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Abstract: Unlike in many countries, in the USA, UV filters are treated as drugs and strictly regulated
by the Food and Drug Administration. So far, 17 physical and chemical sunscreen agents were
approved there to protect against the harmful effects of UV irradiation. In the European Union,
access to UV filters is much larger, which gives manufacturers more options to create new sunscreen
products in the form of lotions, sprays, oils, creams, gels, pastes, and sticks. Recently, concerns
have been raised about the potential unfavorable effects of some UV filters that can penetrate the
skin and enter into the systematic circulation. In this study, we prepared oil-in-water emulsions
containing two commonly applied sunscreen agents, avobenzone and octyl methoxycinnamate. The
formulations were characterized by a high stability at room temperature and a pH in the range of
6.02-6.11. The processes of sunscreen agent release and permeation were performed in a receptor
fluid with a pH 5.8 using Strat-M and cellulose membranes to mimic the skin. It was proved that
octyl methoxycinnamate exhibited different liberation and permeation patterns than avobenzone,
mostly due to its higher lipophilicity. Both processes were also influenced by the type of membrane
applied. The liberation of UV filters to the receptor fluid via the cellulose membrane depended on
their concentration in the emulsion. As the amount of sunscreen agent in the formulation increases,
more of its molecules diffuse to the receiving medium after 48 h. The permeation of the UV filters
through the Strat-M membrane occurs at a very low level, 2% for octyl methoxycinnamate and 0.3%
for avobenzone, which supports the safety and efficacy of the topical formulations obtained.

Keywords: butyl methoxydibenzoylmethane; octinoxate; Franz cell; artificial membranes; sunscreen
agents; colloidal systems

