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ARTICLE INFO ABSTRACT

Background: The growing incidence of photodamaging effects caused by UV radiation (e.g. sunburn, skin cancer)
has increased the attention from health authorities which recommend the topical application of sunscreens to
prevent these skin damages. The economic stakes for those companies involved in this international market are
to develop new UV filters and innovative technologies to provide the most efficient, flexible and robust
sunscreen products. Today the development of innovative and competitive sunscreen products is a complex
formulation challenge. Indeed, the current sunscreens must protect against skin damages, while also being safe
for the skin and being sensory and visually pleasant for the customers when applied on the skin. Organic UV
filters, while proposing great advantages, also present the risk to penetrate the stratum corneum and diffuse into
underlying structures with unknown consequences; moreover, their photo-stability are noted thorny outcomes in
sunscreen development and subsequent performance. In recent years, the evaluation of the interaction between
skin and sunscreen in terms of penetration after topical application has been considered from European authority
but still its testing as their photo-stability assessment are not mandatory in most countries.

Objective: This study, based on in-vitro approaches, was performed to evaluate and compare the retention and
the penetration of organic UV filters in free or encapsulated form inside the skin as well as their respective photo-
stability.

Methods: Sunscreen formulation with a combination of Avobenzone and Octocrylene in “free form” and a for-
mulation using the same UV filters but encapsulated in a sol-gel silica capsule, were analyzed and compared by
FTIR Imaging Spectroscopy. Tape stripping method was used to investigate the penetration of these UV filters
inside the stratum corneum. Their photo-stabilities were evaluated by spectroscopic measurements (FTIR, UV/
Vis) and standard measurements were calculated: AUC (Area Under the Curve) and SPF (Sun Protection Factor).
Result: With traditional formulation, the organic UV filters penetrated significantly into the stratum corneum
while the same UV filters combined with encapsulation technology remained on the skin surface. The en-
capsulation technology also improved significantly their stability.

Conclusion: Encapsulation technology is a promising strategy to improve the efficacy of sunscreen product using
organic UV filters and to reduce safety problem. On the other hand, this study highlighted the pertinence of the
FTIR Spectroscopy to test, compare and investigate sunscreen formulations.
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1. Introduction interacts with DNA. When skin cell DNA absorbs UV radiation, cross-

linking of pyrimidine bases can occur (Setlow, 1966); when damaged

UV radiations represents only 5-10% of solar radiations but con-
stitute a major hazardous risk for human health with acute adverse
outcomes like sunburns and chronic ones like skin cancer (IARC, 2012).
Our first and main defense line against the UV radiation is our skin but
this barrier does not provide a total protection and a significant part of
these UV radiations penetrates our body. UVB penetrates the upper
layers of the skin while UVA penetrates the deepest skin layer and
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DNA dimers are not repaired, mutations are created and can ultimately
lead to skin cancer (Holick, 2004; Halliday, 2014; Brash et al., 1991).
To reduce the effects of overexposure to UV radiation the international
health authorities have recommended the use of sunscreen products
which are currently commonly apply all over the globe. To respond to
this international market need, the companies develop new UV filters
and innovative technologies to provide the most efficient and flexible
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sunscreen products. The development of efficient and innovative
sunscreens is a complex formulation challenge as more and more UV
filters are incorporated into day-to-day products such as moisturizers,
creams, lip sticks and other skin care products. The current sunscreens
must protect against skin damages associated to sun exposure, while
also being safe for the skin and being sensory and visually pleasant for
the customers when applied on the skin.

UV filters are the key ingredients of sunscreen, providing the es-
sential protection against skin photodamages. In order to guarantee
skin protection, the ideal sunscreen product should create a stable
protective film on the outermost layer of the skin to absorb or reflect
the UV radiations (Jiang et al., 1997; Lu, 1999) during the entire period
of UV exposure (Nash and Tanner, 2014). The reality is different
especially for organic UV filters. While organic UV filters offer sig-
nificant cosmetic advantages compared with inorganic UV filters
(Mancebo et al., 2014), they have been challenged for their poor photo-
stability (Afonso et al., 2014; Gonzenbach et al., 1992; Schwack and
Rudolph, 1995) and for their safety (Gonzalez, 2010; Gonzalez et al.,
2006). Indeed, the photo instability of these UV filters can lead to
photochemical reactions which compromise both their physical (color,
appearance) and chemical properties (efficacy). Chemical alterations
can cause undesirable reactions as the production of inactive sunscreen
products or highly reactive molecules that can react with the skin
(Damiani et al., 2010; Vallejo et al., 2011). Regarding safety, some
studies have shown that these organic UV filters could penetrate the
stratum corneum SC (Hayden et al., 2005) and diffuse into underlying
skin structures. Few studies highlighted their potential systemic ab-
sorption as they were detected in human plasma and urine (Janjua
et al., 2008) and in 85% of Swiss human milk samples (Schlump et al.,
2010). New formulations of organic UV filters-based sunscreens are
necessary to reduce their skin penetration and diminish at once their
toxicological risks and efficacy.

