO2) and corundum
(Al2O3) coverings [9, 10]. The formation of aggregates and
agglomerates of nanoparticles in creams results in the
wavelength shift of radiation most eféciently interacting
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with particles to the visible region and in the reduction of
attenuation of UV radiation. New preparation techniques
[4] make it possible to obtain small nanoparticles with a
narrow size distribution (25� 4 nm), which are considerably
less subjected to aggregation.

In this paper, we consider non-aggregating TiO2 nano-
particles, which remain in the upper two-micron part of the
20-mm thick superécial skin layer upon applying a sunscreen
cream on the skin. We studied the effect of such particles (of
size 62, 122, and 176 nm) on the transmission of radiation at
307, 400, and 500 nm by the skin layer from the point of
view of changes in the photon trajectories due the change in
the order of their scattering by nanoparticles.

2. Experimental results

The distribution of TiO2 particles over the horny layer
depth was determined earlier in experiments by the
stripping technique described in detail in [11, 12]. Here,
we discuss this method only brieêy. An emulsion containing
TiO2 particles of average diameter 100 nm was applied once
per day on a skin area of size 10� 8 cm on the inner side of
a forearm and was rubbed in it. By the fourth day the
horny layer was removed successively with the help of a
medical scotch. The thickness of each strip of this layer near
the skin surface was about 0.5 mm. As the depth of the
horny layer from which skin strips were taken was
increased, their thickness decreased due to a stronger
adhesion between the cells of the layer (corneocytes) in the
layer depth. The surface density of particles in strips
determined from X-ray êuorescence measurements [13] was
approximately 14 mg cmÿ2 in a strip taken from the skin
surface and virtually zero in a strip taken from a depth of
20 mm. Nanoparticles were located predominantly at a
depth of 0 ë 3 mm. The experimental results are presented in
Fig. 1 [14]. The volume concentration C of particles in a
strip was estimated from the expression

C � NV0

V
� M

r0V0

V0

V
� M

r0V
, (1)

where N is the number of particles in a strip of volume V;
V0 is the volume of a particle of density r0; and M is the
mass of all particles inside the strip. The volume V is equal

to the product of the strip thickness (0.75 mm for the upper
strip) by the surface area (1 cm2). It follows from Fig. 1
that the mass M of the upper strip of area 1 cm2 is 14 mg.
The density of the rutile form of titanium dioxide is
r0 � 4 g cmÿ3. Therefore, the concentration of particles in
the upper strip is about 5%. The concentration of particles
in the horny layer parts located deeper is considerably
lower.

3. Calculations based on the Mie theory

We described the interaction of TiO2 particles with
radiation by using the Mie scattering theory because the
shape of particles was assumed spherical, which is valid for
particles of size more than 35 nm [15]. The calculation
procedure is described in detail in our earlier paper [16].
The scattering ( ms) and absorption ( ma) coefécients for
nanoparticles of diameter d at concentration C suspended
in a transparent medium, which are required for Monte-
Carlo simulations, are expressed in terms of the scattering
(ss) and absorption (sa) cross sections of a nanoparticle
(cross sections have the dimensionality of area). By using
the same notation as in (1), we obtain
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d
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where Qs � ss=sg and Qa � sa=sg are the dimensionless
factors of the scattering and absorption eféciency of a
particle, respectively; and sg � pd 2=4 is the geometrical
cross section of a spherical particle. The factors Qs and Qa

are determined by using the Mie scattering theory imple-
mented in the MieTab program 7.23 [17]. As the total value
of coefécients ( ms � ma) increases, the attenuation of
radiation propagating through a layer of particles increases.
Scattering by particles also depends on the anisotropy
factor g (the average cosine of the scattering angle).
Scattering by small particles is more isotropic than that
by large particles, which reduces transmission. Thus, a
combination of large scattering and absorption eféciency
factors related to the particle diameter (which is propor-
tional to ms and ma, respectively) and a small anisotropy
factor enhances the attenuation of radiation.

The value of �Qs(1ÿ g)�Qa�=d was calculated for l �
307, 400, and 500 nm and particle diameters 35 ë 200 nm
(with a step of 2 nm). We used the refractive indices of the
medium nm � 1:53 [1] and nanoparticle material n � 3:56ÿ
i� 1:72 (l � 307 nm), 3:13ÿ i� 0:008 (l � 400 nm), and
2:82ÿ i� 0:0 (l � 500 nm) [18]. The choice of the above
wavelengths was not accidental: the érst wavelength
corresponds to the erythemal peak [14], the second one
is located at the boundary of the UV and visible ranges,
and the third one lies in the region of the maximum
intensity of the solar spectrum. The results of calculations
are presented in Fig. 2. One can see that the dependences
have maxima. The most pronounced attenuation of
radiation is observed for particles with diameters corre-
sponding to the position of maxima of the curves. As
shown earlier in [16], the most efécient in this sense for
l � 307 and 400 nm are particles with diameters 62 and 122
nm, respectively. For l � 500 nm, as follows from
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Figure 1. Distribution proéle of titanium dioxide particles over the
horny layer depth.
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calculations, attenuation occurs most eféciently when
particles of diameter 176 nm are used.