1. Introduction

UV filters are a group of compounds, which protect the skin from ultraviolet light that
can cause redness, burn, photoaging, and cancer [1]. They can be divided into inorganic
(physical) and organic (chemical) agents [2]. UV blockers are sunscreen formulations’
components and protect against harmful radiation by reflecting, scattering, or absorbing
UV rays [3-5]. Depending on the type of photoblocker, the mode of their action is different.
Inorganic filters usually reflect or scatter ultraviolet radiation via an optical mechanism [6,7].
In turn, organic UV blockers absorb the light that implicates chemical changes in the
molecules, such as isomerization. These ultraviolet filters can also release the incident
energy as heat and emit radiation at a higher wavelength [6]. In the USA, sunscreen agents
are treated as over-the-counter drugs and are subjected to the regulation of the Food and
Drug Administration (FDA) [8]. The FDA ensures that UV filters meet safety, quality, and
efficacy standards. The availability of novel sunscreen agents in the USA is limited mainly
due to a more complex and long-term approval process than in the European Union [9].
Lately, sunscreen agents have gained concerns due to reports in which it was proved that
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some UV filters were photounstable, undergo photodegradation upon irradiation, and
can cause allergies and toxic reactions, as well as penetrating the stratum corneum [10].
They were detected in plasma, urine [11], and even in human milk samples [12]. It was
also reported that some UV filters can act as endocrine disruptors [13]. Therefore, the
ideal sunscreen formulation should ensure skin accumulation of a UV filter, creating a
stable film on its surface with negligible permeation to the systematic circulation [14]. The
effectiveness of sunscreen agents depends on their ability to remain on the skin surface
after the application of the formulation. UV filters should not permeate into the deeper
layers of the skin. The formulation type may influence the safety and efficacy of sunscreen
agents. In this study, two commonly applied sunscreen agents were selected: avobenzone
(butyl methoxydibenzoylmethane-Avo), which provides protection against UVA and octyl
methoxycinnamate (ethylhexyl methoxycinnamate-OMC), used as a UVB absorber [15].
These UV filters are components of sunscreen formulations, such as lotions, sprays, and
other topical products, which protect against UV light. They are approved by regulatory
authorities in the USA, Europe, Japan, and Australia [16]. However, it has been established
that avobenzone is not photostable [17]; therefore, its photodegradation products may
cause photoallergies [18]. To overcome this problem octocrylene is usually added to
sunscreen formulations [19]. In turn, OMC is the most widely applied lipophilic UVB
filter in cosmetic formulations because it exhibits the ability to impair water resistance in
the final sunscreen product [20]. When octyl methoxycinnamate is exposed to sunlight,
it is subjected to photoisomerization between the cis-(Z) and trans-(E) isomers [20]. The
chemical structure and geometric properties of both UV filters are presented in Table 1. Ates
et al. created a theoretical approach that enables the selection of molecules with a high skin
permeability [21]. The following criteria were considered: the molecular weight should be
lower than 180 Da; the melting point below 100 °C; log Koy higher than 0.3; and topological
polar surface lower than 40 AZ. It was suggested that if the molecule follows at least two
of these criteria, it will exhibit a high skin permeation. Based on these assumptions and
considering the data presented in Table 1, both Avo and OMC should be able to permeate
through human skin. However, Montenegro et al. proved that avobenzone exhibited a low
skin permeability both in single and repeated applications [22]. The rate-limiting step of
Avo diffusion was the release from the vehicle. In other studies, Montenegro et al. analyzed
the effects of different types of emulsifiers on the permeation through the skin of the two
above-mentioned sunscreen agents from o/w emulsion [23]. The results have revealed that
the emulsifying system has a significant effect on the UV filter permeation from topical
formulations so the vehicle for sunscreen agents should be selected carefully. Gupta et al.
confirmed that penetration and stratum corneum retention of OMC were dependent on
the type of formulation used [14]. Recent studies have indicated that avobenzone and
octyl methoxycinnamate are photochemically unstable and their absorption properties
are reduced due to exposure to sunlight [24,25]. Therefore, UV filters were entrapped in
different materials to increase their photostability, sun protection, and to reduce potential
skin permeation. So far, ordered mesoporous silica SBA-15 has been used to decrease the
transdermal permeation of Avo and OMC [26]. It was reported that mesoporous silica
containing Avo minimized the possible toxicity induced by percutaneous penetration [27].
Additionally, other inorganic vehicles, such as hydrotalcites and zeolites were also tested
to increase the photostability and to prevent OMC absorption through the skin [20,28,29].
Jimenez et al. found that the incorporation of encapsulated octyl methoxycinnamate into the
formulations reduced the accumulation of the UV filter in the skin [30]. The decrease in the
penetration of OMC was achieved when it was introduced to solid lipid microspheres [31].
Scalia et al. reported that the loading of OMC and Avo into lipid microparticles reduced
the percutaneous penetration of both UV filters [32]. In turn, Andreani et al. created a
formulation consisting of hybrid lipid-silica nanoparticles with OMC incorporated into the
hydrogel [33].

The aim of our research was the assessment of in vitro skin release and permeation
of avobenzone (Avo) and octyl methoxycinnamate (OMC) from an oil-in-water emulsion.
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Strat-M and cellulose membranes were applied to mimic the skin barrier. Prior to the
release experiments, the sunscreen formulations obtained were characterized in terms of
physicochemical parameters and stability.

Table 1. Physicochemical and geometric properties of avobenzone (Avo) and octyl methoxycinnamate
(OMC) (Spartan "18. Version 1.4.5. 29 June 2020).

UV Filter Structure

MP
(W@

State of
Matter

Topological Polar

1 1
Surface Area (A?) Log Kow

MW (g/mol)  Area(A?)  Volume (A%

(o] (o]
Avo \O solid 310 360.12 342.12 434 451 835

(o]

oMC @A\AO“C/\ liquid 290 367.44 334.87 355 6.10 —68.3
o

1 log partition coefficient octanol/water.

2. Materials and Methods
2.1. Preparation of Emulsions Containing UV Filters

Four oil-in-water emulsions with UV filters were obtained: two contained avobenzone
in 0.5 and 2.0% w/w and two others consisted of octyl methoxycinnamate in 0.5% and 2.0%
w/w. Additionally, as a reference, a formulation without sunscreen agents was prepared.
The ingredients of the sunscreen formulations are collected in Table 2.

