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Abstract: This study explores the potential of Arbutus unedo L. pomace, a by-product of the
food industry, as a natural ingredient for skincare applications. In Portugal, A. unedo L. fruits
are traditionally used to produce “Aguardente de Medronho”, a spirit with a protected
geographical indication. The distillation process generates pomace, comprising skins,
pulp remnants, seeds, and residual alcohol rich in phenolic compounds, whose levels are
significantly increased during distillation. In addition to their documented high antioxidant
content, these residues also display notable antimicrobial properties. However, their
potential benefits for skin health have not yet been explored. The methodology entailed the
preparation of the pomace extract and a comprehensive analysis of its polyphenolic content
and antioxidant capacity under laboratory conditions and in preclinical cellular models.
The by-products demonstrated a high polyphenol content and potent antioxidant activity,
comparable to vitamin C. Bioscreening on human skin models (i.e., dermal fibroblasts and
keratinocytes) revealed their ability to reduce reactive oxygen species (ROS) formation
under oxidative stress in skin cells, highlighting their potential to mitigate skin aging and
damage caused by environmental pollutants. Moreover, bioscreens in vitro revealed a high
safety profile, without any interference with cell viability at concentrations up to 100 ug/mL.
These findings support the use of A. unedo L. pomace extract as a sustainable ingredient for
the development of antioxidant-rich and eco-friendly cosmetic or dermatologic products.

Keywords: Arbutus unedo; pomace; by-product; cosmetic; polyphenols; antioxidant;
skin cells
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1. Introduction

In recent years, public awareness of skincare and its health implications has grown
significantly, with particular attention on the harmful effects of aging and environmental
pollutants [1]. This heightened consciousness has driven both consumers and the cos-
metics industry to prioritize natural ingredients that are sustainable, organic, safe, and
effective. To meet these demands, current research focuses on developing and validat-
ing natural compounds, such as polyphenol-rich extracts, polysaccharides, and organic
acids. These compounds offer diverse benefits, including anti-aging, moisturization, anti-
hyperpigmentation, and skin conditioning [2-5]. Consequently, the cosmetics industry has
increasingly embraced the use of botanical extracts in its products, driving the exploration
of ingredients with significant potential [6]. This shift towards natural and sustainable
solutions reflects the growing consumer preference for environmentally friendly and health-
conscious products [7-9]. These efforts align with the principles of a circular and sustainable
economy, where even by-products such as distillation residues and production waste are
increasingly recognized as valuable materials for diverse applications, including cosmetics.

One promising candidate is Arbutus unedo L., a small tree or shrub from the Ericaceae
family native to the Mediterranean region and prevalent in countries like Portugal and
Spain [10]. The fruits of A. unedo L. are renowned for their sweet taste when fully ripe
and are rich in sugars, fatty acids, vitamin C, fibers, and polyphenols [11,12]. Polyphenols
have been linked to a wide range of biological and health-related properties, including
antibacterial, antiparasitic, antifungal, antidiabetic, antihypertensive, antiaggregant, antitu-
moral, anti-inflammatory, and antioxidant effects [13-16]. Notably, they show biomedical
potential in treating conditions such as kidney, gastrointestinal, dermatologic, urological,
cardiovascular, and hypertensive diseases [14,17-21].

However, due to their high sugar content and delicate texture, these fruits are highly
perishable, limiting their use in fresh form [22]. In Portugal, A. unedo L. fruits are tradition-
ally used to produce a protected geographical indication distillate known as “Aguardente
de Medronho”, a popular aromatic spirit with an alcohol content of up to 50%, characterized
by fruity flavors with hints of caramel, hazelnuts, and rosemary.

The distillation process generates a significant residue called “pomace”, comprising
skins, pulp remnants, seeds, and residual alcohol. Approximately 7 kg of medronho fruit
are required to produce one liter of distillate. A study performed by Alexandre et al. [23]
demonstrated that this pomace contains phenolic compounds such as pyrogallol, gallic acid,
catechol, and protocatechuic acid. Intriguingly, research by Rodrigues et al. [24] revealed
that fermentation and/or distillation significantly increases the total flavonoid content in
pomace, doubling the amount found in the raw fruit extracts.

It is hypothesized that several biochemical mechanisms may contribute to the observed
increase in flavonoid content in A. unedo pomace after fermentation and distillation. A
key process is the enzymatic deglycosylation of flavonol glycosides, mainly derived from
quercetin, by yeast-derived 3-glucosidase activity during fermentation [25]. This enzymatic
reaction hydrolyzes the glycosidic bonds, resulting in the release of flavonoid aglycones,
which are more bioavailable and have a higher antioxidant potential. Furthermore, it has
been demonstrated that fermentation-induced microbial metabolism can trigger structural
modifications, including methylation, oxidation, and hydrolysis, resulting in the generation
of novel flavonoid derivatives or the enhancement of the solubility of pre-existing ones [26].
The distillation process has been shown to enhance the concentration of these flavonoids
by virtue of its capacity to remove volatile components, thereby enriching the pomace in
polyphenolic compounds [27].

Additionally, Duarte et al. [28] described the antioxidant and antimicrobial properties
associated with this distillate. Given their rich chemical profile, A. unedo L. distillate residues
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represent an attractive candidate for cosmetics applications, particularly in products with
antioxidant or anti-aging properties.

Therefore, the present study aims to evaluate the presence of bioactive compounds,
especially polyphenols in A. unedo L. distillate residues, and explore their potential ap-
plication in cosmetics or dermatology, investigating their ability to protect epidermal
keratinocytes and dermal fibroblasts by ROS, which are considered to be the one of major
cause of aging [29-31].

By exploiting this underutilized resource, the current research supports sustainable
innovation favoring the circular economy and mitigating environmental pollution, while
highlighting its significant potential in the field of skincare.

2. Materials and Methods
2.1. Sample

The pomace of A. unedo L. was acquired from a small distillery located in Monchique,
Faro, Portugal. Initially, the distillation commenced with the harvested fresh fruits being
meticulously sorted, involving the removal of peduncles, leaves, and any underdeveloped
fruits. Subsequently, the sorted fruits were placed in a plastic barrel, with a specific volume
of water added (typically, up to 3 L/15 kg of fruits). The barrels used for fermentation were
hermetically sealed to minimize undesired oxidation. Notably, the alcoholic fermentation
of A. unedo L. fruit occurred spontaneously, facilitated by naturally present yeasts. Upon
completion of fermentation (lasting up to 2 months), the fermented fruits and liquid
were transferred to a traditional copper-based distillation apparatus (with a maximum
capacity of 120 L) to commence the distillation process. Throughout, close attention was
paid to controlling the alcohol content to attain the desired percentage. Following the
completion of the distillation, the A. unedo L. pomace was discarded, and the copper-
distillation equipment underwent thorough cleaning in preparation for subsequent runs.
The gathered pomace was then subjected to freezing at —20 °C and subsequently underwent
lyophilization to eliminate all residual water content. The freeze-drying procedure was
carried out utilizing a VirTis Benchtop Pro Freeze Dryer (SP Industries, Inc., Warminster,
PA, USA). Post-lyophilization, the samples underwent further grinding utilizing an electric
MKM6003 coffee grinder (BSH Electrodomésticos Espafia S.A., Zaragoza, Spain). The
resultant powder was stored at —20 °C until required for subsequent applications.

2.2. Chemicals

Methanol (MeOH) and formic acid of analytical grade were acquired from Thermo
Fisher Scientific (Waltham, MA, USA) and Merck (Darmstadt, Germany), respectively. Milli
Q water was acquired from a Millipore water purification system (Bedford, MA, USA).
To adjust the pH levels of the extraction solvent, 1 M HCl and 0.5 M NaOH solutions
from Panreac (Barcelona, Spain) were employed. Salts, reagents, gallic acid (purity > 98%
HPLC), catechin (purity > 98% HPLC), quercetin (purity > 98% HPLC), quercetin 3-O-
glucoside (purity > 98% HPLC), p-coumaric acid (purity > 98% HPLC), and chlorogenic
acid (purity > 95% HPLC) were purchased from Sigma-Aldrich Chemical Co. (St. Louis,
MO, USA).

In order to evaluate the antioxidant activity, 2,2-diphenyl-1-picrylhydrazyl (DPPH)
and 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) from Sigma-Aldrich
(St. Louis, USA), and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox)
from Thermo Fisher Scientific (MA, USA), were employed.
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2.3. Polyphenol Identification and Quantification

The extraction of polyphenols from the A. unedo L. pomace samples was conducted as
reported by Piccolo et al. [32] with slight modifications. In this method, the sample (1 g)
was mixed with 5 mL of 80% aqueous methanol with 1% formic acid, vortexed for 1 min,
and sonicated (continuous operative mode, 150 W Power, 40 kHz Frequency; Branson
Fisher Scientific 150E Sonic Dismembrator) for 10 min. The mixture was centrifugated at
9000 rpm for 10 min and the supernatant was moved into another plastic tube. The pellet
was subjected to another extraction cycle with 5 mL of solvent as previously described. The
supernatants obtained were mixed, filtered with a 0.22 pm nylon filter (CellTreat, Shirley,
MA, USA), and stored at —20 °C until analysis.