Avobenzone (Butyl Methoxydibenzoylmethane) is one of the most
common organic UV filters for its strong UVA protection and its ver-
satility (Shaath, 2010; Cabrera et al., 2014). However, it has been re-
ported to have a significant photo instability (Afonso et al., 2014;
Gonzenbach et al., 1992; Schwack and Rudolph, 1995) and to lead to
photo-allergies (Schauder and Ippen, 1986; Motley and Reynolds,
1989). To increase avobenzone photo-stability and efficacy, it is typi-
cally combined with a variety of photo-stabilizers, including other UV
filters such as octocrylene (Cantrell and JMcGarvey, 2001). Innovative
technologies have also been developed to improve the efficacy and the
safety of these actives. Encapsulation is becoming a technique widely
explored by the pharmaceutical and chemical industries and its in-
corporation in cosmetics and personal care products has shown great
expansion. Microencapsulation is a process of encapsulating an active
ingredient into a shell permanently or temporarily. The result is cap-
sules having diameter between 1 to few micrometers providing a large
surface area that could be available for sites of adsorption and deso-
rption, chemical reactions, light scattering, etc. (Benita, 2005; Jyothi
et al.,, 2010; Kaur and Sharma, 2013). Using this technique, en-
capsulated UV filters, do not have direct contact with the skin which
concomitantly prevents their potential toxicological risks.

In the present study, we investigated and compared the behavior of
sunscreen formulations based on the same combination of organic UV
Filters, Avobenzone and Octocrylene (Eusolex OCR), in free or en-
capsulated form in terms of skin penetration, retention on the skin
surface and photo-stability. For the encapsulated form, the UV filters
were entrapped inside sol-gel silica glass microcapsules sufficiently
small to be transparent when applied to the skin and provide a pleasant
skin feeling. FTIR imaging spectroscopy and ATR-FTIR Spectroscopy
techniques were used to investigate the penetration of the UV filters
into the stratum corneum and their retention overtime on the skin
surface. The photo-stability of the sunscreen formulations was eval-
uated using two criteria: (i) Area Under the curve (AUC) and (ii) SPF
values calculated in-vitro following the COLIPA method.
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2. Materials and method
2.1. Chemicals

Avobenzone (INCI: Butyl Methoxydibenzoylmethane, Eusolex
9020), Octocrylene (Eusolex OCR), Eusolex® UV-Pearls™ B-O X (INCI:
Aqua, Octocrylene, Sorbitol, Butyl Methoxydibenzoylmethane, Silica,
PVP) from Merck®; Xanthan gum and Glycerin from Sigma-Aldrich®;
Tegosoft TN (C12-15 Alkyl Benzoate) and Abil XL80 (Bis-PEG/PPG-20/
5 PEG/PPG-20/5 Dimethicone (and) Methoxy PEG/PPG-25/4
Dimethicone (and) Caprylic/Capric Triglyceride) from Evonik®; Euxyl
9010 (INCI: Phenoxyethanol and Ethylhexylglycerin) from SchUlke®.

2.2. Morphological evaluation by scanning electron microscopy (SEM)

Morphological evaluations of the encapsulated UV filter were per-
formed using scanning electron microscopy (SEM). The SEM used was a
FEI XL30 FEG-SEM equipped with an EVEX EDS. The samples were
coated with iridium by a sputter coater (Leica EM ACE600). The SEM
pictures were recorded at 5KeV with a working distance of ~15 mm.
Low magnification (2500 %) and high magnification (6000 x) were
used.

2.3. Skin samples

The skin samples were obtained from the belly of pig. They were
flash frozen with liquid nitrogen and stored at —40°C wrapped in
aluminum foil until the use. Before to start the experiments, the skin
samples were defrosted at room temperature for 20 min. Skin pieces
2 X 2cm or 2 X 7 cm were cut and cleaned to remove dirt and sebum.

