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Abstract

The constant exposure of the skin to internal and external stimuli drives towards skin aging and lost
in skin hydration and elasticity. Chronic low-grade inflammation, called inflammaging, and
oxidative stress are the leading causes of this phenomenon. Fatty acid coacervation is a preparation
method for Solid Lipid Nanoparticles (SLNs), which does not employ solvents, and is associated to
low energy consumption. Of note, Green SLNs by coacervation may be obtained from natural
soaps. Within this concern, in this experimental work, Mango and Shea SLNs, prepared by
coacervation from the corresponding vegetal soaps, were loaded with an UV-filter, 2-ethylhexyl 4-
(dimethylamino)benzoate, and two anti-age ingredients, a-Tocopherol and Tocopheryl nicotinate,
and characterized by a physico-chemical standpoint. Such Green cosmetic SLNs were monitored
for stability after storage at 4, 25, 40 °C for 28 days. Moreover, an anti-age serum and hydrogel
were prepared, based upon Green cosmetic SLNs. Stability studies were performed on sera and
hydrogels, including physico-chemical stability studies (rheology, pH, centrifugation) and
evaluation of organoleptic characteristics (appearance, odour, colour) after storage at 4, 25, 40 °C
up to 1 year, with the best results obtained for Mango SLNs-based serum. Therefore, Franz cells
studies with pig-ear skin were carried out on Mango SLNs and Mango SLNs-based serum, showing
that loading in SLNs enhances the permeation of compounds. A challenge test and a patch test
assessed the safety of such serum for human usage, and an efficacy study on human volunteers
demonstrated its capability to increase skin hydration and elasticity.

Keywords: Solid Lipid Nanoparticles, Fatty acids coacervation, a-Tocopherol, Green cosmetics,
Stability studies, Efficacy studies



1. Introduction
The increasing demand for anti-age cosmetic products is going hand in hand with the aging of
global population. Indeed, with the advancing aging process, human skin functionality is steadily

altered by intrinsic and extrinsic stimuli ( ). Individual, hormonal and
genetic concerns are thought to govern intrinsic ageing, which is apparently not influenced by
changes in human behaviour ( ). Within this context, the intrinsic ageing
telomeres play an essential role at cellular level ( ). Moreover, senescent cells

undergo an age-related reduction of their intrinsic antioxidant potential, with the simultaneous
increase of intracellular reactive oxygen species (ROS). (

). On the contrary, extrinsic ageing is triggered by external
factors, such as cigarette smoke, excessive alcohol consumption, poor nutrition, air pollution, stress,
lack of sleep and chronic exposure to the sun. The latter one accounts for 80% of facial ageing,
since UV radiation underlies DNA and oxidative damage ( ).

Skin aging has different features in dermis and epidermis. The aged epidermis exhibits a reduction
in the barrier function, and its restoration capability is compromised, following damage. With
ageing the extracellular matrix (ECM) in the dermis undergoes alteration, regardless of its intrinsic
or extrinsic nature. Essentially, ECM deterioration in senescent cells is due to the increased
production of Senescence-Associated Secretory Phenotype (SASP) factors, such as interleukin (IL)
IL-1, IL-6, IL-8, and matrix metalloproteinase (MMP-1 and MMP-3). Thus, thin wrinkles form, due
to altered elastic fibres, collagen and hyaluronic acid (HA) ( ). Moreover,
the so-called inflammaging, that is a chronic low-grade inflammation, is featured by increased
inflammatory cytokines, such as IL-6, IL-8 and tumour necrosis factor-o (TNF-a). Despite such
phenomenon is typical of systemic alterations related to the ageing process, it may also have an
impact on skin. Indeed, aged skin-resident macrophages, while shifting towards a pro-inflammatory
phenotype, promote the secretion of specific cytokines, which, in turn, favour the oxidative stress
( ). Overall, the process of aging is probably mainly caused by the direct
effects of ROS. This process, however, may also alter the gene expression pathways, and therefore,
indirectly contributes to collagen degradation.

Anti-age cosmetics should prevent wrinkles formation by lowering the degradation of HA, elastin
and collagen, that is the main dermis components. Available topical products cannot replace what is
lost throughout ageing, and an effective and reproducible technology capable to deliver these
compounds through the skin is still missing. However, since inflammation contributes to their
degradation, inflammatory process inhibition represents an important approach for the prevention of
wrinkle formation (Baumann, 2007). Moreover, wrinkles appear because of lower lipid content in
dermal lamellar bodies. Increased trans-epidermal water loss (TEWL) is also a typical sign of skin
aging. Thus, an integration and/or replacement of skin water and lipid content should protect against

skin aging ( ).
Antioxidants could work as anti-age ingredients, since they act as free radical scavengers
( ). Among natural substances, vitamin E is a mixture of compounds, a-Tocopherol

(Toco) being the most important for humans. Indeed, Toco interferes with skin photoaging (

), it blocks lipid peroxidation, by reducing the peroxyl
radical to hydroperoxide ( ), and, furthermore, it may also reduce
photocarcinogenesis, thymine dimers formation, and MMP-1 transcription ( ).
However, a limited number of active ingredients in skin care products are capable to penetrate the
dermis up to a relevant extent, in order to improve deep wrinkles. This includes release of the
ingredient from the formulation to the skin, and stratum corneum overcoming. Stratum corneum in
healthy skin typically has a 20% water content, a condition which strongly limits percutaneous
absorption. Of note, skin occlusion, achieved by means of lipid components, can increase stratum
corneum hydration, leading to a partial alteration of its barrier integrity ( ).

Within this concern, nanosystems can improve the permeation of loaded cosmetic ingredients, via
various indirect mechanisms, although they can not permeate as such. In particular, SLNs enhance
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cosmetic ingredients permeation via skin hydration, thanks to the lipids occlusion effect. Moreover,
SLNs can modify the stratum corneum lipid rearrangement, via nanoparticle adhesion, and thus

facilitate the permeation of molecules ( ). Finally, surfactants, employed as
SLNs suspending agents, may alter the stratum corneum dense structure, allowing the loaded
compounds to permeate ( ). Several lipid-based nanoparticles such as SLNs and

nanostructured lipid carriers (NLCs), either as such or containing anti-oxidants, have been already
used in marketed products due to their anti-age, skin repair and moisturizing properties. Indeed,
besides their intrinsic skin hydration capability, such lipid-based nanosystem can protect the loaded
compounds from degradation, enhance their chemical stability, and improve penetration through the
skin. Dr. Rimpler GmbH was the first cosmetic company to launch a SLNs-based anti-aging cream
(Cutanova Cream NanoRepair Q10) on the market in 2005. Coenzyme Q10 loaded SLNs-
containing formulation showed improved skin hydration capability with respect to a conventional
cream. On the other side, in NanoLipid Restore CLR (Chemisches Laboratorium Dr. Kurt Richter)
black currant seed oil and coenzyme Q10 are co-loaded to protect from oxidation. Chanel, instead,
created the Allure cosmetic lines, with two products containing SLNs: the body cream, with
moisturizing properties, and the parfum bottle spray, in which SLNs are used as parfum stabilizers.
However, anti-age and moisturizing products are the most common cosmetics on the market, which
contain lipid-based nanoparticles. Isabel Lancray marketed the Summer cosmetic product line,
whereas SLNs allowed to increase the occlusion ability of a day cream, maintaining its light
character, that is without causing the shiny skin typical of high-occlusion night creams. Also,
products belonging to the Iope cosmetic line, from Amore Pacific, contained lipid-based
nanoparticles, with moisturizing and anti-age properties. Other anti-age & skin repair cosmetic
products were marketed from Soosion, Scholl, Beate Johnen, Dr.Theiss (Medipharma Cosmetics),
Sirech Emas and La Prairie ( ).

