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ABSTRACT: Sunscreen formulations containing inorganic/organic
filters or mixture of them were synthesized by oil/water dispersion. The
viscosity measurements show that sunscreen formulations are time-
dependent non-newtonian fluids. In the CIELab color diagram, the white
and/or beige colors presented by formulations do not compromise the
aesthetics of the cosmetic product. UV-VIS absorption spectra show that
sunscreen creams have high UV shielding ability, mainly the
formulations containing inorganic and organic filters mixtures, which
provide in vitro SPF and critical wavelength values recommended for UV
protection.

1. Introduction

The excessive sun exposure causes cellular
damage and immune system  function
modifications'?. These damaging biological effects
are caused by ultraviolet radiation (UV), which is
responsible for the photochemical reactions in the
human organism. UV radiation may be subdivided
into following regions: UVC (100-290 nm), UVB
(290-320 nm) and UVA (320-400 nm)°. However,
the solar UV radiation which reaches the earth’s
surface is commonly composed by a combination
of UVB and UVA radiation’. UVB radiation,
although restricted to penetration of the upper
layers of the skin, causes sunburns and direct DNA
damage via pyrimidine dimer formation®. While

*

Skin care formulations containing organic and inorganic filters show suitable colloidal and
optical properties for application as sunscreens.

the UVA radiation penetrates deeper into the skin
causing photoaging, irregular pigmentation,
immune system depression and gene modifications
due mainly to the generation of reactive oxygen
species by photosensitized oxidation®. Therefore,
the sunscreen use to minimize the human health
risks induced by UVB and UV A radiation exposure
is very relevant’.

Sunscreens are skin care products whose main
function is to protect the human skin from solar UV
radiation®. Analyzing from physical-chemical
point of view, sunscreens are colloidal systems
containing emulsions and/or particle dispersions.
Generally, these colloidal systems are constituted
by hydrophilic (e.g. water), hydrophobic (e.g.
emollients) and amphiphilic (e.g. surfactants)
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compounds; therefore, sunscreens have suitable
water-soluble and liposoluble properties to form
films over the skin surface. Moreover, these
properties provide sensory characteristics to
sunscreens, which stimulate their use as skin
cosmetics due to the facility of the cream removal
with water and the skin hydration®.

Sunscreen application over human skin and the
formation of the sunscreen film depend on their
rheological properties, especially the colloidal
stability. In this perspective, viscosity is an
important property to evaluate the colloidal
stability of sunscreens™, since it is directly
associated to the surface interactions between
sunscreen ingredients.

Inorganic and organic filters are sunscreen
active ingredients'’, i.e., the compounds
responsible to the UV photoprotection of the
human skin. Among inorganic and organic
commercial filters, zinc oxide, 1-(4-
methoxyphenyl)-3-(4-tertbutylphenyl)propane-
1,3-dione and hexyl 2-(4-diethylamino-2-
hydroxybenzoyl)-benzoate have been widely used
as broad spectrum filters in sunscreens due to their
high UV shielding ability®.

Therefore, sunscreens must exhibit optical and
rheological properties that allow photo-protective
film formation on the human skin. In this
perspective, the  understanding of the
intermolecular interactions between sunscreen
ingredients, especially organic and inorganic
filters, is very important for the development of
stable and broad-spectrum sunscreens. In addition,
the nature, amount and mixture of the filters
directly influence optical and rheological
properties of sunscreens due to the modification
and/or formation of the new intermolecular
interactions between their ingredients.

In the literature, several scientific publications
show rheological and optical properties of
sunscreen creams containing different and/or
mixtures of sunscreen active ingredients™®'**%,
However, the understanding of possible surface
interactions between sunscreen constituents that
influence the colloidal stability, mechanical and
optical properties of sunscreen creams require
more detailed studies. Thus, this work aims to
investigate the colloidal stability and mechanical
properties of sunscreen formulations containing
different and/or mixture of organic and inorganic
filters using the viscosity measurements as
parameter to evaluate the surface interactions
between sunscreen ingredients. Moreover, the
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optical properties of the sunscreen formulations
were analyzed by UV-VIS spectrophotometric
measurements to investigate sunscreen active
ingredients interactions and potential UV shielding
capacity of the sunscreen creams.