2.4. Formulation tested

Free and encapsulated UV filters were incorporated in a cold lotion
water-based. F1 represents the formulation without actives; F2 is the
formulation containing UV filters (Butyl Methoxydibenzoylmethane
and Octocrylene) in free form and the formulation F3 contains en-
capsulated UV filters (Butyl Methoxydibenzoylmethane and
Octocrylene). The detailed composition of those formulations is shown
Table 1. The formulation tested was made to obtain sunscreen with
moderate SPF. BASF Sunscreen Simulator software was used to evaluate
the theoretical performances of the formulations regarding SPF (Herzog
and Osterwalder, 2015).

Phase A and phase B are stirred separately. Phase B was addicted to
phase A under stirrer for 5min at 1000 rpm following by 2min at
200 rpm by Apolytron PT 10-35 (Kinematica). At the end, phase C was
added to the formulation. Formulation were stored at 25°C for 14h

Table 1
Detailed composition of each formulation tested in this study.
Phase Ingredient INCI F1 F2 F3
A Water Water 83.1 71.1 531
Xanthan gum  Xanthan gum 09 09 09
Glycerin Glycerin 2 2 2
UV Pearls Water, octocrylene, sorbitol, butyl - - 30
methoxydibenzoylmethane, silica,
PVP
B Tegosoft TN~ C12-15 alkyl benzoate 10 10 10
Abil XL 80 Bis-PEG/PPG-20/5 PEG/PPG-20/5 3
dimethicone (and) methoxy PEG/
PPG-25/4 dimethicone (and)
caprylic/capric triglyceride
Eusolex 9020  Butyl methoxydibenzoylmethane - 3 -
Eusolex OCR  Octocrylene - 9
C Euxyl 9010 Phenoxyethanol and 1 1 1

ethylhexylglycerin
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before direct stability characterization. A multisampling analytical
centrifuge Hettich® Universal 320R D-78532 PRO Scientific Inc. USA
was used in two phases to assess the stability of these formulations:
10 min, 3000 rcf, 25 °C and right after 30 min, 5000 rcf, 25 °C.

2.5. Skin treatment

Cleaned skin samples were treated with 2mg/cm? of sunscreen
formulations applied topically with 1 min of massage to cover the entire
skin surface uniformly and mounted in diffusion cells (PermeGear, Inc.
USA) 15 mm jacketed Franz Cell system with 12 mL receptor chamber
filled by phosphate buffer solution pH 7.2 (Fluka Analytical). The dif-
fusion cells were connected to heated bath circulators to maintain the
temperature constant at 32 °C. The skin samples were maintained in this
condition for 2h for the penetration measurement and during 4 h for
the retention measurement on the skin surface.

2.6. Skin penetration measurement

2.6.1. Tape stripping

At the end of the 2 hour treatment, the skin samples were removed
from the diffusion cells and the sunscreen remaining on the skin surface
was gently removed with three spatula movements before analysis.
Tape stripping technique is a well-established method to investigate the
skin penetration of topically applied substances inside the stratum
corneum (Lademann et al., 2009). This non-invasive procedure (Klang
et al., 2012) sequentially removes layers of stratum corneum from ex-
vivo or in-vivo skin samples. Commercial adhesive tape (Scotch™) was
used. The adhesive tapes were applied onto the skin surface, followed
by gentile pressure to guarantee a good contact between the most su-
perficial SC layer and the adhesive tape and progressively removed. The
pressure, velocity of removal and the type of tape are factors influen-
cing the amount of Stratum Corneum removed per each strip. To
standardize the procedure, the same operator applied with the finger a
constant pressure on the tape and the same velocity to remove the tape
strips. After every removal the skin samples were scanned by FTIR
imaging.

2.6.2. FTIR imaging analysis

All the FTIR images were acquired with a Spotlight 400 Imaging
System (Perkin Elmer Instruments, USA) using a MCT (mercury-cad-
mium-telluride) focal plane array detector. FTIR images were collected
in reflective mode with an ATR imaging accessory at a spectral re-
solution of 4 cm ™! in the mid-infrared (MIR) region between 4000 and
850 cm ™! with a spatial resolution of 6.25 x 6.25um and sample size
of 300 x 300 um. The ATR imaging accessory used a germanium crystal
placed directly in contact with the skin samples. The FTIR Imaging
System records hyperspectral images that can provide maps showing
the co-localization of specific molecular components or spectroscopic
parameters. These images are generated with false colors where the red
represent highest values and blue lowest values for each parameter
investigated. By scanning skin samples after sequential tape strips, an
FTIR spectroscopic “mapping” inside the stratum corneum can be ob-
tained. These maps were used to visualize the penetration of the UV
filters inside the stratum corneum.