However, from 2011 to 2018, a relevant growth of anti-age cosmetic products containing
ingredients of vegetal origin took place in the European market (from 63.8 to 73.8%) (

), and such numbers are still increasing in 2023. Indeed, consumers’ requests are driving
the cosmetic industry to become greener ( ). Within this concern, with the
coacervation technique, fatty acids SLNs can be produced from the corresponding soaps, owing to
simple proton exchange, in the absence of solvents and with negligible energy consumption
( ). Of note, solid butters and fats are a natural source for vegetal soaps,
obtained after saponification, which, in turn, may be employed to formulate Green SLNs by the
fatty acid coacervation ( ). Therefore, Green
SLNs should be considered as an innovative tool for cosmetic ingredients delivery. Indeed,
belonging to the class of lipid-based nanoparticles, they are endowed with intrinsic moisturizing
properties. Moreover, like all the SLNs by coacervation, they are produced without the use of
solvents or complex machinery, allowing an easy scale up. Yet, being obtained from natural soaps,
they are associated with several innovative properties compared to synthetic fatty acid SLNs
( ). First, from a chemical standpoint. Indeed, they have a complex composition,
including the unsaponifiable fraction, with reported antioxidant capability ( ), and
a relevant oleic acid content, which can act as a skin permeation enhancer of loaded compounds
( ). Lastly, from a regulatory standpoint, being made up of natural
components, they can be certified as natural cosmetics, owing to the existing standards, thus
reaching the demands of a growing market share ( ).

In this experimental work, Mango and Shea SLNs, prepared by coacervation from the
corresponding  vegetal soaps, were loaded with an UV-filter, 2-ethylhexyl 4-
(dimethylamino)benzoate (ODPABA), and two anti-age ingredients, Toco and Tocopheryl
nicotinate (Toco nicotinate). Such Green SLNs were characterized by a physico-chemical
standpoint, and their stability was monitored after storage at 4, 25, 40 °C for 28 days. Moreover, an
anti-age serum and hydrogel were prepared with Green cosmetic SLNs, that is Green SLNs co-
formulated with lavender hydrolat as the fragrance. Stability studies on sera and hydrogels,
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including physico-chemical stability studies (rheology, pH, centrifugation) and evaluation of
organoleptic characteristics (appearance, odour, colour) were performed after storage at 4, 25, 40 °C
up to 365 days (

). Franz cells studies with pig-ear skin were carried out with
selected Mango SLNs and Mango SLNs-based serum. The latter one also underwent a challenge
test for the microbial stability, a patch test to assess its safety for human use, and an efficacy study
on human volunteers to demonstrate its capability to increase skin hydration and elasticity.

2. Materials and methods
2.1. Materials

2.1.1. Chemicals

Coumarin-6 (6-cou), sodium dodecyl sulphate (SDS), dimethyl sulfoxide (DMSO), ethanol,
isopropanol, sodium azide, rhodamine-B (rhod B) and Toco nicotinate were from Sigma-Aldrich
(St. Louis, MO, USA). Acetonitrile (ACN) and methanol (MeOH) were from Merck (Darmstadt,
Germany). Phosphoric acid and ODPABA were from VWR International (Radnor, PA, USA).
Sodium chloride (NaCl) was from Carlo Erba Reagents s.r.l. (Cornaredo, Italy). Gohsenol® was a
kind gift from Harke Pharma (Miilheim an der Ruhr, Germany). Salvacosm 340 was from Glamour
Cosmetics (Milan, Italy). Lavender hydrolat, Siligel™, AMAZE® XT, glycerol, sodium
hyaluronate, Toco, Mango and Shea butters were provided by Aulina s.r.l. (Racconigi, Italy).
Distilled water was purified using a MilliQ system (Millipore, Bedford, MO, USA). All solvents
used (Sigma-Aldrich) have analytical purity. All other chemicals were of analytical grade and used
without further purification.

2.1.2. Tissues

Skin slices, with a thickness of 1 mm, were isolated with an Acculan dermatome (Aesculap,
Tuttlingen, Germany) from outer side of pig ears freshly obtained from a local slaughterhouse and
then stored for at least 24 h at -18 °C. Before the in vitro permeation studies, the skin was thawed

and equilibrated for 30 min in normal saline solution (0.9% w/v NaCl), supplemented with sodium
azide (0.01% w/v) ( ).

2.2. Methods

2.2.1. SLNs formulation

Initially, SLNs were prepared without parfum (Green SLNs) to establish the best combination of
ingredients and assess their preliminary stability. Once the starting formulation was optimized, a
perfume was added to obtain the Green cosmetic SLNs. Such SLNs were used in the final cosmetic
products (hydrogels, sera).

2.2.1.1. Green SLNs formulation

Green SLNs were prepared by the fatty acid coacervation method ( ). Briefly,
Toco (3 mg/mL) was dispersed in a small amount of ethanol under stirring (300 rpm) at room
temperature and added to Mango or Shea soap. Distilled water was heated at 70 °C and slowly
added to the mixture of Toco and soap. The mixture was maintained at 70 °C until a clear micellar
solution was obtained. Then temperature was lowered to 50 °C and ODPABA (12.5 pg/mL) and
Toco nicotinate (100 pg/mL), both pre-dissolved in a small amount of ethanol, were added to the
micellar solution. 1 M phosphoric acid, pre-mixed with a 10% gohsenol solution, was added
dropwise to the mixture until complete fatty acids precipitation. The obtained suspension was then
cooled under stirring at 300 rpm until 15 °C temperature was reached. To perform permeation
studies with labelled SLNs, fluorescent probes rhod B and 6-cou, pre-dissolved in a small amount
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of DMSO (10 mg/mL), were added to the SLNs after acidification, up to a final concentration of
0.05 mg/mL.

2.2.1.2. Green cosmetic SLNs formulation

Mango and Shea SLNs loaded with Toco, ODPABA and Toco nicotinate were prepared as described
in section 2.2.1.1., using a mixture of distilled water and lavender hydrolat (1:1) as the fragrance
(Green cosmetic SLNs).

2.2.2. Cosmetic products formulation

2.2.2.1. Anti-age serum formulation

The anti-age serum was formulated by using Mango and Shea cosmetic SLNs (2.2.1.2), and Siligel
(12.3 mg/mL), a patented optimized combination of ingredients of natural origin (polysaccharides
and lecithin), as the thickening agent. Such mixture was homogenized (Silverson SL2 High Shear
Homogenizer, Dese Lab, Padova, Italy), then glycerol (20 mg/mL) and sodium hyaluronate (5
mg/mL) were added.

2.2.2.2. Anti-age hydrogel formulation

The anti-age hydrogel was formulated by using Mango and Shea cosmetic SLNs and AMAZE XT
Polymer (10 mg/mL), an anionic film-former, as the thickening agent. Such mixture was
homogenized (Silverson SL2 High Shear Homogenizer, Dese Lab, Padova, Italy) until thickening.

