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substances into cosmetic formulations. In the present work, oil-in-water photoprotective nanoemul-
sions containing microbial carotenoids, buriti oil and chemical filters were developed and character-
ized. The essential physical properties of the droplets, the transmission electronic microscopy
(TEM), the sun protection factor (SPF) as well as the stability of the formulations were determined.
In vitro phototoxicity was evaluated using Balb 3 T3 with relative cell viability estimated by Neutral
Red Uptake, with the Photo Irritation Factor (PIF) and the Medium Photo Effect Factor (MPF) as
the measurement parameters. Nanoemulsion 3 (NE3) showed spherical morphology with an aver-
age droplet size of 142.11 £ 0.92 nm and polydispersity index (PDI) of 0.198 % 0.017. This
nanoemulsion containing microbial carotenoids and buriti oil exhibited a SPF of 36 £+ 1.5. Neutral
Red Uptake revealed that the cells kept their viability even after irradiation and those nanoemul-
sions containing the microbial carotenoids and buriti oil were not phototoxic. The addition of
microbial carotenoids and buriti oil in nanoemulsions was positive in increasing the mean SPF val-
ues compared to the control formulation.

© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Careless exposure to sunlight can be harmful to the skin due to
ultraviolet (UV) radiation. Therefore, application of cosmetic
formulations containing chemical filters and antioxidants can
attenuate these harmful effects (Shaath, 2005). Chemical filters
can absorb most of the UV-A and UV-B radiation, although a
significant portion of these rays may still reach the skin, gener-
ating reactive oxygen species (ROS) (Ferreira et al., 2007,
Mansur et al., 2012). Nevertheless, the skin possesses antioxi-
dant defense mechanisms that can prevent and eliminate alter-
ations caused by free radicals and ROS. Sun overexposure
and, consequently, to UV radiation, may cause an imbalance
in the pro-oxidant substances, leading to oxidative stress that
produces lesions to skin cells such as erythema, stains, pho-
toaging and skin cancer (Mansur et al., 2016). The cosmetic
industries associate chemical filters to different antioxidants
to optimize skin protection that act together with endogenous
antioxidants to reestablish the skin redox equilibrium
(Vinardel and Mitjans, 2015).

A number of synthetic substances used as sunscreens were
removed from the market because they proved to be toxic
and constituted a real danger to human health (Scott et al.,
2010). Furthermore, according to the US Environmental Pro-
tection Agency (EPA) these substances act as pollutants enter-
ing the marine trophic chain and also as endocrine disruptors
(Trenholm et al., 2006). Therefore, the development of formu-
lations containing multifunctional actives from natural
sources, and lower concentrations of chemical filters are pro-
viding satisfactory results in preventing photocarcinogenesis,
photoaging of the skin (Mansur et al., 2016) and environnmen-
tal damages.

During the last decades, nanosciences have been through
great advances, especially in the pharmaceutical and cosmetic
fields, enabling the encapsulation of actives to clarify problems
of solubility and stability. Nanocarriers form colloidal disper-
sions of nanoparticles or droplets with sizes below 1000 nm (Li
et al., 2011, Montenegro et al., 2016). Nanocarriers such as
polymeric nanoparticles, liposomes, niosomes and nanoemul-
sions are widely used to disperse lipophilic actives in formula-
tions for cutaneous administration (Montenegro et al., 2016,
Puglia et al., 2014).

Nanoemulsions consist of oil in water (o/w) or water in oil
(w/o) dispersions with droplet diameters generally in the range
of 10-200 nm. Their advantages, such as improved stability
when compared to traditional emulsions, low toxicity due
the employment of non-ionic surfactants, high biocompatibil-
ity and potential to incorporate hydrophilic and lipophilic
actives in the same formulation are remarkable (Clares et al.,
2014, Ricci-Junior et al., 2018). Moreover, they are viable
and innovative alternatives to traditional dermocosmetics, also
exhibiting other interesting advantages for the cosmetic indus-
try, such as low viscosity which facilitates the application on
the skin. Their smooth texture and nanometer size improve
skin coverage and formation of the occlusive film. Large-
scale production and applying of simple, fast, and cheap meth-
ods, controlled-release of active ingredients, modulate their
sun protection factor, and reduction of side effects on the
organism as well (Campos et al., 2017).