2.3.1. Qualitative Polyphenol Analysis by HPLC-DAD-HESI-MS/MS

The qualitative polyphenol analysis was performed using a Dionex UltiMate 3000
HPLC system (Thermo Fisher Scientific, San Jose, CA, USA), equipped with an autosampler,
a binary solvent pump, a diode-array detector (DAD), and an LTQ XL mass spectrometer
(Thermo Fisher Scientific, San Jose, CA, USA). The chromatographic procedure followed
Piccolo et al. [32] with minor modifications. The separation parameters were a column
temperature of 35 °C, an injection volume of 5 pL, and a flow rate of 0.35 mL/min. A
Kinetex® C18 column (75 mm x 2.1 mm, 2.6 um; Phenomenex, Torrance, CA, USA) was
used for separation. The mobile phase consisted of 0.1% formic acid in water (A) and 0.1%
formic acid in acetonitrile (B). The elution profile was as follows: 5% (B) held for the first
1.5 min, increasing from 5% to 95% (B) over 20 min, then 95% (B) within 5 min, with a
5 min maintenance, followed by a 3 min re-equilibration to the initial conditions. For the
mass spectrometry, a heated electrospray ionization (HESI) source was used in negative
ion mode with full scanning (FS) and data-dependent acquisition (DDA). Phenolic acids,
hydroxycinnamic acids, flavanols, and flavanones were detected at 280 nm, while flavonols
were detected at 360 nm. Fragmentation of ions was induced using argon with a collision
energy of 35.0 eV. The source conditions were set as follows: sheath gas flow rate of 30,
auxiliary gas flow rate of 10, capillary temperature of 320 °C, source temperature of 150 °C,
source voltage of 3.5 kV, source current of 100 uA, capillary voltage of 31 V, and tube lens
voltage of 90 V. DDA parameters were set as follows: MS scan range of 100-2000 m/z,
minimum signal threshold of 500 counts, minimum MS signal count of 5, default charge
state of 1, repeat count of 1, repeat duration of 20 s, exclusion list size of 50, and exclusion
duration of 15 s.

2.3.2. Quantitative Polyphenol Analysis by HPLC-DAD-FLD

The quantitative polyphenol analysis was performed using a Jasco Extrema LC-4000
HPLC system (Jasco Inc., Easton, MD, USA), coupled with an autosampler, a binary solvent
pump, a DAD, and a fluorometric detector (FLD) used for the analysis. The chromato-
graphic analysis was performed according to Maisto et al. [33], with slight modifications.
A Kinetex® C18 column (250 mm X 4.6 mm, 5 pm; Phenomenex, Torrance, CA, USA)
was used for the chromatographic elution. The mobile phases were water acidified with
2% formic acid (A) and acetonitrile:water 50:50, v/v acidified with 0.5% formic acid. The
separation method was performed according to the following conditions: 0-2 min, isocratic
on 10% phase B; 2-52 min, linear gradient from 10 to 55% B; 52-62 min, linear gradient from
55 to 95% B; 62-70 min, isocratic on 10% B for column recondition. The chromatographic
parameters were as follows: a column temperature of 30 °C, an injection volume of 20 uL,
and a flow rate of 1 mL/min. Phenolic acids and hydroxycinnamic acids were evaluated at
280 nm, while flavonols were evaluated at 360 nm. Flavanol monitoring was performed
using a fluorescence detector, with an excitation wavelength of 272 nm and an emission
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wavelength of 312 nm. Peak compounds were identified using the approach of standard
addition to the samples, and the quantification was performed using calibration curves
(R% > 0.99) at six different concentration levels (concentration range: 0.5-0.0005 mg/mL)
and triplicate injections at each point.

2.3.3. Total Polyphenol Content (TPC)

The total phenolic content (TPC) was determined by the Folin—Ciocalteau method
according to Piccolo et al. [32]. A volume of 125 pL of the sample was mixed with 0.125 mL
of Folin—Ciocalteau reagent, 1.25 mL of an aqueous solution of Na,CO3 7.50 (w/v), and
1.50 mL of water (final volume of 3 mL). After 10 s of mixing, the solutions were incubated
in the dark for 90 min. Later, the absorbance was evaluated at 760 nm with a V-730 UV-
visible/NIR spectrophotometer operated by Spectra Manager™ Suite (Jasco Inc., Easton,
MD, USA). The calibration curve was prepared using six concentrations of gallic acid
(R? > 0.99), with concentrations ranging from 7.5 to 250.0 ppm, with a dilution factor of
1:2 and three replicates for each concentration. The extracts were analyzed in triplicate
and the total phenolic content was expressed as mg gallic acid equivalents (GAE)/g dry
weight (DW).

2.4. Antioxidant Activity
2.4.1. DPPH Assay

The DPPH (radical 2,2-diphenyl-1-picrylhydrazyl) assay was used to measure the
sample’s antioxidant activity [34]. The standard protocol involved the addition of 200 pL
of hydroalcoholic extract to 1000 pL of a 0.05 mM DPPH methanolic solution. After mixing,
the solutions were kept in the dark for 10 min. Once the reaction time was complete,
the decrease in absorbance was monitored at 517 nm with a V-730 UV-visible/NIR spec-
trophotometer controlled by Spectra Manager™ Suite (Jasco Inc., Easton, MD, USA). The
absorbance of methanolic DPPH solution without the sample (the control) was used as the
blank. The inhibition percentage was then determined using the following formula:

% inhibition = [(1 — Af)/Ac] x 100

where A represents the absorbance after 10 min, and A is the absorbance of the control
at time zero. 6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) was used
as the standard antioxidant. A calibration curve was created using eight concentrations
ranging from 5 to 250 uM, with dilution factors of 1:2 and 1:5 and three replicates for each
concentration. The extract was analyzed in triplicate, and the results were reported as pmol
Trolox equivalent (TE)/g DW. Additionally, the IC5 values were reported, which represent
the sample concentration required to reduce the initial ABTS concentration by 50%. The
calibration curve concentrations for ICsy determination were 60, 120, 310, 630, 1250, 1900,
and 1550 mg/L.

2.4.2. ABTS Assay

The ABTS (2,2’-azinobis(3-ethylbenzotiazoline-6-sulfonate)) assay was used to mea-
sure the sample’s antioxidant activity according to Ratnavathi’s method [35]. The standard
protocol involved the preparation of ABTS working solution by mixing 2.5 mL of ABTS
solution 7.0 mM with 0.044 mL of potassium persulfate solution 140 mM, and incubating
it in the dark at 5 °C for 7 h. Ethanol was used to dilute the solution until an absorbance
value of 0.70 & 0.05 at 754 nm (Jasco Inc., Easton, MD, USA). Later, hydroalcoholic extract
(0.10 mL) was mixed with ABTS ethanolic solution (1 mL). The samples were incubated
in the dark for 2.5 min and the decreasing absorbance was monitored at 517 nm. The
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absorbance of the ABTS ethanolic control solution was used as the blank. The inhibition
percentage was determined using the following formula:

% inhibition = [(1 — Af)/Ac] x 100

where A¢ represents the absorbance after 10 min, and A is the absorbance of the control at
time zero. Trolox was utilized as the standard antioxidant. A calibration curve was created
using eight concentrations ranging from 5 to 200 uM, with dilution factors of 1:2 and 1:5,
and three replicates for each concentration. The extract was analyzed in triplicate, and the
results were reported as umol Trolox equivalent (TE) /g DW. Additionally, the ICsy values
were reported, which represent the sample concentration required to reduce the initial
ABTS concentration by 50%. The calibration curve concentrations for IC5y determination
were 60, 120, 310, 630, 1250, 1900, and 1550 mg/L.

2.4.3. FRAP Assay

The FRAP (ferric reducing antioxidant power) assay was used to measure the sample’s
ferric reducing activity [36]. The standard protocol involved the preparation of a 10 mM
TPTZ (2,4,6-tris(2-pyridyl)-s-triazine) working solution by dissolving 33.5 mg of the reagent
in 10 mL of 40 mM HCl solution. The FRAP working solution was prepared by combining
1 mL of TPTZ solution with 1 mL of 20 mM ferric chloride solution and 10 mL of 0.3 M
acetate buffer at pH 3.6. The solution was preheated to 37 °C. Later, hydroalcoholic extract
(0.15 mL) was mixed with FRAP working solution (2.85 mL), and the samples were kept in
the dark for 4 min at 37 °C. After this period, the increase in absorbance was monitored at
593 nm with a V-730 UV-visible/NIR spectrophotometer controlled by Spectra Manager™
Suite (Jasco Inc., Easton, MD, USA). The absorbance of blank FRAP solutions, which
contained no sample, was measured and subtracted from those of the test samples. Trolox
was used as the standard antioxidant, and the results were reported as umol TE/g DW.
A Trolox calibration curve was developed with eight concentrations ranging from 5 to
200 uM, using dilution factors of 1:2 and 1:5, with three replicates per concentration.

2.5. Preclinical Models of Human Skin

HDFa cells, human primary adult dermal fibroblasts, were obtained from the skin of
a White male donor (PCS-201-012™) and purchased from ATCC (University Boulevard,
Manassas, VA, USA). HDFa cells were cultured in fibroblast basal medium (ATCC) sup-
plemented with fibroblast growth kit-low serum (ATCC) containing recombinant human
fibroblast growth factor (rh FGF, 5 ng/mL), L-glutamine (7.5 mM), ascorbic acid (50 pg/mL),
hydrocortisone hemisuccinate (1 ug/mL), rh insulin (5 pg/mL) and fetal bovine serum (FBS,
2%). Moreover, penicillin-streptomycin-amphotericin B solution (penicillin: 10 units/mL,
streptomycin: 10 pg/mL, amphotericin B: 25 ng/mL) was added. HDFa cells were seeded
at a density of 2.5-5 x 10 cells/cm? and were passed when approximately 80% to 100%
confluence was reached and only if cells were actively proliferating. The cells were kept at
37 °C in a humidified atmosphere containing 5% CO,, as per the ATCC manufacturers [37].

HaCaT cells, human immortalized keratinocytes (kindly provided by Dr. Valeria
Cicatiello at the Italian National Research Council (CNR), Institute of Genetics and Bio-
physics, Naples, Italy) were maintained in a humidified 5% CO, atmosphere at 37 °C and
grown in DMEM (Invitrogen, Waltham, MA, USA) supplemented with 10% fetal bovine
serum (FBS, Cambrex), L-glutamine (2 mM), penicillin (100 units/mL, Sigma-Aldrich),
and streptomycin (100 pg/mL). Cells were seeded at a density of 24 x 10* cells/cm?
and cultured to about 80-90% confluence [38]. Both HDFa and HaCaT cells provide ideal
in vitro skin models to study biocompatibility and toxicological cellular responses.
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2.6. Cellular Responses to In Vitro Treatments

The biological effects and cytotoxicity of A. unedo L. pomace extracts were investigated
through the estimation of a “cell survival index”, arising from the combination of cell
viability evaluation and automatic cell count [39]. Cells were inoculated in 96-microwell
culture plates at a density of 10* cells/well and allowed to grow for 24 h. The medium
was then replaced with fresh medium, and the cells were treated for 48 h or 72 h with
a range of concentrations (5 — 100 pg/mL) of A. unedo L. pomace extracts. DMSO was
used as a vehicle to solubilize the extract powder, and then the final solution was filtered.
DMSO toxicity was evaluated in control cultures at a concentration ranging from 0.025 to
0.5% v/v (the same concentrations used in bioscreen experiments) to exclude interference
with cell viability. Cell viability was evaluated by the 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) assay procedure, which is a colorimetric assay
based on living mitochondria’s capacity to convert the yellow MTT solution into insoluble
purple formazan, evaluating cellular mitochondrial dehydrogenase activity levels. The
assay was performed according to the manufacturer’s instructions (475989 Sigma-Aldrich).
The absorbance was measured at 550 nm by using a microplate reader (Thermo Fisher).
Cell number was determined by a TC20 automated cell counter (Bio-Rad, Milan, Italy),
providing an accurate and reproducible total count of cells and a live/dead ratio in one step
by a specific dye (trypan blue) exclusion assay [40]. The assay was performed according to
the manufacturer’s instructions (1450021 Bio-Rad, San Diego, CA, USA).