2.2.2.3. Serum formulation without cosmetic SLNs

The serum without cosmetic SLNs, used as the blank formulation (blank serum) on human
volunteers (referred as placebo), was formulated starting from the mixture of distilled water and
lavender hydrolat (1:1), by adding Salvacosm 340, a mixture of parabens in phenoxyethanol (0.5
%), as preservatives, and using Siligel (12.3 mg/mL) as the thickening agent. The formulation was
homogenized (Silverson SL2 High Shear Homogenizer, Dese Lab, Padova, Italy), then glycerol (20
mg/mL) and sodium hyaluronate (5 mg/mL) were added. Blank serum was prepared without SLNs,
either blank or loaded with active ingredients. Indeed, also blank SLNs would contribute to the anti-
age activity, due to their intrinsic moisturizing effect and to the antioxidant activity of the
unsaponifiable fraction ( ).

2.2.3. SLNs characterization

2.2.3.1. Particle size, surface charge and morphology

Mean particle sizes (intended as the hydrodynamic diameter), and polydispersity of lipid
nanocarriers were determined using the dynamic light scattering technique (DLS; 90 Plus,
Brookhaven, NY, USA). The homogeneity of the suspension was checked with optical microscopy
(DM2500, Leica Microsystems, Wetzlar, Germany). Transmission Electron Microscopy (TEM) was
performed with a S9000G FIB-SEM (Tescan) after 2% osmium tetroxide staining. Subsequently
Field Emission Scanning Electron Microscopy (FE-SEM) was performed by means of a High
Resolution 300 kV (JEOL) on the same specimens undergoing TEM, metallized with a 5 nm-thick
chrome layer.

2.2.3.2. Cosmetic ingredients loading assessment

The % recovery, defined as the ratio between actual and theoretical compound concentration in
SLNs suspension, and % entrapment efficiency (EE%), defined as the ratio between lipid entrapped
and total compound in suspension, were determined after lipid matrix separation from the Green
SLNs suspension, by ultracentrifugation.



For the total actual compound content, 50 pL of Green SLNs suspension were diluted with 50 pL of
hexane and 100 pL of isopropanol, then dried under nitrogen flux. After, 50 uL of isopropanol were
added to dissolve the pellet and centrifuged at 14,000 rpm for 10 min (Allegra® 64 R centrifuge,
Beckmann Coulter, Palo Alto, CA, USA), to completely extract the loaded compounds and
precipitate the solid lipids.

EE% was calculated by subtracting the loaded compound content in the supernatant from the total
amount. Thus, it was determined by simple separation of the lipid soluble components from the
external water phase, achieved by ultracentrifugation. To this aim 500 uL SLNs were centrifuged at
26,000 rpm for 20 min with the addition of NaCl to facilitate phase separation. The obtained
supernatant, corresponding to the water phase, appeared clear and without residues. Due to the
extremely lipophilic character of the loaded compounds, no further investigation concerning the
extent of the association between them and the lipid matrix was carried out.

Analyses were performed by HPLC, by means of a YL9110 Quaternary Pump, equipped with a YL
9160 diode array detector (PDA-Yang Lin, Anyang, Republic of Korea) and a Shimadzu RF-20
fluorescence detector (Shimadzu, Tokyo, Japan), linked to Clarity software for data analysis (Yang
Lin, Anyang, Republic of Korea). The column was a C8 Lichrosphere 100 pum, 4.6 mm x 8 cm
(Sigma Aldrich, St. Louis, MO, USA). Eluent was constituted by MilliQ water (A) and ACN (C),
eluted with a gradient analysis (min 0: 95% A, 5% C; min 7: 0% A, 100% C; min 13: 0% A, 100%
C; min 15: 95% A, 5% C). Flow rate was set at 1 mL/min. The PDA detector was set at A= 290 nm.
Retention time was 7, 9 and 11 min for ODPABA (R* 0.9997; LoD: 0.024 pg/mL; LoQ: 0.073
ng/mL), Toco (R*: 0.9996; LoD: 0.191 pg/mL; LoQ: 0.580 pg/mL) and Toco nicotinate (R*: 0.996;
LoD: 0.190 pg/mL; LoQ: 0.575 ug/mL) respectively. Calibration range 5-100 pg/mL.

2.2.4. Stability studies
Stability studies were carried out on sera, hydrogels, as well as on Green SLNs and Green cosmetic
SLNs after storage at 4, 25 and 40 °C.

2.2.4.1. SLNs stability studies

Physico-chemical stability of Green SLNs and loaded compounds was monitored for 28 days. With
regards to Green cosmetic SLNs, mean particle sizes and polydispersity were monitored for 28
days. While organoleptic characteristics and physical stability by centrifugation at 3,200 rpm for 30
min (MPWS55, Medical Instruments, San Lazzaro di Savena, Italy), followed by visual observation,
were monitored up to 1 year (section 2.2.4.2.).

Briefly, mean particle sizes, polydispersity and pH were monitored for Green SLNs (micropH 2001,
Crison, Barcelona, Spain). The homogeneity of the suspension was determined visually and with
optical microscopy (DM2500, Leica Microsystems, Wetzlar, Germany). In addition, cosmetic
ingredients (Toco, ODPABA and Toco nicotinate) content in SLNs was analysed by HPLC, as
described in section 2.2.3.2.

2.2.4.2. Cosmetic products stability studies

Physico-chemical stability of sera and hydrogels was performed owing to the ISO/TR 18811:2018
Cosmetics guidelines and a monograph titled “The Fundamentals of Stability Testing” respectively,
from the British Standards Institution and the International Federation of the Societies of Cosmetic
Chemists (IFSCC) (

). Such formulations were monitored for 1 year,
considering the formulation as a Q = 2 for accelerated stability tests ( ).
Briefly, Mango and Shea sera and hydrogels were monitored considering pH and rheology
behaviour (Brookfield DV-III Programmable Rheometer, Middleboro, MA, USA). Moreover, the
homogeneity of the suspension was determined visually, and the physical stability was assessed by
centrifugation at 3,200 rpm for 30 min (MPW55, Medical Instruments, San Lazzaro di Savena,
Italy), followed by visual observation, by holding the sample against intense light, to evaluate any
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sign of phase separation. In addition, organoleptic characteristics were monitored for samples at 4,
25 and 40 °C; a scale from 0 to 5 indicates the differences noted between samples and time zero
(TO) parameters, used as standard; a value > 3 is no longer considered an acceptable difference. In
details:

0: No Changes compared to standard sample;

1: Minimal Change, noticeable by direct comparison to standard;

2: Slight Change, noticeable by someone familiar with the formulation;

3: Noticeable Change, identified without the direct comparison with standard. Not
necessarily detrimental to performance;

4: Significant Change, obvious change to the formulation which may be detrimental to
product performance, perceived quality or safety;

e 5: Severe Change, a critical change which is detrimental to the product’s performance,
perceived quality or safety.