Recent studies have demonstrated that the antioxidant
actives of plant extracts, algae and bacteria are able of scav-
enge UV- induced ROS. However, active substances obtained
by biotechnological processes are unstable when exposed to
sunlight due to photodegradation or even during their storage.
A viable alternative to improve the stability of lipophilic
biotechnologically-obtained actives can be overcome by encap-
sulation in nanocarriers such as nanoemulsions. The simulta-
neous encapsulation of sunscreens, antioxidants, and actives
in nanoemulsions can generate efficient and stable photopro-
tective cosmetic formulation as well (Vinardel and Mitjans,
2015, Pesek et al.,2011).

As such, carotenoids are natural ROS-scavenging antioxi-
dant substances synthesized by bacteria, fungi, algae, and
plants that can protect the skin from solar radiation
(Reis-Mansur et al., 2019). They knockdown peroxide radicals
in the human skin, preventing lipidic peroxidation, which is the
most aggressive reaction in cellular membranes (Ashikhmin
et al., 2014, Mortensen, 2002). Carotenoids are known as lipo-
philic pigments and have been used in the textile, food, cos-
metic and pharmaceutical industries. They can be dispersed
in aqueous vehicles when encapsulated in nanoemulsions
(Han et al., 2016). Some studies have demonstrated that the
encapsulation of carotenoids is important to protect them
from degradation caused by sunlight, oxygen and enzymes,
preserving their antioxidant properties and keeping their
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activity in pharmaceutical formulations and dermocosmetic
products (Soukoulis and Bohn, 2018).

Microbacterium sp. LEMMIJO01 is a new bacterium species
that was isolated from soil samples near a penguin colony
(Pygoscelis adeliae) located on King George Island, Northwest
of the Antarctic Peninsula, a region with a high incidence of
ultraviolet radiation. This Microbacterium sp. is a mesophilic
actinomycete resistant to UVA, UVB and UVC radiations.
This species synthesizes a group of carotenoids, which are nat-
ural pigments with antioxidant activity (Reis-Mansur et al.,
2019, Schultz et al., 2017, Han et al., 2016).

The association of antioxidant substances and carotenoids
in photoprotective formulations is interesting and beneficial
due the synergic effect observed in preventing skin erythema
during solar exposure (Gaspar and Campos, 2007, Stahl and
Sies, 2002). Nanoemulsions are promising release systems cap-
able of dispersing chemical filters, buriti oil and carotenoids
into physiologically acceptable vehicles for cutaneous adminis-
tration, being considered for the development of innovative
photoprotective formulations (Reis-Mansur et al., 2019,
Montenegro et al., 2016, Clares et al., 2014). Buriti (Mauritia
flexuosa L.) oil contains high concentration of monounsatu-
rated fatty acids, tocopherols and carotenes with antioxidant
and pro-vitamin A function. It has been administrated under
the form of o/w emulsions with moisturizing, emollient and
antioxidant action to the skin (Aquino et al., 2012, Podda
and Grundmann-Kollmann, 2001).

In the present work, microbial carotenoids were produced
and isolated from the crude biomass of Microbacterium sp.
LEMMIJO01 (Reis-Mansur et al., 2019). Photoprotective
nanoemulsions with antioxidant and moisturizing properties
were produced containing an association of chemical filters,
microbial carotenoids and buriti oil. The formulations were
characterized in relation to their pH, organoleptic characteris-
tics, droplet size, polydispersity index, and morphology by
transmission electronic microscopy (TEM). Furthermore, the
Sun Protection Factor (SPF) was evaluated, a stability study
of the photoprotective formulations was performed as were
safety studies using cell culture.

Researchers in Microbiology have pointed out a variety of
bioproducts that can be used in different industrial segments,
as well as in photoprotective formulations. Furthermore, the
search for innovative photoprotective product, originated
from renewable natural resources and is not only effective
but safe, biocompatible and harmless to the environment from
its production to its disposal is fully justified.

In this research, a preliminary study of the efficacy and
safety of the photoprotective nanoemulsions containing micro-
bial carotenoids, buriti oil, and chemical filters was carried out.
The formulations were developed with a goal to increase the
SPF and improve product stability as an innovative and viable
alternative.

2. Material and methods

2.1. Material

Buriti oil is the volatile oil obtained from the fruit of Mauritia
flexuosa L. It was purchased from Plantus da Amazonia
(Brazil). The following materials were purchased
from the respective companies: Conserve Novamit MF

(methylisothiazolinone and phenoxyethanol) - Ipel Itibanyl
Produtos Especiais Ltda. (Brazil); Octyl methoxycinnamate
(OMC) (Eusolex®) - Pharmanostra (Germany); Ethylhexyl
methoxycrylene (EHMC) (Eusolex) - Ocr (Spain);
Benzofenone-3 (BZF-3) (Eusolex 4360-Benz-3®) - Merck
(Germany); Vitamin E - Sarfam (Switzerland); Propylenegly-
col, Tween® 80 and Span® 80 - Tedia (USA); Aristoflex®-
AVC (sodium polyacryloyldimethyl taurate) - Clariant
(Spain).