2.7. Retention measurement on the skin surface

2.7.1. ATR-FTIR spectroscopy

The retention of UV filters on the skin surface was investigated by
ATR-FTIR spectroscopy (Nicolet 6700-Thermo Scientific) after topical
application of the sunscreen formulations at different time points;
30min, 1h, 2h and 4h. After every time point the surface of skin
samples were scanned by ATR-FTIR Spectroscopy. ATR-FTIR spectra
were recorded in the mid-IR region range from 400 to 750 cm ™~ * with a
spectral resolution of 4 cm ™! and 64 scans accumulation.
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2.8. Spectroscopic data processing

FTIR spectra and FTIR images presented in this work were processed
using GRAMS/AI (Thermo Fisher Scientific) and ISys software from
Spectral Dimensions (Olney, MD) respectively. Using these software
spectroscopic parameters were defined to investigate and follow spe-
cifically the UV filters tested in this study inside the skin samples. In
order to have an optimal data interpretation pre-processing technique
were used. Its aim is increase the interpretability and accuracy of the
data correcting issues associated with spectral data acquisition (Rinnan
et al., 2009). All the FTIR spectra were baseline corrected. In previous
study, the Amide I and II band shape and position were evaluated and a
similarity between the mean spectra of Amide I and II in different deep
was found. The contribution to absorbance in the Amide I and Amide II
region are essentially constant in relation to the deep (Zhang et al.,
2006). All the FTIR spectra were normalized using the Amide I peak
(1710-1590 cm ™).

2.9. Photo-stability evaluations

Sunscreen samples were irradiated by Xenon Lamp with QSun
Xenon Test Chamber 3100. This system is able to reproduce the damage
caused by full-spectrum sunlight, the sample was exposed to irradiance:
0.55 = 2W/m? with a temperature: 40 = 1°C and humidity:
45 = 1%. Photo-stability of the sunscreen formulations were evaluated
by the Area Under the curve (AUC) (Gonzalez et al., 2007). The Area
Under the Curve (AUC) for both UVB (290-320nm) and UVA
(320-400 nm) were calculated for each sunscreen on PMMA plate be-
fore and after UV exposure. The AUC were calculated following the
equation:

400
AUC UVR = f AL dA
290
1 319
AUC UVB = —A320 + f AL dA
2 290

1 400
AUC UVA = —A320 + f AL dA
2 321

where A is Absorption and d the wavelength.

To compare the photo-stability for each sunscreen before and after
exposure the areas under the curve were compared using Student's t-test
(p < 0,05). The AUCI (Area Under the Curve Index) was calculated
following the equation:

AUC after

AUCI = ———
AUC before

If the AUCI was =0.8 the sunscreen was considered photo-instable.
The ratio between the irradiated and non-irradiated samples curve
areas was calculated following the equation:

AUC after .
AUC before

Ratio =

The results were reported in percentage.

The SPF in vitro was calculated with the well-established method by
the International Sun Protection Factor Test Method COLIPA
(Cosmetics, 2011). Cosmetics Europe (the European Cosmetic Products
Trade Association defined equation for the estimation of SPF in vitro:

A=400 nm
—200nm EAIA dA

A=400 nm —A0L
o BA 1A 10~A%d2

SPF invitro =

where: E A = Erythema action spectrum (CIE-1987), I A = Spectral ir-
radiance of the UV Source (SSR for SPF testing), Ag A = Mean mono-
chromatic absorbance measurements per plate of the test product layer
before UV exposure, d A = Wavelength step (1 nm).
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2.9.1. Spectrophotometric measurements

Substrate and product application were carried out in according to
the COLIPA Method (Cosmetics Europe, 2011). 1.3 mg/cm2 of sunsc-
reens products were spread on roughened PMMA plate (SUNPLATES
PMMA plates (5 cm X 5cm) roughness 4.5 to 5.5 pym Lot. XT 1601-1 by
HelioScience® Sun Technology). The formulation was applied as a large
number (approximate 12) of small drops (approximate equal volume)
over the whole surface of the PMMA plate. After application, the for-
mulation was spread using a fingertip “pre-saturated” with the for-
mulation. Spreading is two phases process: (i) product distribution with
quickly movements but without pressure (30s.), (ii) circulate move-
ments using pressure (30s.) The samples were left 30 min in the dark
25°C to facilitate the formation of standard product film. Each for-
mulation was spread onto three PMMA plates and each plate was
measured in five different sites to ensure a total area of 5cm?.