2.7. ROS Detection In Vitro

In order to evaluate the antioxidant effect in vitro of A. unedo L. pomace extracts, we
performed a highly sensitive ROS detection with a specific assay kit (CA0093 Canvax,
Valladolid, Spain). To this end, HDFa and HaCaT cells were plated on a black 96-microwell
culture plate at a density of 10 cells/well. Following 24 h of growth, the medium was
replaced with fresh medium and 50 uM of dichlorodihydrofluorescein—diacetate (HyDCF-
DA) was added to the cells. By passive diffusion into the cell, the lipophilic H,DCF-DA
undergoes cleavage of acetyl groups by cytosolic esterases, resulting in the formation of
a non-fluorescent compound that is rapidly oxidized by ROS into the fluorescent 2’,7'-
dichlorodihydrofluorescein (DCFDA). Then, cells were washed and treated with 50 M of
H,O, to induce oxidative stress (a), in the presence of different concentrations (25, 50 and
100 pg/mL) of A. unedo L. pomace extract (b), or with 50 pug/mL of vitamin C, herein used
as the reference antioxidant (c). The fluorescence intensity was detected after 24 h and 48 h
by using a fluorescence microplate reader (Promega GloMax, Promega Italia, Milan, Italy)
at Ex/Em = 485/530 nm, in accordance with the supplier’s specifications. The intensity of
the fluorescent signal was proportional to the cytosolic ROS levels. Basal ROS production
in untreated control cells was assigned a value of 100%.

2.8. Statistical Analysis

Quantitative analyses were carried out using GraphPad Prism version 9.0 for Windows
(GraphPad Software, San Diego, CA, USA) using one-way ANOVA followed by Tukey’s
post hoc test. Significant differences were accepted at the 95% confidence level. All analyses
were performed in triplicate. The concentration-response curve, by nonlinear regression,
was obtained using a curve-fitting program and was expressed as mean + SEM (n = 15) of
three independent experiments.
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3. Results and Discussion

3.1. Polyphenol Characterization of A. unedo L. Pomace
3.1.1. Qualitative Polyphenol Analysis

The sample of A. unedo L. pomace was extracted with a hydroalcoholic mixture for
polyphenol analysis and the evaluation of antioxidant properties. Moreover, polyphenols
determine antioxidant effects, which are beneficial for skin wellness and are suitable for the
preparation of cosmetics and personal care products. The qualitative polyphenol analysis
of A. unedo L. hydroalcoholic extract was performed by HPLC-DAD-HESI-MS/MS in
negative acquisition mode (Figure 1). Based on a comparison with the literature data,
fifteen compounds were putatively identified. The retention time, the quasi-molecular
ion (m/z), and the fragment ions are listed in Table 1. Base peak ions are shown in bold.
The compounds include a polyphenol variety, such as hydroxybenzoic acids (e.g., gallic
acid (1), syringic acid (8)), hydroxycinnamic acids (e.g., chlorogenic acid (4), p-coumaric
acid (10)), flavanols (e.g., catechin (9)), flavonols (e.g., rutin (12), quercetin 3-O-glucoside
(13), quercetin (17), kaempferol (18)), and dihydrochalcones (e.g., phloretin dihexoside
(14)). These polyphenols exhibit diverse structures that contribute to their antioxidant and
anti-inflammatory properties [41,42].
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Figure 1. Chromatographic profile of A. unedo L. pomace extract in negative acquisition mode by
HPLC-HESI-MS/MS analysis.

Compound 1 displayed an [M-H]~ ion at m/z 169 and a base peak ion at m/z 125,
corresponding to the loss of CO;. The product ions at m/z 151 [M-H-H,O]~, m/z 141
[M-H-CO]~, and m/z 97 [M-H-CO,-CO]~ suggested a linkage with a carboxylic acid and a
phenolic group. In agreement with the literature data, this compound was identified as
gallic acid [43]. Compound 8 showed an [M-H]™ ion at m/z 197 and a base peak ion at
m/z 153 [M-H-CO,]~. The fragment ions at m/z 179 [M-H-H,O]~, m/z 169 [M-H-CO]~,
and m/z 161 [M-H-2H,O]~ agreed with the presence of a carboxylic acid and a phenolic
group. Therefore, compound 8 was annotated as syringic acid [32]. Compound 4 displayed
a [M-H]™ ion at m/z 353 and was annotated as a caffeoylquinic acid. The product ions at
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m/z 191 [M-H-CA]~ and m/z 179 [M-H-QA]™ matched with quinic acid and caffeic acid
ions, respectively. The identification of the correct caffeoylquinic acid regioisomer was
supported by comparison with analytical standards. Therefore, compound 4 was identified
as chlorogenic acid [44]. Compound 10 revealed an [M-H]~ ion at m/z 163 and a base
peak ion at m/z 119 [M-H-CO,]~. The product ions at m/z 145 [M-H-H,O]~, m/z 135
[M-H-COJ~, and m/z 101 [M-H-H,O-CO,]~ indicated the presence of a hydroxycinnamic
acid group and a phenolic moiety. Based on the literature data, compound 10 was identified
as p-coumaric acid [45]. A flavanol monomer (compound 9) was identified with an [M-H]~
ion at m/z 289. The base peak ion at m/z 245 [M-H-C,H4O]~ and the parent ions at m/z
271 [M-H-H,0]~ and m/z 205 [M-H-C4H4O,]~ were in accordance with the literature
data. Flavanol monomer identity was verified by comparison with an external standard.
Consequently, compound 9 was identified as catechin [46]. Compound 11 showed an
[M-H]~ ion at m/z 609 and a base peak ion at m/z 301 [M-H-Rha-Hex]~. The fragment
ions at m/z 463 [M-H-Rha]~ and m/z 179 [M-H-Rha-Hex-C;H¢O,]~ suggested a linkage
between a rutinoside group with aglycone quercetin moiety. Therefore, compound 12 was
first identified as rutin [47], and the identity was then confirmed by comparison with an
external standard. Compound 13 displayed an [M-H]™ ion at m/z 463. Its tandem mass
spectrum was characterized by a base peak ion at m/z 301 [M-H-Hex]™ and a fragment
ion at m/z 179 [M-H-Hex-C7HgO;]~, which suggested a quercetin-like scaffold linked to a
hexoside group. Based on the literature data and comparison with an external standard,
compound 13 was annotated as quercetin 3-O-glucoside. Compound 17 showed an [M-H]~
ion at m/z 301 and a base peak ion at m/z 283 [M-H-H,O]~, due to the neutral loss
of water. Its tandem mass spectrum was characterized by two parent ions at m/z 179
[M-H-C;H¢O,]~ and m/z 151 [M-H-CgHgO3]~, derived from the RDA fragmentation
and the neutral loss of CO. Based on the literature data and comparison with an external
standard, compound 17 was identified as quercetin [47]. Compound 18 displayed an
[M-H]™ ion at m/z 285 and a base peak ion at m/z 267 [M-H-H,O] ", due to the neutral
loss of water. Its tandem mass spectrum was characterized by two parent ions at m/z
179 [M-H-C;HO] ™ and m/z 151 [M-H-CgH¢O,] ™, derived from the RDA fragmentation
and the neutral loss of CO. Based on the literature data, compound 18 was identified as
kaempferol [48]. Compound 14 displayed an [M-H] ™ ion at m/z 597. The base peak ion at
m/z 477 [M-H-C4HgO4]~ and the fragment ion at m/z 417 [M-H-Hex-H,O] ™ suggested the
linkage of a hexoside group with the phlorizin moiety. Based on this fragmentation pattern,
compound 14 was annotated as phloretin dihexoside [47].

Other chemical components were identified, including organic acids (e.g., quinic
acid (2)), polar oxylipins (e.g., hydroxy jasmonic acid O-hexoside isomer 1 (3), hydroxy
jasmonic acid O-hexoside isomer 2 (5), hydroxy jasmonic acid O-hexoside isomer 3 (7)), and
phytohormones (e.g., abscisyl acid O-hexoside (6)). In addition, some unknown compounds
were annotated and included in the characterization table given their intense signals in
negative acquisition mode in HPLC-HESI-MS/MS analysis.

Compound 2 yielded an [M-H]~ ion at m/z 191 and was identified as quinic acid. The
tandem mass spectrum was characterized by a base peak ion at m/z 173 [M-H-H,O]~ and
a parent ion at m/z 111 [M-H-2H,O-CO;]~, which were due to the cleavage of a carboxylic
acid group and the neutral loss of two molecules of water [48]. Three oxylipin isomers
(3, 5 and 7) were detected. Their tandem mass spectra displayed an [M-H]~ ion at m/z 387
and characteristic fragment ions at m/z 369 [M-H-H,O]~ and m/z 225 [M-H-Hex] ~, due
to the neutral loss of the hexoside group. Based on the literature data, the three isomers
were identified as hydroxy jasmonic acid O-hexoside [32]. Compound 6 was detected as
formate adduct with an [M+HCOQO] ™ ion at m/z 471 and was identified as abscisyl acid
O-hexoside. The fragmentation pattern showed a base peak ion at m/z 425 [M-H]~ and
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the parent ions at m/z 263 [M-H-Hex] ™ and m/z 219 [M-H-Hex-CO,]~. The fragmentation
suggested the linkage of the apocarotenoid scaffold with the hexoside group. Therefore,
the absence of a neutral loss of CO; suggested that the sugar was linked with a glucosyl
ester at the aglycon group [32].