2.2. Obtainment of Microbacterium sp. LEMMJO0I1 biomass,
extraction, and characterization of the microbial carotenoids

The Microbacterium sp. LEMMJO01 was isolated from Antarc-
tic ornithogenic soil that was collected at the Arctowski Polish
Station (62°09'790”S; 58°27'687"W), in Admiralty Bay, in the
central region of the King George Island during the austral
summer of 2009/2010, with the support of the Brazilian
Antarctic Program. The island belongs to the South Shetland
Archipelago, located Northwest of the Antarctic Peninsula.
The temperatures range between —3°C and 8 °C with glaciers
covering 90% of the island (Schultz et al., 2017).

The Microbacterium sp. isolate LEMMIJO01 biomass was
produced in a bioreactor for 48 h at 28 °C and 160 rpm. After
obtaining the biomass of orange color, the crude carotenoid
fraction was extracted and chemically characterized by high
performance liquid chromatography (HPLC) coupled to a
mass spectrophotometer, and carotenes were found in its
chemical composition. The production methodology, extrac-
tion and chemical characterization of the microbial carote-
noids was made by our research group and has been
reported in the literature (Reis-Mansur et al., 2019).

2.3. Preparation of the photoprotective nanoemulsions

The description of the generated oil-in-water (o/w) nanoemul-
sions is shown in Table 1. The aqueous phase (AP) was pre-
pared by mixing Tween® 80, Span® 80, propyleneglycol,
preservative and purified water. The oil phase (OP) was pre-
pared by mixing the chemical filters, microbial carotenoids,
buriti oil and vitamin E. The OP was added to the AP under
constant homogenization using an ultrasonic processor
(UP100H, Ultrasonic Processor, Hielscher, Teltow, Germany)
containing a 7 mm titanium probe. The experimental condi-
tions were continuous cycle, 100% amplitude, temperature
controlled by an ice bath at 5 °C (Fig. 1). The formulation
was homogenized for 4 periods of 5 min with 2 min of rest
between homogenizations. Aristoflex® was added to the for-
mulation to adjust the viscosity (Mansur et al., 2012,
Cerqueira-Coutinho et al., 2015).

Three nanoemulsions were prepared, the control nanoemul-
sion was NEI, containing only the chemical filters, while NE2
and NE3 containing in addition to filters the microbial carote-
noids and buriti oil. The nanoemulsions were transferred to
tubes and stored in the dark at 25 C until further use.

2.4. Nanoemulsions characterization

2.4.1. Determination of pH and organoleptic characteristics

The nanoemulsions were inspected for their pH and
organoleptic characteristics. The pH was measured using a
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Table 1 Developed photoprotective nanoemulsions composition.

Components Function Formulations

NE1 NE2 NE3
Oil phase (OP)
OMC Chemical filter 10% 8% 10%
EHMC Chemical filter 3% 3% 3%
BZF-3 Chemical filter 3% 3% 3%
Buriti Oil Antioxidant/Moisturizer = 3% 3%
Vitamin E Antioxidant 0.1% 0.1% 0.1%
Microbial carotenoids Antioxidant = 0.2% 0.2%
Aqueous phase (AP)
Tween® 80 Surfactant 12% 12% 12%
Span® 80 Surfactant 3% 3% 3%
Conserve Novamit MF Preservative 0.3% 0.3% 0.3%
Propyleneglycol Humectant 2% 2% 2%
Aristoflex® Viscosity agent 1% 1% 1%
Purified Water Vehicle gsp. 100 g gsp. 100 g gsp. 100 g

OMC = octyl methoxycinnamate; EHMC = ethylhexyl methoxycrylene; BZF-3 = Benzofenone-3.

*Ultrassound processor
* Amplitude : 100%

* Cycle:1

U

Experimental conditions

* Time: S min

Oil phasg ‘ « Temperature:5 °C
* Chemicalfilters
* Buritioil
* VitaminE - () @
~
« Microbial carotenoids 4 A (:) () S Qcoc
( ' @ @ °°
\\ - —’ J{) o -
Nanoemulsion
Aqueous phase US = Ultra sound
* Water
* Tween 80
* Span 80

* Propyleneglycol
* Preservative

Fig. 1 Scheme of production of the oil-in-water (o/w) NE.

pHmeter (Cherker portable pHmeter, Hanna Instruments,
Woonsocket, RI, USA). The organoleptic characteristics such
as aspect, color, homogeneity, and phase separation were eval-
uated visually by analysts.

