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antioxidants

Editorial

Dietary and Cosmetic Antioxidants

Irene Dini

Department of Pharmacy, University of Naples Federico II, Via Domenico Montesano 49, 80131 Napoli, Italy;
irdini@unina.it

Spices, herbs, fruits, whole grains, vegetables, and sea organisms contain antioxidant
molecules that can scavenge free radicals and reduce their development, quenching the
reactive oxygen and nitrogen species [1]. Even agri-food waste can contain bioactive
compounds with antioxidant, anti-inflammatory, and antimicrobial activities [2], which
could be exploited to formulate natural and sustainable cosmetics; in this industry, the
skin’s well-being and environmental problems are two inextricably linked realities [3].

This Special Issue includes research articles and reviews addressing bioactive com-
pounds in food and organic waste with potential hydrating, protective, repairing, regener-
ating, and whitening effects on the skin and delivery systems capable of improving their
performance in cosmetics.

Dini reviewed the potential for nanotechnologies, in supplements and cosmetics
formulations, to enhance the performance of nutricosmeceutic products.

Gu et al. studied the potential for alginate–chitosan-coated nanoliposomes to improve
the bioavailability of bamboo leaf flavonoids. Moccia et al. investigated transfersomes’
efficacy as carriers of the ellagic acid obtained from a chestnut-wood mud industrial
byproduct. Dini and Mancusi reviewed the potential role of biopeptides as antimicrobial,
antioxidant, antiaging, and anti-inflammatory molecules. Kirindage et al. examined
the antioxidative and anti-inflammatory actions of fucosterol extracted from the brown
algae Sargassum horneri. Mansinhos et al. evaluated the whitening and sun-protective
potential of Thymus lotocephalus extracts. Gigliobianco et al. investigated pomegranate
and its waste products’ phenol components profile, cell viability, and antioxidant and
antibacterial activities. Yang et al. determined the possibility of developing cosmetic
materials with skin-whitening and anti-inflammatory functions using fermented maca root
extracts with Lactobacillus strains. Aiello et al. studied the effect of carnosine on UVA-
induced changes. Yang et al. investigated the ability of an enzyme (carbohydrase celluclast)
to improve the cosmeceutical potential of Ishige okamurae. Cardeira et al. evaluated the
potential anti-inflammatory and antimicrobial activity of protein-rich extracts from sardine
waste and codfish frames. Choi et al. assessed the skin-whitening action of the nomilin
extracted from discarded yuzu byproducts. Finally, Mahendra et al. reviewed the anti-
inflammatory, antioxidant, antibacterial, wound-healing, and skin-whitening potential of
Swietenia macrophylla.

The articles in this Special Issue confirm the strong potential of foods (vegetable
and animal) and organic waste as sources of bioactive compounds with a lightening,
moisturizing, and protective action on the skin and as preservatives to increase the shelf life
of cosmetics. They examine nanotechnologies to improve the bioavailability of bioactive
compounds, ensure their release at the site of action, cover their unpleasant taste, and
extend their expiry date. Nevertheless, the authors agree that there is a need for further
toxicology studies to guarantee consumer safety and for experimental research on the large-
scale recovery of bioactives from organic matrices before new cosmetics can be developed.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflicts of interest.

Antioxidants 2024, 13, 228. https://doi.org/10.3390/antiox13020228 https://www.mdpi.com/journal/antioxidants
1



Antioxidants 2024, 13, 228

List of Contributions:

1. Dini I. Contribution of Nanoscience Research in Antioxidants Delivery Used in Nutricosmetic
Sector. Antioxidants 2022, 11, 563. https://doi.org/10.3390/antiox11030563.

2. Gu, Y.; Zhao, Z.; Xue, F.; Zhang, Y. Alginate-Chitosan Coated Nanoliposomes as Effective Deliv-
ery Systems for Bamboo Leaf Flavonoids: Characterization, In Vitro Release, Skin Permeation
and Anti-Senescence Activity. Antioxidants 2022, 11, 1024. https://doi.org/10.3390/antiox11051
024.

3. Dini, I.; Mancusi, A. Food Peptides for the Nutricosmetic Industry. Antioxidants 2023, 12, 788.
https://doi.org/10.3390/antiox12040788.

4. Kirindage, K.G.I.S.; Jayasinghe, A.M.K.; Han, E.-J.; Jee, Y.; Kim, H.-J.; Do, S.G.; Fernando,
I.P.S.; Ahn, G. Fucosterol Isolated from Dietary Brown Alga Sargassum horneri Protects TNF-
α/IFN-γ-Stimulated Human Dermal Fibroblasts Via Regulating Nrf2/HO-1 and NF-κB/MAPK
Pathways. Antioxidants 2022, 11, 1429. https://doi.org/10.3390/antiox11081429.

5. Moccia, F.; Liberti, D.; Giovando, S.; Caddeo, C.; Monti, D.M.; Panzella, L.; Napolitano, A. Chest-
nut Wood Mud as a Source of Ellagic Acid for Dermo-Cosmetic Applications. Antioxidants 2022,
11, 1681. https://doi.org/10.3390/antiox11091681.

6. Mansinhos, I.; Gonçalves, S.; Rodríguez-Solana, R.; Duarte, H.; Ordóñez-Díaz, J.L.; Moreno-
Rojas, J.M.; Romano, A. Response of Thymus lotocephalus In Vitro Cultures to Drought Stress
and Role of Green Extracts in Cosmetics. Antioxidants 2022, 11, 1475. https://doi.org/10.3390/
antiox11081475.

7. Gigliobianco, M.R.; Cortese, M.; Nannini, S.; Di Nicolantonio, L.; Peregrina, D.V.; Lupidi, G.;
Vitali, L.A.; Bocchietto, E.; Di Martino, P.; Censi, R. Chemical, Antioxidant, and Antimicrobial
Properties of the Peel and Male Flower By-Products of Four Varieties of Punica granatum L.
Cultivated in the Marche Region for Their Use in Cosmetic Products. Antioxidants 2022, 11, 768.
https://doi.org/10.3390/antiox11040768.

8. Yang, J.; Cho, H.; Gil, M.; Kim, K.E. Anti-Inflammation and Anti-Melanogenic Effects of
Maca Root Extracts Fermented Using Lactobacillus Strains. Antioxidants 2023, 12, 798. https:
//doi.org/10.3390/antiox12040798.

9. Aiello, G.; Rescigno, F.; Meloni, M.; Zoanni, B.; Aldini, G.; Carini, M.; D’Amato, A. The Effect
of Carnosine on UVA-Induced Changes in Intracellular Signaling of Human Skin Fibroblast
Spheroids. Antioxidants 2023, 12, 300. https://doi.org/10.3390/antiox12020300.

10. Yang, F.; Hyun, J.; Nagahawatta, D.P.; Kim, Y.M.; Heo, M.-S.; Jeon, Y.-J. Cosmeceutical Effects of
Ishige okamurae Celluclast Extract. Antioxidants 2022, 11, 2442. https://doi.org/10.3390/antiox1
1122442.

11. Cardeira, M.; Bernardo, A.; Leonardo, I.C.; Gaspar, F.B.; Marques, M.; Melgosa, R.; Paiva,
A.; Simões, P.; Fernández, N.; Serra, A.T. Cosmeceutical Potential of Extracts Derived from
Fishery Industry Residues: Sardine Wastes and Codfish Frames. Antioxidants 2022, 11, 1925.
https://doi.org/10.3390/antiox11101925.

12. Choi, M.-H.; Yang, S.-H.; Kim, N.D.; Shin, H.-J. Nomilin from Yuzu Seed Has In Vitro An-
tioxidant Activity and Downregulates Melanogenesis in B16F10 Melanoma Cells through the
PKA/CREB Signaling Pathway. Antioxidants 2022, 11, 1636. https://doi.org/10.3390/antiox110
91636.

13. Mahendra, C.K.; Goh, K.W.; Ming, L.C.; Zengin, G.; Low, L.E.; Ser, H.-L.; Goh, B.H. The
Prospects of Swietenia macrophylla King in Skin Care. Antioxidants 2022, 11, 913. https://doi.
org/10.3390/antiox11050913.

References

1. Dini, I. An overview of functional beverages. In Functional and Medicinal Beverages; Grumezescu, A.M., Holban, A.M., Eds.;
Academic Press: Cambridge, MA, USA, 2019; Volume 11, pp. 1–40.

2. Singh, N.; Yadav, S.S. A review on health benefits of phenolics derived from dietary spices. Curr. Res. Food Sci. 2022, 5, 1508–1523.
[CrossRef] [PubMed]

3. Fonseca, S.; Amaral, M.N.; Reis, C.P.; Custódio, L. Marine Natural Products as Innovative Cosmetic Ingredients. Mar. Drugs 2023,
21, 170. [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.

2



Citation: Dini, I. Contribution of

Nanoscience Research in Antioxidants

Delivery Used in Nutricosmetic Sector.

Antioxidants 2022, 11, 563.

https://doi.org

/10.3390/antiox11030563

Academic Editor: Stanley Omaye

Received: 22 February 2022

Accepted: 15 March 2022

Published: 16 March 2022

Copyright: © 2022 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

antioxidants

Review

Contribution of Nanoscience Research in Antioxidants Delivery
Used in Nutricosmetic Sector

Irene Dini

Pharmacy Department, “Federico II” University, Via D. Montesano, 49, 80131 Naples, Italy; irdini@unina.it

Abstract: Nanoscience applications in the food and cosmetic industry offer many potential benefits
for consumers and society. Nanotechnologies permit the manipulation of matter at the nanoscale
level, resulting in new properties and characteristics useful in food and cosmetic production, pro-
cessing, packaging, and storage. Nanotechnology protects sensitive bioactive compounds, improves
their bioavailability and water solubility, guarantees their release at a site of action, avoids contact
with other constituents, and masks unpleasant taste. Biopolymeric nanoparticles, nanofibers, na-
noemulsions, nanocapsules, and colloids are delivery systems used to produce food supplements
and cosmetics. There are no barriers to nanoscience applications in food supplements and cosmetic
industries, although the toxicity of nano-sized delivery systems is not clear. The physicochemical and
toxicological characterization of nanoscale delivery systems used by the nutricosmeceutic industry is
reviewed in this work.

Keywords: nanotechnology; nutraceutic; nutricosmetic; nanoceutic; phytochemical delivery;
nanoemulsion; polymeric nanoparticles; edible nanocoating; nanocosmeceuticals

1. Introduction

Nutricosmetics is a new sector of cosmetics that aims to optimize the use of cosmetic
products and food supplements such as micronutrients (minerals, vitamins), macronutri-
ents (peptides, essential fatty acids), and botanicals (herbal and fruit extracts) to nourish
the skin and reduce skin aging through an integrated “In and Out” approach [1–5]. By
2030, the world’s population over 60 years will grow to 1.4 billion [6], so it is reasonable
to assume that the number of people who will buy cosmetics in hopes of maintaining a
youthful appearance will grow in the coming years. In this scenario, nutricosmetic products
should find a large market as they are natural products, improve health, and are considered
free of side effects. The skin is the first line of defense between our body and the world [7].
It maintains the balance of liquids by binding water, preventing its loss, and promoting per-
spiration. The skin is subjected to multiple stressors that lead to premature skin aging. Free
radicals produced by air pollution, cold, and UV rays induce inflammatory processes and
accelerate skin aging by altering our body’s DNA, lipids, and proteins [8]. Sportswear can
produce dryness and irritable skin, increasing friction. Frequent showers and detergents
modify the hydrolipidic film and the ability to regulate liquids and the skin’s elasticity.
The nutricosmetic approach repairs the skin barrier [9], improves skin hydration, fights
inflammation, and protects the skin from damage caused by the sun’s rays, combining food
supplements that intervene from the inside with cosmetic products for topical use, which
interfere from the outside [10]. Nanotechnological systems are enjoying great success in the
food and cosmetic fields. In recent years, new delivery systems for bioactive compounds
have been investigated. The purpose of this work is to review the physicochemical and
toxicological impact of nanoscale delivery systems used by the nutricosmeceutic industry.

2. Nanocosmetics and Nanonutraceuticals Delivery Systems

Nanochemicals are formulations containing nanotechnology as delivery systems to
improve the bioactive components’ performance [11–13]. REACH (Registration, Evaluation,

Antioxidants 2022, 11, 563. https://doi.org/10.3390/antiox11030563 https://www.mdpi.com/journal/antioxidants
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Authorisation, and Restriction of Chemicals) regulates the exposure and hazards of
nanochemicals [14].

Nanocosmetics is the cosmetic field where nanomaterials/nanoparticles are used to
develop cosmetic products. The international guidelines (EC Regulation 1223/2009) that
guarantee the protection and safety of cosmetic products defined nanomaterials as only
the “material insoluble or bio-persistent (e.g., metal oxides, metals, etc.) and intentionally
manufactured with one or more external dimensions, or an internal structure, on the scale
from 1 to 100 nm”, excluding materials that are soluble, degradable, and/or non-persistent
in biological systems (e.g., liposomes, plant-derived vesicles, emulsions, etc.) [15].

Nanonutraceuticals are nanotechnology delivery systems used to improve the perfor-
mance of bioactive components in foods, including food supplements. An edible delivery
system must be realized with GRAS (Generally Recognized as Safe) ingredients by using
processing operations that conform to good manufacturing practices. It must have a high
loading capacity, encapsulation efficiency, and retention efficiency. It must have the capac-
ity to protect chemically labile encapsulated compounds from chemical degradation (e.g.,
oxidative degradation) [16]. It must be compatible with the food or beverage matrix that
it will be incorporated into, without causing any adverse effects on product appearance,
texture, mouthfeel, flavor, or shelf-life [17]. It must be resistant to environmental stresses
during production, storage, transport, and utilization (e.g., thermal processing, light expo-
sure, mechanical agitation, chilling, freezing, or dehydration) [17]. It must be designed to
control the release and/or absorption of the bioactive lipophilic component of a particular
site within the gastrointestinal tract, such as the mouth, stomach, small intestine, or large
intestine [17].

In the nutricosmetic field, nanotechnology is used to prepare sunscreens, barrier
creams, antiacne, moisturizers, antiaging, antioxidants, hair, nails, lip, and skin cosmetics.
The industry has created many nanoscale delivery systems that transport each bioac-
tive based on its nature (lipophilic and hydrophilic) and chemical–physical properties.
Nanostructures may have one-dimension, two-dimensions (e.g., nanotubes), or three di-
mensions (nanoparticles) at the nanometer level [18]. Nanostructures that protect and
deliver lipophilic compounds include simple oil in water (O/W) emulsions, water-in-oil-in-
water (W/O/W) double emulsions, capsules, liposomes, and colloidosomes. The systems
able to protect and deliver hydrophilic bioactive components are gelled networks (hydro-
gels), gel particles/fluid gels (gelled nanoparticulates), water in oil emulsions (W/O), and
protein–polysaccharide structures (self-assembled structures).

2.1. Nanodispersions
2.1.1. Nanoemulsions

Nanoemulsions (also known as miniemulsions or submicron emulsions) are metastable
colloidal dispersions with average droplet radii ranging from 10 to 100 nm. They can be
made to be highly viscous or gel-like. They are optically transparent, since their small di-
mensions disperse light waves imperceptibly [19]. Two types of nanoemulsions exist: O/W
(oil/water) able to encapsulate, protect, and deliver hydrophobic functional components
such as lipophilic vitamins (e.g., β-carotene), omega-3, and nutraceutical (e.g., plant sterols,
carotenoids, etc.) essential oils; and W/O (water/oil) used to encapsulate water-soluble
active agents such as polyphenols, emulsifiers (phospholipids, Tweens, proteins), texture
modifiers (pectin, sodium alginate, carrageenan), and preservatives (parabens) [20]. One or
more emulsifiers is used to decrease the energy required to form smaller droplets, reduce
the interfacial tension, and prevent or slow down the aggregation of particles of the dis-
persed phase by increasing repulsion forces between them [21]. Examples of food-grade
emulsifiers are proteins and polysaccharides [22]. The silicone oil-in-water nanoemulsions
are used to enhance the silicone oil deposition on the hair surface to preserve the moisture
and lubrication of hair [23]. The droplet size depends on the approach, the operating con-
ditions (e.g., energy intensity, time, and temperature), and the system’s composition (e.g.,
interfacial tension and viscosity). Nanoemulsions may be formed using either high or low
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energy (phase inversion and spontaneous phase separation) techniques. The high-energy
approaches employ homogenizers, microfluidizers, and sonicators [24]. The low energy
methods (physicochemical approaches) are PIT (phase inversion temperature), PIC (phase
inversion composition), and spontaneous emulsification.

In the cosmetic field, nanoemulsions are used to increase the delivery of active com-
pounds in the skin, avoid cream in fluid products, and maintain the transparency and gloss
after spreading [25]. Examples are O/W nanoemulsions containing Opuntia ficus indica (L.)
extract used as moisturizing agents [26], nanoemulsions containing hydroalcoholic extracts
of Vellozia squamata leaves employed as antiaging agents [27], and pomegranate seed oil
nanoemulsions prepared to enhance antioxidant activities in the skin and to protect against
photodamage [28].

Resveratrol is encapsulated in nanoemulsions in food supplements to protect it from
UV exposure [29].

(1) The high-energy methods used to produce nanoemulsions

The high-energy methods are high-pressure homogenization, microfluidification,
and sonication.

High-pressure homogenization (HPH) is a purely mechanical process induced by
forcing a fluidic product through the homogenizing nozzle at high pressure (150–200 MPa,
or 350–400 MPa for ultra-high-pressure homogenization (UHPH)) [30]. HPH is used to
make O/W liquid nanoemulsion in which the oil phase is less than 20%. It can decrease
the polydispersity of oil droplets and the droplet size [31]. It is inappropriate to formulate
creamy or high viscosity nanoemulsions whose droplet diameters are below 200 nm [32].
Tiny oil droplets of an extract of jackfruit, obtained by HPH at 800 bar, were used to
formulate a cream with low viscosity and high stability [33].

The microfluidizer works on the principle of pressurized stream. It uses a pump to
force a coarse emulsion pre-mix through a narrow orifice at high pressures to facilitate
droplet disruption. The channel is designed to split the coarse emulsion into two streams
made to impinge on each other at high velocity in an interaction chamber [34]. Smaller
emulsions can be made by enhancing the pressure up to ~700 MPa [35]. It produces smaller
and narrower particle sizes of nanoemulsions than the HPH [36].

Sonication is a process in which sound waves (high-intensity ultrasonic wave fre-
quency >20 kHz) are used to agitate particles in solution. Such disruptions can be used
to form emulsions containing very fine droplets, mix solutions, and speed the dissolution
of a solid into a liquid. A nanoemulsion containing avocado oil droplets obtained by the
ultrasonication technique was used by Silva et al. (2013) to formulate a sun protector [37].

(2) Low-energy methods used to produce nanoemulsions

Low energy methods are based on the spontaneous dissolution of hydrophobic sub-
stances (oil, lipophilic surfactant, and water-miscible solvent) in an organic solvent, which
is further emulsified with an aqueous solution (hydrophilic surfactant and water) [38].

In the PIT method, the nanoemulsions are spontaneously made by changing the
temperature profile of the components. Low interfacial tensions (102–105 mNm−1) are
used to promote the emulsification process [39].

In the PIC method, a phase inversion occurs when the continuous phase is mixed
over the component that will make the dispersed phase, and the chemical energy from the
reaction of the components forms a fine dispersion [40].

The spontaneous emulsification is obtained, putting a lipid phase containing the
surfactant in the aqueous phase under nonstop magnetic stirring and removing the aqueous
phase under reduced pressure [41].

Low-energy methods were used to make a micellar formulation based on an extract of
Vellozia squamata with antioxidant properties [27].
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2.1.2. Nano-Double Emulsions

The double emulsions are compartmentalized liquid dispersions in which the droplets
of the dispersed phase contain smaller droplets of similar composition (but not necessarily
identical) as the continuous phase. The double emulsion structures can be water-in-oil-
in-water (W/O/W) or oil-in-water-in-oil (O/W/O). Concerning the W/O/W type, the
three distinct phases consist of internal water droplets dispersed in an oil phase, then
enclosed in a continuous water phase. An emulsifier with low interfacial tension stabilizes
the interface between two immiscible liquids. The W/O/W emulsions can carry both polar
and nonpolar bioactive compounds. They are used as a delivery system of flavors, phyto-
chemicals, probiotics, hydrophilic (i.e., water-soluble vitamins, minerals), and hydrophobic
(i.e., polyunsaturated fatty acids) nutrients [42,43]. Finally, the multiple emulsions O/W/O
and W/O/W are used to separate two aqueous phase components that might adversely
react with each other if they were present in the same aqueous phase and to protect and
to release an aqueous phase component locked in the inner phase to an exact site, such
as the mouth, stomach, or small intestine. Recently, an anti-pollution cosmetic containing
D-biotin based on a W/O/W multiple emulsion was formulated for skin protection by Ali
et al. [44].

(1) Methods used to produce W/O/W nanoemulsions

• Bulk emulsification methods
W/O/W nanoemulsions are produced using a two-step emulsifying pro-

cess. The first step creates the smallest possible internal droplets (water-in-oil
emulsion) by high shear conditions. The second step is carried out under lower
energetic conditions to prevent rupture of the primary emulsion. It consists in
dispersing and emulsifying the mixture in water, using a combination of surfac-
tants and shear to create a stable, aqueous emulsion. Two types of surfactants
are needed: a low hydrophilic–lipophilic balance (HLB) for the interface be-
tween the interior water droplet and the encompassing oil droplet; and a high
HLB for the interface between the oil droplet and continuous water phase [45].
The multiple emulsions are thermodynamic unstable. Biopolymers are used
to minimize the leakage of the encapsulates from the internal aqueous phase,
flocculation of the droplets, or phase separation during processing and storage
of the Pickering particles. Biopolymers such as gelatin, caseinate, whey protein,
bean protein, gum acacia, xanthan gum, and gelled starch stabilize the droplets
in the internal phase of W/O/W food emulsions. Instead, polysaccharides such
as carrageenan, locust bean gum, xanthan gum, pectin, gum arabic, whey protein
isolate, sodium caseinate, egg white powder, and microcrystalline cellulose are
utilized to stabilize the droplets of secondary emulsions [46]. Other stabilizers
used are texture modifier sugars (e.g., sucrose, HFCS), polyols (e.g., glycerol, sor-
bitol), polysaccharides (e.g., xanthan, pectin, carrageenan, alginate), and proteins
(e.g., whey protein isolate, gelatin); weighting agents such as dense lipophilic
materials (e.g., brominated vegetable oil, sucrose acetate isobutyrate, ester gums);
and ripening retarder such as lipophilic materials with very low water-solubility
(e.g., ester gums) [47,48]. The W/O/W double Pickering emulsions containing
silica particles and carboxymethyl cellulose as stabilizers were used in polymer
particles with closed-cell porous and uniform size [49].

A phase-inversion method was optimized to create a multicore W/O/W
nanoemulsion for dermal delivery of acyclovir [49].

• Microfluidic techniques
The microfluidic device’s technology is proposed to produce a double emul-

sion as an alternate and versatile route. Capillary microfluidic devices consist of
coaxial assemblies of glass capillaries on glass slides. One of the advantages of
these devices is that their irritability can be easily and precisely controlled by a
surface reaction with an appropriate surface modifier. In contrast to bulk emul-
sification methods, the emulsion in a microfluidic device is made by precisely
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fabricating one drop at a time. This process results in a highly monodispersed
emulsion. One of the most attractive features of microfluidic techniques is that
they enable the fabrication of double, triple, and even higher-order emulsions.
The size and number of the encapsulated droplets can be manipulated (droplet
sizes from 2 μm to 250 μm in diameter). Hydrophilic and hydrophobic surfaces,
as well as surfactants, stabilize the two-fluid interfaces, extending manufactured
products’ stability. The flowing conditions can control the dispersity and size
of droplets. The productivity is limited [50]. Lee et al. prepared a W/O/W
double Pickering emulsion by a capillary microfluidic device in which the ellip-
soidal double emulsion droplet formed a peanut-like colloidosome, enhancing
the number of inner droplets [51].