The absorption curve before and after irradiation was recorded with
an UV/Vis/NIR Spectrophotometer equipped with a 150 mm in-
tegrating sphere (Lambda 1050 from PerkinElmer). The plates were
placed into the spectrophotometer transmittance port facing the light
emission source. A 100% transmission reference sample was prepared
by spreading 15pl of Glycerin on the roughened side of the PMMA
plate. UV Measurement method: set the scan range from 400 nm to
290 nm, ordinate mode of T%, data Interval 1nm, bandpass (PMT
fixed) of 2 nm, Integration time of 0.2 nm. All obtained transmittance
values were converted to absorbance according with the equation
(Cosmetics Europe, 2011):

Ax = —log(TA)

where A A = Mean monochromatic absorbance measurements and T
A = Fraction of incident transmitted by the sunscreen film.

3. Results and discussion
3.1. Morphological evaluation of encapsulated UV filters

The encapsulated UV filter evaluated in this study used micro-en-
capsulation technology that entraps organic chemicals in sol-gel silica
glass. This process produces aqueous dispersion of capsules with ap-
prox. 37% (w/w) of UV absorber. Those capsules were prepared by
polycondensation reaction at room temperature. This type of low
temperature glass synthesis enables substances such as organic UV fil-
ters to be encapsulated within the glass by adding them to a reaction
mixture. Approximately 80% of the capsule's weight is made up of the
UV absorber. Fig. 1 shows scanning electron microscopy (SEM) images
of obtained sol-gel silica-shell. The capsules were formed as sphere with
calculated average diameters of ~1-2pum. The capsules were suffi-
ciently small to be transparent when applied to the skin and provide a
pleasant skin feeling.

3.2. IR marker used to follow the UV filters

All the formulations were shown to be stable. Formulations F1, F2
and F3 were scanned by FTIR Spectroscopy. The resulting FTIR spectra
and second-derivative spectra of the formulation F1, F2 and F3 were
used to define the most relevant IR marker to investigate the UV filters
used in this study. Average spectra for each formulation F1, F2 and F3
were calculated from several IR spectra recorded on each formulation
and the second-derivative spectra were obtained from these average
spectra. In Fig. 2, significant differences were observed between these 3
FTIR spectra, the most prominent being the band at 1231 cm™!
(Fig. 2b). The band at wavenumber 1231 cm ™! can be observed in the
spectra recorded on the formulation F2 and F3 but this contribution is
absent in the spectrum recorded on the based formulation F1 without
the UV filters. Deepest investigations were made in order to validate the
IR peak at 1231 cm ™' as an IR marker of the UV filters. Second deri-
vative spectra of formulation F1, F2 and F3 were obtained (Fig. 2¢) and
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clearly the IR contribution at 1231 cm™! was observed only in the

formulation containing the UV filters; F2 and F3.

The FTIR spectra recorded on Avobenzone and Octocrylene (raw
material) are presented in Fig. 3. The IR contribution detected around
wavenumber 1231 cm ™! in the formulations F2 and F3 is consistent
with the IR band observed around 1226 cm ™! in the spectrum of the
Avobenzone (Fig. 3b) validating the assignment of the band at
1231 cm ™! to the avobenzone contribution. The shift from 1226 cm ™!
to 1231cm ™! can be explained by the modification that the Avo-
benzone powder underwent when it was added into the formulation. No
Octocrylene contribution was observed in this area (Fig. 3b, C). All
together, these data shown the Avobenzone content can be monitored
by the IR band at 1231 cm ™. Avobenzone is the most important or-
ganic UVA absorber that has been globally approved, Octocrylene is
used mostly to stabilized and solubilized the Avobenzone implementing
the level of primary photoprotection (Lionetti and Rigano, 2017;
Afonso et al., 2014) (Wang et al., 2010). In the presented study, Avo-
benzone was considered as the principal UV filter in order to evaluate
the penetration and the retention of organic UV filter into the stratum
corneum.