2.4.2. Determination of droplet size and polydispersity index
(PDI)

Droplet size and polydispersity index (PDI) were measured
using a NanoSizer® model 90S (Malvern, UK). Nanoemul-
sions were diluted in distilled water at 1:100 and analyzed in
a cell with 1 cm optical path at 25 °C. These analyses were con-
ducted in three runs with fifteen readings. The values shown
(Table 2) represent the mean =+ standard deviation of three
independent measurements for each formulation. The PDI

parameter reflects the sample quality in terms of homogeneity
of the droplet diameter. The values for PDI results below 1 are
considered  satisfactory (Malvern  Instruments, 2004,
Cerqueira-Coutinho et al., 2015).

2.4.3. Transmission electronic microscopy (TEM )

The droplet morphology of NE3 was evaluated by Transmis-
sion Electronic Microscopy (TEM) using a Morgagni 265
(FEI Company, Netherlands) electronic microscope. A NE3
stock solution was diluted to 1:5 with purified water. A volume
of 5 uL was placed on a copper grid previously covered with
Formvar®. The grid was placed in a desiccator for 1 h to elim-
inate any water excess, and then placed under the transmission
beam for inspection of droplet’s morphology.
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Table 2 Physical and chemical characterization of NE: size, PDI, aspect and pH.
Formulation Size (nm) PDI Aspect pH
NE1 111.35 £ 0.95 0.235 + 0.019 Bright yellow, Homogenous, no phase separation 5.27 £ 0.32
NE2 157.03 £+ 3.32 0.165 £+ 0.018 Bright yellow, Homogenous, no phase separation 5.18 = 0.27
NE3 142.11 £+ 0.92 0.198 £+ 0.017 Bright yellow, Homogenous, no phase separation 5.32 £ 0.19

Results are expressed as average + standard deviation of n = 3 independent measurements.

2.5. Efficacy assays

2.5.1. Sun protection Factor (SPF) assessment

In vitro SPF measurements were performed using a UV trans-
mittance analyzer (Labsphere® UV-2000S, North Sutton, NH,
USA) and polymethylmethacrylate (PMMA) plates. A 50 mg
(2.0 mg/cm?) sample of each formulation was pipetted and
manually spread with circular movements on the surface of a
PMMA plate until form a homogeneous film. The PMMA
plates were stored in a dark chamber at 25 °C and dried for
15 min before being analyzed. Glycerin was also spread on
the surfaces of clean PMMA plates and used as reference for
100% transmittance (COLIPA, 2009, MOTA et al., 2013).
SPF, UVA/UVB ratio, and critical wavelength (Ac) for each
formulation were determined in triplicates.

2.6. Stability study

The nanoemulsions were produced and stored at 25 °C. Dro-
plet diameter and PDI were determined by Dynamic Light
Scattering (DLS) technique using a NanoSizer® model 90S
(Malvern, UK) at intervals of 0, 7, 15, and 30 days, in order
to evaluate the stability of the formulations. The droplet diam-
eter and PDI values were determined in triplicates and repre-
sented as average + standard deviation for each one.

2.7. Safety assay

2.7.1. The in vitro phototoxicity test

2.7.1.1. Cell culture. Balb 3T3 clone A31 (ATCC CCl-163) cells
were cultivated and expanded in DMEM (BioWhittaker, Lon-
za, USA) with 10% fetal bovine serum (FBS; Gibco, Life tech-
nologies, USA), 4.5 mg/mL glucose, 4 mM l-glutamine, ]| mM
sodium pyruvate, 100 UI/mL penicillin and 100 pg/mL strep-
tomycin (Sigma-Aldrich, USA). Cells were incubated at
37 °C = 1 °C in a humidified atmosphere (90% + 10%) with
5% =% 0.5% CO,. The cultures were monitored the presence of
microbiological contaminants using microbiological tests,
PCR and bioluminescence culture probes. Only bacteria-free
cultures (including mycoplasma) and fungi were used. All
experiments were done with previously qualified cells without
any significant cytotoxicity induced by exposure to spurious
light (cell viability > 80%).

2.7.1.2. Solar simulation and irradiations conditions. The Q-Sun
XE-1-BC Xenon Test Chamber equipped with a xenon arc
lamp and daylight optical filter was used to simulate the out-
door solar light exposure. Irradiation was performed at
25 °C, with an irradiance of 1.7 mW/cm? for 50 min to achieve
a dose of 5 Jjem?. The irradiance was monitored in real time by

the Solar Eye irradiance control light output system, which
was calibrated to the standards of the National Metrology
Institute (National Institute of Standards and Technology —
NIST, USA), ensuring accuracy, reliability and traceability.
Q-Lab Corporation (USA) provided all solar simulation
equipment.