Table 2. Components of oil-in-water emulsions.

Cow)  Coure Clal Couhe G
Water 69.3 68.8 67.3 68.8 67.3
Glycerin 7.5 7.5 7.5 7.5 7.5
Xanthan gum 0.3 0.3 0.3 0.3 0.3
Glycerol stearate 2.0 2.0 2.0 2.0 2.0
Polyglyceryl-3 metylglucose distearate 2.0 2.0 2.0 2.0 2.0
Cetyl alcohol 3.0 3.0 3.0 3.0 3.0
Shea butter 7.5 7.5 7.5 7.5 7.5
Vegetable oil 7.5 7.5 7.5 7.5 7.5
Avo/OMC - 0.5 2.0 0.5 2.0
Phenoxyethanol 0.9 0.9 0.9 0.9 0.9

In the first step, the aqueous phase was prepared by dissolving the xanthan gum in
glycerin. Next, an appropriate amount of water was added to this mixture. Concomitantly,
the ingredients of the oil phase (glycerol stearate, polyglyceryl-3 metylglucose distearate,
cetyl alcohol, shea butter, and vegetable oil) were weighed and heated to 70 °C. Avobenzone
or octyl methoxycinnamate was introduced to the oil phase. Then, two phases were mixed
and homogenized by a homogenizer (SilentCrusher M, Heidolph, Schwabach, Germany).
After cooling the formulations, phenoxyethanol, used as a preservative, was added to all
the emulsions. The formulations obtained were denoted as E (emulsion without sunscreen

agents), Eg 5% Avo, E2%Avo, Eo5%0Mc, and Exoomc.
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2.2. Physicochemical Characterization of Emulsions
2.2.1. Measurements of pH

The pH value of the emulsions was measured in triplicate at RT using a pH-meter
(Aqualytic, Dortmund, Germany).

2.2.2. Stability Studies
Centrifugation Test

The stability of the emulsions was evaluated by centrifugation at 3500 rpm for 5 min
(MPW 56 Centrifuge, MPW Med. Instruments, Warsaw, Poland), and the phase separation
was tested.

Zeta Potential

The electrokinetic properties of the emulsions were determined in distilled water using
a Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, UK).

Multiple Light Scattering

The third stability test of the emulsions was carried out using Multiscan MS 20 (Data-
Physics, Filderstadt, Germany) directly after their preparation and at different time intervals
for 35 days at room temperature.

2.2.3. Particle Size Distribution

The particle size distribution of the emulsions was measured using a Mastersizer
3000 (Malvern Instrument Ltd., Malvern, UK) with a wet dispersion unit. Before the
measurements, the refractive index of each sample was determined. The data are presented
as percentages of d (0.1), d (0.5), and d (0.9):

d (0.1) (um)—10% of the particles have a size smaller than the measured value,
d (0.5) (um) is the median where 50% of the particles have a size above the measured
value and the size of 50% is below the data obtained,

e d(0.9) (um)—90% of the particles have a size smaller than the results obtained [34].

In addition, D [3,2]—the surface-weighted mean (Sauter mean) estimating the mean
size of a given particle distribution was provided [35].

2.2.4. Optical Microscopy

The optical microscope (VHX-7000, Keyence, Osaka, Japan) was used to observe the
droplet size of the emulsions.

2.3. Release Studies of UV Filters from Emulsions

The release studies of avobenzone and octyl methoxycinnamate from the emul-
sions were carried out through dialysis tubing cellulose membranes (Sigma Aldrich,
St. Louis, MO, USA) in 200 mL of receptor medium mimicking the pH of the skin (mix-
ture of phosphate buffer with pH 5.8 and ethanol in the ratio of 1:1) maintained at
32°C £0.50 °C. The samples were withdrawn at a certain time (0.5; 1; 2; 3; 6; 12; 24;
48 h) and variations in the concentration of the Avo and OMC were registered using a
UV-Vis spectrophotometer (Cary 60, Agilent, Santa Clara, CA, USA) at wavelengths of 361
nm and 311 nm, respectively. The release results were fitted to different kinetic models, such
as zero-order (F; = kot), first-order (F¢ = 1 — e~Xt), Higuchi’s model (F; = kyy /t), Korsmeyer-
Peppas model (F = (M¢/M) = kgpt"), and the Hixson—Crowell model (/Fy — vFr = kpct),
where F; is the fraction of Avo/OMC released into the receptor medium over time, t (h); Fy
is the initial amount (mg) of the UV filter in emulsion; and ko, k, kg, kgp, kijc are the release
constants of the particular kinetic models [36]. The correlation coefficient (R?) established
which kinetic model follows a certain release profile.
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2.4. Permeation Studies of UV Filters