Table 1. Polyphenols identified or putatively identified by their MS/MS spectra according to the
literature by HPLC-MS analysis in negative mode acquisition. Hex, Glu, Rha, HCOOH, CA, and QA
indicate hexose, glucose, rhamnose, formic acid, caffeic acid, and quinic acid moieties, respectively. *

The identification of these molecules was confirmed using commercial standard.

No. Compound R¢ mlz Charge Fragmentation Ref.
o _ 151.75 [M-H-H,0]~; 141.84 [M-H-CO]~; ,
1 Gallic acid 2.14 169.80 [M-H] 12579 [M-H-CO,]~; 97.71 [M-H-CO,-CO]- [43]
172.86 [M-H-H,0]~; 154.91 [M-H-2H,0]~;
2 Quinic acid 2.17 190.95 [M-H]~ 146.82 [M-H-H,0-CO[ ", [48]
110.96 [M-H-2H,0-CO,]~
Hvdroxy tasmonic acid 369.40 [M-H-H,O]~, 225.02 [M-H-Hex]~,
3 (g-hexc})]s]i I 431 387.18 [M-H]~ 207.00 [M-H-Hex-H,0] -, [32]
163.10 [M-H-Hex-H,O-CO, |~
4 Chlorogenic acid * 4.58 353.04 [M-H]~ 17:;305 41[21\,E1_\ﬁ1_1212§]2—0 ]17’31351 83[_[}1\;[_ é{ A—CI—?Z] Oj‘ [44]
Hydroxy jasmonic acid 369.26 [M-H-H,0]~, 225.03 [M-H-Hex],
5 O-hexoside isomer 2 5.35 387.24 [M-H]~ 207.03 [M-H-Hex-H,0], [32]
163.12 [M-H-Hex-H,O-CO, ]~
6 Abscisyl acid O-hexoside 5.37 471.27 [M+HCOO]~ 309 0@2[51\./&}[11\&[_01_3-1’{:2]7.’0-42[61\3{[_11;_[11;1/12-%]-H,ex]’ [32]
Hydroxy jasmonic acid 369.19 [M-H-H,0]~, 225.03 [M-H-Hex]~,
7 D o o 6.08 387.16 [M-H]~ 207.15 [M-H-Hex-H, 0], [32]
162.93 [M-H-Hex-H,O-CO, ]~
8 Syringic acid * 622 197.01 [M-H]~ 1%2%%;;&311,; igg'.?)i [[ill/[-I:I-g(C))]z]L [32]
271.02 [M-H-H,O]; 245.05 [M-H-C,H;0];
9 Catechin * 6.38 289.09 [M-H]~ 205.03 [M-H-C,H,0,]~; [46]
151.04 [M-H-C;HO5]~
o _ 145.09 [M-H-H,0]~; 134.89 [M-H-CO]~; ,
10 p-Coumaric acid 7.12 162.84 [M-H] 118.97 [M-H-CO,]~; 101.01 [M-H-H,0-CO4]~ [45]
11 Unknown compound 1 7.52 581.44 [M-H]~ 419.27; 401.29; 247.22; 233.07
591.28 [M-H-H,0] ; 463.17 [M-H-Rha] ~;
12 Rutin * 7.83 609.21 [M-H]~ 301.04 [M-H-Rha-Glu]~; [47]
179.02 [M-H-Rha-Glu-C;HO,]
445.16 [M-H-H,O]~; 301.03 [M-H-Glu] ~;
13 Quercetin 3-O-glucoside * 7.96 463.23 [M-H]~ 272.89 [M-H-Glu-CO]~; [38]
179.00 [M-H-Glu-C;HgO, ]~
477.14 [M-H-C,HgO4]~;
14 Phloretin dihexoside 8.17 597.31 [M-H] - 45;2711%\/5\?_ g“gjxo Ifiz}lé]q]. ’ [47]
399.12 [M-H-Hex-2H, 0]~
15 Unknown compound 2 8.87 673.36 [M-H]~ 631.35; 507.14; 313.08; 239.07
16 Unknown compound 3 10.03 647.43 [M-H]~ 629.41; 599.73; 443.33; 345.08
283.12 [M-H-H,0]~; 232.98 [M-H-C30,]~;
17 Quercetin * 10.24 300.91 [M-H]~ 178.91 [M-H-C;Hs0,]~; [47]
150.94 [M-H-CgHg O3]~
_ 267.19 [M-H-H,0] ; 190.94 [M-H-C4H¢O] ~;
18 Kaempferol 11.57 285.11 [M-H] 178.99 [M-H-C;HO] ; 150.86 [M-H-CgHy O]~ [47]
19 Unknown compound 4 15.80 595.45 [M-H]~ 467.33; 415.22; 315.01; 258.97
20 Unknown compound 5 21.03 555.40 [M-H]~ 537.40; 491.35; 449.10; 225.07
21 Unknown compound 6 22.36 666.12 [M-H]~ 666.17; 636.12; 591.58; 481.03

3.1.2. Quantitative Polyphenol Analysis

The quantitative polyphenol analysis of A. unedo L. pomace hydroalcoholic extract
was performed by HPLC-DAD-FLD (Table 2). Six polyphenols were quantified, and the
results were expressed as mg/g DW. Given the limited exploration of A. unedo L. pomace in
the literature, making comparisons proves challenging. Moreover, our results agreed with
those reported by other authors for polyphenol-enriched extracts obtained from A. unedo L.
fruits. Ganhao et al. [49] reported total hydroxybenzoic acid and hydroxycinnamic acid
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contents of 1.122 4= 0.094 and 0.0010 £ 0.0001 mg/g DW, respectively. Our results displayed
similar values, with a gallic acid content of 2.440 £ 0.080 mg/g DW as hydroxybenzoic
acid, and chlorogenic acid and p-coumaric acid contents of 0.003 £ 0.001 mg/g DW and
0.020 £ 0.004 mg/g DW as hydroxycinnamic acids. On the other hand, some significant
differences were observed in flavonol contents. Ganhao et al. reported a total flavonol
content of 0.036 & 0.004 mg/g DW, which is significantly lower than our quantification,
which revealed a quercetin 3-O-glucoside and quercetin content of 0.007 &= 0.001 mg/g
DW and 0.160 + 0.030 mg/g DW, respectively. This difference may be due to the different
polyphenol content in A. unedo L. pomace compared to the fruits. Moreover, Rodrigues
et al. reported that the fermentation and/or distillation process elevated the total flavonoid
content in A. unedo L. pomace residue by twofold compared to the fruits [24]. In addition,
another relevant difference is related to the extraction solvents and approaches reported
by the authors, which resulted in different extractability of phenolic compounds from
the plant matrix. In fact, the authors performed the extraction using an acetone/water
mixture with accelerated solvent extraction (ASE), an innovative approach based on a
pressurized liquid extraction. Although this method is a novel green extraction approach,
ASE requires stringent validation of the extraction parameters (e.g., polarity and volume
of extracting solvent, sample size, temperature, pressure, and extraction cycle) for an
exhaustive polyphenol recovery [50]. Therefore, the lack of ASE parameter optimization
could explain the reduced content of some polyphenols compared with those reported
in our study. In fact, our extraction protocol was based on ultrasound-assisted extraction
(UAE) and was previously validated for the extraction of several polyphenol classes with
recovery values close to 100% [32].

Ultrasound-assisted extraction (UAE) enhances the recovery of polyphenols compared
to conventional methods by improving mass transfer and cell disruption through acoustic
cavitation [51]. This phenomenon facilitates the release of bioactive compounds, reducing
extraction time and solvent consumption while increasing yield. UAE operates at lower
temperatures, minimizing the degradation of thermolabile polyphenols and preserving
their bioactivity [52]. Additionally, its compatibility with green solvents aligns with sustain-
able extraction principles, making it an efficient and environmentally friendly alternative
to traditional techniques such as maceration or Soxhlet extraction [53].

The high concentrations of gallic acid and flavonoids, such as quercetin 3-O-glucoside,
identified in the A. unedo L. pomace extract suggest its potential for cosmetic applications.
These compounds demonstrate antioxidant, photoprotective, and anti-aging properties,
which can reduce skin pigmentation, counteract UV-induced damage, and promote skin
health while preventing premature aging. This aligns with the findings of Habachi et al. [54],
which highlight the phenolic richness of A. unedo and its promising role in developing
innovative active ingredients for cosmetics and dermatology.

Table 2. Quantitative analysis of polyphenol content. Results are expressed as mean + SD.

Compound Content (mg/g DW)
Gallic acid 2.440 =+ 0.080
Catechin 0.210 & 0.005
Chlorogenic acid 0.003 £ 0.001
p-Coumaric acid 0.020 £ 0.004
Quercetin 3-O-glucoside 0.007 £ 0.001

Quercetin 0.160 + 0.030
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3.2. Total Polyphenol Content and Antioxidant Activity

As highlighted earlier, polyphenols are distinguished by their notable antioxidant
potential, a trait particularly relevant in the cosmetics industry due to their efficacy in
mitigating reactive oxygen species, thereby addressing concerns such as premature aging.
Consequently, the present study delved into assessing the total polyphenol content (TPC) by
FOLIN assay and the antioxidant capacity of A. unedo L. pomace utilizing DPPH, FRAP, and
ABTS methodologies. The TPC yielded a value of 14.04 &+ 0.49 mg GAE/g DW (Table 3). As
was previously mentioned, only one investigation utilizing a supercritical fluid extraction
technique has explored the extraction of anthocyanins from A. unedo pomace [23], with
the rest focusing on fresh A. unedo fruit. For example, Albuquerque et al. [55] optimized
a method for the extraction of polyphenols from fresh A. unedo fruits using the USE
technique, yielding a total polyphenol concentration of 64.61 + 0.91 mg/g dw under
optimal conditions. El Cadi et al. [56] also evaluated total polyphenol concentrations in
A. unedo fruits, employing solid-liquid extractions with two different solvents (MeOH and
ethyl acetate (EtOAc)) following of sonication and achieving the highest concentration with
the mixture of MeOH: H,O (4:1), with an extraction yield of 75.88 + 3.1 mg/g DW. As can
be observed, an expected decrease in concentration was detected from the fresh fruit, based
on the distillation process the fruit went through before the elaboration of the beverage.
However, a high content of phenolic compounds was demonstrated in the pomace, even
after undergoing the distillation process.