2.7.1.3. In vitro phototoxicity of 3T3 cells by Neutral Red
Uptake (NRU). The phototoxicity was evaluated according to
the Organization for Economic Co-operation and Develop-
ment (OECD) Test Guideline n°® 432 (described in Mota
et al., 2013). Briefly, Balb 3 T3 cells were seeded in two 96-
well plates with recommended cell seeding density of
1.0 x 10* per well and incubated for 24 h + 2 h before sub-
jected to the tests. A logarithmic series (1:10) of seven dilutions
were prepared in Hank’s Balanced Salt Solution (HBSS;
BioWhittaker, Lonza, USA) containing a start solution of
1 mg/mL of NEI or NE3 in HBSS. The range of cytotoxicity
was split in smaller decimal geometric series of seven dilutions
in HBSS using the dilution factors 3.16 and 2.15, respectively.
Chlorpromazine was used as the positive control (CAS 50-53-
3, Santa Cruz Biotechnologies, USA), and a stock solution of
7.5 mg/mL in DMSO was initially diluted 100-fold in HBSS. A
decimal geometric series of seven dilutions in HBSS (1:3.16)
was performed from the chlorpromazine solution in the range
of 75 t0 2.4 x 10" pg/mL. The buriti oil starting stock solution
of 100 mg/mL in DMSO was diluted 100-fold in HBSS. A log-
arithmic series (1:10) of seven dilutions in HBSS was per-
formed from the stock solution of buriti oil.

The 96-well plates were washed twice with 150 pL HBSS
and then two plates treated with 100 uL of eight concentra-
tions of each test chemical were prepared in duplicates. One
plate was irradiated and its duplicate other kept in the dark
at 25 °C. Afterwards, both plates were washed twice with
HBSS and incubated in complete medium for 20 h + 2 h to
allow cell growth and recuperation. The relative cell viability
was estimated by Neutral Red Uptake (NRU). The plates were
washed once with 250 pL of Dulbecco’s Phosphate-Buffered
Saline without Ca®>* and Mg®>" (DPBA-A) (BioWhittaker,
Lonza, USA), and then 250 pL of 25 pg/mL Neutral Red
(NR) solution in DMEM + 5% FBS was added and finally
the plates were incubated for 3 h £ 10 min. The NR solution
was then decanted, and the plates were washed with 250 pL of
DPBS-A. The absorbed NR by the Balb 3 T3 cells was
extracted with 100 uL of ethanol:distillated water:acetic acid
solution (50%: 49%: 1%) and shaking for 20 min using an
orbital shaker protected from light. The absorbance of the
NR solution was measured at a 540 nm wavelength using a
spectrophotometer. The 1Csy, Photo Irritation Factor (PIF)
and Mean Photo Effect (MPE) values were calculated by
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means of the Phototox 2.0, a validated and freely available
software provided by the OECD (2004).

The ICs, is the concentration of the test compound that
decreases cell viability by 50% (OECD, 2004, Spielmann
et al., 1998). PIF is the ratio between non-irradiated 1Cs, value
and the ICsy obtained for the irradiated sample. The MPE is
calculated by a complex mathematical model that compares
the displacement of the irradiated dose-response curve rela-
tively to the non-irradiated curve.

2.7.2. Model of the in vivo phototoxicity prediction

According to the validation study (Spielmann et al., 1998), a
chemical is classified as phototoxic if the score of the PIF or
the MPE are, respectively, above 5 or 0.15. If PIF < 2 or
MPE < 0.1, a chemical is considered non-phototoxic. If
2 < PIF < 5and 0.1 < MPE < (.15, a given test compound
is classified as probably phototoxic by this methodology. Sta-
tistically, there is no significant difference between the PIF and
MPE models, and this method is often used when ICs, cannot
be calculated (Ceridono et al., 2012).

2.8. Statistical analysis

Experimental data are presented as the mean + SD or stan-
dard error of the mean calculated using Origin Pro 8 (Origi-
nLab, USA) software and p < 0.05 was considered to be
statistically significant.