2.1.3. Association Colloids

The association colloids such as surfactant micelles, vesicles, bilayers, reverse micelles,
and liquid crystals are stable micro heterogeneous systems (dimension range of 5 to 100 nm)
in which the particles of the dispersed colloidal phase are typically transparent solutions.
They are formed by molecules or ions dissolved in the dispersion medium containing small
polar, nonpolar, and/or amphiphilic functional particles.

The micelles are relatively simple spherical or rod-like structures that consist of a
phospholipid double layer. The encapsulation in O/W micelles allows for the inclusion of
lipophilic compounds into aqueous systems. The encapsulation of compounds in W/O
nanoemulsions or reversed micelles introduces hydrophilic compounds into a lipophilic
environment. Their formation is spontaneous (thermodynamically favorable), and it is
determined by the hydrophobic effect obtained by reducing the contact area between the
nonpolar groups of the surfactant and water. The temperature, ionic strength, pH, and
concentration and molecular characteristics of the surfactant and cosurfactant affect the
type of colloid formed. Colloidal delivery systems can be classified into self-assembled
molecules, solid-in-liquid, and liquid-in-liquid dispersions. The bioactive compounds can
be incorporated as a solution (soluble form) or dispersion (insoluble form). The chemical
reactivity of the soluble component increases its absorption, bio-accessibility, and taste
characteristics [52]. Recent advances showed the utility of using colloids (lipid-origin
carriers and nanoemulsion) as photosensitive nanocarriers in cosmetic formulations [53].

2.2. Nanoparticles

Nanoparticles are colloidal-sized particles composed of polymers with diameters rang-
ing from 10 to 1000 nm. They are grouped into solid lipid nanoparticles, polymeric nanopar-
ticles, ceramic nanoparticles, hydrogel nanoparticles, copolymerized peptide nanoparticles,
nanocrystals and nanosuspensions, nanotubes and nanowires, functionalized nanocarriers,
nanospheres, and nanocapsules [54].

The nanoparticle delivery systems improve skin penetration, release, and surface
functionalization of active compounds. They may contain metallic ions. Metallic nanoparti-
cles, which contain iron oxide, gold, silver, gadolinium, and nickel, are used to formulate
cosmetics, sunscreens, and personal care products [54]. For example, sunscreens containing
ZnO or TiO2 nanoparticles are more transparent than micron-sized formulations [55]. It was
shown that the safranal-nanoparticles (solid–lipid nanoparticles) improve sun screening
activity in the range of 103–230 nm [56]. Nail paints having nanoparticles enhance mar
resistance, toughness, and impact resistance of the mammalian nails [57].

In nutraceutical preparations (including food supplements), nanoparticles are used
to improve the bioaccessibility of resveratrol [58] and folic acid [59] and the antioxidant
properties of bioactive compounds [60].

Methods Used to Produce Nanoparticles

(1) Desolvation
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Desolvation is a thermodynamically driven, self-assembly process for polymeric
materials. The addition of desolvating agents (i.e., salts, ethanol, acetone) separates and
coacervates the polymeric molecules in the aqueous phase. The self-assembly of the
polymer molecules occurs with electrostatic interactions, since the overall free energy in
the system is minimized during desolvation. The polymeric molecules form particles of
different shapes and sizes depending on the preparation conditions. A balance between
attractive and repulsive forces is necessary for fabricating particles of an appropriate size.
The suppression and expression of hydrophobic interactions provide a way to control the
size of polymeric particles during desolvation [61].

Duclairoir et al. made nanoparticles based on gliadins with vitamin E to improve the
interaction between vitamin E and epidermal keratin [62].

(2) Electrospray drying technique

A syringe pump slowly injects a conducting liquid through a needle on which an
electrical potential is applied. The electric stress accelerates the liquid away from the needle.
The nanoparticles are produced when the solvent is evaporated [63].

Zaeim et al. used the electrospray technique to encapsulate probiotics and showed
that the acacia gum concentration affects the viscosity, and the concentration of Tween-80
affects the form of the particles [64].

2.3. Nanocapsules

Nanoencapsulation is a technology used to package flavoring agents (e.g., sweeteners,
seasonings, spices, essential oils), food acids and bases (e.g., citric acid, sodium bicarbonate),
lipids (e.g., vegetable oils, milk fat), food additives (e.g., preservatives, pigments), minerals
(e.g., calcium and iron salts), vitamins (e.g., carotene), colors, omega-3 oils, phytochemicals,
and probiotic bacteria. The industry produces single-core and multiple-core nanocapsules.
Single-core nanocapsules have high core loading (e.g., 90% of the total capsule weight).
They are obtained by complex coacervation, fluidized bed drying, droplet coextrusion, and
molecular inclusion. The storage stability is obtained using high-pressure homogenization
and/or a surfactant.

In cosmetics, nanocapsules are employed in antiaging and moisturizing creams [65].
They can be applied to the skin or incorporated in semisolid formulations. After topical
application on the skin, nanocapsules create a thin film with water evanescence responsible
for the long-term delivery and increased storage capacity of the bioactive compound [65].
The most used biodegradable polymers in skincare formulations are aliphatic polyesters
(i.e., poly(ε-caprolactone) (PCL) and poly(lactic acid) (PLA)), the chitin a polysaccharide
found in the exoskeleton of crustaceans and insects, the gelatin which consists of a mixture
of high molecular weight proteins, and the hyaluronic acid [66]. The multiple core nanocap-
sules are principally produced by spray drying, the core material is dispersed throughout
the wall material, and the central area is occupied by the void resulting from the expansion
of particles during the later drying stages.

Examples of nano-capsular vehicles for nutraceuticals are casein micelles used to
deliver calcium phosphate and protein, stabilize hydrophobic substances, and enrich non-
fat or low-fat food products; and poly(lactide-co-glycolide) micelles employed to carrier
essential oils [67].

Nanoencapsulation Techniques

The nanoencapsulation techniques can be used to encapsulate hydrophilic and lipophilic
bioactive compounds. Top-down and bottom-up approaches are employed to
make nanoparticles.

The top-down approach is a mechanical process that uses shear or particle collisions
as the energy source to break down larger entities into smaller aggregates [68].

The bottom-up (or self-assembly method) uses chemical or physical forces operating
at the nanoscale to assemble lipids and proteins into larger structures. The pH, temperature,
concentration, and ionic strength affect the process [68]. The emulsification, coacervation,
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and supercritical fluid techniques are used to encapsulate the hydrophilic and lipophilic
compounds. The inclusion complexation, emulsification–solvent evaporation, and nano-
precipitation techniques are mainly used for lipophilic compounds [68].

Both top-down and bottom-up approaches have been utilized to deliver carotenoids
in food and cosmetic formulations [69].

(1) Emulsification Technique

Emulsion technology is applied to encapsulate bioactive compounds in aqueous
solutions. Nanoemulsions are made using high-energy emulsification methods. They
possess high kinetic stability due to tiny emulsion droplet sizes. Nanoemulsions can either
be used directly in the liquid state or be dried to powder form using drying techniques
such as spray drying and freeze-drying after emulsification [70].

(2) Emulsification–solvent evaporation

In the solvent evaporation process, the polymer is dissolved in a suitable water-
immiscible solvent, and the supplement or the nutrient is dispersed or dissolved in this
polymeric solution. The organic solvent diffuses into the aqueous phase and evaporates at
the water/air interface. The solution or dispersion is emulsified in a continuous aqueous
phase to form the droplets. The nanospheres can be obtained after filtration and drying [70].

(3) Supercritical fluid technique

Supercritical fluids are used for the encapsulation of thermally sensitive compounds.
This technique employs low critical temperature and low organic solvent levels. The
bioactive compound and the polymer are solubilized in a supercritical fluid. The solu-
tion is expanded through a nozzle, the supercritical fluid is evaporated in the spraying
process, and solute particles are precipitated. The most common processing techniques
involving supercritical fluids are supercritical antisolvent (SAS) and rapid expansion of
critical solution (RESS). The process of SAS uses a liquid solvent to dissolve the solute (e.g.,
methanol) utterly miscible with the supercritical fluid and a supercritical fluid. The CO2 is
the most widely used supercritical fluid because of its mild critical conditions (Tc = 31.1 ◦C,
Pc = 73.8 bars), nontoxicity, nonflammability, and low price. The extract of the liquid sol-
vent by supercritical fluid leads to the instantaneous precipitation of the solute (the solute
is insoluble in the supercritical fluid), resulting in the formation of nanoparticles. The RESS
differs from the SAS process because its solute is dissolved in a supercritical fluid (such as
supercritical methanol), and the solution rapidly expands through a small nozzle into a
region at lower pressure. In this procedure, the precipitate is solvent-free [71]. Dai et al.
used nanoparticles containing curcumin in zein–lecithin composite obtained by antisolvent
coprecipitation to improve the stability of curcumin against UV, thermal treatment, and
high ionic strength [72].

(4) Complex coacervation

Complex coacervation is a spontaneous phase separation process involving two liquid
phases (acetone or ethanol) in colloidal systems, which results from the interaction of two
oppositely charged polyelectrolytes upon mixing in an aqueous protein solution. The
formation of coacervates depends on the substrates, pH, temperature, molecular weight,
ionic strength, and polyelectrolyte concentration and are limited by the addition of a
crosslinking agent, such as glutaraldehyde. There are simple and complex coacervation
methods. In simple coacervation, a solute phase is moved to the coacervation phase
by changing the temperature, ionic strength, molecular weight, pH, and electrostatic
interaction. Complex coacervation is obtained by mixing two ions of opposite charge into
two immiscible liquid phases. The electrostatic interactions control the structure during the
synthesis. The coacervation methods use a cationic (e.g., calcium chloride) or polyanionic
(e.g., sodium tripolyphosphate) counter-ion, and a biodegradable hydrophilic polymer
(e.g., chitosan, sodium alginate, and gelatin) [73] with a positive or negative charge in
which the bioactive component is included. A polymer is added that allows polyelectrolyte
complexation and nanocapsule formation [74].
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Polysaccharide–protein complexes are used as carriers for encapsulating active com-
pounds in supplement and cosmetic formulations. Coacervation is used to encapsulate
polyphenols and essential oils [75].

(5) Inclusion complexation

Inclusion complexation encapsulates a supra-molecular association of a ligand (en-
capsulated ingredient) into a cavity-bearing substrate (shell material) through hydrogen
bonding, van der Waals forces, or an entropy-driven hydrophobic effect. Inclusion com-
plexation is used for lipophilic molecules (i.e., essential oils and vitamins) [76]. Only a
few particular molecular compounds, such as β-cyclodextrin and β-lactogloglobulin, are
suitable for encapsulation through this method [77].

Scalia et al. used this technique to produce a sunscreen entrapping 2-ethyl-hexyl-p-
dimethylaminobenzoate-DMAB into the hydroxypropyl-β-cyclodextrin cavity to improve
its photostability [78].

(6) Nanoprecipitation

The nanoprecipitation method is also called solvent displacement. This method is used
to encapsulate lipophilic compounds. It yields stable aqueous suspensions of nanoparticles
of about 300–320 nm based on the spontaneous emulsification of water [79].

Jummes et al. formulated poly-ε-caprolactone nanoparticles loaded with Cymbopogon
martinii essential oil to use as antioxidants in the cosmetic field [80].

2.4. Nanohydrogels

Hydrogels are hydrated polymer gels formed by three-dimensional macromolecular
networks that swell but do not dissolve in water. They are obtained from natural polysaccha-
rides such as dextran, pullulan, or cholesterol-containing polysaccharide. Nanohydrogels
have tiny dimensions, usually 20–30 nm. The reduced size of nanohydrogels enables
the dispersion of water-insoluble additives (e.g., flavors, colors, and preservatives) [81].
Nanohydrogels can be produced either by physical or chemical gelation. The physical
hydrogels (also called “reversible” or “pseudo” gels, physical nanohydrogels) exhibit high
water sensitivity (degrade and even disintegrate entirely in water) and thermo-reversibility
(melt to a polymer solution when exposed to heat) [82]. The chemical nanohydrogels
(also called “irreversible” or “permanent” gels) are networks of polymer chains covalently
linked at strategic connection sites. The chemical nanohydrogels neither disintegrate nor
dissolve in an aqueous solution and have viscoelastic properties. They act as foaming and
emulsifying agents.

Protein–polysaccharide nanohydrogels are used to encapsulate hydrophobic nutraceu-
ticals [82]. A protein-based nanohydrogel was proposed by Bourbon et al. to encapsulate
lipophilic compounds such as curcumin and hydrophilic compounds such as caffeine [83].

2.5. Solid Lipid Nanocarriers (SLNs) and Lipid Nanocarriers (NLCs)

SLNs are prepared from solid lipids (e.g., glyceryl behenate, stearic triglyceride, acetyl
palmitate, and glycerol tripalmitate), while NLCs are composed of solid and a tiny amount
of liquid lipids. Generally, biomolecules are incorporated between the fatty acid chains,
lipid layers, or amorphous clusters. Both the SLNs and NLCs are stabilized by surfactants
and can improve the bioavailability of highly lipophilic molecules. They are valuable in
preparing the topical and transdermal application of poorly water-soluble and/or unstable
compounds [84]. SLNs have a skin hydration effect and enhance the penetration through
the stratum corneum since the surfactant(s) act as a permeation enhancer. NLCs have
higher loading capacity and physicochemical stability during storage than SLNs [85,86].
Neem oil–solid lipid nanoparticles are formulated to be antibacterial on acne microbes [87].
Tretinoin- and behenate solid lipid nanoparticle-based gels have been made to reduce skin
irritation and improve occlusive effects in cosmetic preparations for treating acne [88].
Solid lipid nanoparticles and nanostructured lipid carriers containing ascorbyl palmitate
are utilized to improve moisturizing effects [89].
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Lipid nano-delivery systems containing genistein, resveratrol, curcumin, quercetin,
and epigallocatechin-3-gallate modulate chronic inflammation, oxidative stress, and aging-
associated disorders [90]. Nano-lipoidal carriers of isotretinoin are used in cosmetics to
combat aging [91].

Many techniques are used to make SLNs and NLCs. In some instances, different meth-
ods are employed together to prepare the nanoparticles. The high-pressure homogenization
(HPH) and microemulsion techniques are the most used [84].

2.6. Nanoliposomes

Liposomes are spherical colloidal structures (0.05–5 μm) created with one or more lipid
bilayers, (phospholipids, such as lecithin) by supplying energy (by sonication, homogeniza-
tion, heating, etc.), which contain an aqueous solution in the core. Stabilizing agents, such as
sterols (e.g., cholesterol), are used to increase liposomes’ stability. A significant advantage
of nanoliposomes is that they can simultaneously incorporate and release two materials
with different solubilities (bifunctional liposomes). They can be utilized in the entrapment,
delivery, and release of water-soluble and lipid-soluble functional components such as
peptides, enzymes, vitamins, and flavors. Nanoliposomes can be made by supercritical
fluid (CO2), high-pressure homogenization, and micro fluidization techniques [92].

In cosmetic products, nanoliposomes are used to formulate antiaging creams, sun
lotions, moisturizers, lipsticks, treatment of hair loss, and facial beauty masks [12]. Tan et al.
showed that lutein, β-carotene, lycopene, and canthaxanthin encapsulation into liposomes
enhanced their antioxidant activity [93]. The lipsticks containing rice bran oil liposomes
showed better stability and antioxidant properties than conventional ones [94].

In nutraceutical preparations, nanoliposomes improve curcumin stability at the al-
kaline condition and temperature variation [95] and the antioxidant activity of phenolic
compounds extracted from olive leaves [96].

2.7. Nanoclay

“Nanoclay” is obtained by clay minerals or layered silicates with metal oxides and
organic matter traces. The clay minerals are hydrous aluminum phyllosilicates with
variable magnesium, iron, alkaline earth, alkali metals, and other cations. Synthetic and
natural clays are commercially available. Natural clays are made with “SiO2” and “AlO6”
units [97]. For example, kaolite is made with “SiO2” and “AlO6” units in ratios of 1:1,
montmorillonite and vermiculite in ratios of 2:1, and chlorite in a ratio of 2:2 [97]. Clay
minerals are used in wound healing formulations [98]. Mg-rich smectite clay mineral
helps in collagen synthesis and angiogenesis on skin wounds [99]. Palygorksite and
sepiolite showed anti-inflammatory properties [100]. Clay minerals are used to formulate
thermal muds (nanoclay/spring water hydrogel) [101] employed in skincare products for
degreasing, cleansing, exfoliating, invigorating, hydrating, and firming activities [102].

3. The Use of Antioxidants in Nutricosmetic Products

Nutricosmetics is an umbrella term for food supplements with aesthetic benefits
beyond their primary nutritional value. They are considered nonpharmaceutical and non-
medicinal products, although they are sold in capsules, tablets, syrups, gels, solutions, and
extracts. Nutricosmetic supplements can contain nutrients and secondary plant metabolites
(also known as phytochemicals or botanicals) [103,104]. Phytochemicals are non-nutritive
plant chemicals with protective or disease preventive properties such as antioxidant activ-
ity, antimicrobial effects, hormone metabolism modulation, immune system stimulation,
and anti-aggregate action. They are considered non-essential nutrients since the human
body does not require them for sustaining life. The great changeability of phytochemical
compounds determines a significant variation in their physicochemical properties (e.g., sol-
ubility in water or oil medium) [105]. The health effects depend on absorption, distribution,
metabolism, and excretion. The absorption depends on the dose, the matrix in which they
are ingested, and the presence of compounds able to bind or solubilize phytochemicals,
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reducing their bioactivity or product stability. Some phytochemicals are present in plant
foods, such as glycosides or other conjugates, and must be hydrolyzed to be absorbed.
Their metabolism may be affected by environmental exposures, stability, activity, gut micro-
bials, and variations in levels of endogenous compounds that modulate biotransformation
pathways [106,107]. In particular, among phytochemicals, antioxidant compounds such
as vitamins (i.e., E, A, and C), tocopherols, carotenoids, methylxanthines (theophylline,
caffeine, and theobromine), and phenols have been shown to improve our aesthetic well-
being, making anti-inflammatory, antioxidant, photoprotective, antiaging, antiviral, and
antibacterial effects [10,108,109]. The combination of topical application cosmetics and
oral intake products enhances the results [110]. Both synthetic and natural molecules are
employed in nutricosmetic products [111]. Butylated hydroxytoluene (BHT), butylated
hydroxyl anisole (BHA), and propyl gallate are examples of synthetic antioxidants. Some
synthetic antioxidants are obtained from natural ones. Polyphenols, mineral antioxidants
(i.e., selenium, iron, copper, manganese, and zinc), vitamins, and phyto-antioxidants are
natural compounds used in cosmetic products. Synthetic and natural antioxidants can
be used together to produce synergistic stabilization effects [112]. Antioxidants can be
grouped into non-enzymatic and enzymatic compounds [113]. Generally, their levels
depend on the types of skin cells. For example, melanocytes do not contain enzymatic
antioxidants [114]. The biopharmaceutical classification of antioxidants is based on their
permeability and solubility. Four classes of antioxidants are estimated: high solubility–high
permeability (i.e., vitamin C, are located in cellular fluids); low solubility–low permeability;
low solubility–high permeability; and high solubility–low permeability (i.e., vitamin E, are
present in cell membranes) [115]. The administration of antioxidant compounds involves
overcoming different obstacles depending on whether they are administered for oral or
topical use. The biological activity of the antioxidants administered orally is negatively
influenced by the low solubility in the gastrointestinal fluids and aqueous media, insta-
bility at physiological pH, and degradation due to enzymes and light. Efficient delivery
systems which can enhance their bioavailability are micelles, nanoemulsions, nanoparticles,
nanocochleates, nanocapsules, nanocrystals, etc.

In cases where they are used in preparations for topical use, the main problems are
instability, low permeability, and water-solubility. The instability is due to environmental
stress (i.e., air, light, moisture, heat, oxygen, metal ions, and alkalinity) and determines
the shelf life of the products [112]. The low permeability and water-solubility negatively
affect their ability to enter into more profound layers of the skin and arrive at the target
tissue [116]. For example, the use of resveratrol is limited in cosmetic formulations due
to instability [117]. The microencapsulation techniques [118] and some biodegradable
polymer-based delivery systems such as liposomes, solid lipid nanoparticles, nanostruc-
tured lipid carriers, and emulsions are employed to improve the antioxidants’ bioactivity
in cosmetic products [65].

3.1. Vitamin C

Vitamin C, also known as L-ascorbic acid, is a water-soluble vitamin used in skincare
and skin lightening products such as antioxidants, skin repair, and connective tissue
repair [119,120]. It, especially when exposed to air, oxidizes to dehydroascorbic acid and
hydrolyzes to form 2,3-L-diketogulonate (at alkaline pH) [121] (Figure 1).
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Figure 1. Ascorbic acid oxidation reaction.

Therefore, in cosmetic and food fields, some preferred ester derivatives (i.e., retinyl
ascorbate, ascorbyl palmitate) encapsulate into microemulsions, polymeric nanoparticles,
bilayer vesicles, and solid lipid nanoparticles [122]. Some applications use phosphatidyl-
choline/lecithin liposomes [123] to enhance the penetration of vitamin C.

3.2. Vitamin A

Vitamin A is a fat-soluble vitamin belonging to the group of substances structurally
related to the retinol (Figure 2). Vitamin A and retinoids improve wound healing; prevent
acne, skin aging, and psoriasis; affect keratinization, keratinocyte proliferation, and epi-
dermal differentiation; and reduce oxidation and inflammation [124]. The retinoids are
encapsulated into caprolactone-based nanocapsules and liposomes to protect the bioactive
compounds from photodegradation [125,126]. Retinol is encapsulated into silicon particles
to prepare antiaging and antiacne formulations [127]. Nanospheres are optimized for
the encapsulation of adapalene (third-generation retinoid) to deliver the bioactive to hair
follicles [128].

Figure 2. Structures of the most widespread retinoids.

3.3. Phenolic Compounds

Phenolics can be divided into flavonoids (including flavonols, flavones, catechins,
flavanones, anthocyanidins, and isoflavones), phenolic acids, stilbenes, coumarins, and
tannins (Figure 3).
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Figure 3. Structures of the most widespread phenols.

Phenolic compounds control skin inflammation, wound healing, and barrier homeosta-
sis [129,130]. Phenolics can scavenge metal ions, block pathogenic free radicals, and induce
the expression of protective genes against oxidative stress [10]. For example, the isoflavone
genistein is used as an anti-wrinkle to protect and hydrate the skin and decrease the oxygen
free radical, the expression of MMP-1, and inducible nitrogen oxide synthase [131,132].

Unfortunately, low levels of aqueous solubility, poor gastrointestinal stability, low
absorption due to passive diffusion and active efflux in the gastrointestinal tract, and lack of
target specificity in the human body limit their application. Examples of nanosystems used
to enhance the delivery and bioavailability of polyphenols are nanocapsules, solid lipid
nanoparticles, niosomes, and microemulsions. MethoxyPEG-palmitate nanocapsules and
chitosan particles are used to load curcumin, the chitosan-tripolyphosphate nanoparticles
to encapsulate epigallocatechin-3-gallate [133], and polymeric nanocapsule suspensions
are employed in topical formulations directly applied on the skin or as an ingredient in
semisolid formulations. The nanocapsules have a pH (slightly acid) similar to the skin
pH; they can form a thin film, which causes long-term delivery [134]. The solid lipid
nanoparticles are employed to decrease resveratrol photodegradation, improve its cellular
uptake, and internalization in keratinocytes [135]. Niosomes improve the antioxidant activ-
ity and the skin permeation of ascorbic acid, ellagic acid, curcumin, and resveratrol [136].
Microemulsions, lipid nanoparticles, and liposomes are exploited to enhance the anti-skin-
aging properties of the soy’s isoflavones [85]. Some polyphenols used in the cosmetic
field have been encapsulated in nanoparticles made by ionic gelation and microspheres
produced by spray-drying [137].