2. Materials and methods
2.1 Sunscreen formulations

Dipropan-2-yl hexanedioate (Dhaymers), 2,3-
dihydroxypropyl octadecanoate (Via Farma),
mixture of hexadecan-1-ol and octadecan-1-ol
(Cetostearyl alcohol, Via Farma), mixture of
hexadecan-1-ol, octadecan-1-ol and oxirane
(Cosmowax® J, Croda), (1-decanoyloxy-3-
octanoyloxypropan-2-yl) ~ dodecanoate  (Via
Farma), propane-1,2-diol (Qhemis), methyl 4-
hydroxybenzoate (Synth), propyl 4-
hydroxybenzoate (Synth), 2,2',2",2"-(1,2-
Ethanediyldinitrilo)tetraacetic acid (Qhemis), 1-(4-
methoxyphenyl)-3-(4-tertbutylphenyl)propane-
1,3-dione (Eusolex® 9020, Merck) and hexyl 2-(4-
diethylamino-2-hydroxybenzoyl)-benzoate
(Uvinul® A Plus, BASF) and zinc oxide (ZnO,
Sigma-Aldrich) were used without further
purification. The quantities of sunscreen active
ingredients used meet the standards established by
the Brazilian Health Surveillance Agency®. The
molecular structures of sunscreen ingredients are
shown in the Fig. 1 and Fig. 2.
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Figure 1. Molecular structures of sunscreen ingredients
described in the Table 1.
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Figure 2. (a) Eusolex® 9020 and (b) Uvinul® A Plus
molecular structures.

The sunscreen formulations were obtained by
dispersion of the oil phase constituents (Table 1)
under aqueous phase constituents (Table 1). The oil
phase and aqueous phase ingredients were weighed
and subjected to heating at 75 °C for 5 minutes.

Then, the oil phase was poured under the
aqueous phase and the sunscreen cream obtained
was kept under stirring for 1h. The mass percentage
of the sunscreen ingredients and the respective
sunscreen formulations are shown in Tables 1 and
2.

Table 1. Mass percentage of the ingredients of the sunscreen formulations containing different UV filters.

Sunscreen formulations/%

Ingredients Phase B E U Z
Cetostearyl alcohol Oil 2.00 200 2.00 2.00
2,3-dihydroxypropyl octadecanoate Qil 2,00 200 2.00 2.00
Cosmowax® J. Qil 8.00 800 8.00 8.00
Dipropan-2-yl hexanedioate Qil 150 1.50 1.50 1.50
(1-decanoyloxy-3-octanoyloxypropan-2-yl)dodecanoate Oil 150 1.50 1.50 1.50
Uvinul® A Plus oil - - 10.00 -
Eusolex® 9020 oil - 5.00 - -
ZnO Qil - - - 25.00
Propane-1,2-diol Aqueous 4.00 4.00 4.00 4.00
Methyl 4-hydroxybenzoate Aqueous 0.18 0.18 0.18 0.18
Propyl 4-hydroxybenzoate Aqueous 0.02 0.02 0.02 0.02
2,2',2" 2"-(1,2-Ethanediyldinitrilo)tetraacetic acid Aqueous 0.05 0.05 0.05 0.05
Water Aqueous 80.75 75.75 70.75 55.75

Table 2. Mass percentage of the ingredients of the sunscreen formulations containing Uvinul® A Plus,
ZnO or mixtures of them.

Sunscreen formulations/%

Ingredients UL U2 U3 z1L 72 73 Uz  uzi_ uz2
Oil phase 1500 1500 1500  15.00 1500 1500 1500 1500 15.00
ingredients
Uvinu® APlus 500 250  1.00 - - - 1000 500  1.00
Zno - - - 10.00 500 1.00 1.00  1.00  1.00
Aqueousphase o5 495 405 425 425 425 425 425 425
ingredients
Water 7575 7825 79.75 7075 7575 79.75  69.75 7475  78.75

2.2 Characterization techniques

spindle (11 mm spindle diameter).