Table 3. Total polyphenol content and antioxidant activity of A. unedo L. pomace extract. Values
represent the mean =+ standard deviation of triplicate reading.

Content (Mean + SD)

Total polyphenol content (TPC) 14.04 £ 0.49 mg GAE/g DW
DPPH 110.67 £ 0.88 pmol TE/g DW
ABTS 122.16 &+ 1.77 pmol TE/g DW
FRAP 151.94 + 0.45 umol TE/g DW

Therefore, the next step was to demonstrate the antioxidant properties associated
with phenolic compounds in the pomace in order to test their possible application in
cosmetic formulations. The DPPH methodology yielded an antioxidant capacity of
110.67 & 0.88 pmol TE/g DW, the FRAP methodology resulted in 122.16 £ 1.77 umol TE/g
DW, and the ABTS methodology recorded 151.94 & 0.45 umol TE/g DW (Table 3). Last,
ICsp was calculated for the DPPH and ABTS assays. Different dilutions of A. unedo L.
pomace extracts were prepared at the following concentrations: 1, 1.87, 3.75, 7.5, 15, 30, 60,
120, 310, 630, 1250, 1550, and 1900 mg/L. The percentage of inhibition for the two assays
was measured for each concentration, and an inhibition curve was obtained (Figure 2).
In the case of the DPPH methodology, the ICsy obtained was 49.49 mg/L, with a R? of
0.9463. In the case of the ABTS methodology, the ICs; obtained was 42.25 mg/L, with a R?
of 0.9544.

Given the limited exploration of A. unedo L. pomace in the literature, making com-
parisons proves challenging. Nevertheless, our findings align with observations made by
Duarte et al. and Alburquerque et al. [28,55] concerning the antioxidant capacity of this
residue. Hence, the demonstrated antioxidant potential of the extracts underscores the
presence and efficacy of phenolic compounds within this sample. Furthermore, a com-
parative analysis was conducted of the antioxidant capacity values obtained for Arbutus
unedo L. pomace with those of other agro-industrial by-products described in the literature.
Sandoval-Cardenas et al. [57] evaluated the concentration of bioactive compounds and
antioxidant capacity of hydrolyzed corn cob residues, which showed a concentration of
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5.36 mg rutin equivalent/mL in the DPPH assay and 10.7 mg Trolox equivalent (TE) /mL
in the ABTS assay. In contrast, non-hydrolyzed corn cob exhibited significantly lower
concentrations of 1.28 mg/mL and 1.64 mg/mL in the aforementioned assays. Conversely,
Chaudhry et al. [58] evaluated the antioxidant potential of banana peels, demonstrat-
ing a value of 82.5 mg TE/g for the DPPH method. In contrast, a study carried out by
Abbasi-Parizad et al. [59] showed that grape pomace by-products had a concentration of
87.8 uM TE/g and that spent coffee by-products had a concentration of up to 89.8 uM
TE/g. In contrast, tomato pomace had a concentration of 21.5 & 0.0 uM. Finally, Sanchez
et al. [60] evaluated the antioxidant activity of cupuagu (Theobroma grandiflorum) seeds,
which showed an ABTS value of 151.0 & 5.5 mg TE/100 g for the extract and a DPPH value
of 854 + 1.7 mM TE/L.
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E 50 E 50
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0 T T T 1 0 T T T 1
0 1 2 3 4 0 1 2 3 4
Log;, concentration (mg/L) Log;( concentration (mg/L)

Figure 2. Antiradical activity of A. unedo L. pomace extract, expressed as (a) ICsg of the ABTS assay
and (b) ICsg of the DPPH assay. Values represent the mean =+ standard deviation of triplicate reading.

The results collected from the literature position A. unedo pomace as a promising antiox-
idant source, comparable or superior to the activity of various agro-industrial wastes. This
supports its potential application in food, nutraceutical, and pharmaceutical formulations.

Regarding the cosmetics industry, the extracts derived from the A. unedo L. pomace
exhibited considerable antioxidant potency, particularly when juxtaposed with numerous
agricultural and food industry by-products currently under consideration for integration
into cosmetic formulations, such as virgin Calophyllum, Campomanesia fruit peels, milk
thistle fruits, or broccoli by-products [61-65].

3.3. Cell Responses to In Vitro Treatments

To explore the biocompatibility as well as the safety profile of the A. unedo L. pomace
extract by preclinical investigations, we performed targeted in vitro bioscreens on human
skin cell models, i.e., immortalized keratinocytes (HaCaT) and dermal fibroblasts (HDFa).
The extract was tested using concentrations ranging from 5 to 100 ug/mL throughout
incubations of 48 and 72 h. The obtained data, reported as “cell survival index” in Figure 3
by concentration—effect curves, showed no significant variations after treatments in vitro
compared to untreated cells. No biological effects or interference with cell viability and
proliferation were observed even at the highest concentrations (100 pg/mL) following
long exposure times (72 h). Thus, these results suggest a good safety profile for A. unedo L.
pomace extract, providing evidence for its biocompatibility in the skin system.
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Figure 3. Preclinical bioscreens for the evaluation of A. unedo L. pomace extract safety and biocom-
patibility in human skin models. Concentration-response curves by the “cell survival index” for
HDFa and HaCaT cells following 48 h (a) and 72 h (b) of treatment with a range of concentrations
(5-100 png/mL) of A. unedo L. pomace extract. Results are expressed in line graphs as a percentage
of untreated control cells and are reported as the mean of three independent experiments + SEM
(n=15).

3.4. Antioxidant Activity In Vitro

To explore A. unedo L. pomace extract antioxidant activity in cells, we evaluated its
ability to reduce ROS formation and oxidative stress in preclinical models of human skin.
As described in the experimental section, HDFa and HaCaT cells were exposed to H,O; to
induce oxidative stress, and then treated for 24 h or 48 h with different concentrations (25,
50, and 100 pg/mL) of the extract or with 50 ug/mL of vitamin C. Significant antioxidant
protection by A. unedo L. pomace extract was observed in both epidermal and dermal cells
in all the experimental conditions used. However, the biological effects we detected were
independent of the extract concentration and contact times. Figure 4 shows the antioxidant
effects at the intermediate extract concentration of 50 pg/mL, serving as a representative
biological trend. Moreover, the extract’s ability to reduce ROS formation was similar to that
of vitamin C application, proving the protective antioxidant role of the A. unedo L. pomace
extract. Interestingly, the extract and vitamin C showed the same biological behavior
in vitro, not being able to decrease ROS production in basal conditions but significantly
counteracting hydrogen peroxide-dependent oxidative stress. This outcome can have
a significant biological impact since high cytosolic ROS levels are typically involved in
extensive biomolecular damage to DNA, proteins, and lipids, which can in turn be related
to cell death and skin-aging processes. As well as the direct scavenging action of radical
species, the antioxidant protection of natural polyphenols may also involve the activation
of heterodimers of the NF-E2-related factor 2 (Nrf2)/antioxidant responsive element (ARE)
pathway. Indeed, this pathway is an important antioxidant cellular defense mechanism that
acts by regulating the expression of target genes implicated in the maintenance of redox
homeostasis. Since many natural polyphenols have recently emerged as Nrf2 activators, it
cannot be excluded that bioactive components of the A. unedo L. pomace extract may act
through this mechanism [66].
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Figure 4. Antioxidant activity of A. unedo L. pomace extract in human skin models. ROS detection in
HaCaT (a) and HDFa (b) after 24 h and 48 h of treatment with H,O, alone or in combination with
50 ng/mL of A. unedo L. pomace extract, or with vitamin C. Results are expressed as a percentage
of untreated control cells and are reported as the mean of three independent experiments + SEM
(n=15). * p <0.05; ** p < 0.01; ** p < 0.001 vs. control; # p < 0.05, # p < 0.01; #* p < 0.001 vs.
H;,05-treated cells.

4. Conclusions

In this study, we chemically and biologically characterized the pomace extract of
A. unedo L. It was demonstrated to contain a notable quantity of polyphenolic compounds
and exhibited robust antioxidant properties both in test tubes and in vitro. To continue, the
extract also exhibited excellent biocompatibility in human skin cells, thereby reinforcing its
potential as a safe and effective ingredient.

Based on these results, we recognize the potential of this extract and esteem its promis-
ing role in supporting skin health and promoting its longevity. Indeed, the extract’s ability
to reduce ROS levels in the presence of oxidative stress highlights its potential in counter-
acting aging and safeguarding against environmental damage.

Industrial-scale valorization of A. unedo L. pomace faces some technical and economic
challenges. From a technical point of view, it is necessary to study how large-scale fermen-
tation and distillation conditions can affect the final composition of bioactive compounds.
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However, several previous studies have demonstrated the possibility of extracting these
compounds on an industrial scale.

From an economic perspective, large-scale production requires substantial investment
in infrastructure, including specialized extraction and purification facilities, as well as
ensuring compliance with regulatory standards for cosmetic ingredients. However, this
could be overcome by establishing strategic relationships with distilleries and cosmetics
manufacturers to ensure a continuous and cost-effective supply of raw materials, not to
mention that such raw materials are currently being disposed of at virtually zero cost.
In conclusion, A. unedo L. pomace extract is a promising natural alternative to synthetic
antioxidants in dermatological and pharmaceutical formulations. It is rich in polyphenolic
compounds with strong antioxidant properties, comparable to vitamin C, and effectively
reduces oxidative stress in skin cells. The extract is safe, biocompatible, and supports
skin health by counteracting aging and environmental damage. While industrial-scale
production poses challenges, its sustainable use aligns with circular economy principles,
making it a viable and eco-friendly ingredient for skincare and pharmaceutical applications.