3.4. Coenzyme Q10

Coenzyme Q10 (CoQ10) is a lipophilic antioxidant synthesized in humans employed in
cosmetics formulation as an anti-photo-aging bioactive. It improves fibroblast proliferation
and protects lipid membranes and DNA against oxidative damage, acting as a radical
scavenger [138]. Liposomes, lipid nanoparticles, and solid nanoparticles are used to
improve penetration in the deeper layers of the skin [139]. Farbound et al. incorporated
CoQ10 into SLNs and then into a semisolid emulsion in a cosmetic formulation to improve
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skin elasticity and hydration [140]. El-Leithy et al. formulated a nanoemulsion containing
CoQ10 as an anti-wrinkle cosmetic product [141]. Pegoraro et al. formulated a topical
cosmetic product to decrease the effects of UVB radiation, encapsulating CoQ10 and vitamin
E in caprolactone nanocapsules and incorporating them into hydrogels [142].

3.5. Terpenoids (Also Called Isoprenoids)

The terpenoid subclasses are tocotrienols and tocopherols (Figure 4). They are derived
from five-carbon isoprene units, which differ in carbon skeletons and functional groups.
Most are multicyclic structures.

Figure 4. Tocopherol and tocotrienol.

The terpenes react with free radicals by partitioning themselves into fatty membranes.
The tocopherols are used in cosmetic formulations as skin-conditioning agents or antioxi-
dants [143] to control wound healing, skin inflammation, and barrier homeostasis [129,130].
Tocopherol is a skin irritant and light-sensitive liquid. Therefore, it is placed into nanocarri-
ers to produce a cosmetically appealing formulation. The best performances are obtained
using nanostructured lipid carriers and retinol-encapsulated chitosan nanoparticles (i.e.,
zein-chitosan and succinic-chitosan nanoparticles). The antioxidant activity of the encapsu-
lated retinol is significantly greater than pure retinol [144–147]. The tocotrienols are oral
care agents, light stabilizers, and skin-conditioning agents; a-tocopherol acetate is the most
widespread vitamin E used in commercial sunscreen and skincare products. It is used as a
preservative. Both α-tocopheryl acetate and a-tocopherol are used to make supplements,
since they are generally recognized as safe (GRAS) food ingredients. Their daily intake
varies from 0.15 to 2 mg/kg for DL-α-tocopherol and D-α-tocopherol [143]. Fullerene
(carbon-based vehicle) nanocapsules with ascorbic acid and vitamin E have been employed
to improve skin protective activity against premature aging [148].

3.6. Carotenoids (Alpha-Carotene, Beta-Carotene, Lycopene, Phytoene, Phytofluene)

The carotenoids (i.e., lutein, zeaxanthin, α-carotene, and lycopene) (Figure 5) are
natural colorants that can reduce oxygen singlets, stabilize other antioxidants, and block
free radicals.

15



Antioxidants 2022, 11, 563

Figure 5. Structures of the most widespread carotenoids.

The carotenoids protect against cancers (i.e., uterine, prostate, breast, colorectal, and
lung), cardiovascular illnesses, and eye (i.e., age-related macular degeneration and cataracts)
and skin disorders [149–153]. The retinoic acid and derivatives modulate, at the skin
level, the expression of genes implicated in cellular differentiation and proliferation. The
carotenoids act as photoprotective agents against UV radiation. For example, the oral use of
the astaxanthin increases skin condition and decreases skin hyper-pigmentation, improving
some antioxidant enzymes (i.e., superoxide dismutase, catalases enzyme) activity, and
suppressing tyrosinase action [153,154]. The β-carotene protects from sunburn diseases
(inhibiting metalloproteinase activation and increasing 5-α-hydroperoxide synthesis) and
prevents wrinkle formation and skin flaccidity [155,156]. Carotenoid intake improves skin
yellowness and pigmentation [157]. Zeaxanthin enhances the antioxidative defense system
and the skin’s hydration and elasticity [158–160]. Phytoene and phytofluene have skin
whitening effects [152]. Astaxanthin (a xanthophyll carotenoid) was loaded in poly(D,L-
lactic-co-glycolic acid) (PLGA) nanoparticles by using the emulsion solvent evaporation
technique to improve its antioxidant and anti-wrinkle effects [161].

3.7. Organosulphur Compounds

The organosulphur compounds are organic substances classified according to the func-
tional groups containing sulfur atoms in thiols, sulfides, sulfoxides, sulfones, thiosulfinates,
sulfimides, sulfoximides, sulfonediimines, glucosinolates, thioketones, thioaldehydes, S-
oxides and S,S-dioxides of thiocarbonyl compounds, thiocarboxylic acids, thioamides,
sulfonic, sulfinic, sulfenic acids, and related compounds, sulfuranes, and persulfuranes
(Figure 6) [162].
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Figure 6. Structures of the most widespread organosulphur compounds.

They have anti-atherosclerosis, antifungal, antimicrobial, immunostimulating, and
antithrombotic activities [162]. In cosmetic formulations, they are used as antioxidants
and skin-conditioning agents. Some organo-sulfur compounds (i.e., 1-propylmercaptan,
2,5-dimethylthiophene, dimethyl disulfide, diallyl disulfide, and propyl disulfide) decrease
tyrosinase activity and melanin development, reducing the reactive oxygen species and
improving the glutathion/glutathione disulfide ratio in B16 cells [163]. The administration
of broccoli extract (rich in glucosinolates) decreases skin lesions and improves keratin
production. Sulforaphane decreases the risk of skin lesions caused by UV radiation [164].
Allicin cures premature aging, inhibiting a leukocyte elastase [165]. The pegylated lipo-
somes and nanoparticles (e.g., diallytrisulfide-polybutyl cyanoacrylate-nanoparticles) have
been employed to deliver the organosulphur compounds [166]. An anti-dandruff shampoo
was formulated using SLNs of garlic as an antifungal agent [136].

3.8. Methylxanthines (Theophylline, Caffeine, and Theobromine)

The methylxanthines are alkaloids (purine base) used in cosmetic formulations as scav-
engers of reactive oxygen species generated by UV exposure, antiaging, and anti-cellulitis
agents (Figure 7). Caffeine is an antiaging, photoprotective, antioxidant, anticellulite, and
antiacne compound [167]. Unfortunately, it can precipitate and form clumps when used
in topical applications. [168]. Solid lipid nanoparticles have been designed to solve these
problems [169].

Figure 7. Structures of the most widespread methylxanthines.

4. Nanodelivery System Toxicity

The nanodelivery systems’ different particle sizes, surface groups, zeta potentials,
and aggregation states can determine different bioavailability and toxic reactions than
conventional ones [170]. The smaller size of nanomaterials allows them easier access into
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cells, tissues, and organs, decreasing the influence of intestinal clearance mechanisms and
protracting their stay in the gastrointestinal tract [171]. Therefore, the tolerable upper intake
levels (UL) and recommended daily allowance (RDA) of nutrients need reevaluation [172].
Furthermore, the nanoparticles interact with various immune system components, breaking
up immunostimulation or immunosuppression, promoting inflammation and autoimmune
disorders, or increasing the host’s susceptibility to infections. They can interact with the
innate and adaptive immune systems [173]. The innate immune system is our first line
of defense against invading organisms and can immediately respond to any stress. It
consists of cells (e.g., physical epithelial barriers, phagocytic leukocytes, dendritic cells,
natural killer cells) and proteins (e.g., circulating plasma proteins) that are always present
and ready to mobilize and fight microbes at the site of infection. The innate immune
system is nonspecific and has no memory. The adaptive immune system acts as a second
line of defense and can respond efficiently to re-exposure to the same pathogen. The
components of the adaptive immune system are generally silent; however, when activated,
these components “adapt” to the presence of infectious agents by activating, proliferating,
and creating potent mechanisms for neutralizing or eliminating the microbes. There are two
adaptive immune responses: humoral immunity, mediated by antibodies produced by B
lymphocytes, and cell-mediated immunity, mediated by T lymphocytes. The nanoparticles
can elicit an immune response by directly immunostimulating antigen-presenting cells or
delivering antigen to specific cellular compartments. Their compatibility with the immune
system depends on size, surface charge, hydrophobicity/hydrophilicity, and steric effects
of the particle coating. Predicting nanoparticles’ innate responses (in vitro or in vivo) is
still challenging [10]. Some nanomaterials induce a (pro)inflammatory response and are
taken up by phagocytic cells, whereas others seem to reduce these activities, reducing the
ability of these immune cells to fight (e.g., bacteria).

Moreover, nanomaterials can affect the adaptive immune response, disrupting the
Th1/Th2 balance, influencing cytokine production in peripheral blood mononuclear cells,
and overproducing TNF-α (tumor necrosis factor) and INFγ interferon, decreasing levels
of IL-10 (interleukin) and IL-2. It is possible to show an overt immune response when
nanoparticles are designed with poly(ethylene glycol) (PEG) or other types of polymers
to provide a hydrophilic environment [174,175]. The silver, titanium dioxide, zinc, and
zinc oxide nanoparticles are highly toxic, since their high surface area increases the contact
with biomolecules and triggers adverse responses. Cationic charge determines a high
affinity towards the negatively charged plasma membrane, which determines retention of
one Cl− ion and one water molecule per proton and consequent lysosomal swelling and
rupture [176]. The toxicity of nanoceuticals was studied mainly in animal experiments.
More human and clinical trials should be carried out to know the potential positive and
negative effects of nanoceutics and/or nanocosmetics on human health [177].

5. Conclusions

The use of nanotechnologies represents an excellent opportunity to improve the
performance of nutricosmeceutic products. Nanodelivery systems improve bioactive
compounds’ bioavailability and water solubility, guarantee their release at the site of action,
mask their unpleasant taste, and prolong their expiration date. Unfortunately, only a few
studies on animals and very limited on humans have investigated their potential toxic
effects. More human and clinical trials should be carried out to protect consumer health.
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47. Klojdová, I.; Štětina, J.; Horáčková, Š. W/O/W multiple emulsions as the functional component of dairy products. Chem. Eng.

Technol. 2019, 42, 715–727. [CrossRef]
48. Zhi, Z.; Liu, R.; Wang, W.; Dewettinck, K.; Van Bockstaele, F. Recent progress in oil-in-water-in-oil (O/W/O) double emulsions.

Crit. Rev. Food Sci. Nutr. 2022, 1–12. [CrossRef]
49. Nair, M.; Lusignan, C.P.; Boris, D.C. Preparation of uniform micrometer-sized polymer particles with closed-cell porous

architecture made by limited coalescence of a double emulsion. Colloids Surf. Asp. 2014, 443, 583–595. [CrossRef]
50. Zhao, H.; Yang, Y.; Chen, Y.; Li, J.; Wang, L.; Li, C. A review of multiple Pickering emulsions: Solid stabilization, preparation,

particle effect, and application. Chem. Eng. Sci. 2022, 248, 117085. [CrossRef]
51. Lee, D.; Weitz, D.A. Nonspherical colloidosomes with multiple compartments from double emulsions. Small 2009, 5, 1932–1935.

[CrossRef]
52. Ali, A.; Ahmad, U.; Akhtar, J.; Khan, M.M. Engineered nano scale formulation strategies to augment efficiency of nutraceuticals. J.

Funct. Foods 2019, 62, 103554. [CrossRef]
53. Pucek, A.; Tokarek, B.; Waglewska, E.; Bazylińska, U. Recent Advances in the Structural Design of Photosensitive Agent

Formulations Using “Soft” Colloidal Nanocarriers. Pharmaceutics 2020, 12, 587. [CrossRef]
54. Hameed, A.; Fatima, G.R.; Malik, K.; Muqadas, A.; Fazal-ur-Rehman, M. Scope of nanotechnology in cosmetics: Dermatology

and skin care products. J. Med. Chem. Sci. 2019, 2, 9–16.
55. Smijs, T.G.; Pavel, S. Titanium dioxide and zinc oxide nanoparticles in sunscreens: Focus on their safety and effectiveness.

Nanotechnol. Sci. Appl. 2011, 4, 95. [CrossRef]

20



Antioxidants 2022, 11, 563

56. Khameneh, B.; Halimi, V.; Jaafari, M.R.; Golmohammadzadeh, S. Safranal-loaded solid lipid nanoparticles: Evaluation of
sunscreen and moisturizing potential for topical applications. Iran. J. Basic Med. Sci. 2015, 18, 58–63.

57. Amato, S.W.; Farer, A.; Hoyte, W.M.; Pavlovsky, M.; Smith, R.; Valdiviezo, G. Coatings for Mammalian Nails that Include
Nanosized Particles. US Patent 12/162,311, 5 August 2010.

58. Davidov-Pardo, G.; Pérez-Ciordia, S.; Marín-Arroyo, M.R.; Mcclements, D.J. Improving resveratrol bioaccessibility using
biopolymer nanoparticles and complexes: Impact of protein-carbohydrate maillard conjugation. J. Agric. Food Chem. 2015, 63,
3915–3923. [CrossRef]

59. Penalva, R.; Esparza, I.; Agüeros, M.; Gonzalez-Navarro, C.J.; Gonzalez-Ferrero, C.; Irache, J.M. Casein nanoparticles as carriers
for the oral delivery of folic acid. Food Hydrocoll. 2015, 4, 399–406. [CrossRef]

60. Liang, J.; Yan, H.; Wang, X.; Zhou, Y.; Gao, X.; Puligundla, P.; Wan, X. Encapsulation of epigallocatechin gallate in zein/chitosan
nanoparticles for controlled applications in food systems. Food Chem. 2017, 231, 19–24. [CrossRef]

61. Sailaja, A.K.; Amareshwar, P. Preparation of alginate nanoparticles by desovaltion technique using acetone as desolvating agent.
Asian J. Pharm. Clin. Res. 2012, 5, 132–134.

62. Duclairoir, C.; Orecchioni, A.M.; Depraetere, P.; Nakache, E. Alpha-tocopherol encapsulation and in vitro release from wheat
gliadin nanoparticles. J. Microencapsul. 2002, 9, 53–60. [CrossRef]

63. Sundar, S.; Kundu, J.; Kundu, S.C. Biopolymeric nanoparticles. Sci. Technol. Adv. Mater. 2010, 11, 014104. [CrossRef]
64. Zaeim, D.; Sarabi-Jamab, M.; Ghorani, B.; Kadkhodaee, R.; Tromp, R.H. Electrospray-assisted drying of live probiotics in acacia

gum microparticles matrix. Carbohydr. Polym. 2018, 183, 183–191. [CrossRef]
65. Casanova, F.; Santos, L. Encapsulation of cosmetic active ingredients for topical application—A review. J. Microencapsul. 2016, 33,

1–17. [CrossRef]
66. Calamak, S. Micro/Nanoencapsulation of Active Food Compounds: Encapsulation, Characterization and Biological Fate of

Encapsulated Systems. In Sustainable Agriculture Reviews; Maurya, V.K., Gothandam, K.M., Ranjan, S., Dasgupta, N., Lichtfouse,
E., Eds.; Springer: Cham, Germany, 2021; Volume 55, pp. 93–114.

67. Arpagaus, C. Production of food bioactive-loaded nanoparticles by nano spray drying. In Nanoencapsulation of Food Ingredients by
Specialized Equipment: Volume 3 in the Nanoencapsulation in the Food Industry Series; Academic Press: Cambridge, MA, USA, 2019;
Volume 3, pp. 151–211.

68. Pateiro, M.; Gómez, B.; Munekata, P.E.S.; Barba, F.J.; Putnik, P.; Kovačević, D.B.; Lorenzo, J.M. Nanoencapsulation of Promising
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Abstract: The use of bamboo leaf flavonoids (BLF) as functional food and cosmetic ingredients is
limited by low bioavailability and difficulty in being absorbed by the intestine or skin. The aim of
this study was to prepare BLF-loaded alginate-chitosan coated nanoliposomes (AL-CH-BLF-Lip) to
overcome these challenges. The nanocarriers were characterized by dynamic light scattering, high per-
formance liquid chromatography, Fourier transform infrared spectroscopy and differential scanning
calorimetry. The biological activity was analyzed by in vitro antioxidant activity, transdermal absorp-
tion, cytotoxicity and AAPH induced HaCaT cell senescence model. The results showed that the
size of nanocarriers ranged from 152.13 to 228.90 nm and had a low polydispersity index (0.25–0.36).
Chitosan (CH) and alginate (AL) were successfully coated on BLF-loaded nanoliposomes (BLF-Lip),
the encapsulation efficiency of BLF-Lip, BLF-loaded chitosan coated nanoliposomes (CH-BLF-Lip)
and AL-CH-BLF-Lip were 71.31%, 78.77% and 82.74%, respectively. In addition, BLF-Lip, CH-BLF-Lip
and AL-CH-BLF-Lip showed better in vitro release and free radical scavenging ability compared
with naked BLF. In particular, the skin permeability of BLF-Lip, CH-BLF-Lip, and AL-CH-BLF-Lip
increased 2.1, 2.4 and 2.9 times after 24 h, respectively. Furthermore, the use of nanoliposomes could
significantly improve the anti-senescence activity of BLF (p < 0.01). Conclusively, alginate-chitosan
coated nanoliposomes are promising delivery systems for BLF that can be used in functional foods
and cosmetics.

Keywords: bamboo leaf flavonoids; nanoliposome; biopolymer conjugation; in vitro release; skin
permeability; anti-senescence activity

1. Introduction

Flavonoids are a class of secondary metabolites widely existing in nature and that
have a variety health and medicinal values. The main active components of bamboo leaf
flavonoids (BLF) isolated from bamboo leaves are four carbon glycoside flavonoids, namely
orientin, isoorientin, vitexin and isovitexin (Supplementary Figure S1) [1]. Studies have
shown that BLF have a variety of biological effects such as antioxidant, lipid-lowering, anti-
radiation, anti-bacterial, anti-inflammatory and anti-aging, and have a broad application
prospect in functional foods and cosmetics [2–7]. However, similar to other flavonoids,
BLF have a darker color, are difficult to be absorbed, and are sensitive to factors such as
light, oxygen and high temperature, which limit their applications. The use of nano carriers
can effectively improve the stability and bioavailability of the embedded compounds [8,9].
Among them, nanoliposomes have been widely used due to the advantages of sustained
release, cell affinity, histocompatibility, low toxicity and targeting. Usually composed of nat-
ural phospholipids and cholesterol, nanoliposomes have one or more closed vesicles with
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lipid bilayer structure that can encapsulate lipophilic and hydrophilic compounds, in which
hydrophobic compounds are inserted into lipid bilayer membranes and hydrophilic com-
pounds are encapsulated in the internal aqueous phase [10,11]. However, nanoliposomes
have low physical stability, and are easily affected by light, acid, alkali and other factors dur-
ing long-term storage, resulting in aggregation and fusion of vesicles, and ultimately lead
to the leakage of embedded compounds. The oxidation and hydrolysis of phospholipids is
one of the main reasons for the chemical instability of nanoliposomes [12,13].

Layer by layer self-assembly refers to the formation of self-assembled multilayers by
alternating deposition in polyelectrolyte solutions with opposite charges [14,15]. Studies
have shown that the biopolymer coated nanoliposomes prepared by layer-by-layer self-
assembly can reduce oxidative damage and hydrolysis reaction. In addition, an electrostatic
bridge can be formed between phospholipid and biopolymer to minimize the permeability
of the phospholipid bilayer, thereby improving the stability of nanoliposomes [10,16]. At
present, a large number of studies on biopolymer coated nanoliposomes have been reported.

Chitosan (CH) is a cationic polysaccharide obtained by deacetylation of chitin. Under
acidic condition, positively charged CH binds to negatively charged liposomes through
electrostatic interaction. At the same time, the residual acyl groups of CH can be inserted
into the phospholipid membrane bilayer of liposomes [17,18]. Shishir et al. [18] found
that CH coated nanoliposomes had higher stability, better sustained-release and improved
cellular uptake. Alginate (AL) is a non-toxic inert polyanionic polysaccharide that is widely
used as dietary fiber, thickener, emulsifier and stabilizer in food industry. Liu et al. [16,19]
found that AL-CH-coated nanoliposomes had higher physical and digestive stability com-
pared with uncoated nanoliposomes. Cui et al. [20] proved that AL and CH could improve
the stability and transmembrane transport efficiency of chito-oligosaccharides. In addition,
CH-AL nanogel carriers were able to increase the skin penetration and sustained release of
pirfenidone [21].

In this study, we used the thin layer dispersion method combined with sonication to
prepare BLF-loaded nanoliposomes (BLF-Lip), and further prepared biopolymer coated
BLF-Lip by electrostatic layer by layer self-assembly. The carrier systems were character-
ized by dynamic light scattering (DLS), high performance liquid chromatography (HPLC),
Fourier transform infrared (FTIR) spectroscopy and differential scanning calorimetry (DSC).
We studied the effects of encapsulation of BLF on skin permeability and in vitro release. In
addition, changes in antioxidant activity and anti-senescence activity were also evaluated
when encapsulating BLF. The above research aimed to improve the bioavailability, trans-
dermal absorption and anti-senescence activity of BLF, and expand their application value
in functional foods and cosmetics.

2. Materials and Methods

2.1. Materials

Bamboo-leaf flavonoids (the mass fraction of four carbon glycoside flavonoids was
80.66%, Supplementary Figure S2) were prepared in laboratory. L-α-Phosphatidylcholine,
cholesterin, CH, AL, 2–2′azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) diammonium
salt (ABTS), 2,2-Diphenyl-1-picrylhydrazyl (DPPH), 2,2′-Azobis (2-methylpropionamidine)
dihydrochloride (AAPH), 3-(4,5-dimthyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bro-
mide (MTT), 4′,6-diamidino-2-phenylindole (DAPI) were obtained from Sigma Aldrich
(St. Louis, MO, USA). Reagents required for cell culture were purchased from HyClone (Lo-
gan, UT, USA) and Gibco (Grand Island, NY, USA), respectively. K9M-H3 and Alexa Fluor
488-conjugated Goat Anti-Rabbit IgG (H + L) antibodies were purchased from ABclonal
Technology (Wuhan, Hubei, China); p21, p16 and Goat Anti-Rabbit secondary antibodies
were obtained from Cell Signaling Technology (Beverly, MA, USA). HPLC-grade methanol
was obtained from TEDIA (Cincinnati, OH, USA). The 10 kDa dialysis bag was provided
by Spectrum (San Jose, CA, USA). Other chemicals and reagents were purchased from
Sinopharm (Shanghai, China).
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2.2. Preparation of BLF-Lip

The thin layer dispersion method combined with sonication was used to prepare BLF-
Lip [18,19]. First, phosphatidylcholine, cholesterol, Tween-80 and vitamin E were dissolved
in absolute ethanol at a mass ratio of 6:1:1:8:0.12 and stirred evenly with a magnetic stirrer.
Then, the ethanol was removed under vacuum at 55 ◦C by a rotary evaporator. After the
dried lipid film was formed, we slowly added phosphate buffer solution (PBS; pH 7.4,
0.05 M) dissolved with 1.5 mg/mL BLF. Then after being fully washed for 1 h under
low-speed rotation condition, the primary BLF loaded liposomes with lipid concentration
of 8 mg/mL were obtained. The primary BLF loaded liposomes were sonicated using
SK8210HP sonicator (Kudo, Shanghai, China) for 8 min (75% of ultrasonic time set) at a
power of 120 W to obtain BLF-Lip. The whole preparation process was protected from
light, and the obtained BLF-Lip were stored at 4 ◦C under dark condition.

2.3. Preparation of Biopolymer Coated Nanoliposomes

A total of 0.1 g CH and AL were dissolved in 100 mL of 1% glacial acetic acid solution
and deionized water, respectively, stirred overnight and then had the pH adjusted to 5.5.
After centrifugation and filtration, 0.1% CH and AL solution were obtained. CH and AL
were conjugated to the surface of BLF-Lip in two steps according to the layer by layer self-
assembly approach [16]. In short, the above BLF-Lip were placed in a burette and added
dropwise to 0.1% CH solution (1:1, v/v), incubated for 1 h under gentle stirring to fully
deposit CH on the surface of BLF-Lip, then adjusted pH to 5.5. The same procedure was
used to add the positively charged BLF-loaded chitosan coated nanoliposomes (CH-BLF-
Lip) to the negatively charged AL solution, then adjusted pH to 5.5 to obtain BLF-loaded
alginate-chitosan coated nanoliposomes (AL-CH-BLF-Lip). The solution was stored at 4 ◦C
for further analysis.