3. Results and discussion

3.1. Preparation and characterization of the nanoemulsions
(NE)

After several ratios between the surfactants were tested to ver-
ify which provided greater stability to the formulations, the
proportion of 12% Tween® 80 and 3% Span® 80 turned
out to be the ideal mixture for the proposed NE.This propor-
tion of surfactants has already been used in a previous work
and proven to be efficient to obtain a stable nanoemulsion
(Cerqueira-Coutinho et al., 2015). NE were made using a
high-energy method that utilizes an ultrasonic processor. The
concentration of the chemical filter OMC from 8% (the most
common concentration) has been changed to 10% (maximum
permitted concentration in Brazil) to check the effect of natu-
ral substances on the SPF. The usual concentration of buriti
oil in cosmetics is 1 to 5%. The concentration of 3% was cho-
sen because it allows the formation of an adequate nanoemul-
sion. The concentration of the microbial carotenoids was 0.2%
as it is the concentration normally used for antioxidants in
cosmetics.

On Table 2, it is possible to observe the medium diameter
and the PDI of the developed formulations, as well as the
pH and organoleptic characteristics. They were produced suc-
cessfully, presenting nanometric size and low PDI (Lademann
et al., 2011; Puglia et al., 2014; Larese Filon et al., 2015). In
terms of the organoleptic characteristics, the nanoemulsions
were bright yellow in color, homogenous and there was no
phase separation. Human skin has a pH of approximately
5.0-6.0. The pH values of NE1, NE2 and NE3 were shown
in Table 2. The pH values of NE1, NE2 and NE3 are shown

in Table 2, and, thus, compatible with the pH range of the
human skin (also 5.0-6.0). This later fact is beneficial for
homeostasis when applied to the skin surface (Lambers
et al., 2006; Segger et al., 2008; Zanela da Silva Marques
et al., 2018).

3.2. Transmission electronic microscopy (TEM)

TEM result of NE3 can be observed in Fig. 2, where Fig. 2A is
a panoramic image in which the homogeneous dispersion of
the nanoemulsion droplets can be visualized. The same field
was amplified in Fig. 2B and it is possible to observe the round
shapes of the NE droplets with dark grey color that contrast
with the light gray background of the grid. The droplets
appear as a homogeneous dispersion on the grid surface, and
there are no agglomerations. Siqueira et al. (2019) developed

Fig. 2 Microphotographs of a sample of the NE3: (A)
panoramic image, in (B) and (C) are shown magnified images.
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antimicrobial formulation with nanometric size droplets con-
taining clove oil, also seen without agglomerations under
TEM. This technique developed by our research group that
involves dilution and fixation of the sample on the microscopy
grid provides excellent high-resolution images of the
nanoemulsion droplets. NE droplets suffered negligible defor-
mation from their original spherical state due to the drying
process. The dark grey dots in the image refers to the oil phase
containing microbial carotenoids, buriti oil, chemical filters,
and vitamin E. A magnification with greater detail of the mor-
phology of the nanoemulsion droplets is shown in Fig. 2C.

3.3. Efficacy assay: Sun protection Factor (SPF) assessment

The in vitro SPF measurement only allows an estimate of the
actual value, which can only assess by in vivo tests with
humans. The determination of the efficacy of the photoprotec-
tive nanoemulsions was based on the SPF of the three formu-
lations on the day of preparation (ty) and after 30 days of
storage (t3p). Measurements were done in triplicates at 25 °C.
There was no significant difference in the values measured at
to and t30-

The SPF values after 30 days of storage (t3o) are shown in
Table 3. The average SPF values of NE2 and NE3 were supe-
rior to the average SPF value of NE1, and the greatest average
SPF value was for NE3. The average SPF values for NE2 and
NE3 were significantly different when compared to NEI
(p < 0.05) (Table 3). However, no significant statistical differ-
ence between the average SPF values of NE2 and NE3
(p > 0.05). NE2 and NE3 contains microbial carotenoids in
their composition UV-absorbing radicals and, thus, exhibited
higher average SPF values than NE1 without any microbial
carotenoids. NE1- 10% OMC, 3% EHMC and 3% BZF-3;
NE2- 8% OMC, 3% EHMC, 3% BZF-3, 3% buriti oil and
0.2% microbial carotenoids; NE3- 10% OMC, 3% EHMC,
3% BZF-3, 3% buriti oil and 0.2% microbial carotenoids.

The Boots Star Rating System classifies a product according
to the UV-A/UV-B ratio. How higher the ratio is, the better
the product’s protection against UV-A radiation. NE2 and
NE3 showed a UV-A/UV-B ratio higher than 0.7, which
according to the Boots Star Rating System, means that they
can be awarded as good UV-A photoprotective formulations
(Boots the Chemists Ltd, 2004, Levy, 2007, Cerqueira-
Coutinho et al., 2015). However, NE1 presented an UV-A/
UV-B ratio below 0.59 with no rating but NE2 and NE3 were
scored with three stars as products with moderate UV-A pro-
tection. The presence of buriti oil and microbial carotenoids
improved the photoprotective characteristics of the NE2 and

Table 3 SPF of the NE after 30 days of storage (t30), UV-A/
UV-B ratio and critical wavelength (Ac).