The permeation study of both the Avo and OMC from emulsions through a Strat-M
membrane (Merck Millipore, Burlington, MA, USA) was performed using a vertical Franz
cell (PermeGear, Inc., Hellertown, PA, USA). The receptor cells were filled with 15 mL of
medium consisting of phosphate buffer with pH 5.8 and ethanol in the ratio of 1:1, which
were allowed to equilibrate at 32.5 °C under magnetic stirring. The Strat-M membrane was
pre-equilibrated in the receptor fluid at RT for 30 min. The permeation of the UV filters
was determined at different time intervals (0.5; 1; 1.5; 2; 2.5; 3; 3.5; 4; 5; 6; 24; 32; 48 h) by
measuring the concentration of the Avo and OMC in the receiving solution using UV-Vis
spectrophotometry at wavelengths of 361 nm and 311 nm, respectively. The cumulative
amount (mg/cm?) of sunscreen agents that permeated through the Strat-M was calculated
considering the standard calibration curve of each UV filter and the effective diffusion area
of the Franz cell (3.14 cm?). The results obtained were plotted as a function of time.

3. Results and Discussion
3.1. Physicochemical Characterization of Oil-in-Water Emulsions with and without UV Filters

All the prepared samples were oil-in-water emulsions, containing mostly an aqueous
phase (67.3-69.3% by weight). The maintenance of the proper pH of the skin is crucial. The
surface of a healthy stratum corneum is acidic, in the range of pH 4.5 to 6.0 [37]. However,
both endogenous (skin moisture, sweat, sebum, age, and genetic predispositions) and
exogenous (detergents, cosmetic products, and topical antibiotics) factors may affect the
pH value of the skin surface [38]. Topically applied cosmetics may contribute to preserving
appropriate skin conditions. Therefore, the selection of skin care products should be
considered carefully. As the sunscreen formulations are intended to be applied topically on
the skin surface, the pH values of each emulsion were analyzed. The results are gathered
in Table 3. The pH values of the formulations range from 6.02 to 6.11, which is acceptable
for cosmetic products. The addition of both UV filters only slightly increased the pH value
of the emulsions. It should be stressed that the most problematic, for technologists, are
sunscreen formulations containing zinc oxide because the pH can be shifted toward 7.5,
which reduces the number of preservatives possible to be applied to the product [39]. In the
case of the emulsions obtained in this study, this issue was not detected. The stability of the
prepared formulations was assessed using a centrifugation test, a multiple light scattering
method, and by the determination of the zeta potential value. No phase separation was
observed in any of the samples tested after centrifugation.

Table 3. Physicochemical characterization of emulsions.

Sample pH Zeta Potential (mV) Refractive Index
E 6.02 + 0.04 —79.0+13 1.3590
Eo.5%Avo 6.04 + 0.06 ~751+19 1.3543
EzosAvo 6.06 £ 0.08 -73.0+15 1.3555
Eo.59%0MC 6.09 + 0.07 —57.1 420 1.3580
Epo,oMC 6.11 + 0.10 542 +18 1.3567