4. Monte-Carlo simulations

The propagation of radiation in a horny layer with TiO2

particles was simulated by the Monte-Carlo method by
using the computer program described in our papers
[14, 16, 19]. The model of the horny layer is shown in
Fig. 3. The layer is represented by two plane inénitely
broad layers without a distinct interface: the upper 2-mm

thick layer containing TiO2 particles and the lower layer
without particles. The total thickness of both layers is
20 mm, which corresponds to the horny layer on a greater
part of the human body surface [20]. We assume that the
sample borders the air on one side and epidermis with the
refractive index 1.5 on another. The number of photons
injected into skin was 1 million in each calculation. The
results of calculations are normalised to this value. The use
of such a number of photons gives the acceptable calcu-
lation time (about 5 min for each set of parameters) and
provides the statistical error less than 3%. The program
was used to calculate the number of photons absorbed in
the upper (with particles) and lower (without particles)
parts of the horny layer, as well as the number of photons
propagated through the entire horny layer and diffusely
reêected from it (detected on the skin surface).

Scattering in the upper part of the horny layer was
simulated by using the hybrid phase function representing a
linear combination of phase Mie functions (scattering by
spherical particles) and Henyey ëGreenstein functions (scat-
tering in biological tissues):

p�y� � 2pApMie�y� � �1ÿ A�pHG�y�, (4)

pHG�y� �
1

2

1ÿ g 2

�1� g 2 ÿ 2g cos y�3=2
, (5)

� p

0

p�y� sin y dy � 1, (6)

where A � m
_�1�
s =( m �1�s � m �2�s ); m �1�s is the scattering coefé-

cient of TiO2 particles at concentration C suspended in a
transparent medium, determined from (2); m �2�s is the
scattering coefécient of the horny layer; and y is the
scattering angle. Table 1 presents the optical properties of
the horny layer without and with particles for the radiation
wavelengths used in simulations. The concentration of TiO2

particles was 0.67%, 1.70%, and 2.25% for radiation at
wavelengths 307, 400, and 500 nm, respectively. These are
maximum admissible particle concentrations at which the
scattering of radiation by particles is independent of the
presence of other particles (independent scattering). It is
assumed that such scattering occurs when the distance
between surfaces of particles is not smaller than the
radiation wavelength in the medium [22]. If we assume
that spherical particles are located inside imaginary cubes in
the medium, the expression relating the critical concen-
tration Ccr of particles with the particle diameter d has the
form

pd 3=6

�d� l=nm�3
� Ccr, (7)

where l=nm is the radiation wavelength in the medium. The
ratio of particle and cube volumes in the left-hand side of

�Qs�1ÿ g� �Qa�
d

�
nmÿ1
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Figure 2. Dependences of the quantity �Qs�1ÿ g�� Qa�=d on the TiO2

particle diameter for radiation at 307 ( 1 ), 400 ( 2 ), and 500 nm ( 3 )
calculated by using the Mie theory. The vertical dashed straight lines
correspond to the optimal diameters of particles.

Table 1. Optical parameters of the upper part of the horny layer in the absence and presence of particles in it, and the refractive index of TiO2

particles.

l
�
nm

Horny layer without TiO2 particles [21] Horny layer with TiO2 particles

ms
�
mmÿ1 ma

�
mmÿ1 g nm d

�
nm Ccr (%) ms

�
mmÿ1 ma

�
mmÿ1 n [18]

307 240 60

0.9 1.53

62 0.67 426 337 3:56ÿ i� 1:720

400 200 23 122 1.70 1106 37 3:13ÿ i� 0:008

500 162 7 176 2.25 845 7 2:82ÿ i� 0:000
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Figure 3. Model of the horny layer partially élled with TiO2 particles
used in Monte-Carlo simulations: ( 1 ) incident radiation; ( 2 ) diffusely
reêected radiation; ( 3 ) absorbed radiation; ( 4 ) transmitted radiation;
( 5 ) 2-mm thick upper part of the horny layer (with TiO2 particles); ( 6 )
lower part of the horny layer (without TiO2 particles). The thickness of
the entire horny layer [( 5) and ( 6 )] is 20 mm.
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(7) gives the critical volume concentration. The dependence
Ccr(d ) is shown in Fig. 4.