2.4. Particle Size, Polydispersity Index (PDI) and Zeta Potential Measurement

AL-CH-BLF-Lip, CH-BLF-Lip and BLF-Lip were diluted 2.5, 5 and 10 times with
ultrapure water, respectively. A Nano-ZS90 dynamic light scattering instrument (Malvern,
United Kingdom) was used to measure the particle size, PDI and zeta potential at 25 ◦C,
the scattering angle was 90◦, the refractive index was 1.330, and the viscosity was 0.933.
Each sample was determined at least three times in parallel.

2.5. Standard Curve and Encapsulation Efficiency (EE) Determination

The BLF were accurately weighed in a 10 mL flask, dissolved in methanol and prepared
solutions of 400, 200, 100, 50, 25, 10, 5 μg/mL, respectively. HPLC with diode array detector
(Dionex ultimate 3000, ThermoFisher Scientific, Waltham, MA, USA) was used to analyze the
amount of BLF. Samples were injected into Luna C18 column (250 mm × 4.60 mm × 5 μm) after
filtration with 0.22 μm membrane for analysis according to the following chromatographic
conditions: scanning wavelength range of 200–400 nm, quantitative wavelength of 330 nm,
column temperature of 40 ◦C, flow rate of 0.5 mL/min, injection volume of 10 μL, and
mobile phase consisted of acetonitrile −0.1% trifluoroacetic acid (20:80, v/v). The standard
curve was drawn by peak area normalization method.

The EE was determined by ultrafiltration centrifugation [22]. A 50% methanol aqueous
solution containing 1% acetic acid was added to the nanoliposomes (10:1, v/v), sonicated
for 10 min, and centrifuged at 10,000 rpm for 10 min to obtain total BLF. An equal amount
of nanoliposomes were added to the inner tube of ultrafiltration tubes (MWCO 10 kDa,
Millipore, Billerica, MA, USA), centrifuged at 4000 rpm for 40 min, and 1 mL PBS was
added to repeat the above operation once. The free BLF was obtained in the outer tube of
the ultrafiltration tube.

EE (%) = (Total amount of BLF − free amount of BLF)/Total amount of BLF × 100 (1)
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2.6. FTIR

In order to confirm that the biopolymers were coated on the surface of BLF-Lip, FTIR
analysis was performed using an FTIR Avatar 370 spectroscopy (Nicolet, Madison, WI,
USA). BLF, CH, AL and lyophilized BLF-loaded nanoliposomes were scanned at 4000
to 400 cm−1 with a resolution of 4 cm−1 using the KBr tablet method. OMNIC software
version 8 was used to analyze data.

2.7. DSC

A total of 2–5 mg lyophilized BLF-loaded nanoliposomes were placed in an alumina
crucible and put in the sample chamber of DSC (Mettler Toledo, Zurich, Switzerland).
The blank alumina crucible was used as a reference, the heating rate was 10 ◦C/min, the
nitrogen flow rate was 30 mL/min, the scanning temperature range was 20–250 ◦C, and
the thermodynamic curve was recorded.

2.8. In Vitro Release

The dialysis method was used to measure the in vitro release of BLF and BLF-loaded
nanoliposomes, mainly referring to the method of Lopes et al., with some modifications [23].
One mL of naked BLF, BLF-Lip, CH-BLF-Lip and AL-CH-BLF-Lip were placed in a 10 kDa
dialysis bag, then suspended in 50 mL PBS (pH6.0), and stirred in a magnetic stirring
apparatus at a speed of 100 rpm under 37 ◦C. One mL of the medium outside dialysis bag
was sampled after 0.5, 1, 2, 4, 6, 8, 12 and 24 h, and replaced with the same volume of PBS
at the same time. The cumulative release (CR) was calculated by the following formula.

CR(%) =
Cn × V + ∑n−1

i=1 Ci × Vi

C0
× 100. (2)

C0, Ci and Cn were the concentrations of BLF (μg/mL) measured at the 0, i and
nth sampling, respectively. V and Vi were the receiving liquid volume and sampling
volume, respectively.

2.9. In Vitro Skin Permeation Study

The Franz diffusion cell method was used to determine the in vitro skin perme-
ation [24]. C57BL/6J mice were anesthetized and sacrificed by neck amputation. The
hair on the back skin of mice was removed with depilatory cream, and the connective tissue
and subcutaneous fat were peeled off. The skin tissue was fixed on the diffusion cell, and
2 mL naked BLF and BLF-loaded nanoliposomes were added to the supply chamber. The
effective diffusion area was 4.9 cm2, the volume of the receiving chamber was 7 mL, and
the receiving solution was PBS (pH 7.4). During the whole experiment, the diffusion cell
was stirred in a magnetic stirring apparatus at a speed of 100 rpm under 37 ◦C. A total of
0.4 mL receiving solution was sampled after 0.5, 1, 2, 4, 6, 8, 12 and 24 h, and the same
volume of the receiving solution was supplemented at the same time. The cumulative
permeation (CP) was calculated by the following formula.

CP =
Cn × V + ∑n−1

i=1 Ci × Vi

A
. (3)

Ci and Cn were the concentrations of BLF (μg/mL) measured at the i and nth sampling,
respectively. A was the effective diffusion area. V and Vi were the receiving liquid volume
and sampling volume, respectively.

2.10. ABTS Radical Cation (ABTS+) Assay

The free radical scavenging activity of naked BLF and BLF-loaded nanoliposomes was
studied by ABTS+ assay [18]. A total of 7.4 mM ABTS and 2.6 mM potassium persulfate
solution were mixed in a volume ratio of 1:1 and incubated at room temperature in dark
for 12 h to obtain ABTS+ stock solution, diluted with absolute ethanol to an absorbance
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at 734 nm of 0.70 ± 0.02 to obtain ABTS+ working solution. Then, 200 μL naked BLF
and BLF-loaded nanoliposomes were mixed with 0.8 mL ABTS+ working solution, and
incubated for 6 min at room temperature, the control group was replaced with the same
volume of ethanol. The absorbance was measured at 734 nm using a bio-Tek microplate
reader (Winooski, VT, USA).

ABTS scavenging capacity (%) = (Acontrol − Asample)/Acontrol × 100. (4)

2.11. DPPH Assay

DPPH assay followed the previously described procedure with some modifications [25].
One mL of 0.2 mmol/L DPPH prepared with anhydrous ethanol was shaken with 0.2 mL
naked BLF and BLF-loaded nanoliposomes, and then incubated for 30 min at room temper-
ature in dark. The absorbance was measured at 517 nm using a bio-Tek microplate reader
(Winooski, VT, USA). The control group was replaced with the same volume of anhydrous
ethanol, and the positive control was Trolox.

DPPH scavenging capacity (%) = (Acontrol − Asample)/Acontrol × 100. (5)

2.12. Cell Culture

HaCaT cells were obtained from the Cell Bank of the Chinese Academy of Sciences.
The resuscitated HaCaT cells were cultured in DMEM high glucose medium containing 15%
fetal bovine serum and 1% antibiotics (penicillin, streptomycin) and placed in a humidified
incubator at 37 ◦C and 5% CO2. Approximately, 80% confluent HaCaT cells were digested
with a 0.25% Trypsin/0.02% EDTA solution and passaged, and the logarithmic growth
phase cells were taken for experiments.

2.13. Cytotoxicity Study

HaCaT cells were seeded into the 96-well cell culture plates at a density of
5 × 103 cells/well. Naked BLF and BLF-loaded nanoliposomes of different doses were
added after the cells were adherent overnight. At the same time, a blank group containing
only the medium and a negative control group containing only cells were set. After being
incubated for 24 h, we absorbed the supernatant and added the fresh medium containing
10 μL MTT solution to each well. After incubation in the incubator for 4 h, the culture
medium was absorbed and shaken with DMSO solution for 10 min. The absorbance of each
well was measured at a wavelength of 490 nm using a bio-Tek microplate reader (Winooski,
VT, USA).

2.14. Anti-Senescence Activity
2.14.1. Assessment of Cell Proliferation

In order to find the protective effect of naked BLF and BLF-loaded nanoliposomes
on AAPH-induced senescence, HaCaT cells were cultured overnight and pretreated with
samples for 4 h, then co-incubated with AAPH for 48 h. At the same time, a blank group
containing only the medium and a negative control group containing only cells without
AAPH and samples were set. The absorbance of each well was measured at a wavelength
of 490 nm using a bio-Tek microplate reader (Winooski, VT, USA).

2.14.2. Confocal Fluorescence Microscopy

To detect senescence-associated heterochromatin foci (SAHF) formation in cultured
cells by immunofluorescence analysis, HaCaT cells were fixed and permeabilized at room
temperature with 4% paraformaldehyde and 0.5% Triton X-100 solution, respectively. After
washing with PBS for three times, cells were blocked by PBS containing 3% goat serum and
1% bovine serum albumin for 1 h, then followed by adding the prepared primary antibody
specific for K9M-H3 and incubating at 4 ◦C overnight. Cells were then incubated with a
secondary antibody specific for Alexa Fluor 488-conjugated Goat Anti-Rabbit IgG (H + L),
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and nuclei were marked by 1 μg/mL DAPI solution at the same time. Cells with condensed
K9M-H3 that co-localized with DAPI in the nuclei were considered as SAHF positive, and
the percentage of SAHF positive cells relative to the total number of cells was calculated.

2.14.3. Western Blotting

RIPA Lysis buffer supplemented with protease inhibitors (Beyotime, Shanghai, China)
was used to extract the total protein of each group of HaCaT cells. The protein concentration
was quantified using the BCA protein assay kit (Beyotime, Shanghai, China). After separa-
tion by polyacrylamide gel electrophoresis, the protein was transferred to PVDF membrane.
Blots were incubated with K9M-H3, p21 and p16 antibodies (1:1000), washed, and incu-
bated with a horseradish peroxidase (HRP)-labeled secondary antibody. Visualizing the
bands by using ECL commercial kit (Beyotime, Shanghai, China) for chemiluminescence.
Taking GAPDH as the reference protein, Image J software was used to analyze the gray
value to quantify the protein expression.

2.15. Statistical Analysis

All experiments were repeated at least three times, and the data were expressed as
mean ± standard deviation (SD). Statistical analyses were performed by SPSS 19.0 (IBM,
Chicago, USA), significant differences between the groups were determined by using a one-
way analysis of variance (ANOVA), taking p < 0.05 as significant difference, and p < 0.01 as
extremely significant difference.

3. Results and Discussion

3.1. Particle Size, PDI, Zeta Potential and EE

The characteristics of BLF-Lip, CH-BLF-Lip and AL-CH-BLF-Lip were summarized
in Table 1. The particle size, zeta potential and PDI of BLF-Lip were 152.13 ± 5.20 nm,
−3.81 ± 0.79 mV and 0.25 ± 0.06, respectively. The particle size of CH-BLF-Lip and AL-
CH-BLF-Lip was increased to 194.63 ± 4.25 nm and 228.90 ± 4.89 nm, which preliminarily
proved that biopolymers were coated on BLF-Lip. This phenomenon could be explained by
the electrostatic interaction between the phospholipid head group PO4

−3 and the specific
functional groups NH3

+ and COO− of CH and AL. The charged nanoliposomes can reduce
aggregation and fusion to improve stability. Zeta potential is an important indicator to
measure the amount of charge [26]. The zeta potential of CH-BLF-Lip was 8.43 ± 1.56 mV,
which changed to −27.77 ± 0.45 mV after coating AL. Alternating positive and negative
charges further confirmed that CH and AL were successfully coated on the surface of BLF-
Lip [27,28]. PDI defines the homogeneity of size dispersion in nanoparticles. Compared
with BLF-Lip, the PDI value of CH-BLF-Lip and AL-CH-BLF-Lip had been increased to
a certain extent, but was still less than 0.36, which could be considered as moderately
homogeneous dispersion [28]. The EE detected by HPLC also confirmed that BLF was
encapsulated in nanoliposomes. The EE of BLF-Lip was determined to be 71.31 ± 1.67%,
increased to 78.77 ± 1.59% and 82.74 ± 0.75% after coating CH and AL, respectively. The
possible reason for the increase of EE is that the free BLF are also encapsulated on the
surface of nanoliposomes during the modification of polysaccharides. In addition, the
dense bilayer formed by CH and AL on the surface of Lip prevents the fast release of BLF.

Table 1. Characterization of BLF-loaded nanoliposomes. BLF, bamboo leaf flavonoids; BLF-Lip, BLF-
loaded nanoliposomes; CH-BLF-Lip, BLF-loaded chitosan coated nanoliposomes; AL-CH-BLF-Lip,
BLF-loaded alginate-chitosan coated nanoliposomes.

Liposomes
Particle Size

(nm)
Polydispersity

Index (PDI)
Zeta Potential

(mV)
Encapsulation
Efficiency (%)

BLF-Lip 152.13 ± 5.20 0.25 ± 0.06 −3.81 ± 0.79 71.31 ± 1.67
CH-BLF-Lip 194.63 ± 4.25 0.31 ± 0.04 8.43 ± 1.56 78.77 ± 1.59

AL-CH-BLF-Lip 228.90 ± 4.89 0.36 ± 0.03 −27.77 ± 0.45 82.74 ± 0.75
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3.2. FTIR Analysis

The FTIR spectra of BLF, BLF-Lip, CH, AL, CH-BLF-Lip and AL-CH-BLF-Lip were
shown in Figure 1. The characteristic peaks of BLF were found at the wavenumbers
of 3386 cm−1 (O-H stretching vibration), 1717 cm−1 (C=O stretching vibration), 1612
and 1517 cm−1 (the aromatic ring C=C skeleton stretching vibration) and 1116 cm−1 (C-
O stretching vibration). The characteristic peaks of nanoliposomes mainly including
3389 cm−1 (O-H stretching of hydroxy bond of cholesterol in liposome and water vapor
association during pressing), 2926 cm−1 and 2854 cm−1 (asymmetric and symmetric stretch-
ing vibration of C-H bonds in CH2), 1736 cm−1 (C=O stretching vibration in phospholipid),
1467 cm−1 (asymmetric stretching vibration of CH3), 1237 cm−1 and 1089 cm−1 (PO2

−
symmetric and asymmetric stretching vibration) and 971 cm−1 (asymmetric stretching
vibration of C-C-N+). After BLF were encapsulated in nanoliposomes, the FTIR spectrum
of BLF-Lip was similar to nanoliposomes and showed almost no characteristic peaks of
BLF. The result indicated that BLF might be well encapsulated in nanoliposomes.

Figure 1. Fourier transform infrared (FTIR) spectra of bamboo leaf flavonoids (BLF),
BLF−loaded nanoliposomes (BLF−Lip), chitosan (CH), alginate (AL) and BLF−loaded chitosan
coated nanoliposomes (CH−BLF−Lip) and BLF−loaded alginate-chitosan coated nanoliposomes
(AL−CH−BLF−Lip).

The wavenumber at 3423 cm−1 (O-H stretching vibration), 1654 cm−1 (C=O stretching
vibration), 1155 and 1077 cm−1 (C-O stretching vibration) were the mainly characteristic
peaks of CH. The peaks of 1736 cm−1, 1467 cm−1 and 1237 cm−1 belonging to liposomes
were shifted in CH-BLF-Lip and AL-CH-BLF-Lip, indicating the formation of new hydrogen
bonds or the strengthening of hydrogen bonds. In addition, the 1654 cm−1 of CH and the
1617 cm−1 (carboxyl asymmetric stretching vibration) of AL disappeared. In summary, the
alteration of characteristic peaks confirmed the existence of strong electrostatic interaction
between AL, CH and BLF-Lip, thus forming AL-CH-BLF-Lip.

3.3. DSC Analysis

DSC was used to understand the effects of polysaccharides on the thermal behavior
of BLF-Lip. Enthalpy energy (ΔH) and phase transition temperature (Tc) were measured
(Figure 2). BLF-Lip, CH-BLF-Lip, AL-CH-BLF-Lip showed fully wide endothermic peaks
(69.76, 77.1 and 84.4 ◦C, respectively) during phase transition, indicating poor crystallinity
of all samples. Compared with BLF-Lip, the Tc and ΔH of CH-BLF-Lip and AL-CH-BLF-
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Lip increased, which suggested that the layer-by-layer modification of polysaccharides
improved the thermal stability of BLF-Lip. The reasonable explanation is that CH and
AL affect the membrane fluidity of nanoliposomes, which is consistent with the results of
other flavonoids [29]. Finally, based on the above results, a schematic illustration for the
layer-by-layer deposition of CH and AL onto the surface of BLF-NL is shown in Figure 3.

Figure 2. DSC analysis. BLF-Lip, Tc, Phase transition temperature; ΔH, Enthalpy variation. BLF-Lip,
BLF-loaded nanoliposomes; CH-BLF-Lip, BLF-loaded chitosan coated nanoliposomes; AL-CH-BLF-
Lip, BLF-loaded alginate-chitosan coated nanoliposomes.

Figure 3. Illustration of the electrostatic deposition of chitosan and alginate layer onto the surface
of nanoliposomes. BLF-Lip, BLF-loaded nanoliposomes; CH-BLF-Lip, BLF-loaded chitosan coated
nanoliposomes; AL-CH-BLF-Lip, BLF-loaded alginate-chitosan coated nanoliposomes.

33



Antioxidants 2022, 11, 1024

3.4. Antioxidant Activity

BLF are recognized as dietary antioxidants with a variety of biological activities. In this
study, the antioxidant activity of naked BLF and BLF-loaded nanoliposomes was analyzed
by ABTS free radical cation decolorization and DPPH free radical scavenging assay. Data in
Figure 4A showed that the ABTS radical scavenging rate of naked BLF was 40.46 ± 4.61%.
BLF-Lip, CH-BLF-Lip and AL-CH-BLF-Lip showed higher antioxidant activity compared
with naked BLF (60.30 ± 2.23%, 59.53 ± 2.6% and 54.65 ± 3.91%, respectively). It should be
noted that the differences between the three BLF-loaded nanoliposomes were not significant.
The DPPH free radical scavenging rate of BLF-Lip, CH-BLF-Lip and AL-CH-BLF-Lip on
DPPH free radicals was 27.95 ± 2.1%, 33.59 ± 3.18%, and 36.77 ± 4.11%, respectively, which
were significantly higher than naked BLF (18.32 ± 2.83%). Compared with BLF-Lip, the
DPPH free radical scavenging ability was significantly improved after coating CH and
AL (Figure 4B). The possible explanation is the formation or enhancement of hydrogen
bonds during the encapsulation process and the synergistic effect of phospholipid, CH
and AL [30]. In conclusion, BLF-loaded nanoliposomes can significantly improve the
antioxidant capacity of BLF, especially after coating polysaccharides.

Figure 4. (A) ABTS radical scavenging capacity. (B) DPPH radical scavenging capacity. Data are
presented as mean ± SD of three independent replications, ** p < 0.01 vs. BLF group. BLF, bamboo
leaf flavonoids; BLF-Lip, BLF-loaded nanoliposomes; CH-BLF-Lip, BLF-loaded chitosan coated
nanoliposomes; AL-CH-BLF-Lip, BLF-loaded alginate-chitosan coated nanoliposomes.
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3.5. In Vitro Release Study

Sustained release of nanoliposomes means that when nanoliposomes enter the body,
the encapsulated compounds cannot be released quickly due to hydrogen bonding or
the protective effect of liposome membrane, so they can last for a long time in the body,
which is an important factor affecting their potential applications. In this study, an in vitro
release model was used to partially reflect the prolonged residence time. The CR of naked
BLF and BLF releasing from BLF-loaded nanoliposomes in dialysis bag was measured
within 24 h (Figure 5). The CR ratio of naked BLF exceeded 60% after 2 h, while BLF-Lip,
CH-BLF-Lip and AL-CH-BLF-Lip were only 21.92, 12.38 and 11.89%, respectively. After
incubation for 24 h, naked BLF was almost completely released, and the CR ratio of BLF-Lip,
CH-BLF-Lip and AL-CH-BLF-Lip were 55.33, 45.39 and 40.32%, respectively. Therefore, the
polysaccharides coating can further prolong the release of BLF and achieve the effect of
controlled release.

 
Figure 5. In vitro release behavior of naked BLF and BLF releasing from different BLF-loaded
nanoliposomes. Data were presented as mean ± SD of three independent replications. BLF, bamboo
leaf flavonoids; BLF-Lip, BLF-loaded nanoliposomes; CH-BLF-Lip, BLF-loaded chitosan coated
nanoliposomes; AL-CH-BLF-Lip, BLF-loaded alginate-chitosan coated nanoliposomes.

3.6. In Vitro Skin Permeation Study

An in vitro skin penetration assay was performed to evaluate the transdermal effi-
ciency of naked BLF and different BLF-loaded nanoliposomes. Mouse skin has similar
barrier characteristics to human skin, and can be used as a substitute in in vitro transdermal
studies [31]. The transdermal efficiency was calculated by the cumulative transdermal vol-
ume per cm2 (Figure 6). BLF and BLF-loaded nanoliposomes showed similar trends. After
6 h, the cumulative transdermal volume of naked BLF tended to be stable, while BLF-Lip,
CH-BLF-Lip and AL-CH-BLF-Lip still increased significantly. The cumulative transder-
mal volume of BLF-Lip, CH-BLF-Lip and AL-CH-BLF-Lip after 24 h were 18.75 ± 1.98,
21.57 ± 1.88 and 25.91 ± 1.73 μg/cm2, respectively, which were significantly higher than
naked BLF (8.93 ± 1.17 μg/cm2).
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Figure 6. In vitro skin penetration of naked BLF and BLF releasing from different BLF-loaded
nanoliposomes. Data were presented as mean ± SD of three independent replications. BLF, bamboo
leaf flavonoids; BLF-Lip, BLF-loaded nanoliposomes; CH-BLF-Lip, BLF-loaded chitosan coated
nanoliposomes; AL-CH-BLF-Lip, BLF-loaded alginate-chitosan coated nanoliposomes.

The stratum corneum is considered to be the main barrier to the transdermal delivery
of compounds [32]. Liposomes can significantly improve the transdermal permeability of
compounds, which may be due to the ability to mimic the cell membrane constituents. Gen-
erally, the smaller the particle size of the nanoparticles, the better the permeability [33,34].
However, in this study, CH-BLF-Lip and AL-CH-BLF-Lip with larger particle size showed
better permeability, suggesting that there may be other factors affecting their transdermal
absorption ability. One possible explanation is that CH and AL have good bioadhesivity,
which can increase the contact time between the skin and nanoliposomes and promote
the skin penetration ability of BLF [12]. The surface charge is also an important factor.
Studies have shown that the greater the absolute value of zeta potential, the better the
permeability [31]. In addition, negatively charged nanoliposomes promote skin penetra-
tion more effectively than positively charged nanoliposomes [12]. In summary, the result
indicates that BLF-Lip and polysaccharide coated BLF-Lip have better skin permeability
than naked BLF.

3.7. The Cytotoxicity of Naked BLF and Different BLF-Loaded Nanoliposomes

We further studied the cytotoxicity of naked BLF and BLF-loaded nanoliposomes in
HaCaT cells at different BLF concentrations (10, 20, 40, 80, and 160 μg/mL). A cell viability
above 90% indicates that the compound is non-toxic at the specified concentration [30].
The results showed that at the concentration of 10–80 μg/mL, naked BLF and BLF-loaded
nanoliposomes had no cytotoxicity on HaCaT cells. When up to 160 μg/mL, the cell
viability was reduced to 81.41%. However, encapsulation of BLF in nanoliposomes could
reduce cytotoxicity (Figure 7A).
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Figure 7. (A) The cytotoxicity at different concentrations (10–160 μg/mL BLF) of naked BLF and
different BLF-loaded nanoliposomes in HaCaT cells. (B) The restoration effect of naked BLF and
different BLF-loaded nanoliposomes (10 μg/mL BLF) on the inhibition of proliferation induced
by AAPH in HaCaT cells. Data were presented as mean ± SD of three independent replications.
** p < 0.01 vs. AAPH group, # p < 0.05, ## p < 0.01 vs. AAPH + BLF group. BLF, bamboo leaf
flavonoids; BLF-Lip, BLF-loaded nanoliposomes; CH-BLF-Lip, BLF-loaded chitosan coated nanolipo-
somes; AL-CH-BLF-Lip, BLF-loaded alginate-chitosan coated nanoliposomes; AAPH, 2,2′-Azobis
(2-methylpropionamidine) dihydrochloride.