The zeta potential values of all five formulations exceeded =30 mV, which proved their
high degree of stability. High negative or positive electrokinetic values give information
that the particles in the suspensions tend to repel and thus the flocculation process is
prevented [40]. It was found that the addition of UV filters to emulsions decreased the
zeta potential value compared to the emulsion without the sunscreen agent; however, it
remained at the proper high level. The stability of the formulations was also assessed
using multiple light scattering. This method allows to characterize the samples without
dilution [41]. Moreover, it is possible to detect any changes occurring in the sample much
faster than by the naked eye. Therefore, the aging tests can be shortened significantly [42].
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As the results of the measurements, the transmission and backscattering (BS) profiles versus
the height of the sample were registered and the exemplary graphs are presented in Figure 1.
As the emulsions were opaque systems the variation in backscattering was only considered.
It should be highlighted that for stable products all backscattering profiles will overlap
over time. In turn, for unstable samples, the variations in backscattering profiles will be
visible. Furthermore, no changes in particle size occurs if the BS profiles do not exceed
2% [43]. When changes are higher than 10%, the formulation is treated as unstable [44].
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Figure 1. Transmission and backscattering profiles of emulsions without UV filter (A) and with
avobenzone Eq 5¢,avo (B), E29,avo (C), and octyl methoxycinnamate Epo,omc (D).

It can be observed in Figure 1A,B that the BS profiles of samples E and Ej 5¢, Ay, remained
almost unchanged during the 35 days so it confirms that the 0.5% of avobenzone did not
affect the stability of the emulsion. Whereas for Epo,ay, a slight variation in the delta BS (2.8%)
was detected. Much greater changes in the backscattering profiles were noticed when octyl
methoxycinnamate was added to the formulation. These results are in accordance with the
zeta potential measurements (Table 3). To better visualize the changes in the samples, the
stability index was calculated. It takes into consideration all the destabilization processes
occurring in the tested product [45] and enabled to compare the stability of formulations. In
Figure 2 changes in the stability index over time are depicted. The variations in the samples
decreased in the following order Exo,omc > Eosuomce >Exv%avo > Eos5%Ave >E.

In the next step, the refractive indices (R¢) of the formulations were measured. Based
on the results presented in Table 3, the values of R¢ ranged from 1.3543 to 1.3590, which
is typical for oil-in-water emulsions [46]. These data were then applied to determine the
particle size distribution of the topical formulations. The results are depicted in Figure 3
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and Table 4. It was proved that the addition of UV filters did not significantly change
the particle size distribution of the samples compared to the emulsion without sunscreen
agents. The particle sizes ranged from 0.3 to 100 um. Bimodal particle size distribution
with one predominant peak (average size around 1 um) was detected for E, Eg5oavo,
Ez9,Avo, and Exe,omc. Whereas for Eg se,omc the predominant peak was shifted towards
slightly larger particle sizes. The slight differences in particle size distribution between the
formulations with avobenzone and without this UV filter may be related to the time of the
homogenization process. The emulsion containing 2% of avobenzone was homogenized
much longer compared to Eg 5¢,avo and E, to disperse completely the UV filter. Therefore,
the particle size of Epo, 4y, Was smaller than two other formulations. It is generally known
that the increase in the duration of homogenization can lead to the reduction in particle
size [47]. In turn, when a smaller amount of UV filter (Ey59avo) Was used, the action
time of the dispersion tool was the same as for the formulation without Avo. Therefore,
the particle sizes of these two emulsions were similar. Additionally, the analyses were
performed with and without ultrasound treatment to observe if potential aggregates that
occurred in the emulsions can be broken down. All the formulations had bimodal particle
size distribution regardless of the condition of the measurement. Ultrasound treatment
reduced only slightly the size of the aggregates of the oil-in-water emulsions. The effect
of ultrasound treatment on the particle size distribution of each sample was presented in
Supporting Information (Figure S1). The biggest changes in the average particle size of
samples D [3,2] were noted for Eyo,omc. These results are in line with the data obtained
by the zeta potential measurements and multiple light scattering, where variation in the
stability index for Ez9,omc was the most noticeable.