2.2.5. Skin permeation studies

Toco permeation studies from Mango SLNs were carried out on pig-ear skin according to the Beck
and Bracher protocol ( ). Thin layers of pig-ear skin were placed on a
vertical Franz diffusion cell, with the compartments held together by a clamp. Before performing
permeation studies, the pig ear skins employed were visually examined, and once mounted in the
Franz cells, preliminarily tested with distilled water to assess their physical integrity, that is absence
of any leakage. Moreover, Franz cells were monitored after every withdrawal and no turbidity was
observed.

An appropriate aliquot (2 mL) of Mango SLNs, labelled with rthod B and 6-cou, was applied to the
skin surface to completely and uniformly cover the stratum corneum, with a diffusion area of 1.75
cm’. Free Toco, thod B and 6-cou extemporary suspension was used as the control. Briefly, a
known amount of Toco, thod B and 6-cou was co-dissolved in MeOH under mild heating; then
MeOH was evaporated with a vacuum evaporator centrifuge (Hetovac VR-1, De Mari Strumenti,
Milan, Italy) and the obtained 6-cou/rhod B solution in liquid Toco was dispersed in 1% PVA9000
water solution under sonication (Transsonic, Elma Schmidbauer GmbH, Singen, Germany) (

). Unlabelled Mango SLNs-based serum was also tested in separate experiments. The

receptor medium, consisting of normal saline solution (0.9% w/v NaCl) containing SDS (0.05%
w/v) ( ), used as a solubilizing agent, was continuously mixed using a magnetic
stirring bar ( ). According to Musazzi et al. (2018),
0.05% SDS does not change significantly the membrane electrical resistance of the skin and
therefore its barrier integrity.
Proper aliquots (9 mL) were withdrawn at regular time intervals (1-24 h) for the HPLC analysis,
and the cell was immediately refilled with fresh receptor solution. At the end of the experiment (24
h), the application site on the skin was washed with tap water to remove the residual formulation
from the surface, which was tape-stripped 30 times (3 pieces of adhesive-tape for 10 times each).
Subsequently, the skin was cut into small pieces with a scalpel. Toco, thod B and 6-cou were
extracted from the tape-stripped and crumbled skin, respectively, in separate vials, using MeOH (5
mL) under stirring for 6 h, to be quantified via HPLC analysis. Six replicates were performed for
each condition. In separate experiments at the end of the permeation studies, the skin was cut using
a cryostat-microtome to dissect the tissue at low temperature (-20 to -30 °C) (Reichert-Jung/Leica,
Frigocut 2800 N, Deer Park, IL, USA), giving 5 um sections that were used to observe rhod B (Acxc
=510 nm, Ay, = 560) and 6-cou, (Aexe = 450 nm, A, = 490 nm) permeation via fluorescence optical
microscopy (DM2500, Leica Microsystems, Wetzlar, Germany).

2.2.5.1. HPLC analysis of permeation studies



For fluorescent probes the column was a C18 Mediterranean Sea 5 um, 15 x 0.46 (Teknokroma,
Barcelona, Spain). Eluent was constituted by MilliQ water (A) and MeOH (B), eluted with a
gradient analysis (min 0: 40% A, 60% B; min 4: 0% A, 100% B; min 9: 0% A, 100% B; min 10:
40% A, 60% B). Flow rate was set at 1 mL/min. The fluorimeter for rhod B (R* 0.9997; LoD:
0.080 ng/mL; LoQ: 0.245 ng/mL; calibration range 0.5-5 ng/mL) was set at excitation Ac. = 510 nm
and emission Aey = 560 nm, while for 6-cou (R*: 0.9996; LoD: 0.011 ng/mL; LoQ: 0.033 ng/mL;
calibration range 0.05-5 ng/mL) was set at excitation Ae. = 450 nm and emission Ae, = 490 nm.
Retention time was 6 and 8 min for rhod B and 6-cou respectively.

For Toco the column was a C8 Lichrosphere 100 um, 4.6 mm x 8 cm (Sigma Aldrich, St. Louis,
MO, USA). Eluent was constituted by MilliQ water (A) and ACN (C), eluted with a gradient
analysis (min 0: 95% A, 5% C; min 7: 0% A, 100% C; min 13: 0% A, 100% C; min 15: 95% A, 5%
C). Flow rate was set at | mL/min. The fluorimeter for Toco (R*: 0.999; LoD: 0.013 pg/mL; LoQ:
0.039 pg/mL; calibration range 0.05-10 pg/mL) was set at excitation Aexe = 290 nm and emission
rem = 340 nm. Retention time was 10 min.

2.2.6. Challenge test

The microbiological stability of Mango SLNs-based serum was evaluated via challenge test
according to ISO 11930:2012 ( ). The challenge test
was performed by GEM CHIMICA s.r.1. - Via Maestri del Lavoro, 25 - 12022 Busca (CN).

2.2.6.1. Bacterial strains
The agar embedding method in a Petri dish was used. The test product was stored at a temperature
of 22.5 £ 2.5 °C, in the dark for the entire duration of the test.
Mango serum was tested for:

e Gram positive bacteria (cocci):
Staphylococcus aureus (ATCC 6538), representative of a commonly present microbial class on the
skin and known to be associated with various dermatological diseases.

e Gram negative bacteria (bacilli):
Escherichia coli (ATCC 8739) for fermenters, as an indicator of faecal contamination for non-
fermenters, Pseudomonas aeruginosa (ATCC 9027), as it is ubiquitous and a known pathogen.

e Yeasts:
Candida albicans (ATCC 10231), as it is very widespread in nature and often implicated in
situations pathological.

e Molds:
Aspergillus brasiliensis (ATCC 16404), as it is often responsible for the pollution of poor-quality
preservation.
The culture media are summarized in Table 1:

Table 1. Culture media used for the microorganisms in the challenge test.

Microorganism Culture medium
Aspergillus brasiliensis Potato dextrose agar (PDA)
Candida albicans Sabouraud dextrose agar (SDA)
Escherichia coli
Pseudomonas aeruginosa Tryptic soy agar (TSA)
Staphylococcus aureus

The concentration of the inoculum (T0) is between 10* and 10° Colony Forming Units (CFU) of
viable microorganisms per gram of product:
e Bacteria: 10°-10° CFU/g



e Mycetes: 10*-10° CFU/g
The initial concentration of the microorganisms present in the product at TO is calculated based on

the counting carried out on the initial calibrated suspensions. Analysis intervals are specified, at 7
days (T7), 14 days (T14) and 28 days (T28).

2.2.6.2. Data evaluation
The inhibition against the microorganisms used according to the criteria of acceptability of the ISO
11930:2012 method. The method presents two criteria for evaluating the effectiveness of the
conservation system.

v’ A criterion:

» After 7 days: reduction of at least 3 log points for bacteria and at least 1 log point for
Candida albicans;

» After 14 days: reduction of at least 3 log points for bacteria (with no increase
compared to the previous one), at least 1 logarithmic point for Candida albicans
(without any increase compared to the previous one) and no increase respectively to
time zero for Aspergillus brasiliensis;

» After 28 days: reduction of at least 3 log points for bacteria (with no increase
compared to the previous one), at least 1 logarithmic point for Candida albicans
(without any increase compared to the previous one) and at least 1 logarithmic point
for Aspergillus brasiliensis.