3.8. The Anti-Senescence Effect of BLF and BLF-Loaded Nanoliposomes

Next, we analyzed the inhibitory effect of naked BLF and BLF-loaded nanoliposomes
on cellular senescence. Oxidative stress is a key factor in skin aging [35]. We used oxidant
AAPH to treat HaCaT cells to establish a cellular senescence model [36].

3.8.1. Assessment of Cell Proliferation

Impaired cell proliferation is an important characteristic of cellular senescence [37,38].
The results showed that 10 μg/mL BLF and BLF-loaded nanoliposomes significantly
reduced the inhibitory effect of AAPH on the proliferation of HaCaT cells. The inhibition
rate of BLF-Lip, CH-BLF-Lip and Al-CH-BLF-Lip on cell proliferation decreased from
37.58% to 21.33%, 17.29% and 14.31%, respectively. It is noteworthy that the effects of
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CH-BLF-Lip and AL-CH-BLF-Lip were significantly different from naked BLF, indicating
that polysaccharides coating could better restore cell proliferation (Figure 7B).

3.8.2. SAHF

Cellular senescence is often accompanied by the appearance of punctate heterochro-
matin structure, known as SAHF, which can be visualized by staining with DAPI and
antibody against K9M-H3 [38]. As shown in Figure 8, compared with the control group,
1 mM AAPH could significantly increase the proportion of K9M-H3 aggregated cells. After
co-treatment with naked BLF and BLF-loaded nanoliposomes, the proportion of K9M-H3
aggregated cells decreased significantly (p < 0.01). Compared with naked BLF, the effects of
BLF-Lip, CH-BLF-Lip and AL-CH-BLF-Lip were significantly different (p < 0.01).

Figure 8. Representative images of SAHF formation. Scale bar = 10 μm. The percentage of SAHF
positive cells was shown below. Data were presented as mean ± SD of three independent repli-
cations. ** p < 0.01 vs. AAPH group, ## p < 0.01 vs. AAPH + BLF group. BLF, bamboo leaf
flavonoids; BLF-Lip, BLF-loaded nanoliposomes; CH-BLF-Lip, BLF-loaded chitosan coated nanolipo-
somes; AL-CH-BLF-Lip, BLF-loaded alginate-chitosan coated nanoliposomes; AAPH, 2,2′-Azobis
(2-methylpropionamidine) dihydrochloride.

3.8.3. Expression of K9M-H3, p21 and p16 Proteins

Next, we detected the expression of K9M-H3 protein, and the results were shown in
Figure 9. We found that after treating HaCaT cells with 1 mM AAPH, K9M-H3 protein not
only aggregated, but also overexpressed. Naked BLF and BLF-loaded nanoliposomes could
significantly reduce the expression level of K9M-H3 protein (p < 0.01). Compared with
naked BLF, the effects of BLF-Lip and CH-BLF-Lip were significantly different (p < 0.05).
Cell cycle regulators such as p16 and p21 are often used as biomarkers to detect senescent
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cells [38]. Naked BLF and BLF-loaded nanoliposomes could significantly reduce the
overexpression of p16 and p21 proteins induced by AAPH in HaCaT cells. Compared with
naked BLF, the effects of BLF-Lip, CH-BLF-Lip and AL-CH-BLF-Lip were significantly
different (p < 0.01). In summary, BLF-loaded nanoliposomes have a stronger ability to
inhibit cellular senescence than naked BLF.

Figure 9. Protein expression of p16 (A), p21(B), and K9M-H3 (C) determined by western blotting.
Quantitation was shown on the right. Data were presented as mean ± SD of three independent
replications. ** p < 0.01 vs. AAPH treated group. # p < 0.05, ## p < 0.01 vs. AAPH + BLF treated
group. NS, no significant difference.

4. Conclusions

In summary, based on positively charged CH and negatively charged AL deposition
on the surface of BLF-Lip, this study has successfully prepared AL-CH-BLF-Lip. The
increase of particle size, the positive and negative alternation of zeta potential, the increase
of EE, the change of FTIR spectra and the increase of Tc and ΔH can prove this result.
In addition, after encapsulating BLF in nanoliposomes, the antioxidant activity, in vitro
release, skin permeation and anti-senescence ability have been significantly improved,
especially CH-BLF-Lip and AL-CH-BLF-Lip. In short, alginate-chitosan coated nanolipo-
somes can be considered as effective delivery systems for improving the controlled release
and skin permeability of BLF. In the future, BLF-loaded nanoliposomes can be used as
potential therapeutics for skin aging, and the effectiveness needs to be verified by further
clinical trials.
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Abstract: In recent years, numerous reports have described bioactive peptides (biopeptides)/hydrolysates
produced from various food sources. Biopeptides are considered interesting for industrial application
since they show numerous functional properties (e.g., anti-aging, antioxidant, anti-inflammatory, and
antimicrobial properties) and technological properties (e.g., solubility, emulsifying, and foaming).
Moreover, they have fewer side effects than synthetic drugs. Nevertheless, some challenges must
be overcome before their administration via the oral route. The gastric, pancreatic, and small
intestinal enzymes and acidic stomach conditions can affect their bioavailability and the levels that
can reach the site of action. Some delivery systems have been studied to avoid these problems
(e.g., microemulsions, liposomes, solid lipid particles). This paper summarizes the results of studies
conducted on biopeptides isolated from plants, marine organisms, animals, and biowaste by-products,
discusses their potential application in the nutricosmetic industry, and considers potential delivery
systems that could maintain their bioactivity. Our results show that food peptides are environmentally
sustainable products that can be used as antioxidant, antimicrobial, anti-aging, and anti-inflammatory
agents in nutricosmetic formulations. Biopeptide production from biowaste requires expertise in
analytical procedures and good manufacturing practice. It is hoped that new analytical procedures
can be developed to simplify large-scale production and that the authorities adopt and regulate use
of appropriate testing standards to guarantee the population’s safety.

Keywords: food antioxidant peptides; food analytical methods; large-scale biopeptide production;
supplements; delivery systems; nutricosmetic; cosmeceutical; circular economy; waste recycling;
anti-aging; skincare market

1. Introduction

The cosmetic industry considers food peptides as innovative bioactive compounds
for cosmetics market growth. According to the Food and Drug Administration (FDA;
responsible for health products’ regulation in the USA), peptides are defined as amino acid
polymers with a specific sequence and less than 40 amino acids in total [1]. According
to their intended action mechanism, cosmetic peptides can be categorized into: signal
peptides (which stimulate matrix protein production, cell growth, and other cell metabolic
functions); carrier peptides (which help transport of active or trace elements inside the
cell); neurotransmitter-inhibiting peptides (which inhibit acetylcholine release that may
lead to expression wrinkles); and enzyme-inhibiting peptides (which decrease the activity
of enzymes related to skin aging) [2]. Peptides have gained worldwide attention for their
sustainability, with no toxic side effects [3]. The global bioactive peptide market was USD
4960.4 million in 2022 with an expected compound annual growth rate (CAGR) of 9.4%
in 2022–2030 [4]. The growing number of biopeptides listed in the “European glossary
of common ingredient names for use in the labeling of cosmetic products” (there were
2698 entries with the word peptide [5] in the 2022 revision compared to 848 entries in the
2019 revision [6]) demonstrates the market interest in these bioactive compounds. As a
result, much research has been performed to optimize biopeptide production from natural
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sources (e.g., food products and protein-rich by-products of the food industries) and to
examine their bioactivity in vitro (cell culture and biochemical assays) and in vivo (animal
and human tests). Traditional medicine and modern scientific research consider bioactive
peptides useful for formulating food supplements and cosmetic products. Bioactivity,
interaction with skin cells by multiple mechanisms, high potency at a low dosage, and size
compatible with penetration into the upper skin layers seem to confirm this hypothesis [7].
However, some questions remain unclear. Large-scale production, dietary interactions, and
human absorption are the most significant problems to solve. This review summarizes
the latest knowledge on purification and identification methods used to obtain natural
peptides and the approaches used to improve their bioavailability, hoping to provide a
basis for their application in the nutricosmetic market as well as a starting point for further
studies.

For this purpose, systematic bibliometric analyses were performed using bibliometric
records published between 1993 and 2023 in Scopus and Web of Science. These two central
citation databases rank journals entries based on productivity, influence, and prestige.

2. Production Methods for Natural Biopeptides

Natural peptides can be obtained by enzymatic hydrolysis, fermentation, and chemical-
physical processes (alkaline or acidic treatments and use of microwaves, ultrasonics, hy-
drostatic pressure, and pulsed electric fields). Electrophoresis, membrane separation, or
chromatography techniques (gel permeation chromatography, ion-exchange chromatogra-
phy, reversed-phase high-performance liquid chromatography, etc.) can be used for their
isolation and spectroscopic technologies (i.e., MS or NMR) as characterization techniques
(Figure 1).

Figure 1. Production of natural peptides.
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2.1. Pretreatment
2.1.1. Chemical Processes

A basic or acidic environment and high temperatures hydrolyze the protein struc-
ture [8,9].

Alkaline hydrolysis is a nonspecific protein hydrolysis that cleavages amide bonds.
The disadvantages of this method are the lack of specificity in the cleavage of peptide
chains [10] and the loss of some amino acids (i.e., lysine, cysteine, serine, arginine, isoleucine,
and threonine) [8,10,11].

Acidic hydrolysis can transform asparagine into aspartic acid and glutamine into
glutamic acid and can damage tryptophan, cysteine, and methionine. The high level
of salts generated by the neutralization process can also affect the antioxidant peptides’
bioactivities. Therefore, desalination is necessary before bioassay (Figure 2) [9–11].

 

Chemical and physical methods
•Simple applications and cost-effective technologies 
•Nonspecific protein reactions, loss of some amino 
acids, environmental pollution 

Fermentation
•High yeld, low cost, time consuming, unpredictable 
products production

•Long time, safety problem

Enzymatic processes
•Specific protein reaction, high repeatability, low cost
•Low efficiency, time consumption

Figure 2. Natural source pretreatments to prepare peptides. Advantages are shown in green.
Disadvantages are given in red.

2.1.2. Physical Methods

The ultrasonic and microwave techniques are simple applications and cost-effective
technologies used at the industrial level [8,12]. Ultrasonication systems can break molec-
ular bonds and produce cavitational bubbles that collapse. The high temperatures, high
pressure, and shock waves can damage the cell membrane and make the small molecules
available [8,9]. Ultrasound increases the release of antioxidant [13] and ACE-inhibitory
peptides by increasing surface hydrophobicity [14].

The microwave-assisted processing uses electromagnetic radiation (ranging from
300 MHz to 300 GHz) to extract biopeptides from protein resources. The energy is trans-
ferred through molecular interactions in the material by ionic conduction mechanisms
and dipolar rotation. The extraction of peptides is due to the collision of charged ions
through inter- and intra-molecular friction, resulting in thermal energy production that
breaks the membranes and protein cell walls. Microwaving improves enzymatic proteolysis
and hydrolysate properties (e.g., antioxidant properties), decreases hydrolysis time, alters
protein conformation, and enhances enzyme accessibility [15,16].

Hydrostatic pressure uses isostatic pressures (ranging from 100 and 1000 MPa), with or
without heat treatment. This technology’s advantage is minimal damage to the biopeptides
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due to the low temperature applied [17]. Guan et al. [18] used hydrostatic pressure (200 MPa
for 4 h) to obtain biopeptides from soy protein hydrolysates with higher antioxidant
activities and ACE inhibitory properties.

Pulsed electric field (PEF) technology employs short pulses of electric fields with inten-
sity ranging from 10 and 80 kV/cm and lasting for micro-or milliseconds. PEF improves the
production of biopeptides by denaturation, unfolding, or gelation. Electric field strength,
pulse shape, number of pulses, and treatment time affect the process quality [14]. The
use of physical methods to obtain antioxidant peptides is limited since they can lead to
unpredictable reactions and force-sensitive residues (Figure 2).

2.1.3. Fermentation

Microbial fermentation is an eco-friendly, cost-effective, but time-consuming method
of obtaining biopeptides using bacteria or yeast; their proteases hydrolyze natural proteins
into protein hydrolysates. Fermentation can make unpredictable products [19]. The mi-
crobial strain, type of protein, fermentation time, and temperature conditions can affect
the yield and quality of hydrolysis [10,20]. Generally, fermentation positively impacts
organoleptic and physicochemical final product quality [21] (Figure 2).

2.1.4. Enzymatic Processes

Enzymatic processes use single, double, or multiple proteases sourced from plants
(such as papain), from microorganisms (such as Flavourzyme, Aalcalase, and Protamex),
or from animals (such as pepsin and trypsin) to cleave proteins and release bioactive pep-
tides [22]. The enzyme/substrate ratio, temperature, pH, and hydrolysis time can affect
hydrolysis [8]. For example, pepsin, trypsin/pancreatin, and α-chymotrypsin (gastroin-
testinal digestion enzymes) can be used to produce inhibitory peptides (SSTY-hydrolysate-
derived DPP-IV) [23], and soy flour hydrolysate can be employed to produce antioxidant
peptides [24]. The main advantages are control, definition, and short reaction time [19]
(Figure 2). The enzyme choice must be based on the intended hydrolysate products (i.e.,
trypsin enzyme for hydrolyzing casein). Generally, the peptides’ activities and molecular
weights decrease when the hydrolysis degree is enhanced. However, the product activity
may decline when a certain amount of enzymatic hydrolysis occurs since peptides are
transformed into amino acids or their active groups are destroyed. Therefore, it is necessary
to strictly control the degree of enzymatic hydrolysis to ensure that the peptides formed
have high activity [25,26].

2.2. Purification Technologies

The separation of peptides in protein hydrolysate can be achieved by using ultra-
filtration, chromatography, supercritical fluid extraction, and electrophoresis (Figure 3).

2.2.1. Ultrafiltration

Membrane separation is a technique that saves energy, does not require extra chemical
agents, does not pollute, and can be combined with other techniques [12]. Permeable mem-
branes with different molecular weights are employed to purify peptides. In recent years,
microfiltration, nanofiltration, ultrafiltration, and affinity membrane filtration technologies
have been developed [27].

Microfiltration is a precision filtration technique using membranes with pores be-
tween 0.1 and 1 μm. Organic (e.g., cellulose acetate, polycarbonate, polyamide, and
polypropylene) and inorganic (e.g., metal and ceramic) microfiltration membranes are
available commercially. Microfiltration membranes separate the proteins and peptides
in the brine [28]. Ultrafiltration is a membrane filtration process employed to purify and
concentrate the components of a solution using membranes with pores between 1 nm
and 0.5 μm. Ultrafiltration membranes can separate molecular weight ranges between
10,000–300,000 Da.
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Nanofiltration membranes contain nanoscale pores that can separate molecular weights
between those intercepted in reverse osmosis and ultrafiltration techniques with a diam-
eter of ~1 nm. The separation mechanism depends on pore dimensions, charge, three-
dimensional obstruction, and electrostatic repulsions. Active peptides with similar molec-
ular weights, but different isoelectric points, can be separated using nanofiltration. The
nanofiltration membranes can trap only ions and not electrically neutral molecules [29].

Figure 3. Peptide purification methods. Advantages are reported in green. Disadvantages are given
in red.

2.2.2. Chromatography

Chromatographic techniques are powerful tools for separating complex peptide mix-
tures. They are often associated with bioassay to reduce the number of peptides that
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coexist in the active fraction based on their chromatographic characteristics and biolog-
ical potentiality [22,29]. For example, Shih et al. [30] employed cation-exchange liquid
chromatography and an ACE inhibitory assay to purify biopeptides from Cassia obtusi-
folia. The chromatographic techniques most commonly used to separate biopeptides are
high-speed countercurrent chromatography (CC), magnetic solid-phase extraction, and
high-performance liquid chromatography (HPLC).

The high-speed countercurrent chromatography is a carrier-free liquid-liquid parti-
tioning chromatography that needs a large amount of equipment and time. It gives high
recovery rates and does not suffer from interference caused by the carrier; however, it has
poor separation efficiency.

The magnetic solid-phase extraction separates and purifies compounds from a complex
matrix dissolved in a liquid. A magnet adsorbs the analyte, a magnetic separator allows
their recovery, and a solvent elutes the analytes. Yu et al. [31] used magnetic solid-phase
extraction to purify γ-glutamyl peptides from garlic.

The HPLC is a fast separation technique that permits good separations and high
recovery rates based on hydrophobic properties (reverse-phase chromatography, RP),
hydrophilic properties (hydrophilic interacting liquid chromatography, HILIC), size (size
exclusion chromatography, SEC), and charge (ion exchange chromatography, IEX). The
HPLC can be combined with spectroscopic instruments (e.g., mass) to purify and identify
peptides.

(RP)-HPLC separates peptides based on the amino acids’ hydrophobic properties. It
employs a polar mobile phase and a nonpolar stationary phase. The (RP)-HPLC gives
good separation, high resolution, and high recoveries. Hara et al. [32] showed that adding
trifluoroethanol (10%–16%) to the mobile phase significantly increases the separation of
peptides. A disadvantage of (RP)-HPLC is that it cannot be used for hydrophilic pep-
tides [33]. The (RP)-HPLC was applied to separate wheat germ protein hydrolysates [34],
cow milk products [35], turmeric and ginger [36].

Hydrophilic interacting liquid chromatography (HILIC) or normal-phase (NP) chro-
matography employs a hydrophobic organic mobile phase (e.g., silica stationary phases
with siloxanes, silanols, and with (or without) a small number of metals, polysulfoethyl A
(derivatized silica), PolyWAX (weak anion exchanger), Polycat A (weak cation exchanger),
(ZIC)-HILIC (zwitterionic)), and a hydrophilic stationary phase (e.g., 70% acetonitrile,
methanol or isopropanol) to separate biopeptides [37]. The HILIC technique was employed
to purify biopeptides in homogenized milk [38].

Ion-exchange chromatography (IEX) separates biopeptides depending on their charge.
It uses a resin that contains ionic groups (anions or cations) as a fixed phase and a polar
solvent as a mobile phase. The disadvantage of this technique is the high salt concentration
in the final product. A desalting step is necessary to minimize interference during peptide
identification or bioassay [12].

Ion exchange chromatography is simple, resistant to alkalis and acids, and gives a high
resolution. IEX was applied to separate bioactive peptides from Boletus mushrooms [39],
sea cucumber [40], and watermelon [41].

Gel chromatography, also called size exclusion chromatography, is a fast and straight-
forward separation technique that uses a gel with a network of pores as a fixed phase.
Solutes are eluted in order from large to small molecular size. The mobile phase viscosity
must be such as to cross the column [8]. The disadvantages of this technique are low
resolution, a limited peak capacity, and large eluent volumes [12]. Gel chromatography
was applied to separate bioactive peptides from animal muscle proteins [42].

2.2.3. Supercritical Fluid Extraction

Supercritical fluid extraction uses fresh fluid through a sample (pressure and temper-
ature controlled) that is recovered from the extract by depressurization. This technique
allows a faster extraction than traditional methods since the supercritical fluids can pene-
trate a porous solid more easily. Supercritical fluid can be recycled or reused, diminishing
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waste. Supercritical carbon dioxide (CO2) is used to obtain bioactive peptides from various
sources (e.g., Chenopodium quinoa, fruit waste, Ganoderma lucidum) [43–45]. Under low-
temperature conditions, the proteins cannot denature (they cannot make polypeptides and
free amino acids), the amino acids cannot oxidize, and the amino acids and carbohydrates
cannot generate the Maillard browning products [46]. Unfortunately, the apparatus has
a high cost, solvent compression needs recirculation measures to decrease energy costs,
and the modifiers used to alter the polarity of the CO2 require a subsequent separation
process. Supercritical fluid extraction can be coupled with enzymatic hydrolysis to produce
biopeptides in less time and at low cost [47].

2.2.4. Subcritical Water Extraction (Pressurized Hot Water or Hot-Compressed Water)

Subcritical water employs water in a liquid state under high pressure and temperature
between 100 and 374 ◦C. It can be used for polar and nonpolar compounds. Under these
conditions, the dielectric constant reduces, the ionic product constant (Kw) increases,
and the hydrogen bonds deteriorate, making subcritical water similar to methanol and
ethanol (less-polar solvents). The high pressure and high temperature used separately can
denature the proteins [48,49]. Subcritical water conditions (the combined effects of high
pressure and temperature) break down proteins into peptides and free amino acids [50]
with an irreversible first-order reaction. Hydronium and hydroxyl ion reactions confer
bicatalytic characteristics on water (weak acid or base) [50]. High temperature and pressure
disrupt weak interactions (e.g., hydrogen bonds) and the loss of quaternary, tertiary, and
secondary structures [49,51,52]. The union of H+ (derived from the hydronium ion) to
the N-terminal generates atom excitation and breaks the peptide bond. Finally, the OH−
links with the new carbon cation of the C-terminal [53]. The degradation of Maillard’s
amino acids and reaction products improves the medium’s pH at temperatures above 200
◦C [54–56]. Subcritical water was used as a hydrolysis medium to obtain protein from
vegetal meal (e.g., soybean, rice bran, deoiled Oryza sativa bran) [57,58], animal sources
(e.g., ice-cream wastewater, African snail Achatina fulica) [59] and other sources (e.g., laver
Pyropia yezoensis) [60], obtaining hydrolysates with a strong free-radical scavenging capacity
and antioxidant activity. The disadvantages of subcritical water are the lack of selectivity
and cluster formation during the overheating process [61].

2.2.5. Bipolar Membrane Electrodialysis

Bipolar membrane electrodialysis (EDBM) technology does not use chemicals to
separate peptides. However, it employs monovalent anion exchange and cation-selective
permeation membranes to separate ions and bipolar membranes that allow the production
of H+ and OH− ions from water under the current application. Mikhaylin et al. [62] used
EDBM to separate casein from milk.

2.2.6. Electrophores

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) is an analyti-
cal technique for separating biopeptides based on their molecular weight. In this technique,
the migration rate through the gel matrix is affected by the peptides’ size (smaller peptides
migrate faster than larger peptides due to less resistance from the gel matrix), charge, and
chain length. Siow et al. used SDS-PAGE to obtain peptides from Parkia speciosa seeds [63].

Capillary electrophoresis is a liquid-phase separation technology in which a capillary
tube separates biopeptides using a high-voltage electric field as a driving force. Capillary
electrophoresis can separate analytes in various separation modes (e.g., capillary zone
electrophoresis, capillary isoelectric, and capillary gel electrophoresis).

Capillary zone electrophoresis separates the biopeptides based on the different charges.
The speed affects the separation process [64]. The capillary isoelectric focusing electrophore-
sis separates analytes based on their different isoelectric points. It is generally used to
separate peptide isomers [65–67].
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Capillary gel electrophoresis separates analytes based on molecular sieving (molecular
shapes and weights). It is used to separate biopeptides with many hydrophobic side chains.

2.3. Identification of Peptide Sequences
2.3.1. Mass Spectroscopy

Mass spectrometry (MS) is a versatile analysis method for biopeptide characterization
by molecular weight. MS/MS is an alternative strategy to obtain mass spectra of peptide
fragment ions from a particular precursor ion. The MS can identify and quantify the
peptides, ionizing them in various modes.