—Q— K
10 - EO.S% Avo
—0— EZ% Avo
8 - EO.S% OMC

Changes in stability index (%)

30 35 40

t(h)

Figure 2. Changes in the stability index of formulations obtained.
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Figure 3. Particle size distributions of topical formulations measured without (A) and with the use of
ultrasounds (B).
Table 4. Parameters determined based on the particle size distribution measurements of emulsions
with and without UV filters.
Emulsion E Eo.5%Avo Ez%Avo Eo.5%0MC Ezsomc
D [3,2] 1.570 & 0.008 um 1.620 & 0.014 pm 1.300 £ 0.001 pm 1.790 £ 0.001 pm 1.640 & 0.016 pm
d(0.1) 0.671 £ 0.002 pm 0.716 £ 0.001 pm 0.652 £ 0.002 pm 0.983 £ 0.001um 0.696 £ 0.026 pm
d(0.5) 1.850 + 0.011 pm 1.780 £ 0.023 pm 1.370 4+ 0.006 pm 1.850 £ 0.001 um 1.890 & 0.203 pm
d(0.9) 33.000 £0.153 um  30.300 £1.535 um  16.500 = 1.170 pm  9.340 £0.045 um  31.300 & 1.077 um
Ultrasound treatment
D [3,2] 1.400 £ 0.088 um 1.350 £ 0.083 pm 1.190 £+ 0.082 pm 1.660 £ 0.016 um 1.310 £ 0.108um
d(0.1) 0.630 £ 0.021 um 0.641 £ 0.026 pm 0.614 £ 0.019 um 0.946 £ 0.007 um 0.617 £ 0.036 um
d(0.5) 1.570 £ 0.145 um 1.370 £ 0.097 um 1.250 £ 0.076 um 1.730 £ 0.024 um 1.400 £ 0.206 pum
d(0.9) 26.400 £2.533 um  19.400 £ 2.146 um  14.300 = 1.543 pym  7.280 £ 0.446 um  24.200 £ 1.720 um

The effect of sunscreen agent addition to the oil-in-water emulsions was also studied
by an optical microscope. It is a tool that enables the observation of any first signs of
instabilities in the formulations [48]. In Figure 4, the images of all the oil-in-water emul-
sions prepared are displayed. No significant differences in droplet sizes between all the
samples containing Avo and OMC were detected. In order to better visualize the similarity
between the formulations, the diagrams presenting the % contribution of droplet size of
the formulations E, Eg 59,avo, E2%avo, Eos%omMc, Exswomc are presented in Supporting Infor-
mation (Figure S2). The data are consistent with the results obtained by laser diffraction
and multiple light scattering.

3.2. Release and Permeation of UV Filters from Oil-in-Water Emulsions

As it was proved that the formulations were stable, and their particle size distributions
were similar to each other, the release and permeation studies of avobenzone and octyl
methoxycinnamate from o/w emulsions were carried out. Wester et al. suggested that the
initial stage of percutaneous absorption of the active compound is related to its release from
the formulation [49]. Consequently, in the first step, the release studies of UV filters from
emulsions through the cellulose membrane were performed. The UV spectra of each sun-
screen agent (Figure 5) were registered to determine the wavelength corresponding to the
maximum absorbance characteristic for both the compounds in the receptor fluid selected
for the release studies. The maximum absorbance (Anax) of avobenzone was recorded at
265 nm and 361 nm, which corresponds to the keto and enol forms, respectively [50]. In
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turn, in OMC, the benzene ring is substituted with 2-ethylhexyl propenoate ester group,
acting as an electron acceptor, and methoxyl group in the para position is playing the role
of an electron donor [51]. Therefore, the extended delocalization of electrons occurs in the
OMC molecule. The Amax for OMC was registered at 311 nm. The octyl methoxycinnamate
protects against UVB, while avobenzone is a UVA sunscreen agent (Figure 5).