When the microbiological risk is acceptable under A criterion, the cosmetic product is considered
protected against microbial multiplication without considering factors independent from the
formulation.

v' B criterion:

» After 14 days: reduction of at least 3 log points for bacteria (with no increase
compared to the previous one), at least 1 logarithmic point for Candida albicans and
no increase over time zero for Aspergillus brasiliensis;

» After 28 days: reduction of at least 3 log points for bacteria (with no increase
compared to the previous one), at least 1 logarithmic point for Candida albicans
(without any increase compared to the previous one) and no increase for Aspergillus
brasiliensis.

If the product complies only with B criterion and not with A criterion, the risk assessment will also
have to consider factors independent from the formulation, such as packaging characteristics, to
reduce microbiological risk.

2.2.7. Patch test on human volunteers

The safety and tolerability of Mango SLNs-based serum was evaluated via patch test. The patch test
was performed by NUTRATECH s.r.l., via Francesco Todaro, 20/22, 87036 Rende (CS), to evaluate
potential skin irritation after contact with a cosmetic product after 48 h under occlusion. The study
was carried out in compliance with ethical requirements on 25 volunteers.

The product is applied as it is by using the Finn Chamber, an 8 mm diameter aluminium disk. The
Finn Chamber is fixed to the skin with a tape already been tested for its safety that grantees the
occlusive application of the product. The amount of formulation employed is sufficient to fill the
chamber without overflowing. The product is left in contact with the skin surface for 48 h. The
cutaneous reactions are analysed at 15 min, 1 h and 24 h after Finn Chamber removal and compared
to the scores that describes the severity of erythema, oedema or other types of skin irritation. For
each experimental time, Mean Irritation Index (IIM) is calculated by adding erythema mean value
and oedema mean value. The tested product is then classified based on the Mean Irritation Index. A
Finn Chamber containing a blotting paper disk soaked with distilled water is applied and used as a
negative control.



2.2.8. Efficacy test on human volunteers
Efficacy tests were carried out in collaboration with Aulina s.r.1. (

) and the Dermatologic Clinic of Medical Sciences Department (University of
Turin), owing to an experimental protocol approved by the Turin University Bioethical Committee
(Pr. n. 0459060 of 26/07/2024). Data were collected and analysed respecting the European privacy
policy ( ). The Mango SLNs-based serum was evaluated on 15 human
volunteers considering skin hydration and elasticity parameters. Briefly, studies were carried out on
two different cohorts of volunteers. In the first one, made up of 10 volunteers, a double-blind test
was performed, while in the second one, made up of 5 subjects, a one-sided blind study was
performed. Indeed, the first cohort received Mango SLNs-based and blank (placebo) sera, that were
applied every day on the left and right side, respectively. The second cohort only applied Mango
SLNs-based serum on the left side. Measurements were carried out with a Cutometer® dual MPA
580 equipped with Corneometer” CM 825 probe (Courage + Khazaka electronic GmbH) at TO,
after 10 and 21 days, on forearms with the cutometer and corneometer, to evaluate skin elasticity
and skin hydration, respectively. Moreover, a satisfaction questionnaire was used to obtain data
from the volunteers about cosmetic pleasantness, ease of application, feeling of the skin after
application and skin softness/hydration at a distance. Four satisfaction levels were available for
evaluation (poor, sufficient, good and excellent).

2.2.9. Statistical Analysis

Results were reported as mean + SEM, and statistical analysis was performed using Unpaired t-test
and One-way ANOVA followed by Tukey's Multiple Comparison Test (Prism Graphpad 5.0,
Graphpad Software, San Diego, CA, USA, 2016).

3. Results
3.1. Characterization and stability of SLNs and SLNs—based formulation

3.1.1. SLNs

The composition, physico-chemical characterization and stability of Green SLNs and cosmetic
Green SLNs is shown in Table 2. Noteworthy, SLNs showed no surface charge, since they are
sterically stabilized by neutral polymer gohsenol. The mean diameters of SLNs, determined by
DLS, are comprised in the 300-500 nm range, while polydispersity is lower than 0.3. Noteworthy,
after 28 days storage at 4, 25 and 40 °C, SLNs maintained their size and polydispersity.

Table 2. Characterization of Mango and Shea SLNs at TO and after 28 days at 4, 25 and 40 °C. %
recovery, EE% of Toco, Toco nicotinate and ODPABA. Abbreviations: % EE%: entrapment
efficiency; OP: 2-ethylhexyl 4-(dimethylamino)benzoate (ODPABA); SLNs: Solid Lipid
Nanoparticles, T: a-Tocopherol; TN: Tocopheryl nicotinate.

Green SLNs
Mango Shea
=2 =2
T=0 8 days T=0 8 days
4°C 25°C 40 °C 4°C 25°C 40 °C
Mean size 3112+ | 3493+ | 3613+ | 3633+ 3722+ | 383.1+
(nm) 12.6 5.8 20.9 g1 |3004=37) 753 1. |32 1+48

Polvdisnersity | 013 % | 0145% [ 0.258= [ 0259+ [ 0172+ | 0167+ | 0244+ | 0.251=%

olydispersity 1 - 0.019 0.032 0.019 0.027 0.016 0.018 0.021 0.020
TN: 100% | TN: 10% | TN: 20% | TN: 24% | TN: 100% | TN: 28% | TN:39% | TN: 42%
% Recovery | OP:85% | OP:79% | OP:68% | OP:55% | OP:81% | OP:81% | OP:76% | OP:68%
T:65% | T:65% | T:60% | T:45% | T:64% | T:64% | T:61% | T:29%
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TN:80% | TN:57% | TN: 76% | TN: 82% | TN:58% | TN: 13% | TN: 78% | TN:94%
EE% OP: 80% | OP:95% | OP: 87% | OP:87% | OP:81% | OP:81% | OP:89% | OP:96%
T: 63% T: 78% T: 83% T: 92% T: 54% T: 81% T: 85% T: 97%
Green cosmetic SLNs
Mango Shea
T=2 T=2
T=0 8 days T=0 8 days

4°C 25°C 40 °C 4°C 25°C 40 °C
Mean size 415.7 £ 411.6 £ 407.9 £ 4475 £ 3058 +3.3 362.9 + 3719+ 331.7+

(nm) 14.0 16.1 232 62.4 ’ i 10.9 7.2 11.9
Polvdi it 0.011 0.092 + 0.136 + 0.250 + 0.130 + 0.234 + 0.135+ 0.245 +

OYAISPErsity 1 4 002 0.032 0.040 0.020 0.034 0.012 0.016 0.029

Mango and Shea SLNs were firstly checked by optical microscopy, to exclude aggregates or
microparticles and to monitor the stability during time (Fig. s1). Moreover, Mango cosmetic SLNs
were characterized by FE-SEM and subsequent TEM on the same specimens. From FE-SEM
microanalysis (Fig. 1), osmium tetroxide, used as the TEM contrast agent, can be observed on the
SLNs surface (characterized with a white signal). TEM and FE-SEM assessed the spherical shape
of Green cosmetic SLNs. Noteworthy, TEM images allowed to appreciate oily /oci, attributable to
Toco, within the homogeneous matrix of Green cosmetic SLNs (Castro et al., 2021; Guilherme et
al., 2019).