Electrospray ionization (ESI) employs electrical energy to transfer ions from an initial
solution into a gas stage. This ionization into gas needs the dispersion of charged droplets,
solvent evaporation, and expulsion of ions from the highly charged droplets [68]. ESI-MS
detects femtomole quantities of multiple compounds, including non-volatile and thermo-
labile analytes such as peptides. It can analyze the peptides’ intact mass and amino acid
sequence by MS/MS technology. The peptide bond (-CO-NH−) is the most common source
of fragmentation. It produces y-ions (C-terminal fragment ions) and b-ions (N-terminal
fragment ions). The amino acid sequence is deduced from the peptide’s fragmentation
along its backbone and around the peptide bond that generates peptide fragment types.
In the case of isoleucine and leucine (that have identical molecular weight), w-ions al-
low the characterization (the R-group is different for isoleucine (CH2CH3) and leucine
(CH3CHCH3). Worsztynowicz et al. [69] used MS/MS technology to identify biopep-
tides from whey proteins, Karami et al. [34] from wheat germ, and Zanoni et al. from
hempseed [70]. MALDI-TOF spectra analysis of peptides usually identifies only the molec-
ular ion [M+H]+ (it is an advantage since it maximizes the signal), but gives no evidence
of structure. Daughter ions formed during the application of the extraction pulse increase
the background noise. This approach is poorly sensitive and selective [71]. Only highly-
abundant proteins generate patterns of peptides for their unambiguous identification. The
signals of co-migrating peptides are suppressed. Ayala-Niño et al. [72] studied biopeptides
from amaranth seed proteins using MALDI TOF. MALDI-TOF/TOF instrumentation can be
applied to obtain more specific and reliable results [73]. Cakir et al. [74] examined proteins
in black cumin seeds by MALDI-TOF/TOF-MS analysis.

2.3.2. NMR

The molecule momentum, in the presence of a magnetic field, can align in the same or
opposite direction to the field. Two states separated by an energy gap (resonance frequency)
are formed. The nucleus’ chemical environment in a molecule and the magnetic field
strength affect this difference in resonance frequency [75]. The structures of 131 peptides
from 17 fungi genera were unambiguously characterized using 1D and 2D NMR [76].

3. The Human Skin

The human skin is a complex organ with an exceptional structure. It is made up of
diverse cell types and compartments with distinctive functions. The epidermis (outermost
layer) contains four sublayers (strata corneum, granulosum, spinosum, and basalis) and
four major cell types (melanocytes, keratinocytes, Langerhans and Merkel cells). The
epidermal–dermal junction (border between the epidermis and dermis) constitutes the
basement membrane (an aggregation of proteins and structures). Under the basement mem-
brane is the underlying dermis, which contains dendritic cells, mast cells, macrophages,
fibroblasts, elastic fibers, collagen, hair follicles, blood vessels, nerves, lymph vessels, and
sweat glands.

The dermis allows nutrients to reach the skin and has a structural support function [77].
Aging affects all skin layers, altering their structure and function [77]. The organism’s
aging is inevitably a progressive process. The consequences of aging are changes at the
tissue and cellular levels. During physiological skin aging, the number of keratinocytes at
the epidermis level gradually decreases. The epithelium layers atrophy. The reproductive
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layer cell division activity, Langerhans cell and melanocyte numbers decrease. The dermis’
connective tissue also atrophies (its cellular and extracellular matrix components dimin-
ish). The fibroblasts synthesize collagen, but the fibers are less elastic and efficient, and
protein fibers, already existing, are subject to degeneration. Only the corneocyte number
in the dead stratum corneum shows no changes. The accumulation of damage reduces
cells’ ability to renew [78]. The decrease in lipid and CD44 glycoprotein (regulator of
keratinocyte proliferation) levels, the loss of hyaluronic acid homeostasis, and the reduced
cell proliferation in the basal layer contribute to this decline [79,80].

Moreover, the contact surface area between the epidermis and dermis becomes thin-
ner, resulting in a weakened epidermis nutrition supply and a further decline in basal
cell proliferation ability [81,82]. The epidermal–dermal junction and dermis also become
thinner, causing wrinkle formation since there are fewer cells, with less oxygen and less
nutrition. The dermal extracellular matrix (ECM) accumulates type I and type III colla-
gens [83], and there is a decrease in the synthesis of type I/III [84], altering the elastic fiber
organization [85]. The low fibroblast levels increase wrinkling and reduce elasticity [86].
Skin aging is associated with extrinsic (external) factors, e.g., UVA, UVB, temperature,
environmental pollution, nutritional factors, cigarette smoke, lack of sleep, and stress [87]
and with intrinsic (endogenous) factors, e.g., genetic factors, chronological time, hormones,
decreased age-related antioxidant capacity, and increase in reactive oxygen species [88,89].
The principal consequences are blemished, dry, pale skin with rugged texture, visible pores,
redness, small actinic keratomes, gradual loss of elasticity, and fine wrinkles [90]. The intrin-
sic clinical skin aging signs caused by intrinsic factors are xerosis (dry skin), fine lines, and
laxity [91]. The aging signs caused by extrinsic factors are irregular pigmentation, coarse
wrinkles, and lentigines (or age spots). The photo-exposed areas (e.g., the face, hands,
and neck) show a more visible occurrence of these changes. The duration and intensity
of exposure to environmental factors and the skin type affect the occurrence of extrinsic
skin aging signs [91]. Skin aging impacts human aesthetics and increases susceptibility to
infections and chronic wounds (e.g., venous, pressure, or diabetic foot ulcers, dermatitis,
and melanoma) [92,93].

4. Biopeptides’ Potential in Cosmeceutical Applications

The increased demand for natural cosmetics has led to the formulation of a new gen-
eration of cosmetics based on active compounds obtained from natural sources such as
biopeptides. Biopeptides can enhance skin health (acting against aging-related enzymes)
and decrease the harmful effect of agents that produce skin injuries (acting as antioxi-
dant, antimicrobial, and anti-inflammatory agents). Multifunctional biopeptides, which
can simultaneously start, modulate, or impede multiple physiological pathways, are pre-
ferred to single-activity peptides [94]. The problems associated with using biopeptides in
cosmetics concern the yields of the techniques with which biopeptides are produced (in
terms of production quantity and concentration of biopeptides capable of expressing desir-
able bioactivity) and the biopeptides’ structural stability and bioactivity during product
manufacturing and storage. Biopeptide activity is affected by pH, interactions with other
components, temperature, water activity, and formulation processes (e.g., concentration,
delivery of the active compounds, and packaging) [95,96].

For example, when used in gels, creams, or lotions, the parameters to consider are
sensitivity to temperature and pH to guarantee the peptide bioactivity at the action site.
Moreover, it is essential to realize that only the bioactive peptides with low molecular
weight penetrate the skin. Biopeptides with high molecular weight, hydrophobic char-
acter, and poor aqueous solubility at high concentrations require carriers to permit their
release when needed [97]. When biopeptides are administrated orally, their bioavailability
(integrity during digestion, intestinal absorption, and transport) must be controlled [97]
since they are exposed to gastric, pancreatic, small intestinal enzymes, and acidic stomach
conditions, meaning that only minimal biopeptide levels (nano-molar or pico-molar con-
centrations) reach the action site [98]. Finally, some protein-derived peptides have a bitter
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taste. Therefore, they must be subjected to processes to debitter them and/or mask the
bitter taste to enhance the sensory properties of the final product [99]. Transport systems
studied to overcome these problems include liposomes, biopolymer microgel emulsions,
and solid–lipid nanoparticles [100]. Some natural lipid-based systems (e.g., chitosan fab-
ricated nanocarriers, soy lecithin-derived nanoliposome, and microgels from alginates
and methacrylate) were suggested as potential inclusion complexes for biopeptides [101].
Another limitation is the risk of allergens since most peptide preparations are produced as
unpurified mixtures of several components. Plant hydrolysates may contain allergens and
potentially toxic contaminating compounds (environmental pollutants) [102]. Therefore,
peptide preparations from plant tissue cultures (grown in the laboratory, under axenic and
controlled conditions) are preferred today [103].

4.1. Biopeptides with Anti-Aging Properties

Some natural peptides (e.g., snake venom, yeast, skin frog, toads, spirulina, and
fish) have anti-aging properties [104]. They can inhibit key physiological enzymes such
as elastase, tyrosinase, collagenase, and hyaluronidase, which are involved in the degra-
dation of the skin protein matrix and are overproduced when intrinsic or chronological
aging occurs [105]. Some of these biopeptides are under patent protection, such as the
pentapeptide-3 (GPRPA) (from snake venom), which decreases skin roughness and wrin-
kles [106], and the hexapeptide11 (FVAPFP) (from yeast) that improves skin firmness [107].

4.1.1. Biopeptides That Decrease Collagenase Activity

Collagen is the most widely distributed protein in mammals. It confers support and
strength to human skin and can restore flexibility and elasticity [108]. Collagen has a
role in the structural integrity and strength of connective tissues (e.g., tendons, teeth, and
skin) [109]. There are different forms of collagen: type I (found in the skin, bone tissues,
and tendons and widely used in cosmetic formulations), type II (found in cartilage), and
type III (found in vasculature and skin) [110]. The collagen-derived peptides and collagen
hydrolysates positively improve skin conditions [111]. Under heat treatment, collagen is
converted into water-soluble gelatin, from which can be obtained collagen peptides (by
enzymolysis). Collagen peptides are antioxidant compounds that prevent dermal collagen
decomposition, negatively affect collagenase and gelatinase activity, decrease skin moisture
loss and reduce wrinkling; they increase skin hydration and elasticity, and address collagen
degradation and elastic fiber abnormalities due to UV radiation [112]. They can improve
the hyaluronic acid content in skin tissue by enhancing the expression of hyaluronic acid
synthase mRNA and filaggrin and decreasing the expression of hyaluronidase mRNA.
Collagen and collagen peptides can be obtained from animal tissue, poultry, livestock,
fish (bones, scales, and skin), and vegetables (spirulina) [113]. The source of collagen
peptides affects their anti-skin-ageing effect (Table 1) [112]. In vivo studies showed that
women given oral supplementation of collagen hydrolysate showed improvements in skin
hydration, elasticity, wrinkling [114], dermal thickness, firmness [115], and texture [116]
and a lessening of skin pores [117].
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Table 1. The anti-skin-ageing effect of collagen peptides made from a natural source.

Peptides Source Skin-Aging Effect Biblio

Type I collagen-derived
collagen peptide
Chicken collagen

Pig collagen
Enhancement of skin collagen content by

changing the ratio of type I and type III collagen.
No effect on skin moisturizing.

[118]

High tripeptide-containing
collagen hydrolysate

(HTC-col) has high tripeptides
comprising the Gly-X-Y

sequence.

Porcine skin Anti-photoaging action.
Skin dryness improvement. [119]

Chicken-derived collagen
peptide Chicken collagen

Anti-inflammatory.
Antioxidant.

Collagen I synthesis.
Improve cell proliferation on human skin

fibroblasts

[120]

YGDEY
(Tyr-Gly-Asp-Glu-Tyr) from. Tilapia collagen hydrolysate

Prevention of ultraviolet (UVB)-induced damage
to cells

Inhibition of UVB-mediated photoaging of
the skin.

Improvement of the glutathione and superoxide
dismutase expression.

Enhancement of type I procollagen.
Reduction of the ROS in keratinocytes.

Prevention of DNA oxidative damage. Inhibition
of the collagenase and gelatinase expression.

[121]

Ala-Tyr dipeptide Carp skin hydrolysate Antioxidant activity [122]

Hydrolyzed collagen Prionace glauca
Stimulation of the collagen type I mRNA by

fibroblasts.
mRNA production improvement.

[123]

Hydrolyzed collagen with
neutrase Alaska pollock Antioxidant activity [124]

Hydrolyzed collagen with
pepsin under acidic

conditions
Rana chensinensis Antioxidant activity [125]

Hydrolyzed collagen with
pepsin, subtilisin A, and both

enzymes
Arthrospira maxima (spirulina) Peptides obtained from PHS showed the highest

collagenase inhibition activity [126]

Peptides Tetraselmis suecica Dunaliella
tertiolecta, and Nannochloropsis Decrease in hyaluronidase enzyme [127]

4.1.2. Biopeptides That Decrease Hyaluronidase Activity

Hyaluronic acid (HA) is an anionic, non-sulfated linear glycosaminoglycan [128]. It is
a component of the dermis extracellular matrix in many human body tissues (e.g., synovial
fluid, gum, eyes, heart valves, and skeletal tissues). It can maintain skin moisture (since it
can bind water) [129], improve skin rejuvenation and viscosity, and decreases extracellular
fluid permeability [130]. The concentration of HA in the skin naturally declines with age.
The hyaluronidase enzyme degrades it producing a loss of skin strength, flexibility, and
moisture. Peptides from three microalgae (Tetraselmis suecica, Dunaliella tertiolecta, and
Nannochloropsis sp.) can decrease the hyaluronidase enzyme [127]. The cosmetics industry
proposes products containing hyaluronic acid for topical application, for which inhibition
of hyaluronic acid degradation is crucial to avoid the inflammatory process related to the
exogenous application of hyaluronic acid [130].

4.1.3. Biopeptides That Decrease Tyrosinase Action

Tyrosinase is a metalloenzyme (whose active site includes two copper ions) responsible
for melanin (the pigment that controls skin color) production [131]. Tyrosinase overpro-
duction causes skin hyperpigmentation, leading to a darker skin appearance (dark brown
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spots and irregular grey patches) [132]. Tyrosinase activity is inhibited by compounds that
block the active site or chelate copper ions [131] (Table 2). High amounts of serine can
bind copper [133] and affect the C-terminal tyrosine residue [134] and amino acids with
hydroxyl function [133].

Table 2. Summary of recent studies on biopeptides that decrease tyrosinase activity.

Peptides Source Activity Biblio

Skin collagen peptides (3–10 kDa fraction) Todarodes pacificus Copper-chelation [135]

Albumin peptide obtained using papain Rice bran Tyrosinase inhibition,
copper-chelation [133]

HGGEGGRPY, LQPSHY, and HPTSEVY Rice Tyrosinase inhibition [134]
Peptides Faba bean (Vicia faba) Tyrosinase inhibition [136]

Water and ethanol extracts from soy milk fermented
with lactic acid bacteria strains, Soy milk Tyrosinase inhibition [137]

4.1.4. Biopeptides That Decrease Elastase Action

Elastin is an extracellular matrix of highly polymerized protein that gives elasticity to
connective tissues. Arteries, skin, and lungs contain elastin [138]. It maintains skin elasticity
and firmness. Elastin contains two amino-acid sequences, one responsible for crosslink-
ing and the other for hydrophobicity. The extensive crosslinking in elastin determines
insolubility and durability [139]. Fibroblasts and vascular smooth muscle cells synthesize
elastin until puberty and stop when the body matures. Overproduction of the enzyme
elastase decreases the elastin fibers’ production [140]. Elastin-derived peptides may prevent
and regulate skin photoaging (decreasing elastase activities and fibroblast apoptosis and
improving the hydroxyproline content), water content, and fibroblast proliferation [141].
Aging increases elastin degradation and elastin-derived peptide (EDP) levels, enhancing
the affinity and deposition of calcium [142]. Two elastin hydrolysate-derived peptides
(TGVLTVM and NHIINGW) from the skipjack have shown protective effects against skin
damage due to UVA irradiation through the attenuation of oxidative stress and mitochon-
drial damage [143]. One elastase inhibitory peptide Phe-Phe-Val-Pro-Phe (FFVPF), with
significant stability in the gastric environment, was obtained from walnut meal protein
hydrolysates [144]. Norzagaray-Valenzuela et al. found peptides in microalgae (Dunaliella
tertiolecta, Tetraselmis suecica, and Nannochloropsis sp) with elastase inhibitory effects [127].

4.2. Biopeptides with Antioxidant Properties Derived from Foods

In the cells, oxidative stress is generated by the imbalance between the endogenous
antioxidant defense system ability and free radicals, which can produce oxidants. The
reactive oxygen species (ROS, e.g., hydroxyl radical (•OH), superoxide anion radical (O2

•−),
lipid radical (ROO•)) and reactive nitrogen species (e.g., nitrogen oxide (NO•)) are respon-
sible for degenerative changes in the aging process, heart disease, arteriosclerosis, stroke,
cancer, and diabetes [145]. Antioxidant molecules (synthetic and natural) decrease the
risk of chronic diseases (e.g., cardiovascular pathologies, diabetes, arthritis, Alzheimers
and cancer) and skin aging related to oxidative stress and control the oxidation of food
nutrients [146]. Natural antioxidants are heterogeneous secondary metabolites such as
phenols, vitamins (e.g., E and C), carotenoids, glutathione, biopeptides, and some enzymes
such as glutathione peroxidase, superoxide dismutase, and catalase [147]. Synthetic an-
tioxidants (i.e., propyl gallate, t-butyl hydroquinone, and butyl hydroxyanisole) have the
disadvantage of high costs and potential toxicity risk [7]. Antioxidants can donate electrons,
catalyze oxide-reductive reactions (e.g., antioxidant enzyme), and prevent the interaction
of transition metals (e.g., copper and iron) with hydrogen peroxide and superoxide binding
proteins [147]. The research on safe and high-efficiency antioxidants from natural products
(especially foods) has attracted widespread attention. Vitamins, carotenoids, bioflavonoids,
and peptides have attractive antioxidant potential [148–150].
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Peptidic antioxidants (PAs) can chelate metal ions, scavenge radicals, and quench
singlet oxygen. They can be ingested safely and sometimes act as antibacterial, antihy-
pertensive, and hypocholesterolemic molecules [151]. Peptide sequences with antioxidant
activity are found in food proteins and biowaste proteins, where they occur as inactive
sequences. Gastrointestinal digestion, enzymatic hydrolysis, and microbial fermentation
can release biopeptides from precursor proteins [152]. Biowaste peptides are attractive
for industrial applications and, at the same time, promote environmental protection. The
liberated peptides must be purified before determining the sequences [153,154].

Peptides with molecular weights less than 3 kDa, containing 2–20 amino acids, among
which are hydrophobic amino acids (e.g., tryptophan, phenylalanine, valine, histidine,
glycine, isoleucine, lysine, and proline), and having extra aromatic rings, hydrophobic
properties, and donor electrons have potential antioxidant activity [155,156].

The aromatic ring guarantees that the loss of electrons will not transform the peptide
into free radicals. The extra electrons can deactivate the free radicals [157]. The hydrophobic
properties permit the accessible entrance of the antioxidant peptides into target organs
through hydrophobic interactions with membrane lipid bilayers [158]. Nevertheless, ac-
cording to Chen et al. and Tironi et al., the antioxidant capacity of peptides declines after
hydrolysis [159,160].

Chen et al. [160] found that the concentration of antioxidant amino acids and the
peptide sequence might affect the antioxidant potential [161]. The amino acid sequence
order of antioxidant activity is Pro-Tyr-Ser-Phe-Lys > Gly-Phe-Gly-Pro-Glu-Leu > Val-Gly-
Gly-Arg-Pro, when DPPH, ABTS, and OH radical assays are used to measure it [162] and
the order is Trp-Pro-Pro > Gln-Pro if the hydroxyl radical scavengers are evaluated [163].
The peptides’ synergistic influence improves their antioxidant potential and avoidance of
gastrointestinal proteolysis [164–168]. The peptides’ antioxidant properties involve free
radical scavenging, metal ion chelation, singlet oxygen quenching, and lipid peroxidation
inhibition (enzymatic and non-enzymatic) [169]. PAs were found in plants (corn, rapeseed,
cacao seed, rice, rye, wheat, soybean, pea, and hemp seed) [170–172], milk [173–175],
marine organisms (algae, mackerel, horse mackerel bonito, yellowfin, monkfish, oysters,
tuna, salmon, mussel, catfish, sardine, eel, squid, and tilapia) [176–178], eggs (ovalbumin,
yolk, and white lysozyme) [179] and animals (porcine myofibrils, skin, buffalo horn, and
dry-cured ham) [180].

Methods Used to Evaluate the Antioxidant Potential

The most popular protocols used to test antioxidant activities employ spectropho-
tometric tests. They can evaluate the hydrogen atom transfer (HAT) mechanism, single
electron transfer (SET) mechanism, transient metal chelation, and in the cellular system,
the Nrf2/Keap1pathway.

The ORAC (Oxygen Radical Absorbance Capacity), TRAP (Total Radical Trapping
Antioxidant Parameter), CBA (Crocin Bleaching Assay), and LPA (Lipid Peroxidation
Assay) evaluate HAT-based reactions.

The TEAC (Trolox Equivalent Antioxidant Capacity, also known as ABTS), DPPH
(2,2-diphenyl-1-picrylhydrazyl radical scavenging activity), and CRC (Copper II Reduction
Capacity assay) measure the SET-based reactions [177,181].

The EECC (EDTA Equivalent Iron Chelation Capacity) and CECC (Carnosine Equiva-
lent Iron Chelation Capacity) test the ion chelating capacity [182].

The ABTS assay’s pH strongly affects the antioxidant potential of tryptophan, tyrosine,
and their derivate peptides [183].

4.3. Peptides with Antimicrobial Activity

The skin is constantly exposed to microbial agents. Skin aging decreases the cutaneous
production of antimicrobial peptides [184]. The bioactive peptides with antimicrobial
activity against Staphylococcus aureus, Propionibacterium acnes, Pseudomonas aeruginosa, En-
terococcus faecium, Acinetobacter baumannii, Klebsiella pneumoniae, Propionibacterium acnes,
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and Enterobacter species, are promising functional ingredients in food supplements and
cosmeceuticals (Table 3) [185–188]. The antimicrobial activity of biopeptides is ascribed to
the formation of transmembrane channels (by polymerization or self-aggregation), which
lead to cytoplasm leakage and/or cell death, and/or inhibition of cell division, protein-
folding, cell wall and protein biosynthesis, nucleic acid synthesis, and lipopolysaccharide
formation [189].

Table 3. Summary of recent studies on antimicrobial biopeptides.

Peptides Source Activity Biblio

TITLDVEPSDTIDGVK ILVLQSNQIR
ISGLIYEETR MALSSLPR
ISAILPSR
LPDAALNR IGNGGELPR
QVHPDTGISK EAESSLTGGNGCAK

Saccharina longicruris Staphylococcus aureus [191]

MDN
ELAAAC
LRDDF
GNAPGAVA
ALRMSG
RDRFL

Alfalfa RuBisCo Listeria innocua [192]

QAIIHNEKVQAHGKKVL Crocodylus siamensis
Escherichia coli, Staphylococcus
aureus, Klebsiella pneumoniae
and Pseudomonas aeruginosa.

[193,194]

Cationic peptides Rice bran Propionibacterium acnes
JCM 6473 [190]

Peptides generated by Aspergillus
oryzae,
Aspergillus flavipes proteases

Bovine milk

Listeria monocytogenes
Staphylococcus aureus

Salmonella enterica Enteritidis
Escherichia coli

Pseudomonas aeruginosa

[191]

It seems that positive charges (ranging from +2 to +9), small size (15–50 amino acids
residues), and an amphipathic structure (ca. 50% hydrophobic residues) facilitate the
biopeptide’s interaction with the negatively charged membrane of some microorgan-
isms [190].

4.4. Peptides with Anti-Inflammatory Activity

Inflammation is how the body restores itself after injury, replaces damaged tissue and
combats pathogens [195]. Inflammation may be acute or chronic. It can remain for a few
minutes to weeks or years. Inducing inflammatory process factors are lipopolysaccharide,
dextran sodium sulfate, and other toxicants. Inflammatory processes induce the production
of cytokines (IL1α, IL1β, IL2, IL6, IL8, IL12, TNFα, and IFNγ) by T lymphocytes cells
and macrophages [196]. Moreover, inflammation involves immune systems cells such
as mitogen-activated protein kinases (MAPK; intracellular serine/threonine protein ki-
nases) [197], nuclear factor kappa B (NF-κB; which binds nucleotropic DNA and regulates
the expression of inflammatory factors) [198], and phosphatidylinositol 3-kinase/protein
kinase B (PI3K/Akt) [199].