Diffuse

The viscosity curves of sunscreen formulations
were collected on a Brookfield rotational
viscometer, model LVDV-E, equipped with a
temperature control system (28-60 °C temperature
range) using a cylindrical sample holder and No. 63
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reflectance spectra of sunscreen formulations were
recorded on a Cary spectrophotometer, model 500
UV-VIS-NIR, equipped with diffuse reflectance
accessory. Color index was obtained in a Konica
Minolta spectrophotometer, model CM-2500d,
equipped with d/8° integrating sphere (CIELab
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color space). The sun protection factor (SPF) of
sunscreen formulations was obtained from diffuse
reflectance relative measurements using the in vitro
SPF assessment”, which is defined by

400

o0 EOIS()dA
400

oy E(OSOI T

SPF= 1)

In the Eq. 1, the T(A) corresponds to the optical
diffuse transmittance of sunscreen creams as a
function of wavelength (A) and the wavelength
integration limits refers to the combined UVB and
UVA wavelength range. E(A) is the erythema
action spectrum and S(}) is the spectral irradiance
of terrestrial sunlight under defined conditions by
International Organization for Standardization®'.
The UVA protection of sunscreen creams was
analyzed using the critical wavelength (L), i.e., the
wavelength value where the area under UV
spectrum from 290 nm to a specific wavelength
correspond to 90% of the integral of the absorption
spectrum in the 290-400 nm region?.
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3. Results and discussion

3.1 Colloidal stability

Viscosity is a physical property that provides
important information about colloidal structure of
various chemical systems, mainly emulsions and
particle dispersions®. Thus, viscosity can be used
to evaluate colloidal stability of sunscreens. The
viscosity-shear rate curves (Fig. 3) show that
viscosity of the sunscreen formulations decreases
as the shear rate increases. This viscoelastic
behavior indicates that the viscosity decrease is a
consequence of the changes in the relaxation
properties of these colloidal systems due to the
deformation of dispersed molecules and/or
particles in determined shear flows®. Therefore,
the sunscreen formulations obtained are non-
newtonian fluids.
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Figure 3. Viscosity-shear rate curves of sunscreen formulations containing different mass percentages of (a)
sunscreen active ingredients, (b) Uvinul® A Plus, (c) ZnO and (d) mixture of Uvinul® A Plus and ZnO, as shown

in Tables 1 and 2.
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The inorganic or organic filter presence and/or
their increase in the cosmetic formulations cause
the viscosity increase; it is associated with
interfacial structuring in sunscreen formulations
that contributes significantly to the colloidal
stability. Thus, the sunscreen active ingredients
used and their amount present in formulations
provide modifications in the colloidal stability due
to the conformation, rearrangement and degree of
interaction of these chemical compounds with the
ingredients of the colloidal systems, especially
with the surfactants”?°. In sunscreen formulations,
Cetostearyl alcohol, Cosmowax® J and 2,3-
dihydroxypropyl  octadecenoate  compounds
(Fig. 1) are the emulsifying agents or surfactants of
these colloidal systems.

The sunscreen formulations containing ZnO
have higher viscosity values when compared to the
others. This fact indicates possible surface

interactions of the zinc oxide with sunscreen
ingredients and/or the formation of zinc oxide
agglomerates. According to the literature, surface
interactions between zinc oxide particles and ions
or molecules depend on the surface charge of these
particles, which is correlated with the pH of the
particle

particle  dispersion’’.  Moreover,
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agglomeration in colloidal systems is associated to
the ionic strength, the nature of the chemical
environment and the morphological properties of
the ZnO particles®.

The viscosity-time curves under constant shear
rate (Fig. 4) show that the viscosity of sunscreen
formulations decreases as the measurement time
increases. This rheological behavior exhibited
indicates the formulations are thixotropic fluids,
i.e., time-dependent non-newtonian fluids®.
Therefore, the creams have essential rheological
characteristics for application as sunscreens
because thixotropic fluids when subjected to an
external force present viscosity decrease providing
their application in the human skin. Moreover, the
viscosity returns the initial state after the force
removal allowing the formation of a photo-
protective film on the skin surface.