FE-SEM TEM

UH-RESOLUTION

Fig. 1. Transmission Electron Microscopy (TEM) and Field Emission Scanning Electron
Microscopy (FE-SEM) images of Mango cosmetic Solid Lipid Nanoparticles (SLNs). Markers
used: 200 nm for Mango SLNs by FE-SEM, 50 nm for Mango SLNs by TEM.

The selected cosmetic ingredient combination (Toco, Toco nicotinate and ODPABA) was loaded
within Green SLNs with and EE% > 50% in both Shea and Mango SLNs. However, the % recovery
for Toco nicotinate decreased very much after 28 days in all the storage conditions under study.
Instead Toco, that is the major responsible for anti-age activity, maintained % recovery up to 28
days, except after storage at 40 °C (Table 2).

3.1.2. Sera and hydrogels

The Green cosmetic SLNs-based sera and hydrogels physico-chemical stability was monitored over
time up to 365 days. pH, centrifuge stability, rheology and organoleptic parameters, such as general
appearance, colour and odour, were considered (Tables 3 and 4). Green cosmetic SLNs are reported
for comparison purposes. Organoleptic analyses were carried out by comparing samples at 4, 25 and
40 °C to a standard, as reported in section 2.2.4.2.
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Table 3. Organoleptic characteristics of cosmetic SLNs, sera and hydrogels at 4, 25 and 40 °C up to
365 days. 0: no change; 1: barely discernible change; 2: slight change; 3: noticeable change; 4:
significant change; 5: severe change.

Organoleptic characteristics

Time (days) Mango
Cosmetic SLNs Serum Hydrogel
0 Milky suspension Ivory serum White gel
Appearance | Odour | Colour [ Appearance | Odour | Colour [ Appearance | Odour | Colour
7 1 1 1 0 0 0 0 0 0
14 1 1 1 0 0 0 0 0 0
o 28 1 1 1 0 0 0 0 0 0
4°c 56 0 0 0 0 0 0
84 ] 0 0 0 0 0 0
365 2 2 2 2 2 2 2 2 2
7 2 2 1 0 0 0 0 0 0
14 2 2 1 0 0 0 0 0 0
o 28 2 2 1 0 0 0 0 0 0
25°C 56 0 0 1 0 0 0
84 ] 0 1 1 0 1 0
365 2 2 2 2 2 2 2 2 2
7 1 1 1 0 0 0 0 0 0
14 1 1 1 0 0 0 0 0 0
o 28 1 1 1 0 0 1 0 0 0
40°C 56 1 1 1 1 1 1
84 - 1 2 2 1 2 2
365 - -
. Shea
Time (days) Cosmetic SLNs Serum Hydrogel
0 Milky suspension Ivory serum White gel
Appearance | Odour | Colour | Appearance | Odour | Colour | Appearance | Odour | Colour
7 1 1 1 0 0 0 0 0 0
14 1 1 1 0 0 0 0 0 0
o 28 1 1 1 0 0 0 0 0 0
4°c 56 0 0 0 0 0 0
84 ] 0 0 0 0 0 0
365 2 2 2 2 2 2 2 2 2
7 1 2 1 0 0 0 0 0 0
14 1 2 1 0 0 0 0 0 0
o 28 2 2 1 0 0 0 0 0 1
25°C 56 0 0 1 0 1 3
84 ] 0 1 1 0 1 3
365 2 2 2 2 2 2 2 2 4
7 1 1 1 0 0 0 0 1 0
14 1 1 1 0 0 0 0 1 0
28 1 1 1 0 1 1 1 1 1
40 °C 56 1 1 1 1 2 3
84 i 1 3 3 1 2 3
365 - i

Table 4. Physical stability of cosmetic SLNSs, sera and hydrogels at 4, 25 and 40 °C up to 365 days.

0: no change; 1: slight creaming; 2: slight creaming and slight sedimentation; 3: creaming and or

sedimentation; 4: flocculation with big aggregates; 5: separation.
| | Time (days) |

Physical stability
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Mango Shea
C%SLHII\?;IC Serum | Hydrogel C%SLHI?;IC Serum | Hydrogel

0 1 0 0 1 0 0
7 1 0 0 1 0 0
14 1 0 0 1 0 0
4°C 28 3 0 0 1 0 0
56 0 0 0 0
84 - 0 0 ) 0 0
365 2 1 ! 1
7 1 0 0 ! 0 0
14 2 0 0 2 ! 0
28 5 0 0 2 1 0
25°C s 0 0 1 1
84 - ! 0 - 1 1
365 2 2 2 &
7 2 0 0 2 1 0
14 2 0 0 2 ! 0
40°c|—28 4 0 0 2 ! 0
56 2 0 2 1
84 - 2 0 ) 2 1

365 - -

All the cosmetic formulations showed a good stability both at 25 and 40 °C. However, the Shea
SLNs-based hydrogel, took a darker colour at 56 days (Table 3), probably due to chemical
instability, which was not acceptable according to the pass/fail criteria set before. With regards to
the centrifugation tests (Table 4), SLNs-based sera and Mango SLNs-based hydrogel were stable up
to 365 days at 25 °C, while Shea SLNs-based hydrogel at 365 days showed creaming and
sedimentation. For all the formulations under study the pH shifts during storage never exceeded +
0.5, regardless of time and temperature (Table s1). Of note, due to SLNs stability requirements, the
final cosmetic products pH was adjusted around 4.0 with 1 M NaOH. Rheology studies were
performed after storage at 4, 25 and 40 °C for both sera and hydrogels (Fig. 2). A specification of =
10% the viscosity reading (cps) was allowed for stability assessment, owing to available guidelines
( ). Mango and Shea SLNs-based serum (Fig. 2) were
stable at 4 °C up to 365 days, despite the viscosity decreased with temperature during time. Indeed,
sera viscosity fell within the + 10% range up to 56 days after storage at 25 °C, and up to 28 days at
40 °C. However, given that there are not packaging concerns, this cosmetic product maintains
appearance and consistency. Equally, Mango and Shea SLNs-based hydrogels were stable at 4 °C
up to 365 days, and fell within the + 10% range, up to 84 days after storage at 25 °C, and up to 28
days at 40 °C. However, the appearance of the hydrogels showed severe changes, which would
make the application on the skin difficult. Therefore, owing to the best physico-chemical stability
obtained with Mango SLNs and Mango SLNs-based serum, such formulations were chosen for
further studies.
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Fig. 2. Rheograms (flow curves) A) Mango SLNs-based serum; B) Shea SLNs-based serum; C)
Mango SLNs-based hydrogel; D) Shea SLNs-based hydrogel at 4, 25 and 40 °C up to 365 days.

Abbreviations: SLNs: Solid Lipid Nanoparticles.