5. Simulation results and discussion

Figure 5 presents the distribution diagrams for the number
of photons at 307, 400, and 500 nm absorbed in the upper
(with TiO2 particles) and lower (without particles) parts of
the horny layer and reêected from this layer and trans-
mitted through it. One can see that the presence of particles
in the upper two-micron part of the horny layer differently
affects the attenuation of transmitted radiation. For the
radiation wavelength of 307 nm, attenuation is mainly
caused by the increase in the total absorption (due to
increasing absorption in the upper part of the layer
containing particles) from 75% to 85%. For wavelengths
400 and 500 nm, the situation is different: attenuation
mainly occurs due to increasing reêection (diffuse and
surface). Thus, the total absorption at 400 nm increases
from 45% to 51%, while reêection increases from 6% to
19%. Absorption at 500 nm increases from 17% to 21%
and reêection ë from 6.5% to 18%. The difference in the
attenuation mechanisms is explained by the properties of

the particle material in which radiation with l < 365 nm is
absorbed and scattered, whereas longer-wavelength radia-
tion is only scattered. Despite this, absorption in the part of
the horny layer with particles also increases at 400 and 500
nm, which is caused by the bending and elongation of
photon trajectories in this part of the horny layer
containing particles.

The effect of TiO2 particles on the number of scattering
events experienced by photons migrating in the horny layer
is illustrated in Fig. 6. The distributions over scattering
orders of photons transmitted through the entire layer (to
epidermis) are presented for radiation wavelengths used in
simulations in the cases when the upper part of the horny
layer does not contain particles or contains particles of a
certain size and concentration. The curves in Fig. 6a
virtually coincide, which means that absorption dominates
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Figure 4. Dependences of the critical volume concentration of spherical
nanoparticles on their diameter for radiation at 307 ( 1 ), 400 ( 2 ), and
500 nm ( 3 ).
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Figure 5. Distribution diagrams of photons over the following groups
(from bottom to top): photons absorbed in the upper part of the horny
layer (with TiO2 particles), absorbed in the lower part of the layer
(without particles), reêected from this layer (diffusely and from the
layer ë air interface) and transmitted through the entire layer, for
l � 307 nm (d � 62 nm, C � 0:62%), l � 400 nm (d � 122 nm,
C � 1:70%), and l � 500 nm (d � 176 nm, C � 2:25%). The diagram
at the left for each of the wavelengths corresponds to the zero
concentration of particles.

a
In
te
n
si
ty

(a
rb
.u

n
it
s)

b

In
te
n
si
ty

(a
rb
.u

n
it
s)

c

In
te
n
si
ty

(a
rb
.u

n
it
s)

0 2 4 6 8 10 12 14
Number of scattering events

0

0.2

0.4

0.6

0.8

1.0

0 5 10 15 20 25 30 35
Number of scattering events

0

0.2

0.4

0.6

0.8

1.0

0 5 10 15 20 25 30 35
Number of scattering events

0

0.2

0.4

0.6

0.8

1.0

Figure 6. Scattering-order distributions of photons propagated through
the entire horny layer in the absence (&) and presence (*) of particles in
the upper part of the layer for l � 307 nm, d � 62 nm, C � 0:62% (a),
l � 400 nm, d � 122 nm, C � 1:70% (b), and l � 500 nm, d � 176 nm,
C � 2:25% (c).
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over scattering. The corresponding curves in Figs 6b and 6c
differ from each other: the introduction of particles leads to
the increase in the distribution width and the shift of the
distribution maximum in direction of a greater number of
scattering events. Thus, the FWHM of the distribution
changes from 5 to 10 and from 5 to 7 for l � 400 and
500 nm, respectively, while the distribution maximum shifts
from 3 to 5 and from 3 to 4 for the same wavelengths. A
weaker effect for l � 500 nm and particles of diameter
176 nm is caused by the lower values of the product of
�Qs(1ÿ g) �Qa�=d by the volume concentration of particles
(see Figs 2 and 4) compared to those for l � 400 nm and
particles of diameter 122 nm: 22:5� 10ÿ5 nmÿ1 (C �
0:0225) versus C � 34� 10ÿ5 nmÿ1 (C � 0:017).

6. Conclusions

We have studied the effect of titanium dioxide particles on
the attenuation of radiation in the superécial (horny) layer
of human skin at wavelengths of 307, 400, and 500 nm. The
investigation has been performed by using calculations
based on the Mie scattering theory and subsequent Monte-
Carlo simulations. The results have shown that the
scattering-order distribution of photons at 307 nm trans-
mitted through the horny layer almost does not change
after the implantation of nanoparticles (d � 62 nm, C �
0:67%) because absorption of photons in these particles
dominates. For radiation at 400 and 500 nm, the effect of
particles (d � 122 nm, C � 1:7% and d � 176 nm,
C � 2:25%, respectively) on scattering in the independent
scattering regime is pronounced: the maximum of the
scattering-order distribution shifts from 3 to 5 and from 3
to 4 scattering events, while its width is doubled and
increases by a factor 1.4, respectively. This results in the
elongation of photon trajectories and the increase in
diffusely reêected radiation, thereby reducing transmission.
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