3.3. Deposition and penetration of the UV filter

To investigate the impact of the formulation on the penetration
behavior of the UV filters inside the stratum corneum, 3 different
sunscreen formulations (F1, F2 and F3) were applied topically on skin
samples. Skin from many mammalian species, including pig and hu-
mans, can be used to evaluate the penetration of cosmetic products into
the skin as the permeability properties are maintained after excision
(Lademann et al., 2009). Indeed, the integrity of the stratum corneum,
the main component for the skin barrier function, is not altered. Skin
samples were scanned by ATR-FTIR Imaging Spectroscopy in associa-
tion with a tape stripping procedure to provide a penetration profile of
exogenous UV filters into the stratum corneum. Four skin samples were
analyzed and compared: skin treated with formulation F1, F2 and F3
were compared with untreated skin. For each sample FTIR images were
scanned before (control), after topical treatment (deposition) and after
the tape strip were removed. The FTIR images were concatenated to
produce the FTIR Images shown in Fig. 4. These FTIR images were
generated to follow specifically the UV filters in the skin samples by
using the wavenumber 1231 cm ~ ! to Amide I intensity ratio. This ratio
allows to visualize specifically the Avobenzone inside the skin samples
and in consequence was used to compare the penetration of this active
in function of the different sunscreen formulations.

As expected the Avobenzone was not detected in all the skin sam-
ples before treatment, in the untreated skin and in the sample treated
with formulation F1. High deposition of UV filter on the skin surface
was recorded on skin samples treated with formulation F2 and F3. As
discussed previously, sunscreen should have a high affinity for stratum
corneum to stay and adhere on the superficial layer of the skin to create
a protective and stable film. The high active concentration observed on
the skin surfaces after the treatment (deposition) demonstrated the
formulation F2 and F3 have created a uniform protective film on the
skin surface. The FTIR Imaging technique coupled with a tape stripping
procedure allows to visualize and compare the UV filter penetration
into the stratum corneum related to a specific sunscreen formulation. In
this work we detected, a different penetration behavior for the
Avobenzone between the traditional sunscreen formulation and the
sunscreen formulation based on encapsulation technology. With the
regular formulation, the UV filters presented as expected a high con-
centration on the skin surface but also a significant concentration deep
inside the stratum corneum indicating the Avobenzone under “free”
formulation did not remain on the skin surface but penetrated deep
inside the skin. Indeed, the UV filters were detected up to the layer 6
under free formulation after just one single topical application. On the
other hand, the same UV filter combined with encapsulation technology
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2 3

— O/\(\/\CHg

CN

CH.
O Octocrylene ’
(INCI: Eusolex OCR)

Fig. 1. a) SEM pictures recorded on Eusolex UVPearls (Merck). The SEM pictures present the capsules loaded with Avobenzone and octocrylene at low magnification
(2500 x on the left) and high resolution (6000 X on the right) b) illustration of Avobenzone/Octocrylene silica shell capsules.

were observed on the skin surface and almost no penetration was de-
tected inside the stratum corneum. Indeed, the encapsulated avo-
benzone was not detected after the layer 1 clearly indicating that the
encapsulation technology allowed to keep the UV filters at the surface
of the skin where they will the most efficiently exert their purpose.

The current results are in accordance with earlier investigation
(Scalia et al., 2011) which studied the effect of encapsulation tech-
nology on the penetration of Ethylhexyl Methoxycinnamate (EHMC)
and Butyl Methoxydibenzoylmethane (Avobenzone) in human skin. The
study demonstrated that sunscreen loaded in lipid microparticles
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Fig. 2. a) mean FTIR spectra between 3600 and 850 cm ™! region b) enlargement in the 1290-1210 cm ™! region and c) second derivative spectra recorded on
formulation F1 (red line), F2 (dashed grey line) and F3 (solid blue line). (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 3. a) Mean FTIR spectra recorded between 4000 and 850 cm ™~ 1'b) enlargement in the 1280-1200 cm ™! region and c) second derivative of Avobenzone powder
(solid line) and Octocrylene (dashed grey line).
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Fig. 4. FTIR images generated by calculating the intensity peak ratio between 1231 cm ™' (Avobenzone) and the Amide I. These FTIR Images allow to visualize and
compare the avobenzone penetration inside the stratum corneum for different skin samples: skin samples treated with formulation F1, F2 and F3 compared to
untreated skin. For each sample the FTIR images were scanned before (control), after topical application on the sunscreen formulation and after 8 sequential tape

strips.
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1h 2h

4 h

Sample Time

Before 30 min 1h 2h 4h
Untreated 0.28 0.29 0.25 0.26 0.19
Formulation F1 0.26 0.21 0.26 0.20 0.21
Formulation F2 0.23 1.48 0.51 0.44 0.24
Formulation F3 0.18 1.27 0.83 0.61 0.48