3.2. Skin-Permeation Studies

Franz cells studies for Mango cosmetic SLNs and Mango SLNs-based serum indicated an
encouraging permeation and accumulation of Toco (Fig. 3A and 3C). This allows to foresee a
promising anti-age activity in the dermis. Fluorescent probes with different lipophilicity permeated

to a similar extent, but the less water soluble 6-cou was mostly retained in the superficial layer of
the stratum corneum, compared to rhod B (Fig. 3C, Fig. 4). Moreover, free fluorescent probes (Fig.
3B) permeated to a lower extent compared to the fluorescent probes loaded in Green SLNs.
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Fig. 3. Franz cells permeation studies as mean + SEM (n = 6) A) Permeation % Dose/cm” and
pg/em? of free Toco, Toco loaded in Mango SLNs and Toco loaded in Mango SLNs-based serum;
B) Permeation % Dose/cm® and ng/cm’® of free fluorescent probes (rthod B and 6-cou) and
fluorescent probes (rthod B and 6-cou) loaded in Mango SLNs; C) 24 h, Tape-stripping and
Accumulation expressed as % Dose/cm” and ng-pg/cm? of free Toco and fluorescent probes (rhod
B and 6-cou), Toco and fluorescent probes (rhod B and 6-cou) loaded in Mango SLNs and Toco
loaded in Mango SLNs-based serum. Statistical analyses were carried out using Student’s t test for
unpaired data. ""p<0.001, **p<0.01 and *p<0.05 vs free Toco and probes. Abbreviations: SLNs:
Solid Lipid Nanoparticles; Toco: a-Tocopherol; rhod B: Rhodamine B; 6-cou: Coumarin-6.

4 B
Fig. 4. Histological slices of skins treated with fluorescently labelled
rhod B. Abbreviations: rhod B: Rhodamine B; 6-cou: Coumarin-6.

53 =5

ango SLNs A) 6-cou; B)

3.3. Challenge test

Mango SLNs-based serum complies with the A criterion (Table s2) and therefore it should be
considered with a controlled microbiological risk. This might be attributed either to the pH of the
formulation, or to the components of the Green SLNs unsaponifiable fraction (Bozza et al., 2024),

3.4. Patch test
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Potential skin irritation has been evaluated according to the modified Draize classification. The
oedematous and erythematous reactions detected are showed in Table s3. As it can be seen, none of
the volunteers had oedematous reactions, while the erythematous reactions were very light and
almost invisible, disappearing in most cases within 24 h. The IIM values were: 0.24 at 15 min, 0.44
at 1 h, 0.08 at 24 h. Being all of them < 0.5, Mango SLNs-based serum formulation should be
considered non-irritating and claimed as “Dermatologically Tested”.

3.5. Efficacy test
15 volunteers were assessed as eligible and enrolled into the trial (section 2.2.9.). All of them
completed the full trial, allowing to take data for analysis. Fig. SA shows the results obtained with
the corneometer, expressed as Arbitrary Units for TO, 10 (T1) and 21 (T2) days. Significant
differences can be observed between TO and T2 of both Mango SLNs-based and blank serum
(placebo). Noteworthy, only Mango SLNs-based serum showed a significant difference compared to
the non-treated group. RO, 1, 2, 5 and 7 calculated based on the curve shown in Fig. s2, were chosen
for cutometer analysis (Fig. 5B, C, D, E and F). In detail, RO (Uf = e(a)) and R1 (Uf-Ua = e(a+b))
were calculated from the first curve in the pattern elaborated by the cutometer analysis. RO is the
first maximum amplitude, that is the highest point in such curve. It indicates the passive behaviour
of the skin exposed to force ( ). As shown in Fig. 5B, Mango SLNs-based serum
at T2significantly reduced RO value, compared to non-treated group. The reduction of RO means
that the serum can increase the skin thickness. This approach in skin improvement is known as skin
firming or skin lifting. In Fig. 5C, R1 parameter is reported. It is the first minimum amplitude in the
curve (that is its lowest point). R1 decrease is linked to an increased skin capability to return to its
original state after stress ( ). Mango SLNs-based serum showed its ability to
reduce R1. Indeed, at T1 and T2 a significant reduction compared to both T0O, and non-treated group
was observed. R2 (Ua/Uf = (e(a)-e(at+b))/e(a)) (Fig. SD) is referred to as the gross elasticity of the
skin, term that includes the viscous deformation. R2 is also defined as the overall skin elasticity,
including creep and creep recovery. The closer the value is to 1 (100%), the more elastic the skin is
( ). Mango SLNs-based serum at T1 and T2 greatly increased R2 values,
compared to TO and non-treated group. RS (Ur/Ue = (e(a)-e(a+0.1))/e(0.1)) is the so-called net-
elasticity of the skin, excluding the viscous deformation. The closer the value is to 1 (100%), the
more elastic the skin is. RS represents the elastic recovery (that is the ability of the skin to recover
after deformation), regardless of skin thickness ( ). Fig. 5E shows that Mango
SLNs-based serum improved the elasticity of the skin, compared to TO, at T1. Finally, R7 (Ur/Uf =
(e(a)-e(at0.1))/e(a)) is referred as the biological elasticity. It is the portion of elasticity compared to
the final distension. The closer the value is to 1 (100%), the more elastic the skin is (

). In Fig. 5F a significant difference between Mango SLNs-based serum and TO is observed for
R7, both at Tl and T2. Finally, satisfaction questionnaires (Table s4) showed that 47% of the
volunteers found the SLNs-based serum pleasant. The feeling after application was considered good
by 47% of the volunteers, and excellent by 27%. 73% of the volunteers thought that it was easy to
spread on the skin. In addition, 60% of the volunteers considered good the skin softness/hydration
after time.
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Fig. 5. Efficacy studies on human volunteers as mean = SEM at TO, 10 (T1) and 21 (T2) days for
Mango SLNs-based serum, placebo (blank serum) and non-treated A) Skin hydration by
corneometer as Arbitrary Units; B) RO stretchability/firmness [mm] by cutometer; C) R1 ability of
the skin to return to its original state by cutometer; D) R2 visco-elasticity [%] by cutometer (1 =
100%); E) RS net elasticity (1 = perfectly elastic) by cutometer; F) R7 proportion of the elasticity (1
= perfectly elastic) by cutometer. Statistical analyses were carried out using one-way ANOVA
followed by Tukey’s Multiple Comparison Test. ***p<0.001, **p<0.01 and *p<0.05 vs TO.
“p<0.001, p<0.01 and ‘p<0.05.

4. Discussion

4.1. Physico-chemical concerns
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SLNs by coacervation have been widely employed for drug and gene delivery (

). However, contrarily to pure fatty acids employed so far, the manifold composition of a
natural soap ( ) poses several concerns to the obtainment of a homogeneous
suspension by exploiting the coacervation process. Of note, by optimizing the experimental
coacervation conditions for Mango and Shea soaps, spherical shape and stable Green SLNs were
formulated and loaded with multiple active ingredients (

). Indeed, Toco is the first-choice antioxidant for skin aging, which, therefore, was loaded
in the lipid matrix in high concentration. Two other active ingredients were co-loaded in small
amount. ODPABA was included to protect the skin from UV-induced aging. Toco nicotinate,
instead, is a provitamin, that is an ester, which is inactive itself. Yet it undergoes cleavage in the
skin, thus forming the antioxidant Toco and nicotinic acid, which favours skin nutrition by
increasing dermal vasodilation. Toco content was stable over time, except at 40 °C. However, such
a decay in accelerated stability condition was lower than that reported for the free compound (