Figure 4. Optical microscope images of emulsions without (A) and with sunscreen agents: Eg 59,av0
(B), Ez%avo (C), Eos%0mc (D), Ezoomc (E)-

1.0 UVB UVA —— AVO
1 — OMC

o o o
B ()] (o6}
1 1 1

Absorbance (a.u.)

o
N
]

0-0 I ' I ' I ' I ' I ' I ' I '
260 280 300 320 340 360 380 400

Wavelength (nm)

Figure 5. UV spectra of avobenzone and octyl methoxycinnamate in receptor fluid (mixture of ethanol
and phosphate buffer of pH 5.8).
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The release studies of the UV filters from the emulsions were performed through a
cellulose membrane. The results are presented in Figure 6A. The amount of UV filters
released after 48 h from the same type of emulsion decreased in the following order
Exvomc > Eosuome > Eaoavo > Eosuave. It was also observed that the diffusion of the
UV filters from the formulation to the receptor fluid depended on their concentration.
With the increase in Avo/OMC concentration in the emulsion, a higher amount of UV
filter was liberated to the receiving medium. It is noteworthy to highlight, that octyl
methoxycinnamate diffuses more easily through the cellulose membrane in comparison to
avobenzone. These differences in the release profiles may be related to the presence of a
lipophilic barrier of oil droplets in the oil-in-water system that retards the release of Avo in
the internal oily phase.

Additionally, the solubility of octyl methoxycinnamate is much higher in ethanol
(140 mg/mL) than avobenzone (5 mg/L) [52], which could influence the facilitated libera-
tion of the OMC from the formulation to the receptor fluid. Furthermore, different release
behaviors between both the UV filters can be associated with their various physicochemical
properties. The log P of avobenzone is 4.8, while the calculated log P for OMC is 5.6 [53].
Since octyl methoxycinnamate is more lipophilic than avobenzone (Table 1), different
trends in the release rates of both the UV filters can be expected. In other studies, Mon-
tenegro et al. prepared six different emulsions with OMC and Avo and observed a much
lower amount of avobenzone released through the cellulose membrane compared to octyl
methoxycinnamate regardless of the type of formulation used [22]. The avobenzone was
not determined in the receptor medium up to 8 h of the experiment. The results confirmed
that Avo was liberated from the formulations with intermediate lipophilicity. It implies
that the diffusion of the UV filter can be regulated by choosing appropriate ingredients for
the topical product. Montenegro et al. also proved that the release patterns of avobenzone
and octyl methoxycinnamate were different [54]. It was demonstrated that the emulsifier
may influence the permeation of the sunscreen. The release of avobenzone from modified
dextrin incorporated into the emulsion was also studied by Li et al. [55]. It was found that
the tendency of the UV filter to permeate the skin was significantly reduced due to the
modified dextrin compared to the pure emulsion. Another paper presented that Avo was
introduced to the oil-in-water emulsion and included in a complex with cyclodextrin. The
permeation studies of Avo through rat skin proved that the complexation affects the lag
time [56]. In order to understand the mechanism of the UV filter release, the diffusion data
were fitted to five different kinetic models (Table 5). The highest correlation coefficient was
observed for the Korsmeyer-Peppas model. The n values were higher than 0.45 for all the
samples, indicating the anomalous transport. It means that in these cases, in addition to
the UV filter diffusion, other mechanisms contribute to the release of OMC and Avo [57].

In the next step, in vitro permeation experiments of the UV filters were performed
through a multilayer Strat-M membrane, which is a non-animal-based model recommended
for the transdermal analysis, because it mimics human skin [58]. It is composed of a tight top
layer coated with a lipid blend similar to that of the human stratum corneum and a porous
layer simulating the epidermis and dermis [59]. It was reported that the Strat-M membrane
exhibits equivalency to human skin in permeation studies of different compounds [60]. To
ensure the solubility of lipophilic sunscreen agents, the receptor compartment was filled
with a mixture of ethanol and phosphate buffer with pH 5.8 in the ratio of 1:1. The results
of the UV filters permeation studies are presented in Figure 6B. The highest cumulative
amount of UV filters released after 48 h was noticed for Eyq,opmc followed by Eg se,0mc.
In turn, the permeation of avobenzone for both Ej59,avo and Ep,ay, Was at a very low
level after 2 days. The sensitivity of the UV analytical method did not enable to detect
avobenzone in the receptor fluid in the first 2 h of analysis. Similar results were obtained
by Montenegro and Puglisi [53] who performed the permeation studies of both UV filters
through human skin and did not determine avobenzone until 6 h from the beginning of the
experiment. It should be highlighted that the action of the active ingredient after topical
application occurs in two different steps. Initially, the active compound should diffuse from
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the formulation to the skin surface, and after this stage, depending on its physicochemical
character, it can permeate the stratum corneum barrier [53]. Based on the results shown
in Figure 6B, it can be stated that the rate-limiting step in avobenzone release was not the
diffusion from the vehicle but the penetration through the Strat-M membrane, simulating
the skin layers. This membrane can act as an additional barrier for lipophilic compounds,
such as avobenzone to penetrate. It was calculated that in the case of OMC, around 2% of
the UV filter dose was detected in the receptor medium, while for avobenzone ca. 0.2%
of the dose permeated through the Strat-M membrane. Very low level of OMC and Avo
was also determined by Montenegro et al. [23] who performed permeation studies through
human skin. The UV filters were not detected in the receiving phase in the first 8-10 h of
measurement. The cumulative amount of Avo, which permeated through the skin was
much lower than that of OMC. As it was mentioned above, the difference between the
amount of UV filters permeated is attributed to their diverse lipophilicity.