Fig. 5. FTIR images were generated by calculating the 1231 cm ™' to Amid I intensity peak ratio from skin samples treated with formulation F1, F2 and F3 before

(control), after (deposition) up to layer 8, compared to untreated skin.

penetrated less depth into the stratum corneum compared to the UV
filters “free”. The main fraction of the sunscreen which penetrated the
skin was localized only in the upper layers of the skin. More recently
(Puglia et al., 2014) another group evaluated the nanostructured lipid
carriers (NLC) to optimize the topical application of organic UV filters.
In agreement with our study, this previous report showed that this
different NLC encapsulation technology limits skin penetration of UV
filters that remained primarily on the surface of the skin.

3.4. Retention overtime

To validate the previous data and assess their impacts on the effi-
cacy of these different sunscreen formulation technologies we analyzed
the retention of the Avobenzone overtime on the skin surface. This test
provided relevant data concerning the UV filters incorporated in the
formulations in term of deposition on the skin surface and how long
these UV filters stay on the surface in function of the sunscreen tech-
nologies used to elaborate the formulations. The FTIR images presented
in Fig. 5 were generated using the same intensity ratio between the
Avobenzone (1231 cm ™! region) and the Amide I. These FTIR images
confirmed the previous data concerning the UV filter concentration on
the skin surface. The FTIR images were generated with false color.
Redder was the image, higher was the Avobenzone concentration on

the skin surface. Skin samples treated with formulation F2 and F3
presented the highest concentration of UV filter after 30 min confirming
the ability of these formulations to create a protective film on the su-
perficial areas of the skin. This uniform coating provided the skin
protection against the UV radiation. The presence of this coating
overtime and as well as its stability will determine the efficacy of the
sunscreen formulation. Sample treated with formulation F2 showed a
significantly lower concentration of UV filter on the skin surface after
exposure for an hour. This tendency is confirmed and amplified after
2 h and even more after 4 h. Indeed, after 4 h the IR ratio calculated on
the sample was similar to the one recorded before treatment indicating
that after 4h no more UV filter was present on the skin which was
treated with the sunscreen formulation F2. These data provided in-
formation regarding the inclination for the organic UV filters to go
across the stratum corneum especially in regular sunscreen formulation
where the UV filters are “free”. To limit this penetration and improve
the efficiency of the sunscreen, encapsulation technology is a relevant
option to formulate UV filters in sunscreen products. Indeed, samples
treated with formulation F3 based on encapsulation technology pre-
sented a similar UV filter concentration level than the one observed in
the skin treated with the formulation F2 after 30 min. In contrast, after
2h and 4 h, a significantly higher amount of Avobenzone was still de-
tectable on the skin surface after topical application of the formulation
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Fig. 6. Area under the absorption curve % (AUC) before, after 2h and 4h of UV exposure recorded on formulation F2 (free) and F3 (encapsulated) for the UVA
(320-400 nm) and the UVB (290-320 nm). The areas were compared using Student's t-test (p < 0,05), The results statistically different (p < 0,05) were marked

with *.

F3 compared with the formulation F2 highlighting the ability of the
encapsulation technology to reduce the penetration of the UV filter in
the skin and in consequence to improve the efficacy of the sunscreen
product.

3.5. Photo-stability evaluation after exposure

Photo-stability of sunscreens is a key parameter that must be taken
into consideration during their development and to assess their per-
formance especially when they incorporate organic UV filters. Organic
UV filters were designed and used to efficiently absorb the UV radiation
during a given time period. This absorption can induce photochemical
reactions in these molecules which result in some degradation of these
UV filters and in consequence decrease the efficiency of the sunscreen
products (Nash and Tanner, 2014; Kockler et al., 2012). To strengthen
the previous data and to confirm the benefit of the encapsulation
technology in term of sunscreen efficacy, we analyzed and compared
the photo-stability of these sunscreen formulations. The first parameter
used to evaluate the photo-stability was the area under the curves
(AUC). The AUC calculated versus wavelength (290-320 nm for UVB
and 320-400 nm for UVA) before and after irradiation are presented in
Fig. 6.