). Also, ODPABA showed a nearly
20% content loss at 40 °C, while at 4 and 25 °C it was more stable. Toco nicotinate showed
compound loss in all the storage conditions considered (Table 2). This might be attributable to
spontaneous cleavage of the inactive provitamin in the suspension, leading to the formation of its
active components. Good EE% were detected. Nonetheless, variations in EE% of the compounds
during time might be due to crystalline rearrangement, occurring to various extents in the different
storage conditions. However, mean size and polydispersity remained stable during time. OM
images assess for the absence of lipid aggregates (Fig. s1), while TEM images (Fig. 1) allowed to
appreciate the spherical shape and the presence of oily /oci, likely attributable to Toco, within the
homogeneous matrix of Green cosmetic Mango SLNS.
Stability testing of a cosmetic product aims to determine its shelf life. However, since EC

1223/2009 ( ) does not include specific criteria about
physico-chemical stability assessment, we referred to the ISO/TR 18811:2018 Cosmetics guidelines
( ), and to “The Fundamentals of Stability Testing”, from the British Standards

Institution and the International Federation of the Societies of Cosmetic Chemists (IFSCC),
respectively (

). For accelerated stability tests, such formulations were
considered as a Q = 2 ( ). Indeed, 84 days at 40 °C corresponds to 336
days at 25 °C ( ). No false pass or fail results were observed, meaning that the
established methods are suitable for the cosmetic formulations under study. In detail, the pH of this
kind of formulations is important to assess the stability of the systems. However, pH variations
higher then + 0.5 were not observed up to 365 days (Table s1), guaranteeing stability and safety of
the formulation. Mango and Shea sera and hydrogels were monitored for viscosity (Fig. 2). In the
case of sera, no relevant viscosity is required, due to the packaging employed, while the hydrogel
should maintain a high viscosity to satisfy the characteristics of the product. Mango and Shea
SLNs-based hydrogels went out of pass criteria during storage, meaning that the application on the
skin would have been difficult. Moreover, Shea SLNs-based hydrogel did not pass stability controls
for the organoleptic characteristics (Table 3) and the centrifugation assay (Table 4). Considering all
the stability parameters, Mango SLNs-based serum was considered the most promising formulation,
on which further studies were carried out.

4.2. Permeation capability or excised porcine skin

Skin permeation of molecules depends not only on their intrinsic molecular size and partition
coefficient, but also on their formulation and release from the same. Hydrophobic and a small-
molecular-weight molecules permeate until the dermis, whereas hydrophilic compounds are
generally limited to the epidermis ( ). However, skin penetration of
cosmetic active ingredients must exclude the systemic absorption, with strict limitation to viable
epidermis and dermis. Conversely, skin penetration of intact nanoparticles is negligible and highly
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dependent from size. Indeed, nanoparticulate matter can freely exploit the transappendageal route,
whose extent, however, is severely limited by the surface available (less than 0.1% of the total
skin). Yet their transcellular/paracellular penetration is hampered by the stratum corneum dense
structure, which can only be permeated by lipophilic low MW (<200 Da) compounds (

). Nonetheless, the lipid content of SLNs suspension is reported to promote the skin
penetration of loaded compounds, owing to occlusion and adhesion mechanisms (

).

Within this regard, Toco represents a difficult task for transdermal permeation, due to its high
hydrophobicity (Calculated log P = 9.3-13.4) and relatively large molecular mass (

). However, thanks to its chemical characteristics, it can be entrapped into SLNs at high
concentrations. Moreover, apart from Toco, Green cosmetic SLNs were suitable to co-deliver
different functional ingredients, including those intrinsically contained in the lipid matrix, as a part
of the unsaponifiable fraction ( ). Thus, in order to mimic the skin permeation of
such compounds, with low content in SLNs, 6-cou and rhod B were used as fluorescent probes.
When loaded in Mango SLNs, Toco, 6-cou and rhod B showed good skin permeation in vitro (Fig.
3), but with considerable experimental variability. The fluorescent probes, endowed with different
lipophilicity, permeated to a similar extent, but the less water soluble 6-cou was mostly retained on
the stratum corneum surface, compared to rhod B. Permeation and accumulation results were
confirmed by histological skin section (Fig. 4). Of note, Mango SLNs loaded Toco permeated to a
lower extent when SLNs are embedded in the serum, probably due to the viscosity of the cosmetic
formulation (Fig. 3).

4.3. Efficacy assessment

Green cosmetic SLNs cannot be considered as a nanomaterial, owing to the definition by
Regulation (EC) N° 1223/2009 ( ) and EC
Recommendation 2011/696 ( ). Indeed, they are composed by a
biocompatible, and not biopersistent, lipid matrix, and their mean size range (300-450 nm), reported
in Table 2, exceeds the 100 nm-limit. Therefore, no further studies should be required to ascertain
their safety, besides the conventional assessment of the bulk ingredients used to formulate them
( ). Furthermore, being the vegetal soaps used to produce them
of natural origin, Green SLNs might be certified as natural cosmetics, owing to standard
certifications. Indeed, such ingredients meet the increasing demand of consumers for Green
cosmetic products, which is currently driving the efforts of specialized industry ( ).
Within this perspective, Mango SLNs-based serum underwent efficacy assessment of human
volunteers. However, prior to efficacy studies, challenge and patch tests were performed,
guaranteeing the efficient preservation and the absence of skin irritation for the formulation under
study.

Test on human volunteers showed interesting results (

). Of note, Mango SLNs-based serum was superior to the placebo (blank serum), in both
corneometer and cutometer analysis. Indeed, it showed capability to increase skin elasticity and
hydration, which are lost during aging. The anti-age activity of Mango SLNs-based serum was
probably due to Toco, in association to the oleic acid content of the lipid matrix, which acts as a
permeation enhancer through the skin. Indeed, Toco maintains the skin physiological condition in
different ways. It regulates keratin turnover, it lowers trans-epidermal water loss with a moisturizing
effect, and it is the most efficient antioxidant in biological membranes ( ).
Noteworthy, Green cosmetic SLNs are also associated with an intrinsic anti-inflammatory and anti-
oxidant activity, due to the lipid matrix and unsaponifiable fraction composition. Indeed, trans-
cinnamic acid, a major component of Shea and Mango unsaponifiable, is endowed with inhibition
capability of the inflammaging cascade induced by TNF-a. Moreover, it acts as a ROS scavenger,
by increasing the expression of superoxide dismutase and glutathione, and inhibiting lipid
peroxidation ( ). Lupeol cinnamate, another
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component of Shea and Mango unsaponifiable fractions, is associated to anti-inflammatory action,
due to TNF-a, nitric oxide, IL-1B and IL-12 inhibition. This might be related to its ability to
decrease inducible nitric oxide synthase and cyclooxygenase-2 expression. Finally, poli-unsaturated
fatty acids, previously identified as specific components of Green SLNs lipid matrixes, might
contribute to their anti-inflammatory and anti-age activity ( ).

5. Conclusions

Green SLNs demonstrated good capability to incorporate different cosmetic ingredients. Moreover,
they are endowed with intrinsic hydrating and anti-oxidant properties. Such activities may be
combined with the antioxidant ability of Toco, which showed a good in vitro skin permeation if
loaded in such SLNs. Among the SLNs-based cosmetic formulations under study, Mango SLNs-
based serum was the most promising in term of physico-chemical stability. Moreover, challenge and
patch tests demonstrated its microbiological stability and absence of irritation. Efficacy studies,
performed with Mango SLNs-based serum on human volunteers, demonstrated the potential of this
approach in increasing skin hydration and elasticity, which are compromised during aging.
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