5. Limitations

Overall, these findings lend support to further investigation and utilization of A.
unedo L. pomace as an active ingredient. Forthcoming research should go deeper into
the investigation of other molecular and cellular pathways on skin cells, formulation
optimization, and clinical trials in order to fully exploit the potential benefits of this
promising by-product.

Author Contributions: Conceptualization, R.D.L. and M.J.A.-G.; methodology, M.G.F., M.M. and
V.P; software, L.R., FI.,, A.R. and V.P; validation, V.P., AM., EI. and C.I.; formal analysis, A.R., B.M.
and C.C,; investigation, R.D.L., M.G.F,, L.R. and M.M,; resources, R.D.L., M.G.F. and M.].A.-G; data
curation, C.C., N.C,, A.R. and C.I; writing—original draft preparation, R.D.L., M.].A.-G., M.G.F. and
V.P; writing—review and editing, R.D.L., V.P,, M.M. and M.J.A.-G.; visualization, N.C., C.I. and S.L.;
supervision, M.M., M.P,, C.I,, S.L. and G.C.T; project administration, R.D.L. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data presented are contained within the article.

Acknowledgments: Maria José Aliafio-Gonzélez would like to thank the University of Cadiz for the
grant in the modality “Margarita Salas”, from the call for the Requalification of the Spanish University
System for 2021-2023 (Resolution of the Rector of the University of Cadiz UCA /R155REC /2021, of
2 July), financed by the Ministry of Universities of the Government of Spain through the European
Recovery Instrument “Next Generation EU”, from the European Union (Order UNI/551 /2021, of
26 May). M.A.U. and C.0.d.S. (Proc. 304747 /2020-3 and 309955 /2022-0, respectively) are Technologi-
cal Development fellows from CNPq, Brazil.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Juliano, C.; Magrini, G. Cosmetic Functional Ingredients from Botanical Sources for Anti-Pollution Skincare Products. Cosmetics

2018, 5, 19. [CrossRef]

2. Manful, M.E,; Ahmed, L.; Barry-Ryan, C. Cosmetic Formulations from Natural Sources: Safety Considerations and Legislative
Frameworks in the European Union. Cosmetics 2024, 11, 72. [CrossRef]


https://doi.org/10.3390/cosmetics5010019
https://doi.org/10.3390/cosmetics11030072

Antioxidants 2025, 14, 278 17 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Jesumani, V.; Du, H.; Aslam, M.; Pei, P.; Huang, N. Potential Use of Seaweed Bioactive Compounds in Skincare—A Review. Mar.
Drugs 2019, 17, 688. [CrossRef]

Borja-Martinez, M.; Pedrefio, M.A; Sabater-Jara, A.B. Broccoli Byproduct Extracts Attenuate the Expression of UVB-Induced
Proinflammatory Cytokines in HaCaT Keratinocytes. Antioxidants 2024, 13, 1479. [CrossRef] [PubMed]

Di Lorenzo, R.; Forgione, F; Bernardi, A.; Sacchi, A.; Laneri, S.; Greco, G. Clinical Studies on Topical Curcumin. Skin Pharmacol.
Physiol. 2023, 36, 235-248. [CrossRef] [PubMed]

Garcia-Villegas, A.; Rojas-Garcia, A.; Villegas-Aguilar, M.d.C.; Fernandez-Moreno, P.; Ferndndez-Ochoa, A
Cadiz-Gurrea, M.d.LL.; Arrdez-Roman, D.; Segura-Carretero, A. Cosmeceutical Potential of Major Tropical and Subtropi-
cal Fruit By-Products for a Sustainable Revalorization. Antioxidants 2022, 11, 203. [CrossRef] [PubMed]

Bom, S.; Jorge, J.; Ribeiro, H.M.; Marto, J. A Step Forward on Sustainability in the Cosmetics Industry: A Review. J. Clean. Prod.
2019, 225, 270-290. [CrossRef]

Grigolon, G.; Nowak, K.; Poigny, S.; Hubert, ]J.; Kotland, A.; Waldschtitz, L.; Wandrey, F. From Coffee Waste to Active Ingredient
for Cosmetic Applications. Int. J. Mol. Sci. 2023, 24, 8516. [CrossRef] [PubMed]

Del Rio Osorio, L.L.; Flérez-Lépez, E.; Grande-Tovar, C.D. The Potential of Selected Agri-Food Loss and Waste to Contribute
to a Circular Economy: Applications in the Food, Cosmetic and Pharmaceutical Industries. Molecules 2021, 26, 515. [CrossRef]
[PubMed]

Molina, M.; Pardo-de-Santayana, M.; Tard{o, J. Natural Production and Cultivation of Mediterranean Wild Edibles. In Mediter-
ranean Wild Edible Plants; Springer: New York, NY, USA, 2016; pp. 81-107.

Ruiz-Rodriguez, B.-M.; Morales, P.; Fernandez-Ruiz, V.; Sdnchez-Mata, M.-C.; Camara, M.; Diez-Marqués, C.; Pardo-de-
Santayana, M.; Molina, M.; Tardio, J. Valorization of Wild Strawberry-Tree Fruits (Arbutus unedo L.) through Nutritional Assess-
ment and Natural Production Data. Food Res. Int. 2011, 44, 1244-1253. [CrossRef]

Oliveira, I.; Baptista, P.; Malheiro, R.; Casal, S.; Bento, A.; Pereira, J.A. Influence of Strawberry Tree (Arbutus unedo L.) Fruit
Ripening Stage on Chemical Composition and Antioxidant Activity. Food Res. Int. 2011, 44, 1401-1407. [CrossRef]

Salem, I.B.; Ouesleti, S.; Mabrouk, Y.; Landolsi, A.; Saidi, M.; Boulilla, A. Exploring the Nutraceutical Potential and Biological
Activities of Arbutus unedo L. (Ericaceae) Fruits. Ind. Crops Prod. 2018, 122, 726-731. [CrossRef]

Mrabti, H.N.; El Abbes Faouzi, M.; Mayuk, EM.; Makrane, H.; Limas-Nzouzi, N.; Dibong, S.D.; Cherrah, Y.; Elombo, EK;
Gressier, B.; Desjeux, J.-F,; et al. Arbutus unedo L., (Ericaceae) Inhibits Intestinal Glucose Absorption and Improves Glucose
Tolerance in Rodents. |. Ethnopharmacol. 2019, 235, 385-391. [CrossRef]

Mendes, L.; de Freitas, V.,; Baptista, P.; Carvalho, M. Comparative Antihemolytic and Radical Scavenging Activities of Strawberry
Tree (Arbutus unedo L.) Leaf and Fruit. Food Chem. Toxicol. 2011, 49, 2285-2291. [CrossRef] [PubMed]

Morgado, S.; Morgado, M.; Placido, A.L; Roque, E; Duarte, A.P. Arbutus unedo L.: From Traditional Medicine to Potential Uses in
Modern Pharmacotherapy. . Ethnopharmacol. 2018, 225, 90-102. [CrossRef] [PubMed]

Mrabti, H.N,; Jaradat, N.; Kachmar, M.R.; Ed-Dra, A.; Ouahbi, A.; Cherrah, Y.; El Abbes Faouzi, M. Integrative Herbal Treatments
of Diabetes in Beni Mellal Region of Morocco. J. Integr. Med. 2019, 17, 93-99. [CrossRef]

Tenore, G.C.; Carotenuto, A.; Caruso, D.; Buonomo, G.; D’Avino, M.; Brancaccio, D.; Ciampaglia, R.; Maisto, M.; Schisano, C.;
Novellino, E. A Nutraceutical Formulation Based on Annurca Apple Polyphenolic Extract Is Effective on Intestinal Cholesterol
Absorption: A Randomised, Placebo-Controlled, Crossover Study. PharmaNutrition 2018, 6, 85-94. [CrossRef]

Moualek, I.; Iratni Aiche, G.; Mestar Guechaoui, N.; Lahcene, S.; Houali, K. Antioxidant and Anti-Inflammatory Activities of
Arbutus unedo Aqueous Extract. Asian Pac. |. Trop. Biomed. 2016, 6, 937-944. [CrossRef]

Jurica, K.; Gobin, I.; Kremer, D.; Cepo, D.V.; Grubesi¢, R.J.; Karaconji, I.B.; Kosalec, I. Arbutin and Its Metabolite Hydroquinone as
the Main Factors in the Antimicrobial Effect of Strawberry Tree (Arbutus unedo L.) Leaves. |. Herb. Med. 2017, 8, 17-23. [CrossRef]
Sommonte, F; Arduino, I.; Iacobazzi, R.M.; Laera, L.; Silvestri, T.; Lopedota, A.A.; Castegna, A.; Denora, N. Microfluidic
Development of Brain-Derived Neurotrophic Factor Loaded Solid Lipid Nanoparticles: An in Vitro Evaluation in the Post-
Traumatic Brain Injury Neuroinflammation Model. J. Drug Deliv. Sci. Technol. 2024, 96, 105699. [CrossRef]

Pallauf, K.; Rivas-Gonzalo, ]J.C.; del Castillo, M.D.; Cano, M.P.; de Pascual-Teresa, S. Characterization of the Antioxidant
Composition of Strawberry Tree (Arbutus unedo L.) Fruits. ]. Food Compos. Anal. 2008, 21, 273-281. [CrossRef]

Alexandre, AM.R.C,; Serra, A.T.; Matias, A.A.; Duarte, CM.M.; Bronze, M.R. Supercritical Fluid Extraction of Arbutus unedo
Distillate Residues—Impact of Process Conditions on Antiproliferative Response of Extracts. . CO2 Util. 2020, 37, 29-38.
[CrossRef]

Rodrigues, M.A.; Galego, L.; Da Silva, J.P. Flavonoid Profiles of Arbutus unedo L. Pomaces. In INCREaSE; Springer International
Publishing: Cham, Switzerland, 2018; pp. 199-205.