UV-A/UV-B ratio Ac

Formulation SPF

NE1 21 £ 1.2 0.37 £ 0.042 358 £ 1.5
NE2 32 + 2.0% 0.67 £ 0.023 368 £ 2.1
NE3 36 £ 1.5% 0.61 £ 0.015 360 £ 1.6

Average + standard deviation of n = 3 independent experiments.
*SPF with significant statistical difference in relation to NEI
(p < 0.05).

NE3 in terms of their protection properties against UV-A
radiation.

According to COLIPA (2009) and FDA (2011), a photo-
protective product with a Ac of 370 nm or higher is considered
a broad-spectrum product. On the other hand, a range from
340 to 370 nm is considered a product with intermediate pho-
toprotection against UVA. All NE developed showed a Ac
within this range and, for this reason, can be classified as good
products, providing an intermediate protection against UV-A
radiation (Couteau et al., 2011, Polefka et al., 2012, Butler,
2013, Donglikar and Deore, 2016).

4. Stability study

NE were produced using an ultrasonic processor and the aver-
age size and distribution of the droplets were determined by
DLS (Dynamic Light Scattering). The stability investigation
was a preliminary study that carried out the test with reduced
duration in the initial phase of the development of the product
stored at room temperature on the shelves. The goal of this test
was to assist and guide the choice of the formulations being
developed. NE2 and NE3 were stable during the stability
study, presenting nanometric size and low PDI (Table 4). All
nanoemulsions were composed of droplets with an average
particle size under 200 nm and were classified as monodisperse
systems with PDI < 0.3 (Table 4). The size distribution profile
of nanoemulsions, NE2 and NE3 during the stability study
was shown in Fig. 3B and C, respectively. NE1 exhibited an
increase in droplet size in the order of 55 nm from TO until
T30 (Table 4) with alterations in the size distribution profile
(Fig. 3A). On Table 4, the results showed small changes in
the droplet size for NE2 and NE3, however, these increases
were not statistically significant (Table 5).

The percentage (%) of droplets growing observed along the
stability studied period are shown in Table 5. The results
demonstrated that the size alterations of NE2 and NE3 were
smaller in comparison to NE1 (49.3% of increase). There
was a small growth in the average size of the NE2 and NE3
droplets from TO (beginning of the stability study) to T30
(end of the stability study), although not statistically relevant
(p > 0.05) (Table 5). Note that the addition of buriti oil and
microbial carotenoids helped to maintain the droplet size
and stability of the NE2 and NE3 products, which are missing
in NE1 formulation. The increased percentage was calculated
taking into consideration the average droplet size at TO and
the average size at T30.

5. Safety assay

5.1. In vitro phototoxicity test

The results of the phototoxicity evaluation assays are shown in
Fig. 4.

The exposure to light intensifies the cell death in the pres-
ence of the positive control chlorpromazine (Fig. 4A), that is
classified as phototoxic, and the results are in agreement with
the parameters established by the OECD TG 432: ICs
(IRR +) = 0.1 to 2.0 pg/mL, IC59 IRR-) = 7.0 to 90.0 pg/
mL and PIF > 6. Buriti oil (Fig. 4B) was classified as non-
phototoxic (MPE < 0.1), although a decrease in cell viability
was observed with the largest concentration in the presence of
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Table 4 Size (nm) and PDI of NE observed along the stability studied period.

Time (Days) NEI1 NE2 NE3
Size PDI Size PDI Size PDI
0 111.35 + 0.95 0.235 + 0.019 157.00 + 3.32 0.165 + 0.018 142.11 + 0.92 0.198 + 0.161
7 135.71 £ 2.57 0.257 + 0.009 159.53 + 1.72 0.132 + 0.007 146.73 + 2.32 0.177 + 0.019
15 153.47 + 3.81 0.246 + 0.014 161.52 + 1.40 0.146 + 0.019 148.47 + 2.68 0.133 + 0.018
30 166.21 + 1.08 0.212 + 0.012 165.21 + 2.08 0.145 + 0.014 147.72 + 1.63 0.092 + 0.011
Results are expressed an average + standard deviation of n = 3 independent measurements.
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Fig. 3  Size distribution of the three NE observed along the stability studied period: (A) NE 1, (B) NE2 and (C) NE3. Results are
expressed as an average of n = 3 independent measurements.

light. The cytotoxicity stripes reported on the range finder of
NE!1 (Fig. 4C) and NE3 (Fig. 4E), 1000-10 pg/mL and
1000-100 pg/mL, respectively, were used in the phototoxicity
assay (Fig. 4D and F). Neither NE showed any evidence of
induced phototoxicity, according to the results obtained with

the PIF and MPE models (PIF < 2 and MPE < 0.1).