The sunscreen protection provided by the formulation F2 decreased
significantly overtime under UV exposure. Formulation F2 designed
with “free” UV filters showed a reduction of 13% in the UVA protection
and 15% in the UVB protection abilities after two hours of UV exposure.
This degradation was confirmed and amplified after 4 h of UV exposure.
Indeed, the formulation F2 showed a reduction of 28% in the UVA
protection and 27% in the UVB protection after 4 h of UV exposure. The
AUCI for formulation F2 after 2 h of exposure was 0.86 and 0.72 after
4h. F2 presented unstable behaviors when exposed to UV radiation.
Formulation F3 did not present a statistically significant reduction in
their UVB or UVA absorption after irradiation. The AUCI value for F3
after 2h of exposure was 0.99 and 0.96 after 4h indicating a photo-
stable behavior for F3. Data have shown the encapsulation technology
associated with a combination Avobenzone/Octocrylene could prevent
efficiently the photo-degradation of the sunscreen products formulated
with organic UV filters. These data can be compared with a previous
study (Yang et al., 2008) which investigated the influence of hydro-
xypropyl-beta-cyclodextrin (HPCD) complexation on the photo-
degradation of Avobenzone. The complexation was shown to
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significantly reduce the photodegradation of Avobenzone after UV ir-
radiation for 16, 40 and 80 min.

The effect of the temperature on the PMMA plate could create some
interference in the absorbance curve determination. In order to elim-
inate the interference of the temperature after 2h and 4h of UV ex-
posure, PMMA plates without formulation were studied in the same
testing condition but without UV exposure. The analysis shown thermal
stability of the PMMA plate (data not presented).

The second parameter used to evaluate the photo-stability of for-
mulation tested is the SPF (Sun Protection Factor). Absorbance spectra
for formulations F2 and F3 as well as percent variance of SPF values
before and after 2, 4h of UV exposure are shown in Fig. 7. By evalu-
ating the spectra of sunscreen formulation F2 before and after exposure,
an absorption decreases in UVA and UVB region was observed. For-
mulation F2, with free form of UV filters, exhibited a decrease of 31% in
SPF value after 2h of exposure and 50% after 4 h of UV exposure. A
significant reduction in SPF values can be associated with a decrease in
photoprotection effectiveness of the sunscreen formulation. An insig-
nificant reduction in SPF values were detected for formulation F3 after
2 and 4h. These results confirm that encapsulation technology can
maintain “the in-vitro SPF values of UV filters” and consequently be a
good strategy to improve the photo-stability of organic UV filters.

4. Conclusions

Extended exposure to ultraviolet radiation plays a prevalent role in
skin damages like photo-carcinogenesis or photo-aging. Sunscreens are
currently leading products to protect our skin and avoid these altera-
tions. With the continuous increase in air pollution levels and global
warming, sunscreens will become even more essential products in our
day-to-day life. While no regulations are yet established in terms of
sunscreen skin penetration and stability, a growing customer safety
concern should be taken seriously into consideration when designing
future sunscreen products. To respond to these new international
market needs, companies must develop new UV filters and innovative
technologies to provide safe, more efficient and flexible sunscreen
products not only protecting against skin damages, but also providing a
pleasant application experience and visual finish for cosmetic per-
spective. In the present study, we show that FTIR spectroscopy and
FTIR imaging techniques are efficient methods to investigate and vi-
sualize several essential parameters of new sunscreen formulations,
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Fig. 7. UV absorbance spectra of formulation F2 and F3 and percent variance of SPF values calculated in-vitro before and after 2 and 4 h of UV exposure.

such as their penetration profile inside the skin and their retention on
the skin surface. Notably, we show that sunscreens based on en-
capsulation technology can reduce the penetration of the organic UV
filters inside the skin improving thereby their overall safety.
Performance is also increased by this process knowing that en-
capsulated organic UV filters showed a significantly extended photo-
stability. In conclusion, this work highlights the potential of innovative
strategies such as micro-encapsulation technology, to become a re-
levant plan of action to produce superiorly efficacious organic UV fil-
ters-based sunscreen products with limited toxicological risks.
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