Park, C.-M.; Kim, G.-M.; Cha, G.-S. Biotransformation of Flavonoids by Newly Isolated and Characterized Lactobacillus Pentosus
NGIO01 Strain from Kimchi. Microorganisms 2021, 9, 1075. [CrossRef] [PubMed]

Huynh, N.; Van Camp, J.; Smagghe, G.; Raes, K. Improved Release and Metabolism of Flavonoids by Steered Fermentation
Processes: A Review. Int. ]. Mol. Sci. 2014, 15, 19369-19388. [CrossRef]


https://doi.org/10.3390/md17120688
https://doi.org/10.3390/antiox13121479
https://www.ncbi.nlm.nih.gov/pubmed/39765808
https://doi.org/10.1159/000535100
https://www.ncbi.nlm.nih.gov/pubmed/38008088
https://doi.org/10.3390/antiox11020203
https://www.ncbi.nlm.nih.gov/pubmed/35204085
https://doi.org/10.1016/j.jclepro.2019.03.255
https://doi.org/10.3390/ijms24108516
https://www.ncbi.nlm.nih.gov/pubmed/37239862
https://doi.org/10.3390/molecules26020515
https://www.ncbi.nlm.nih.gov/pubmed/33478152
https://doi.org/10.1016/j.foodres.2010.11.015
https://doi.org/10.1016/j.foodres.2011.02.009
https://doi.org/10.1016/j.indcrop.2018.06.024
https://doi.org/10.1016/j.jep.2019.02.013
https://doi.org/10.1016/j.fct.2011.06.028
https://www.ncbi.nlm.nih.gov/pubmed/21703325
https://doi.org/10.1016/j.jep.2018.07.004
https://www.ncbi.nlm.nih.gov/pubmed/29981432
https://doi.org/10.1016/j.joim.2019.01.001
https://doi.org/10.1016/j.phanu.2018.05.001
https://doi.org/10.1016/j.apjtb.2016.09.002
https://doi.org/10.1016/j.hermed.2017.03.006
https://doi.org/10.1016/j.jddst.2024.105699
https://doi.org/10.1016/j.jfca.2007.11.006
https://doi.org/10.1016/j.jcou.2019.11.002
https://doi.org/10.3390/microorganisms9051075
https://www.ncbi.nlm.nih.gov/pubmed/34067804
https://doi.org/10.3390/ijms151119369

Antioxidants 2025, 14, 278 18 of 19

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Chaves, ].O.; de Souza, M.C.; da Silva, L.C.; Lachos-Perez, D.; Torres-Mayanga, P.C.; Machado, A.P.d.F,; Forster-Carneiro, T.;
Vézquez-Espinosa, M.; Gonzalez-de-Peredo, A.V.; Barbero, G.F,; et al. Extraction of Flavonoids From Natural Sources Using
Modern Techniques. Front. Chem. 2020, 8, 507887. [CrossRef] [PubMed]

Duarte, H.; Carrera, C.; Aliafio-Gonzélez, M.].; Gutiérrez-Escobar, R.; Jiménez-Hierro, M.].; Palma, M.; Galego, L.; Romano, A;
Medronho, B. On the Valorization of Arbutus unedo L. Pomace: Polyphenol Extraction and Development of Novel Functional
Cookies. Foods 2023, 12, 3707. [CrossRef]

Maldonado, E.; Morales-Pison, S.; Urbina, F,; Solari, A. Aging Hallmarks and the Role of Oxidative Stress. Antioxidants 2023,
12, 651. [CrossRef]

Silvestri, T.; D’Aria, F; Villapiano, F,; Scala, F; Mayol, L.; Aleo, D.; Cardullo, N.; Graziano, S.F,; Biondi, M.; Giancola, C.
Physico-Chemical Studies of Inclusion Complex between Hydrocortisone and Cyclodextrins. J. Mol. Lig. 2023, 390, 123031.
[CrossRef]

Warraich, U.-E.-A.; Hussain, F; Kayani, H.U.R. Aging—Oxidative Stress, Antioxidants and Computational Modeling. Heliyon
2020, 6, €04107. [CrossRef]

Piccolo, V.; Maisto, M.; Schiano, E.; lannuzzo, F.; Keivani, N.; Manuela Rigano, M.; Santini, A.; Novellino, E.; Carlo Tenore, G;
Summa, V. Phytochemical Investigation and Antioxidant Properties of Unripe Tomato Cultivars (Solanum lycopersicum L.). Food
Chem. 2024, 438, 137863. [CrossRef] [PubMed]

Maisto, M.; Piccolo, V.; Novellino, E.; Schiano, E.; lannuzzo, F.; Ciampaglia, R.; Summa, V.; Tenore, G.C. Optimization of Ursolic
Acid Extraction in Oil from Annurca Apple to Obtain Oleolytes with Potential Cosmeceutical Application. Antioxidants 2023,
12, 224. [CrossRef]

Maisto, M.; Piccolo, V.; Novellino, E.; Schiano, E.; lannuzzo, F; Ciampaglia, R.; Summa, V.; Tenore, G.C. Optimization of Phlorizin
Extraction from Annurca Apple Tree Leaves Using Response Surface Methodology. Antioxidants 2022, 11, 1933. [CrossRef]
[PubMed]

Ratnavathi, C.V.; Komala, V.V. Sorghum Grain Quality. In Sorghum Biochemistry; Elsevier: Amsterdam, The Netherlands, 2016;
pp- 1-61.

Singh, M; Patra, S.; Singh, R.K. Common Techniques and Methods for Screening of Natural Products for Developing of Anticancer
Drugs. In Evolutionary Diversity as a Source for Anticancer Molecules; Elsevier: Amsterdam, The Netherlands, 2021; pp. 323-353.
Ferraro, M.G.; Bocchetti, M.; Riccardi, C.; Trifuoggi, M.; Paduano, L.; Montesarchio, D.; Misso, G.; Santamaria, R.; Piccolo, M.;
Irace, C. Triple Negative Breast Cancer Preclinical Therapeutic Management by a Cationic Ruthenium-Based Nucleolipid
Nanosystem. Int. J. Mol. Sci. 2023, 24, 6473. [CrossRef]

Miniaci, M.C.; Irace, C.; Capuozzo, A.; Piccolo, M.; Di Pascale, A.; Russo, A.; Lippiello, P; Lepre, F.; Russo, G.; Santamaria, R.
Cysteine Prevents the Reduction in Keratin Synthesis Induced by Iron Deficiency in Human Keratinocytes. . Cell. Biochem. 2016,
117,402-412. [CrossRef]

Piccolo, M.; Misso, G.; Ferraro, M.G.; Riccardi, C.; Capuozzo, A.; Zarone, M.R.; Maione, F.; Trifuoggi, M.; Stiuso, P.; D’Errico, G.;
et al. Exploring Cellular Uptake, Accumulation and Mechanism of Action of a Cationic Ru-Based Nanosystem in Human
Preclinical Models of Breast Cancer. Sci. Rep. 2019, 9, 7006. [CrossRef] [PubMed]

Irace, C.; Misso, G.; Capuozzo, A.; Piccolo, M.; Riccardi, C.; Luchini, A.; Caraglia, M.; Paduano, L.; Montesarchio, D.; Santamaria, R.
Antiproliferative Effects of Ruthenium-Based Nucleolipidic Nanoaggregates in Human Models of Breast Cancer in Vitro: Insights
into Their Mode of Action. Sci. Rep. 2017, 7, 45236. [CrossRef] [PubMed]

Rajan, V.K.; Muraleedharan, K. A Computational Investigation on the Structure, Global Parameters and Antioxidant Capacity of
a Polyphenol, Gallic Acid. Food Chem. 2017, 220, 93-99. [CrossRef] [PubMed]

Pawlowska, A.M.; De Leo, M.; Braca, A. Phenolics of Arbutus unedo L. (Ericaceae) Fruits: Identification of Anthocyanins and
Gallic Acid Derivatives. J. Agric. Food Chem. 2006, 54, 10234-10238. [CrossRef] [PubMed]

Sheng, F.; Hu, B.; Jin, Q.; Wang, J.; Wu, C.; Luo, Z. The Analysis of Phenolic Compounds in Walnut Husk and Pellicle by
Uplec-q-Orbitrap Hrms and Hple. Molecules 2021, 26, 3013. [CrossRef]

Anton, D.; Bender, I.; Kaart, T.; Roasto, M.; Heinonen, M.; Luik, A.; Piissa, T. Changes in Polyphenols Contents and Antioxidant
Capacities of Organically and Conventionally Cultivated Tomato (Solanum lycopersicum L.) Fruits during Ripening. Int. J. Anal.
Chem. 2017, 2017, 2367453. [CrossRef] [PubMed]

Sinosaki, N.; Tonin, A.; Ribeiro, M.; Poliseli, C.; Roberto, S.; da Silveira, R.; Visentainer, J.; Santos, O.; Meurer, E. Structural Study
of Phenolic Acids by Triple Quadrupole Mass Spectrometry with Electrospray Ionization in Negative Mode and H/D Isotopic
Exchange. J. Braz. Chem. Soc. 2020, 31, 402—408. [CrossRef]

Rockenbach, LL; Jungfer, E.; Ritter, C.; Santiago-Schiibel, B.; Thiele, B.; Fett, R.; Galensa, R. Characterization of Flavan-3-Ols in
Seeds of Grape Pomace by CE, HPLC-DAD-MSn and LC-ESI-FTICR-MS. Food Res. Int. 2012, 48, 848-855. [CrossRef]
Vallverdd-Queralt, A.; Medina-Remén, A.; Martinez-Huélamo, M.; Jauregui, O.; Andres-Lacueva, C.; Lamuela-Raventos, R.M.
Phenolic Profile and Hydrophilic Antioxidant Capacity as Chemotaxonomic Markers of Tomato Varieties. J. Agric. Food Chem.
2011, 59, 3994-4001. [CrossRef]


https://doi.org/10.3389/fchem.2020.507887
https://www.ncbi.nlm.nih.gov/pubmed/33102442
https://doi.org/10.3390/foods12193707
https://doi.org/10.3390/antiox12030651
https://doi.org/10.1016/j.molliq.2023.123031
https://doi.org/10.1016/j.heliyon.2020.e04107
https://doi.org/10.1016/j.foodchem.2023.137863
https://www.ncbi.nlm.nih.gov/pubmed/37980871
https://doi.org/10.3390/antiox12020224
https://doi.org/10.3390/antiox11101933
https://www.ncbi.nlm.nih.gov/pubmed/36290654
https://doi.org/10.3390/ijms24076473
https://doi.org/10.1002/jcb.25286
https://doi.org/10.1038/s41598-019-43411-3
https://www.ncbi.nlm.nih.gov/pubmed/31065032
https://doi.org/10.1038/srep45236
https://www.ncbi.nlm.nih.gov/pubmed/28349991
https://doi.org/10.1016/j.foodchem.2016.09.178
https://www.ncbi.nlm.nih.gov/pubmed/27855941
https://doi.org/10.1021/jf062230o
https://www.ncbi.nlm.nih.gov/pubmed/17177565
https://doi.org/10.3390/molecules26103013
https://doi.org/10.1155/2017/2367453
https://www.ncbi.nlm.nih.gov/pubmed/28630627
https://doi.org/10.21577/0103-5053.20190197
https://doi.org/10.1016/j.foodres.2012.07.001
https://doi.org/10.1021/jf104400g