Comparing the viscosity-time curves of B and E
formulations to others, it is observed an initially
viscosity increase in the 0-60 s time interval. This
viscosity increase is associated to the interfacial
region changes due to the deformation and
reorganization of dispersed molecules in the
interface’*?°, which provide specific viscoelastic
properties for these colloidal systems.
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Figure 4. Viscosity-times curves of B, E, U and Z sunscreen formulations indicated in Tables 1 and 2.
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The colloidal  stability —of  sunscreen
formulations depends on the interfacial structuring,

which is maintained by surface interactions
between sunscreen ingredients. Thus, the
temperature variation changes the interfacial

region promoting loss and/or gain of the colloidal
stability; consequently, the sunscreen viscosities
are modified. The Fig. 5 shows the temperature
effect on the viscosity of the sunscreen creams.
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Figure 5. Viscosity-temperature curves of B, E, U and
Z sunscreen formulations indicated in Tables 1 and 2.

In the temperature-viscosity curves, it is
observed the viscosity decrease of the sunscreen
formulations with the temperature increase. This
viscosity decrease is attributed to the break of
intermolecular interactions in the interfacial region,
which provides the loss of the colloidal stability. In
addition, the sunscreen formulation containing
ZnO exhibits different rheological behavior
compared to the other formulations in the 40-60 °C
temperature range. This rheological behavior can
be associated to the agglomeration and/or
dispersion of the ZnO particles in the formulation.

The temperature-dependence of sunscreen
viscosity can be correlated with the Arrhenius
equation®® according to Eq. 2:

Eq

n = noea) @

where 1 is the viscosity of formulations, no is the
empirical constant and E; is the flow activation
energy. The flow activation energy (E.) is the
potential energy barrier that interfacial molecules
need to overcome in order to the fluid flow to
occur; consequently, the Ea values show the degree
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of the temperature-dependence of viscosity™.
Thus, temperature-dependence of viscosity is small
for viscous fluids that have low E, values.

In this perspective, flow activation energy can
be a parameter used to evaluate the temperature
influence on the colloidal stability of sunscreen
creams containing different UV filters. The flow
activation energy values of the sunscreen
formulations are shown in Table 3. Independent of
sunscreen active ingredient used in the colloidal
system, the experimental E, values show that
sunscreen creams have high temperature-
dependence of their viscosity; therefore, the
colloidal stability of them is directly affected by the
temperature restricting their application as stable
cosmetic cream in a temperature range. In addition,
the flow active energy values presented by the
sunscreen formulation containing ZnO show a non-
newtonian rheological behavior in the investigated
temperature range. Consequently, the difference of
E. values indicates that surface relaxations between
zinc oxide and sunscreen ingredients medium
depend on the temperature, giving rise to different
interfacial structuring of the colloidal dispersion®.

Table 3. Flow activation energy (E.) values of B,
E, U and Z formulations.

Sunscreen formulation Ea/ kJ mol?
B 32.15
E 81.09
U 76.42
Z 121.19%17.00P

2E, value obtained in 28-40 °C temperature range.
PE, value obtained in 40-60 °C temperature range.

3.2 Optical properties

The diffuse reflectance spectra (Fig. 6) show
that each sunscreen formulation has a specific
visible light scattering (400-800 nm), which is
associated to micellar structures formed and their
size in the cosmetic cream; therefore, organic or
inorganic filter used have significant contribution
to the formation of the micellar structures.
Moreover, the visible light scattering in the
sunscreen formulations containing inorganic filter
is also related to the ZnO particles depending on
their size®.
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Figure 6. Diffuse reflectance spectra of the sunscreen formulations containing several mass percentages of (a) different
UV filters, (b) Uvinul® A Plus, (c) ZnO and (d) mixture of Uvinul® A Plus and ZnO, as shown in Tables 1 and 2.

The UV-VIS absorption spectra of sunscreen
formulations  obtained by  Kubelka-Munk
equation® are shown in Fig. 7. In the absorption
spectrum of the B cream (Fig. 7a), it is observed a
broad and low intensity absorption band in the 250-
290 nm region attributed to the n—=n* and/or n—n*
transitions® due to aromatic rings and/or carbonyl
groups present in the molecular structures of
sunscreen ingredients (Fig. 1). The absorption
spectra of sunscreen formulations containing
organic and inorganic filters or mixture of them
(Fig. 7) show a typical band of sunscreen
ingredients and characteristic absorption bands of
the UV filters.