The inflammation processes can contribute to aging diseases [200] and impact the
pathophysiology of cancer, rheumatoid arthritis, atherosclerosis, asthma, ulcerative colitis,
and type-2 diabetes [201]. Biopeptides’ anti-inflammatory effect is affected by low molecu-
lar weights (less than 1 kDa ca. 500 Da, composed of 2–6 amino acids) (Table 4) [202] and
depends on the amino acid composition (number, quality, and positions). Low molecular
weight peptides can reach their target place intact (they have few cleavage sites for en-
dopeptidase enzymes) and have specific transport modes. Peptide transport modes include
PepT1 transporters, cytokinesis, cellular bypass, and passive diffusion; dipeptides and
tripeptides can also be in the PepT1 category [195]. Regardless of amino acid composition,
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highly hydrophobic biopeptides containing leucine, tryptophan, and phenylalanine have
anti-inflammatory potential. Leucine and isoleucine can act on PI3K (Akt kinases in the
PI3K/Akt signaling pathway) and ERK kinases (in MAPK pathways) [203]. They can
mitigate the damage caused by inflammatory factors by decreasing the kinases’ phospho-
rylation and changing macrophages from M1 to M2 [204]. Moreover, highly hydrophobic
biopeptides can avoid lipopolysaccharide (LPS)-stimulated inflammatory responses by
forming peptide-lipopolysaccharide complexes and scavenging LPS through cell mem-
brane charge exchange [205]. Positively charged amino acids (e.g., lysine, histidine, and
arginine) positively influence the biopeptides’ anti-inflammatory potential, affecting the
inflammatory response linked to the activation of cascade pathways and improving their
absorption in the intestine [206]. Lysine can regulate the kinase ERK’s phosphorylation
and the nuclear transcription factor NF-κB’s translocation in the MAPK signaling path-
ways [207]. Arginine can reduce p38 and ERK kinases phosphorylation (in the MAPK
pathways) and decreases the expression of TLR4 receptors and transcription factor p65′s
nuclear translocation (by constraining IκB kinase phosphorylation in the NF-κB path-
way) [208]. The presence of glycine and glutamine also influences the anti-inflammatory
activity of biopeptides. Glycine has a high affinity for calcium, interferes with Ca2+ sig-
naling [209], modulates the NF-κB signaling pathway [210], downregulates inflammatory
factors (TNF-α, IL-1β, IL-8, and IL-6), and modulates the MAPK pathways (JNK, ERK, and
p38) [211]. Finally, the anti-inflammatory properties of biopeptides are related to the amino
acid positions. Hydrophobic amino acids situated at the peptide chain’s N-terminus and
charged amino acid C-terminal ends have a positive anti-inflammatory impact [195].

Table 4. Summary of recent studies on anti-inflammatory biopeptides.

Peptides Source Activity Biblio

LDAVNR (686 Da) and
MMLDF (655 Da) [35] Spirulina IL-8 produced by endothelial cells EA.hy926 [212]

FLWGKSY Spent hen muscle IL-6 [200]
VLER, WVGK, VVRP, VLLF,

VALVR, LFGK, FGPK Millet bran TNF-α, IL-1β, PGE2 [213]

DQWL Whey
IL-1β, COX-2, and TNF-α, and the secretion
of IL-1β and TNF-α proteins in LPS-induced

RAW 264.7
[214]

YFVP, SGRDP, MVWGP,
TGSYTEGWS Sunflower IL-1β [215].

KLRSRNLLHPT,
TNGRHSAKKH Bee pollen COX-2, IL-6, iNOS, TNF-α [216]

5. Peptide Delivery Systems

Chemical, physical, and biological variability can degrade biopeptides, decrease stor-
age life, and limit their application in different formulations. Chemical instability is due
to oxidation reactions, deamination, etc. Physical instability is mainly produced by aggre-
gation, denaturation, and surface adsorption. Biological instability is due to cell enzymes,
which may cause degradation or inactivation of the active molecule and loss of biological
activity [217]. Using nanocarriers can enhance the biopeptide’s stability and limit side
effects. Nanocarriers (e.g., liposomes, niosomes, novasomes, transferosomes, ethosomes,
cubosomes, ultrasomes, photosomes, polymerosomes, nanofibres, metal nanoparticles,
dendrimers, nanocrystals, carbon nanotubes, fullerene, cyclodextrin nanosponges, solid
lipid nanoparticles), hydrogels, and nanoemulsions are carrier systems used for biopeptide
delivery.

Liposomes are sphere-shaped vesicles with a hydrophilic core enclosed by at least
one phospholipid bilayer. They can enter the skin by merging with the lipids of the
stratum corneum or via the sebaceous glands [218]. The liposomes can be made with food-
grade materials (biodegradable and non-toxic) and can encapsulate nonpolar, polar, and
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amphiphilic amino acids [219,220]. Mechanical methods (e.g., sonication, film formation,
microfluidization, and extrusion), solvent replacement methods (reverse phase evaporation,
injecting ethanol, and proliposome techniques), or detergent removal methods can be
used to produce them [221]. The liposomes are used in lipsticks, antiperspirants, creams,
deodorants, moisturizers, and hair care formulations. They are employed to improve
the solubility of vitamins (e.g., A, E, and K), antioxidants (e.g., lycopene, coenzyme Q10,
carotenoids, etc.), and other active biomolecules in water, facilitate the skin’s hydration and
restore the skin’s epidermal layers by incorporating lipid compounds (e.g., cholesterols,
and ceramides) [222]. They can deliver biopeptides in moisturizing, anti-aging creams,
body sprays, deodorants, lotions, sunscreens, fragrances, shampoos, conditioning agents,
etc. High production cost and osmotic stability limit their use in cosmetic products [223].

Niosomes contain one to seven bi-lipid layers, a non-ionic surfactant (spans, tweens,
alkyl amides, brijs, polyoxyethylene alkyl ethers, and sorbitan esters), and an amorphous
central core [224,225]. They are obtained by mixing free fatty acids, cholesterol, and a
non-phospholipid surfactant.

Novasomes can deliver hydrophilic and hydrophobic molecules, have a lower produc-
tion cost than liposomes [220], improve the biopeptides residence time on the dermal layers
and skin penetration, decrease the horny layer barrier’s resistance and the biopeptides’
systemic absorption [226]. Novasomes have high molecule entrapment efficiency and a
much lower production cost than liposomes. They have a little higher deposition volume
on the skin than niosomes [227]. Moreover, they are stable at pH changes between 2 and 13
and temperatures between 0 ◦C and 100 ◦C.

Ethosomes are vesicles containing phospholipids with a high concentration of ethanol
(20–50%) which improve the bioactive peptides’ permeation across the skin, mediating
the disruption of the skin’s lipid layers. Ethasomes with niacinamide are used to decrease
aging, pigmentation, skin blotches, and acne [228,229].

Transferosomes are deformable vesicles containing phospholipids and an edge ac-
tivator (e.g., sodium chlorate, tween 80, and span 80). They can be used as curcumin,
capsaicin, and resveratrol vehicles in transdermal skin layers [230], in antiwrinkle [231],
and anti-aging cosmetics [232].

Cubosomes are self-assembling honeycomb-shaped liquid crystalline lipid nanopar-
ticles (3D structures obtained from a bi-continuous cubic liquid phase with two aqueous
channels divided by a surfactant bilayer) which can contain lipophilic, hydrophilic, and
amphiphilic molecules [233,234]. They are used to absorb pollutants and as stabilizers for
oil-in-water emulsions [230].

Ultrasomes are liposomes that contain a UV-endonuclease enzyme that repairs UV-
damaged DNA and decreases the expression of pro-inflammatory cytokines [235].

Photosomes are liposomal formulations of photolyase. They are incorporated in
sunscreen products [236,237].

Polymersomes are artificial vesicular systems containing block copolymers encapsu-
lating lipophilic and/or lipophobic molecules. They have higher stability than liposomes
because of their thick and rigid bilayer structure [238,239]. They enhance skin elasticity
and increase the skin cells’ activation energy [240].

Biopolymer microgels are small particles comprising a cross-linked polymer molecule
network [241]. They can contain natural, synthetic, or bio-polymers (e.g., chitosan, hyaluronic
acid, collagen, gelatin, and polyvinyl alcohol), polyacrylamide, xanthan gum, polyethylene
glycol, pectin, starch, cellulose, alginate). They can be obtained by coacervation, antisolvent
precipitation, and emulsion. Unfortunately, porous microgels can diffuse small peptides.
Biopolymer hydrogels are used to produce “beauty masks” [242,243].

Solid lipid particles (SLN) are a colloidal delivery system formed by crystallized lipid
particles in an aqueous medium [244]. SLNs are used in cosmetic creams, lotions, and
sunscreens [243].
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Nanostructured lipid carriers (NLCs) are a mixture of solid and liquid lipids with a
less ordered structure that load more active molecules than SLN into their pockets. NLCs
are suitable carriers for volatile essential oils [245].

Nanofibers are one-dimensional nanomaterials (e.g., collagen, silk, PVP, and PVA)
having a high surface area to volume ratio, high bioactive loading capacity, small diameters,
and excellent absorbing capacity. They can be used for production of cleansers, face masks,
and skin healing products [246].

Inorganic nanocosmetics are nanoparticles containing metals (e.g., gold, silver, alu-
minum, platinum, titanium) or metalloids (e.g., silica and selenium). Among metal-based
nanoparticles, gold and silver are the most used. Gold has high stability and penetra-
bility, is inert, and is non-cytotoxic. Gold nanoparticles have antioxidant and anti-aging
effects, enhance skin elasticity, skin firmness, and blood circulation, and have antibacterial,
antifungal, and antiseptic properties [247].

Silver has antimicrobial properties against many microbial species and is an anti-
inflammatory agent. Silver nanoparticles (AgNPs) are used in lotions, skin cleansers,
creams, shampoos, deodorants, and toothpaste [248].

ZnO2 and TiO2 nanoparticles are used mainly in sunscreen for UV-A and UV-B
filters [249,250].

Inorganic metalloid silica and selenium are the most used in the cosmetic field. Silica
has a feel-good texture and excellent penetrability and can enclose hydrophilic and hy-
drophobic molecules. Silicone-based vesicles are used to deliver vitamins A, C, and E and
oils such as jojoba and lanolin, in emollients and creams [251,252].

Silica nanoparticles are employed in lipsticks to homogenize lipstick pigments, in
anti-aging/anti-wrinkle creams, and in hair and nail cosmetic products. They can improve
cosmetic products’ texture, effectiveness, and shelf-life and act as an anti-caking agent.
Moreover, they have high photostability and protect against UV radiation [253].

Dendrimers are macromolecular organic nanocarriers with a network of symmetric
branches (the number of branches required determines the production process) arising
from a central core, with functional groups attached at their terminal ends [223]. Polyva-
lence, solubility, monodispersity, low cytotoxicity, self-assembling, chemical stability, and
electrostatic interactions are key factors responsible for their high selectivity and precision
in the biopeptides’ delivery [254]. Biodegradable polymers (e.g., polysaccharides, poly
α-esters, poly alkyl cyanoacrylates, and poly amidoamine dendrimers) are used in cosmetic
formulations to benefit hair (e.g., hair-styling gels and shampoos), skin (e.g., anti-acne
cream) and nails (e.g., nail polishes), and as sunscreens. Dendrimers were developed to
improve resveratrol and vitamins A and B6 (PAMAM dendrimer) solubility and skin infil-
tration [221] and give a glossy appearance to the skin and hair (carbosiloxane dendrimer
able to resist oil and water) [255].

Nanocrystals are clusters of thousands of active agents linked together in a fixed
pattern to form a group (sizes ranging from 10 to 400 nm) having a very high surface area to
volume ratio and high solubility and bioavailability. They facilitate biopeptide absorption
into the skin by creating a high biological adhesion and concentration gradient on the skin
surface for long periods. They are usually utilized to administer poorly soluble active
compounds [256]. Undissolved nanocrystals can aggregate in hair follicles to produce an
active molecules reservoir in addition to intracellular and intercellular pathways [257–259].

Fullerenes (or buckyballs) are spherical structures with many carbon atoms [260]. They
can deliver biopeptides in cosmetics (e.g., anti-wrinkle, anti-acne, lightening toner, pore
reduction, and moisturizing creams) and sunscreen [261,262].

Cyclodextrin nanosponges are natural oligosaccharides (containing 6–8 glucopyranose
molecules) with a truncated cone-shaped structure [263]. Cyclodextrin’s lipophilic cavity
can encapsulate aromatic molecules, aliphatic hydrocarbons, and vitamins [264]. They
are used in perfumes, tanning products, deodorants, laundry detergents, odor removers,
underarm odor shields, etc. [265].
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Microemulsions (diameter 10 to 100 nm) are classified as water-in-oil (W/O) and oil-in-
water (O/W) based on the predominant system’s components. The W/O microemulsions
are thermodynamically stable, have noninvasive administration, high solubilization capac-
ity, and are easily formulated but require high concentrations of surfactants to stabilize
them [244] and can be only employed in oral formulations that contain mainly oil (e.g.,
oil-filled soft capsules). Water-dispersible forms can be formulated by homogenizing the
W/O microemulsion with water and a hydrophilic emulsifier to form a W/O/W type
system. Mortazavi et al. used W/O microemulsion to encapsulate PKEK, a tetrapeptide
that can decrease the pigmentation process [266].

The O/W microemulsion can encapsulate hydrophobic biopeptides mixed with a
hydrophobic surfactant and a co-surfactant [267,268].

Water-in-oil-in-water (W/O/W) systems are used to encapsulate the water-soluble
peptides. They are multicompartment liquid dispersions where the dispersed phase is an
emulsion [269]. The double emulsion can mask flavor and odor and regulate bioactive in-
gredients released during digestion. The type of oil used significantly affects the formation
and structure of multiple emulsions and the skin barrier function [270]. Their use is limited
by instability [271]. The W1/O/W2 double emulsion system is a helpful delivery matrix
for hydrophilic biopeptides, as shown by Ying et al. [272], who prepared applications of
W1/O/W2 double emulsions containing soy peptides by a two-step emulsification process
and Giroux et al. [273] who encapsulated β-lactoglobulin hydrolysate using a W1/O/W2
emulsion system, obtaining a peptides’ release inversely correlated to the oil’s viscosity
and peptides’ hydrophobicity.

6. Conclusions

Foods and food waste are promising sources of biopeptides for the nutricosmetic
industry. Using food waste for the production of biopeptides may contribute to sustain-
able development and represent economic advantages. Conversion of highly abundant,
inexpensive and renewable biomass to obtain biopeptides for nutricosmetic formulation
is dependent on purification processes and “tailor-made” manipulation of the precursor
structures. This requires expertise in analytical procedures and good manufacturing prac-
tice to ensure the population’s safety. Therefore, before thinking of recovering biopeptides
on a large scale from food waste, technologies are required that can produce peptides
industrially as well as regulated analytical tests to ensure consumer safety.

Nanotechnology is becoming a crucial tool for developing new cosmetic and personal
care products including biopeptides in their industrial formulation. Inspection of the
extensive literature shows that nanomaterials that can deliver biopeptides differ in physical
and chemical properties, biocompatibility, stability, site-specificity, and biopeptide-loading
capability. Additional research on biopeptide applications in final products is needed to
understand their potential risks and consumer acceptance.
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Abstract: Sargassum horneri is a well-known edible brown alga that is widely abundant in the sea near
China, Korea, and Japan and has a wide range of bioactive compounds. Fucosterol (FST), which is a
renowned secondary metabolite in brown algae, was extracted from S. horneri to 70% ethanol, isolated
via high-performance liquid chromatography (HPLC), followed by the immiscible liquid-liquid
separation, and its structure was confirmed by NMR spectroscopy. The present study was undertaken
to investigate the effects of FST against oxidative stress, inflammation, and its mechanism of action in
tumor necrosis factor (TNF)-α/interferon (IFN)-γ-stimulated human dermal fibroblast (HDF). FST
was biocompatible with HDF cells up to the 120 μM dosage. TNF-α/IFN-γ stimulation significantly
decreased HDF viability by notably increasing reactive oxygen species (ROS) production. FST dose-
dependently decreased the intracellular ROS production in HDFs. Western blot analysis confirmed a
significant increment of nuclear factor erythroid 2-related factor 2 (Nrf2)/ heme oxygenase-1 (HO-1)
involvement in FST-treated HDF cells. In addition, the downregulation of inflammatory mediators,
molecules related to connective tissue degradation, and tissue inhibitors of metalloproteinases were
identified. TNF-α/IFN-γ stimulation in HDF cells increased the phosphorylation of nuclear factor-κB
(NF-κB) and mitogen-activated protein kinase (MAPK) mediators, and its phosphorylation was
reduced with the treatment of FST in a dose-dependent manner. Results obtained from western
blot analysis of the NF-κB nuclear translocation were supported by immunocytochemistry results.
Collectively, the outcomes suggested that FST significantly upregulates the Nrf2/HO-1 signaling and
regulates NF-κB/MAPK signaling pathways to minimize the inflammatory responses in TNF-α/IFN-
γ-stimulated HDF cells.

Keywords: Sargassum horneri; fucosterol; human dermal fibroblasts; Nrf2/HO-1; MAPK; NF-κB

1. Introduction

Since ancient times, humans have used certain species of marine algae as culinary
ingredients. Sargassum horneri is a type of edible marine brown algae that is abundant
in the sea nearby China, Korea, and Japan. Apart from its dietary uses, S. horneri has
gained increased attention towards research on antioxidants, and anti-inflammatory agents
due to its high content of bioactive compounds, such as sulfated polysaccharides, sar-
gachromenol, phlorotannins, phenolic substances, and proteoglycans [1–3]. Although
S. horneri was first reported as a naturally available source in 1962 in the Manual of Chinese
Economic Seaweeds, it is more suitable in modern medicine due to its promising protec-
tive role against bacteria, anti-proliferative effects on cancer cells, and anti-inflammatory
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and antioxidant activity. The huge boom of future drug developments focuses more on
synergetic pharmacological effects rather than the “one-target, one-drug” approach [4].
Several studies indicated that lipid compounds, such as carotenoids and sterols, are equally
beneficial to human health while these substances are prevalent in diverse brown sea-
weeds [5]. Prior investigation revealed the presence of fucosterol (FST) as a principal
sterol in brown seaweeds [6,7]. Moreover, FST is relatively abundant in Sargassum spp. [8].
In particular, the protective effect of FST against acute liver injury [9], urban particulate
matter-induced injury and inflammation in human lung epithelial cells [10], and particulate
matter-induced skin lesions [11], as well as antioxidative and anti-inflammatory effects
on macrophages [12] have been reported. However, there is no evidence that FST has an
anti-inflammatory effect on human dermal fibroblasts (HDF) stimulated by tumor necrosis
factor (TNF)-α/interferon (IFN)-γ.

Inflammation is a complex biological response that takes place in the body for main-
taining homeostasis alongside internal or external stimuli. Under specific circumstances,
inflammation can increase the risk of numerous diseases reaching a chronic level. Inflam-
matory responses in the skin are accompanied by the occurrence of oxidative stress from
intracellular reactive oxygen species (ROS) that can damage tissues and cause chronic
inflammatory illnesses [13]. TNF-α and IFN-γ are inflammatory mediators that have the
ability to promote oxidative stress and inflammatory reactions in cells. It causes abnormal
expression of inflammatory cytokines, chemokines, and inflammatory mediated signaling
pathways [14,15]. The nuclear transcription factor kappa B (NF-κB) pathway is activated
by dysregulated ROS generation in cells, which promotes phosphorylation of IκBα and
NF-κB and enables the NF-κB p65 subunit to enter the nucleus from the cytosol. Moreover,
the mitogen-activated protein kinase (MAPK) pathway is activated by the phosphorylation
of ERK, JNK, and p38. Activation of the NF-κB and MAPK pathways collectively stimu-
lates inflammatory responses by producing inflammatory cytokines and chemokines. The
nuclear factor erythroid 2-related factor 2 (Nrf2)/heme oxygenase-1 (HO-1) signaling is
considered a key pathway, which protects cells by boosting the production of antioxidant
enzyme genes which is essential for defending cells from inflammatory responses [13,16,17].
Keratinocytes are the outermost live cells of the skin that are directly exposed to external
stimuli which may occur inflammatory reactions and release inflammatory mediators [13].
It can affect underneath cells such as HDFs to cause inflammatory reactions. In addition,
HDF cells themselves can indicate inflammation, and the production of matrix metallopro-
teinases (MMPs), which are involved in the degradation of connective tissue components
in the skin by increasing oxidative stress [18]. Moreover, external stimuli can increase
oxidative stress in HDFs, activate protective as well as apoptotic pathways, and ultimately
cause abnormal inflammatory reactions.

Skincare and related nutricosmetic products which contain biologically active natural
ingredients are seen as the next big innovation in the cosmetic industry [19]. The present
study aims to isolate bioactive compounds by using the immiscible liquid–liquid separation
of 70% ethanol extract of S. horneri. High-performance liquid chromatography (HPLC)
was implicated to identify prominent UV absorbing peaks assuming the hexane fraction
contains a significant number of sterols. The collected fraction from HPLC was identified
as FST by subjecting nuclear magnetic resonance (NMR) spectroscopy. Further experiments
were designed, hypothesizing that FST isolated from 70% ethanol extract of S. horneri
possesses potent antioxidant and anti-inflammatory effects on TNF-α/IFN-γ-stimulated
HDF cells by regulating the Nrf2/ HO-1 signaling pathway, thereby regulating the NF-κB,
MAPK signaling, and production of inflammatory cytokines and chemokines.

2. Materials and Methods

2.1. Materials

S. horneri samples were collected from the western shores of Jeju Island, South Korea.
Recombinant TNF-α and IFN-γ were purchased from R&D Systems (Minneapolis, MN,
USA). Dulbecco’s modified eagle medium (DMEM), and a mixture of streptomycin and
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penicillin (P/S) as antibiotics were purchased from GibcoBRL (Grand Island, NY, USA),
and Fetal bovine serum (FBS) was purchased from Welgene (Gyeongsangbuk-do, South
Korea). 2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), 2,2-
diphenyl-1-picrylhydrazyl (DPPH), 2′7′-dichlorodihydrofluorescein diacetate (DCFH-DA),
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Dimethyl sulfoxide
(DMSO), bovine serum albumin (BSA), Folin and Ciocalteu’s phenol reagent, ethidium
bromide, and agarose were bought from Sigma-Aldrich (St. Louis, MO, USA). D-glucose
was purchased from Junsei Chemical Co., Ltd. (Tokyo, Japan). BCA protein assay kit,
NE-PER® nuclear and cytoplasmic extraction kit, 1-Step transfer buffer, Pierce™ RIPA
buffer, protein ladder, and SuperSignal™ West Femto Maximum Sensitivity Substrate were
purchased from Thermo Fisher Scientific (Rockford, IL, USA). Antibodies needed for the
western blot analysis were purchased from Santa Cruz Biotechnology Inc. (Dallas, TX, USA)
and Cell Signaling Technology Inc. (Beverly, MA, USA). Skim milk powder was obtained
from BD Difco™ (Sparks, MD, USA). Normal goat serum, Prolong® Gold antifade reagent
with DAPI reagent, and DyLihgtTM 554 Phalloidin were purchased from Cell Signaling
Technology (Danvers, MA, USA). The primers for the reverse transcription-polymerase
chain reaction (RT-PCR) were purchased from Bioneer Co. (Deadeock-gu, Daejeon, Korea).
The remaining chemicals and reagents used were of analytical grade.

2.2. Sample Collection and Extraction

Samples were collected from the western shores of Jeju Island, South Korea. S. horneri
was identified by the Biodiversity Research Institute in Jeju, South Korea (voucher specimen
(SH2017J005), and was kept in the laboratory of Marine Bioresource Technology at Jeju
National University, South Korea). Sands and impurities were removed by washing with
running water, air-dried at room temperature, and pulverized into powder by using
IKA MF10 laboratory pulverizer (Staufen, Germany). The powder was extracted into
70% ethanol for 12 h and repeated three times. After centrifugation and filtration, the crude
extract was obtained by concentrating the extract in a rotary evaporator.