B
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Figure 6. The release profile of avobenzone and octyl methoxycinnamate from emulsions through
the cellulose membrane (A), and cumulative amount of UV filters permeated through the Strat-M
membrane (B).
Table 5. Kinetic models used to describe the release of UV filters from oil-in-water emulsions through
cellulose membrane.
Zero Order First Order . . Hixson—-Crowell
Sample Model Model Higuchi Model Model Korsmeyer-Peppas Model
Correlation Co-Efficient (R?) n
Eo 5% Avo 0.889 0.898 0.949 0.895 0.964 0.575
EzoAvo 0.968 0.966 0.907 0.961 0.970 0.824
Eo.5%0MC 0.880 0.878 0.877 0.879 0.931 0.989
Ezo.oMmc 0.959 0.962 0.931 0.961 0.968 0.978

4. Conclusions

In this report, an efficient preparation procedure for novel oil-in-water emulsions,
containing various concentrations of two commonly used chemical filters, avobenzone and
octyl methoxycinnamate, was presented. The important aspect was the in vitro permeation
experiments through different membranes, which are recently of great interests due to the
ban on animal testing for cosmetics. The development of an appropriate methodology to
evaluate UV filter penetration will be beneficial for both pharmaceutical and cosmetic in-
dustries. The obtained topical formulations did not show phase separation in the centrifuge
test performed directly after obtaining and after 35 days of storage at room temperature,
regardless of composition. The use of multiple light scattering methods allowed to observe
changes in the stability index values. It was established that emulsions with the addition
of avobenzone are characterized by the highest stability. The topical formulations show
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a pH in the range of 6.02-6.11, which is acceptable for cosmetic products. There were no
significant differences in the size of the emulsion particles after the introduction of the
selected sunscreen agent.

Due to the growing awareness of the harmful effects caused by UV filters on the
skin, release and permeation tests of avobenzone and octyl methoxycinnamate, from the
obtained emulsions to receptor fluids at pH 5.8, were carried out. In the assays, cellulose
and Strat-M membranes, simulating human skin, were applied. It was found that octyl
methoxycinnamate diffuses more easily through the cellulose membrane compared to
avobenzone, and the release profiles correspond to the Korsmeyer—Peppas kinetic model.
The permeation of the UV filters via the Strat-M membrane occurs to a small extent, which
means that they will remain on the skin surface after application. The results obtained
support the safety of the formulations containing avobenzone and octyl methoxycinnamate
as sunscreen agents providing effective protection against UV radiation. The UV filter
lipophilicity mostly affects both the release and permeation through the skin.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app13137674/s1, Figure S1. Particle size distributions of formu-
lations E, Eg 5¢,Avo, E2%Avo, Eo5%0Mc, E2o,0oMc after ultrasound treatment; Figure S2. Diagrams of
droplet size of formulations E, EO.S%AVOI EZ%AVO/ EO.5%OMC/ EZ%OMC-
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