Antioxidants 2025, 14, 278 19 of 19

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Masike, K.; Mhlongo, M.I,; Mudau, S.P.; Nobela, O.; Ncube, E.N.; Tugizimana, F.; George, M.].; Madala, N.E. Highlighting Mass
Spectrometric Fragmentation Differences and Similarities between Hydroxycinnamoyl-Quinic Acids and Hydroxycinnamoyl-
Isocitric Acids. Chem. Cent. J. 2017, 11, 29. [CrossRef]

Ganhao, R; Estévez, M.; Kylli, P; Heinonen, M.; Morcuende, D. Characterization of Selected Wild Mediterranean Fruits and
Comparative Efficacy as Inhibitors of Oxidative Reactions in Emulsified Raw Pork Burger Patties. |. Agric. Food Chem. 2010,
58, 8854-8861. [CrossRef] [PubMed]

Kataoka, H. Pharmaceutical Analysis | Sample Preparation. In Encyclopedia of Analytical Science; Elsevier: Amsterdam, The
Netherlands, 2019; pp. 231-255. [CrossRef]

Singla, M.; Sit, N. Application of Ultrasound in Combination with Other Technologies in Food Processing: A Review. Ultrason.
Sonochem. 2021, 73, 105506. [CrossRef] [PubMed]

Wen, C.; Zhang, J.; Zhang, H.; Dzah, C.S.; Zandile, M.; Duan, Y.; Ma, H.; Luo, X. Advances in Ultrasound Assisted Extraction of
Bioactive Compounds from Cash Crops—A Review. Ultrason. Sonochem. 2018, 48, 538-549. [CrossRef] [PubMed]

Shen, L.; Pang, S.; Zhong, M.; Sun, Y.; Qayum, A.; Liu, Y.; Rashid, A.; Xu, B.; Liang, Q.; Ma, H.; et al. A Comprehensive
Review of Ultrasonic Assisted Extraction (UAE) for Bioactive Components: Principles, Advantages, Equipment, and Combined
Technologies. Ultrason. Sonochem. 2023, 101, 106646. [CrossRef]

Habachi, E.; Rebey, L.B.; Dakhlaoui, S.; Hammami, M.; Sawsen, S.; Msaada, K.; Merah, O.; Bourgou, S. Arbutus unedo: Innovative
Source of Antioxidant, Anti-Inflammatory and Anti-Tyrosinase Phenolics for Novel Cosmeceuticals. Cosmetics 2022, 9, 143.
[CrossRef]

Albuquerque, B.R.; Prieto, M. A.; Vazquez, ].A.; Barreiro, M.E,; Barros, L.; Ferreira, I.C.ER. Recovery of Bioactive Compounds
from Arbutus unedo L. Fruits: Comparative Optimization Study of Maceration/Microwave/Ultrasound Extraction Techniques.
Food Res. Int. 2018, 109, 455-471. [CrossRef] [PubMed]

El Cadi, H.; El Cadi, A.; Kounnoun, A.; Oulad El Majdoub, Y.; Palma Lovillo, M.; Brigui, J.; Dugo, P.; Mondello, L.; Cacciola, F.
Wild Strawberry (Arbutus unedo): Phytochemical Screening and Antioxidant Properties of Fruits Collected in Northern Morocco.
Arab. J. Chem. 2020, 13, 6299-6311. [CrossRef]

Sandoval-Cardenas, D.I; Feregrino-Pérez, A.A.; Favela-Camacho, S.E.; Arredondo-Ochoa, T.; Escamilla-Garcia, M.; Regalado, C.;
Amaro-Reyes, A. Potential Antioxidant Activity of Multienzymatically Hydrolyzed Corncob. Biologia 2022, 77, 803-813. [CrossRef]
Chaudhry, F; Ahmad, M.L.; Hayat, Z.; Ranjha, M.M.A.N.; Chaudhry, K.; Elboughdiri, N.; Asmari, M.; Uddin, ]J. Extraction
and Evaluation of the Antimicrobial Activity of Polyphenols from Banana Peels Employing Different Extraction Techniques.
Separations 2022, 9, 165. [CrossRef]

Abbasi-Parizad, P.; De Nisi, P.; Scaglia, B.; Scarafoni, A.; Pilu, S.; Adani, F. Recovery of Phenolic Compounds from Agro-Industrial
by-Products: Evaluating Antiradical Activities and Immunomodulatory Properties. Food Bioprod. Process. 2021, 127, 338-348.
[CrossRef]

Sanchez, W.F,; Murillo, E.; Jairo Méndez, J. Potencial Antioxidante de Residuos Agroindustriales de Tres Frutas de Alto Consumo
En El Tolima. Sci. Tech. 2010, XVII, 138-143.

Borja-Martinez, M.; Lozano-Sanchez, ].; Borrds-Linares, I.; Pedrefio, M. A.; Sabater-Jara, A.B. Revalorization of Broccoli By-Products
for Cosmetic Uses Using Supercritical Fluid Extraction. Antioxidants 2020, 9, 1195. [CrossRef]

Drouet, S.; Leclerc, E.A.; Garros, L.; Tungmunnithum, D.; Kabra, A.; Abbasi, B.H.; Lainé, E.; Hano, C. A Green Ultrasound-
Assisted Extraction Optimization of the Natural Antioxidant and Anti-Aging Flavonolignans from Milk Thistle Silybum marianum
(L.) Gaertn. Fruits for Cosmetic Applications. Antioxidants 2019, 8, 304. [CrossRef] [PubMed]

de Castro, T.L.A.; dos Santos, ].V.d.A.; de Oliveira, KM.P,; Cardoso, C.A.L. Peels of the Fruits of Campomanesia guazumifolia
(Cambess) O. Berg and Campomanesia sessiliflora (O. Berg) Mattos: Residues with Cosmetic and Food Potentials. Sustain. Chem.
Pharm. 2023, 35, 101198. [CrossRef]

Amelia, O.; Sailah, I.; Kartika, I.A.; Suparno, O.; Bindar, Y. Virgin Callpohyllum Oil as a Antioxidant Potential and Potential
Cosmetic Active Ingredient. S. Afr. ]. Bot. 2024, 165, 331-338. [CrossRef]

Silvestri, T.; Grumetto, L.; Neri, I.; De Falco, M.; Graziano, S.E; Damiano, S.; Giaquinto, D.; Maruccio, L.; de Girolamo, P;
Villapiano, F; et al. Investigating the Effect of Surface Hydrophilicity on the Destiny of PLGA-Poloxamer Nanoparticles in an In
Vivo Animal Model. Int. J. Mol. Sci. 2023, 24, 14523. [CrossRef]

Zhou, Y,; Jiang, Z.; Lu, H.; Xu, Z.; Tong, R.; Shi, |.; Jia, G. Recent Advances of Natural Polyphenols Activators for Keap1-Nrf2
Signaling Pathway. Chem. Biodivers. 2019, 16, €1900400. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1186/s13065-017-0262-8
https://doi.org/10.1021/jf101646y
https://www.ncbi.nlm.nih.gov/pubmed/20681673
https://doi.org/10.1016/B978-0-12-409547-2.14358-6
https://doi.org/10.1016/j.ultsonch.2021.105506
https://www.ncbi.nlm.nih.gov/pubmed/33714087
https://doi.org/10.1016/j.ultsonch.2018.07.018
https://www.ncbi.nlm.nih.gov/pubmed/30080583
https://doi.org/10.1016/j.ultsonch.2023.106646
https://doi.org/10.3390/cosmetics9060143
https://doi.org/10.1016/j.foodres.2018.04.061
https://www.ncbi.nlm.nih.gov/pubmed/29803472
https://doi.org/10.1016/j.arabjc.2020.05.022
https://doi.org/10.1007/s11756-021-00977-6
https://doi.org/10.3390/separations9070165
https://doi.org/10.1016/j.fbp.2021.03.015
https://doi.org/10.3390/antiox9121195
https://doi.org/10.3390/antiox8080304
https://www.ncbi.nlm.nih.gov/pubmed/31416140
https://doi.org/10.1016/j.scp.2023.101198
https://doi.org/10.1016/j.sajb.2023.12.025
https://doi.org/10.3390/ijms241914523
https://doi.org/10.1002/cbdv.201900400
https://www.ncbi.nlm.nih.gov/pubmed/31482617

	Introduction 
	Materials and Methods 
	Sample 
	Chemicals 
	Polyphenol Identification and Quantification 
	Qualitative Polyphenol Analysis by HPLC–DAD–HESI–MS/MS 
	Quantitative Polyphenol Analysis by HPLC–DAD–FLD 
	Total Polyphenol Content (TPC) 

	Antioxidant Activity 
	DPPH Assay 
	ABTS Assay 
	FRAP Assay 

	Preclinical Models of Human Skin 
	Cellular Responses to In Vitro Treatments 
	ROS Detection In Vitro 
	Statistical Analysis 

	Results and Discussion 
	Polyphenol Characterization of A. unedo L. Pomace 
	Qualitative Polyphenol Analysis 
	Quantitative Polyphenol Analysis 

	Total Polyphenol Content and Antioxidant Activity 
	Cell Responses to In Vitro Treatments 
	Antioxidant Activity In Vitro 

	Conclusions 
	Limitations 
	References