Images displayed in Fig. 5A and B represent the uptake of
the neutral vital red pigment in a concentration of 7.26 pg/mL

of chlorpromazine. Notably in the irradiated condition (B), the
pigment was not retained in the cells, meanwhile in the non-
irradiated condition (A), the cells accumulate the neutral red
in lysosomes of the cytoplasm. For NE3, the image represent-
ing the NRU by the lysosomes can be seen in Fig. 5C and D,

respectively, in the absence and presence of light. The NRU

shows that the cells kept their viability even after irradiation,
and that cells exposed to NE3 did not exhibit phototoxicity.
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Table 5 Percentage of droplet size increases of the NE.

Formulation Percentage of droplet size increase (%)
NE1 49.3
NE2 5.2%
NE3 3.9%

" Percentage of average droplet size increase from TO to T30 is
not statistically significant (p > 0.05).

A Chlorpromazine in vitro phototoxicity test
125

100 & |rradiated
ES
-"'f 75
=
8
K117 FETORRORRTITN WRRORRURTRRRRRPRRTRRROY. JURPRRN
. IC50 IRR ICs5 IRR- Results
o 0.157+0.42 pg/mL 23.58042.266 pg/mL PIF = 155.60+26.68

N
n

Phototoxic

DAY D o N
A P .

Concentration, pg/mL

C NE1 range finder in vitro phototoxicity test

125
; ¥ - Non-irradiated
3 100 # |rradiated
>
£ 715
8 ICsg IRR-
z 5O N 676.75 ug/mL
[
© 185.88 pg/mL Results
25 PIF = 3.660
MPE = 0.156
0
NN N NN OO
S & O § NSO
Q.@ S o ° N
Concentration, ug/mL
E NE3 range finder in vitro phototoxicity test
125
I T I I I -+ Non-irradiated
B 1001 2 ! H i # [rradiated
Z 1
5 ICsg IRR+
E 648.03 ng/mL
a1 e abriied 2. i
3 Results
& IG5 IRR- PIF = 1.020
25 648.31 ug/mL MPE = 0.076
Non-phototoxic
0
N N N N N Q 0N S
S & ° ; N
Q‘QQ S o0 ® AN

Concentration, pg/mL

@ Non-irradiated

MPE = 0.629+0.006

6.

Conclusion

The cosmetics industry is under continuous pressure to use fin-
ishing processes that are more environmentally friendly and to
find new methods to make cosmetic products more competitive
on the global market. The use of bioproducts produced by
microorganisms is a sustainable and non-toxic bioprocess. In
the present work, microbial carotenoids presented excellent
properties for applications in photoprotection. Furthermore,

Cell viability, %

Cell viability, %
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Fig. 4 Dose-response curves and classification of the phototoxicity assays according to the PIF and MPE models: (A) chlorpromazine
(positive control), (B) buriti oil (active), (C) NEI range finder, (D) NE1 main test, (E) NE3 range finder and (F) NE3 main test.
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Fig.5 Microphotographs representative of NRU by cells after exposure to: (A) chlorpromazine (positive control) of non-irradiated cell
culture; (B) chlorpromazine of irradiated cell culture; (C) NE3 in non-irradiated culture; (D) NE3 in irradiated culture; NE3 was non-

phototoxic in both conditions.

these microbial carotenoids improved the stability and
increased the sun protection factor in the photoprotective
nanoemulsions that were successfully produced and presented
nanometric size with a narrow size distribution, which also
showed a pH compatible with the physiological pH of the
human skin. Our results showed the formulations containing
microbial carotenoids and buriti oil were more stable than
the control formulation according to the preliminary stability
study, and also exhibited higher SPF than the control formu-
lation lacking these actives. In addition, nanoemulsions con-
taining microbial carotenoids did not exhibit phototoxicity
by the specific test accredited by the OECD. Thus, these
nanoemulsions are promising photoprotective formulations
and complementary studies of in vivo SPF, cytotoxicity in
human cell cultures (fibroblasts and keratinocytes) and the
possible anti-inflammatory potential of these compounds will
be performed.
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