In the sunscreen creams containing organic
filters (Fig. 7a and Fig. 7b), the broad absorption
bands with maximum values at 312 and 370 nm are
attributed to m—n* and/or n—7* transitions. These
electronic transitions assigned are characteristics of
the beta-diketones® and benzophenone-derived
compounds™®, such as the Eusolex® and Uvinul® A
Plus filters used in the sunscreen formulations. In

32

addition, the mass percentages variation of the
Uvinul® A Plus causes absorption edge shifts and
intensity modifications of these absorption bands
probably due to the different micellar structures
obtained, which provide energy changes in the
frontier molecular orbitals of the organic filter.

The sunscreen creams containing inorganic
filter (Fig. 7c) present a broad and high intensity
absorption band in the 290-380 nm region
attributed to VB—CB transitions from the ZnO
semiconductor®. In the sunscreen formulations
containing mixtures of Uvinul® A Plus and ZnO
(Fig. 7d), it is observed the enlargement,
overlapping and displacement of the specific
absorption bands of these UV filters when
compared to the other formulations. Probably, this
optical behavior is correlated to the interactions
between Uvinul® A Plus and ZnO surface, which
cause modifications in the energy levels of the
organic filter and/or the formation of new
molecular orbitals that give rise to different
electronic transitions.
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Figure 7. Absorption spectra of the sunscreen formulations containing several mass percentages of (a) different UV
filters, (b) Uvinul® A Plus, (c) ZnO and (d) mixture of Uvinul® A Plus and ZnO, as shown in Tables 1 and 2.

The CIELab color diagram (Fig. 8) shows that
sunscreen formulations are white or beige
depending on the UV filter present in their
composition; consequently, their colors do not
compromise the desired aesthetics appearance for
the cosmetic products.

The UV shielding performance of the skin care
products was analyzed by in vitro sunscreen
measurement methods®’, which are based on UV-
VIS spectrophotometric measurements.
Comparing the sun protection factor (SPF) and
critical wavelength values (Fig. 9) of sunscreen
creams with a commercial sunscreen product
(SPFlabelled equal to 10) and also comparing them
to sunscreens described in the BASF sunscreen
simulator®, it is verified the in vitro method used
shows coherent and satisfactory results allowing
the evaluation of UV shielding capacity of
sunscreen creams.
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According to the literature®, sunscreens that
have SPF values < 15 prevent skin damages caused
by UVB radiation, moreover, critical wavelength
values greater than 370 nm show that sunscreens
have potential for UVA protection. Therefore, all
sunscreen formulations obtained present UVB
protection (Fig. 9), however, only formulations
containing organic filter have potential UVA
shielding capacity. In addition, UZ and UZ1
creams present better UV shielding ability when
compared to the others due to synergistic effect
from the mixture of ZnO and Uvinul® A Plus filters
in specific mass percentages. This synergistic
effect is probably associated to surface interactions
between inorganic and organic filters, which are
observed in the absorption spectra of these
sunscreen creams (Fig. 7d).
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4. Conclusions

The sunscreen formulations obtained are time-
dependent non-newtonian colloidal  systems
classified as thixotropic fluids. The colloidal
stability of these thixotropic fluids depends on both
the temperature and the sunscreen active
ingredients presence in their composition. It can be
remarked that the flow activation energy (Ea)
obtained by the viscosity measurements is an
essential parameter to evaluate the temperature
influence on the colloidal stability of sunscreen
formulations. The UV-VIS absorption/scattering
properties of the sunscreen creams are also
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correlated to the inorganic/organic filters or
mixture of them, which provide SPF and critical
wavelength  values recommended for UV
protection. It is important to emphasize that the
synergistic effects from the inorganic and organic
filters mixtures result in a better UV shielding
performance of the sunscreen formulations as
observed for UZ and UZ1 samples containing
10.00 or 5.00 wt% Uvinul® A Plus, respectively,
and 1.00 wt% zinc oxide. Furthermore, white and
beige colors presented by creams do not
compromise the desired aesthetics appearance for
the skin care products. Therefore, sunscreen
formulations investigated in this work have
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colloidal stability and suitable optical properties for
application as sunscreens.
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