2.3. Compositional Analysis of Crude Extract

The contents of total polyphenol, total protein, and carbohydrate were determined
according to the method mentioned in one of the previous studies [20]. In brief, the dried
crude extract was dissolved and incubated in the dark after mixing with Folin–Ciocalteu
regent. Total polyphenolic compounds were measured by comparing the absorbance values
with the gallic acid standard. Total protein content was measured by using the Lowry
method. For that, the dissolved sample was incubated in the dark after mixing with Folin–
Ciocalteu regent. The total protein content was calculated by using bovine serum albumin
as the standard. Carbohydrate content was measured by using phenol–sulphuric method.
For that sample, it was dissolved and then mixed with phenol and sulphuric acid. Then,
absorbance values were obtained after incubating in the dark. Carbohydrate content was
calculated by comparing it with the standard glucose series.

2.4. High-Performance Liquid Chromatography (HPLC) Analysis and Structural Identification
of Compounds

The crude extract was dissolved in water and partitioned with hexane by thoroughly
mixing and equilibrating in a separatory funnel. The resulted hexane fraction was dried by
removing the solvents using a rotary evaporator and resolved by HPLC system equipped
with an ‘Ultimate 3000’-variable wavelength detector. Among the four different fractions,
the concentrated hexane fraction was resolved in a BioBasic SEC-60 (300 × 7.3 mm) PREP
column with the use of gradient acetonitrile: water (49:1) solvent system. Proton (1H)
NMR data were used to identify and elucidate the structure of the isolated compound.
For that, the compound was dissolved in CDCl3 and analyzed by an AVANCE III HD 400
spectrometer (400 MHz) (Bruker, Mundelein, IL, USA).
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2.5. Cell Culture

HDF (KCLB, Seoul, Korea) were cultured and maintained in DMEM media supple-
mented with 25% F-12, 10% FBS, and 1% penicillin/streptomycin mixture at 37 ◦C with
5% of CO2 in a humidified atmosphere. Cells were sub-cultured once every 5 days while
cell culture media was replaced once every 2 days with fresh media. When cells reached
exponential growth during the passages of 3–6, they were accordingly seeded in multi-well
plates, chamber slides, or cell culture dishes for further experiments.

2.6. Cell Viability and ROS Production Analysis

HDF cells seeded in a 96-well plate were treated with a series of FST concentrations
and incubated for 1 h. Then, 10 μL of TNF-α/IFN-γ mixture in 1:1 ratio was added and
incubated at 37 ◦C for 24 h. Then, MTT assay was conducted to investigate the cell vi-
ability as described in one of our previous publications [13]. In brief, the absorbance
of formazan crystals dissolved in DMSO was measured by using a SpectraMax M2 mi-
croplate reader (Molecular Devices, Sunnyvale, CA, USA) at 570 nm. The effect of FST
on intracellular ROS levels in HDF cells stimulated with TNF-α/IFN-γ was measured by
2′,7′-dichlorofluorescein diacetate (DCF-DA) assay, as described in one of the previous
publications [20].

2.7. Western Blot Analysis

HDF cells were seeded at 2 × 105 cells/mL of cell counts in 10 cm culture dishes
for 24 h. Cells were stimulated with 10 ng/mL TNF-α/IFN-γ after being treated with
a series of FST concentrations for 2 h. Then, cells were harvested and lysed using the
NE-PER® nuclear and cytoplasmic extraction kit (Thermo Scientific, Rockford, IL, USA).
A BCA protein assay kit (Thermo Scientific, Rockford, IL, USA) was used to estimate the
protein concentrations in cell lysate, and 30 μg of protein of each lysate were subjected to
electrophoresis on 10% polyacrylamide gels. Then, we followed the same procedure as
described in our previous study [20].

2.8. Immunofluorescence Analysis

Immunostaining was conducted according to the method described in the previous
study with slight modifications [21]. In brief, a density of 1 × 104 cells/chamber was
used for cell culture in chamber slides, and samples were treated accordingly after 24 h
of incubation in a humidified atmosphere. Then, wells were rinsed with PBS after 30 min
of TNF-α/IFN-γ exposure, fixed, and incubated in blocking buffer for 1 h before being
incubated overnight with primary antibodies (anti-NF-κB p65). The cells were then rinsed
in PBS, and treated with Alexa Fluor® 488 conjugated Anti-Mouse IgG for 2 h. Slides
were covered with coverslips with Prolong® Gold antifade reagent containing DAPI, after
being washed in PBS. Then an EVOS M5000 (Thermo Fisher Scientific, Waltham, MA, USA)
Imaging microscope was used to visualize the cells.

2.9. Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

RT-PCR was carried out to investigate the expression of mRNA of inflammatory cytokines.
The experiment was conducted following the method described by Jayasinghe et al. [13]. In
brief, HDF cells were seeded in 6 cm culture dishes and incubated for 24 h at 37 ◦C in a
humidified atmosphere. Then cells were treated with a series of concentrations of FST
prior to the stimulation of TNF-α/IFN-γ. RNA was collected from the harvested cells and
cDNAs were synthesized from 17.5 μL of RNA solution (2 μg/μL) in each by using TaKaRa
PCR Thermal Cycler (TaKaRa Bio Inc., Otsu, Japan). PCR for corresponding cytokines was
carried out for 35 cycles in a TaKaRa PCR Thermal Cycler. Then, the relevant bands of
ethidium bromide-stained PCR products were visualized after agarose gel electrophoresis
by using Wisd WUV-L20 UV transilluminator (Daihan Scientific Co., Gang-won-Do, Korea).
The final analysis was conducted using NIH Image J software (Version No. 1, US National
Institutes of Health, Bethesda, MD, USA).
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2.10. Statistical Analysis

All statistical analyses of the study were performed using the SPSS software (Version
24.0, Chicago, IL, USA). One-way analysis of variance (ANOVA) followed by Duncan’s
multiple range tests was used to evaluate the significant variations among data sets, and
data were presented as the mean ± standard error of the mean (SEM). In this study, p < 0.05
was considered statistically significant.

3. Results

3.1. Extraction of S. horneri, Isolation of Fucosterol by HPLC, and Structural Elucidation

Dried S. horneri was ground to a powder and extracted to 70% ethanol for 24 h. The
extraction yield of the S. horneri 70% ethanol extract (SHE) was 8.12 ± 0.26% from the initial
dry weight. Of that, 3.92 ± 0.19% were carbohydrates and 1.09 ± 0.07% were proteins;
meanwhile, polyphenols indicated the highest among all measured compositions, which
were 14.82 ± 0.68% (Table 1). The results of this analysis do not differ significantly from
previous research findings [22].

Based on the results of preliminary assessments, crude ethanol extract of S. horneri was
further separated by the immiscible liquid–liquid separation method indicated in Figure 1A.
Among all resulted fractions, the subsequent hexane fraction was subjected to HPLC
based on the potent bioactivities identified through bioactivity evaluation. Seven HPLC
fractions were obtained from the hexane fraction following the chromatogram presented
in Figure 1B. The prominent fractions were initially screened for potent antioxidant and
anti-inflammatory activities. The seventh fraction was recognized showing prominent
bioactivities. HPLC was used to further purify a single peak in the chromatogram from the
seventh fraction (Figure 1C). The analysis of 1H NMR, along with a comparison with the
literature data, allowed its structure to be elucidated as FST [12]. Further, numerical values
of spectral data of the 1H NMR, which are presented in Table 2, confirm the structure of the
substance was FST.

Table 1. Composition of SHE.

SHE Composition %

Yield 8.12 ± 0.26
Carbohydrates 3.92 ± 0.19

Protein 1.09 ± 0.07
Total polyphenols 14.82 ± 0.68

Mean ± SEM (all experiments were performed in triplicate (n = 3) to determine the repeatability).

Table 2. Numerical values of spectra of the 1H-NMR values of FST.

No. 1H-NMR Value

1 1.81 (1H, m), 1.10 (1H, m)
2 1.52 (1H, m), 1.38 (1H, m)
3 3.51 (1H, m)
4 2.17 (1H, m), 2.07 (1H, m)
6 5.34 (1H, d)
7 1.89 (1H, m), 1.60 (1H, m)
8 1.43 (1H, m)
9 0.91 (1H, m)

11 1.50 (1H, m), 1.43 (1H, m)
12 1.99 (1H, m, 1.16 (1H, m)
14 1.01 (1H, m)
15 1.58 (1H, m), 1.07 (1H, m)
16 1.82 (1H, m), 1.26 (1H, m)
17 1.16 (1H, m)
18 0.69 (3H, s)
19 0.99 (3H, s)
20 1.40 (1H, m)
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Table 2. Cont.

No. 1H-NMR Value

21 1.00 (3H, d)
22 1.41 (1H, m), 1.09 (1H, m)
23 2.03 (1H, m), 1.90 (1H, m)
25 2.20 (1H, m)
26 0.97 (3H, s)
27 0.97 (3H, s)
28 5.17 (1H, dd)
29 1.56 (3H, s)

All spectra were recorded in CDCL3 at 400 MHz.

 

Figure 1. (A) Flow diagram representing the extraction and fractionation of S. horneri 70% ethanol
extract. (B) HPLC chromatogram of hexane fraction. (C) HPLC chromatogram of prominent peak
collected from hexane fraction and, (D) pure compound was characterized using 1H NMR analysis.
All experiments were performed in triplicate (n = 3) to determine repeatability.
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3.2. Effect of Fucosterol on Cell Viability and Intracellular ROS Production

Significant cytotoxicity of FST on HDFs was not observed up to the concentration of 120
μM (Figure 2A). As shown in Figure 2B, TNF-α/IFN-γ-stimulation significantly decreased
the cell viability of HDFs. Treatment of FST on stimulated HDFs significantly and dose-
dependently increased the cell viability up to 120 μM. Henceforward, 30, 60, and 120 μM
concentrations of FST were used throughout the study. TNF-α/IFN-γ stimulation increased
intracellular ROS in HDFs, while treatment of FST significantly and dose-dependently
reduced the ROS production (Figure 2C). This result was strengthened by the findings of
DCF-DA flow cytometric analysis and DCF-DA fluorescence imaging which are illustrated
in Figure 2D,E, respectively. FACs analysis with the use of fluoroprobe is a reliable method
of cell sorting due to its ability to omit the error caused by cell death. Rightward shifting of
the peaks on FITC-A axis is reduced with the increase in FST concentrations. Meanwhile,
increased green fluorescence with TNF-α/IFN-γ-stimulation compared to the control cells
was gradually reduced in the FST-pre-treated HDF cells. DCF-DA flow cytometric analysis,
as well as fluorescence microscopy imaging, indicated the dose-dependent effect of FST on
intracellular ROS production in TNF-α/IFN-γ-stimulated HDF cells. The bioactivity of FST
concentrations (30, 60, and 120 μM) was compared with the positive control Indomethacin
(50 μM).

3.3. Fucosterol Regulated the Nrf2/HO-1 Signaling

Activation of the Nrf2/ HO-1 signaling is a key pathway in the reduction of intracellu-
lar ROS generation and contributes to the regulation of the inflammatory responses and
apoptosis in cells [23]. Result of the western blot analysis of Nrf2, HO-1, and NQO1, the
pretreatment of FST boosted the nuclear translocation of Nrf2 in TNF-α/IFN-γ-stimulated
HDFs and increased the levels of cytosolic HO-1 and NQO1 in a dose-dependent manner
(Figure 3).

3.4. Fucosterol Downregulated Inflammatory Mediators, MMP and Tissue Inhibitors
of Metalloproteinases (TIMP)

The effect of FST on the expression of inflammatory cytokines and chemokines was
evaluated by using RT-PCR by examining the key inflammatory mediators. TNF-α/IFN-γ
stimulation upregulated the mRNA expression levels of key inflammatory mediators com-
pared to the control group and along with that, FST treatments downregulated the mRNA
expressions of inflammatory cytokines (IL-6, IL-8, IL-13, IL-33, IL-1β, TNF-α, and IFN-γ) in
HDF cells which were upregulated by the TNF-α/IFN-γ stimulation (Figure 4A,C).

Meanwhile, the expression of mRNA related to connective tissue degradation (MMP1,
MMP2, MMP3, MMP8, MMP9, and MMP13) was evaluated by using RT-PCR. As denoted
in Figure 4B,D, expression of the above-mentioned molecules was upregulated by the
TNF-α/IFN-γ stimulation in HDF cells compared to control, and dose-dependently down-
regulated by the treatment of FST. TIMPs are vital for the regulation of MMP activities in
fibroblasts, and the physiological functions of ECM are significantly reliant on the balance
of TIMPs and MMPs [18,24]. TNF-α/IFN-γ stimulation increased the expression of TIMP1
and TIMP2 in HDF cells compared to the control, and particularly downregulated TIMP
expression in a dose-dependent manner.

3.5. Fucosterol Regulated the NF-κB and MAPK Signaling

Activated canonical NF-κB signaling in cells are responding to the inflammation,
immune response, cell proliferation, and differentiation stimulated by external stimuli [25].
Moreover, it is a well-known fact that NF-κB and MAPK are important upstream pathways
that bear a major role in inflammatory responses [11]. As illustrated in Figure 5A, western
blot analysis revealed that TNF-α/IFN-γ stimulation in HDF cells increase the phosphory-
lation of NF-κB mediators; cytosolic IκBα, NF-κB p65, and its phosphorylation is reduced
with the treatment of FST in a dose-dependent manner. Besides, western blot analysis
indicated that nuclear translocation of NF-κB p65 is reduced in the same manner which
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increased with the TNF-α/IFN-γ stimulation. Similarly, immunofluorescence analysis
indicated that the FST dose-dependently reduced NF-κB p65 nuclear translocation in TNF-
α/IFN-γ-stimulated HDF cells. The intense green fluorescence in immunostaining implied
an increased NF-κB p65 nuclear translocation in stimulated cells (Figure 5B). In a similar
manner, phosphorylated p38, ERK, and JNK expressions in TNF-α/IFN-γ stimulated HDF
cells were dose-dependently downregulated with the FST (Figure 5C).

Figure 2. Cytoprotective effect of FST on human dermal fibroblasts (HDF). (A) Cytotoxicity, (B) cell
viability (%), and analysis of intracellular ROS generation through (C) fluorometry, (D) flow cytometry
analysis, and (E) fluorescence microscopy of FST-pre-treated TNF-α/IFN-γ-stimulated HDF cells.
Indomethacin (IM, 50 μM) was used as a positive control. All experiments were performed in
triplicate (n = 3) to determine the repeatability and lettered error bars were significantly different
(p < 0.05).
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Figure 3. Dose-dependent effect of FST on Nrf2-mediated activation of HO-1 and NQO1 in TNF-
α/IFN-γ-stimulated HDF cells. (A) Nrf2 expression, and (B) HO-1 and NQO1 expression. All
experiments were performed in triplicate (n = 3) to determine the repeatability and lettered error bars
were significantly different within the same molecule (p < 0.05).

Figure 4. Cont.
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Figure 4. Inhibitory effect of FST on mRNA expression of inflammatory mediators, MMPs, and
TIMP in TNF-α/IFN-γ-stimulated HDF cells. Effect of FST on (A) inflammatory cytokine expression,
and (B) MMPs and TIMPs expression in TNF-α/IFN-γ-stimulated HDF cells evaluated by RT-PCR
analysis. Densitometric analysis of (C) inflammatory cytokine expression, and (D) MMPs and TIMPs
expression in TNF-α/IFN-γ-stimulated HDF cells. All experiments were performed in triplicate
(n = 3) to determine the repeatability and lettered error bars were significantly different within the
same molecule (p < 0.05).

Figure 5. Cont.
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Figure 5. Protective effect of FST on NF-κB and MAPK inflammatory mediators in TNF-α/IFN-γ-
stimulated HDF cells. Levels of molecular mediators were assessed by (A) western blot analysis
for NF-κB, (B) evaluation of NF-κB p65 nuclear translocation by immunofluorescence analysis, and
(C) western blot analysis of MAPK signaling. All experiments were performed in triplicate (n = 3) to
determine the repeatability, and lettered error bars were significantly different (p < 0.05).

4. Discussion

During the last few decades, inflammation and related complications are a focus of
extensive research. It has emerged as one of the hottest topics in medical science due
to its impact on the human body at chronic levels, as well as the swift growth of skin
health-related concerns in the public. The inflammatory response, as a whole, is consid-
ered a primary protective mechanism that takes place as a consequence of alterations in
tissue homeostasis caused by a range of stimuli, such as pathogens, tissue damage, or
pollutants, and includes the activation of innate and adaptive immunity in the human
body [23,26]. Nonetheless, when inflammatory reactions go beyond the controllable limit
and become recurring in the body, they can cause chronic inflammatory diseases, such
as atopic dermatitis, cardiovascular diseases, cancer, bronchitis, and asthma, and it can
be life-threatening [13]. Inflammatory and phagocytic cells produce a variety of chemi-
cal mediators and signaling molecules, such as histamine, serotonin, leukotrienes, and
prostaglandins, which contribute to the onset of inflammation [27]. Scientific evidence
revealed that exacerbation of inflammatory skin diseases has occurred with the excessive
levels of ROS accumulation in the cellular environment. It leads to oxidative modifica-
tions and biomolecular damage, while triggering the inflammatory signaling cascades [28].
Implementing naturally available bioactive metabolites to treat numerous diseases, includ-
ing skin inflammation-related disorders, has gained attention in the current context of
pharmaceutical developments [10,29].

Brown seaweeds, such as S. horneri, are well-known sources of sterols, and many
studies highlighted that investigating the isolation of bioactive compounds and their
therapeutic potential is crucial [30,31]. Previous studies have revealed that FST isolated
from edible brown alga, such as Eisenia bicyclia and Undaria pinnatifida, have potent anti-
inflammatory effects on RAW 264.7 macrophages, which stimulate to produce nitric oxide
inside cells by lipopolysaccharide [16,32]. FST isolated from 70% ethanol extract of S. horneri
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was used in the present study. Immiscible liquid–liquid separation of crude ethanol extract
was implemented to separate compounds in the crude extract by using their solubilities in
hexane, chloroform, ethyl acetate, and water. The most effective fraction was non-cytotoxic,
and had a good effect of inhibition of ROS production in TNF-α/IFN-γ-stimulated HDF
cells, was continued for further investigations. According to that, the hexane fraction was
chosen and the most prominent peak on the HPLC chromatograph was collected. The
collected fraction was dried by evaporating the solvent and dry powder was identified as
FST by using 1H NMR analysis.

Then, a range of experiments was carried out to investigate the anti-inflammatory
effect of FST isolated from S. horneri in TNF-α/IFN-γ-stimulated HDF cells. Many stud-
ies revealed that TNF-α/IFN-γ triggers ROS and pro-inflammatory cytokine production
in vitro [13,14,33]. Dysregulated ROS production in cells leads to inflammatory gene ex-
pression by mediating redox-based activation of the NF-κB signaling pathway [16]. As
indicated in the Figure 2, DCF-DA fluorometry, fluorescence microscopic imaging, as well
as FACs analysis, confirmed that TNF-α/IFN-γ stimulation promptly augmented the intra-
cellular ROS production in HDF cells. In particular, fluorometry represents the level of ROS
in cells quantitatively, and flow cytometry analysis of DCF-DA is considered a trustworthy
approach, whereas it measures the fluorescence intensity of each cell [18]. Different concen-
trations of FST (30, 60, and 120 μM) decreased the ROS levels in TNF-α/IFN-γ-stimulated
HDF cells in a dose-dependent manner.

Accumulated shreds of evidence suggest that the significance of the Nrf2/HO-1 sig-
naling is stimuli-specific and cell type-specific [17]. Nrf2 is a redox-sensitive transcription
factor that resides in the cytoplasm as an inactive complex with Kelch-like ECH-associated
protein 1 (Keap1). It can regulate the production of numerous antioxidant enzymes, includ-
ing HO-1, and enters into the nucleus and binds to the antioxidant response element site.
Nrf2 protects diverse cells from oxidative stress by boosting the production of antioxidant
enzyme genes and proteins when stimuli activate the associated pathways [34]. FST en-
hanced nuclear translocation of Nrf2 in a dose-dependent manner in stimulated HDFs, as
expected. At the same time, the levels of HO-1 and NQO1 change in the same way. More-
over, several studies have revealed that HO-1 and its metabolites have anti-inflammatory
actions that are mediated via Nrf2 [35]. According to the best understanding over the years,
numerous inflammatory cytokines are overproduced when NF-κB is activated by oxidative
stress. In the meantime, the elevation of HO-1 expression, which is mediated by activated
Nrf2, leads to the inhibition of NF-κB signaling [23].

One of the adaptive immune responses to inflammatory stimuli is the release of
pro-inflammatory cytokines and chemokines [22]. Inflammatory mediators in HDFs, in
particular, play a critical role in modulating the structural integrity of the extracellular
matrix of the skin by regulating MMP, collagenase, and elastase transcription [36]. A recent
study conducted by Jayasinghe et al. contained evidence of the exposure of the epidermal
cells to TNF-α/IFN-γ stimulating abnormal expression of cytokines, chemokines, and
inflammatory mediated signaling pathways [13]. Expression levels of IL-6, IL-8, IL-13,
IL-33, IL-1β, TNF-α, and IFN-γ are significantly increased in TNF-α/IFN-γ-stimulated
HDF cells, while dose-dependently downregulated by the FST treatment. Aside from
that, the expression of chosen MMPs was investigated further to determine the influence
of FST on skin inflammation. Even though MMPs are involved in the regeneration of
normal tissues, an aberrant increase in expressions of some MMPs, such as MMP1, MMP8,
and MMP13, in dermal fibroblasts is associated with type I and type III collagen (ECM)
degeneration [37]. Numerous studies linked IL-6 and TNF-α as implicated in the regulation
of TIMP1, MMP1, and MMP9s’ mRNA expression. Furthermore, it regulates activator
protein-1 (AP-1) activation, NF-κB mediators, and the expression of MMP1, MMP3, and
MMP9 in HDFs [24,38,39]. RT-PCR results revealed that increased levels of MMP1, MMP2,
MMP3, MMP8, MMP9, MMP13, TIMP1, and TIMP2 due to TNF-α/IFN-γ stimulation
in HDFs are down-regulated with the FST treatments. Results imply that TNF-α/IFN-γ
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stimulation in HDFs has a higher probability of inducing skin inflammation in underlying
mechanisms, while FST treatment is noteworthy in downregulating.

Furthermore, TNF-α/IFN-γ stimulation of HDFs significantly activated crucial intra-
cellular upstream signaling molecules, such as NF-κB and MAPK. As reported, MAPK
proteins are also important for ECM breakdown [18]. According to the findings from west-
ern blot analysis, the expression levels of cytosolic p-IκBα, p-NF-κB p65, and nucleic NF-κB
p65 were downregulated along with the FST doses in stimulated HDFs. Results conclude
that FST positively regulates the nuclear translocation of NF-κB p65, which is strengthened
by the findings of immunocytochemistry analysis of NF-κB p65 nuclear translocation.
TNF-α/IFN-γ stimulation of HDFs significantly increases the phosphorylation of MAPK
mediators which are JNK, ERK, and p38, while FST lowers phosphorylation in a dose-
dependent manner. Thus, the findings of this study reveal that FST effectively regulates
the Nrf2/HO-1 signaling, NF-κB, and MAPK pathways, and, hence, the regulation of
inflammatory cytokines in TNF-α/IFN-γ-stimulated HDFs.

5. Conclusions

Based on the present study, hexane fraction collected from the 70% ethanol extract
of S. horneri in an immiscible liquid–liquid separation system contains FST, which shows
a prominent peak at 220 nm of UV absorbance in HPLC analysis. FST isolated from the
HPLC possesses potent anti-inflammatory activities on HDFs that are stimulated with
TNF-α/IFN-γ in vitro. Results show that the regulation of Nrf2/HO-1, as well as NF-κB
and MAPK signaling collectively, contribute to the anti-inflammatory activity of FST in
stimulated HDFs.
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Abstract: Ellagic acid (EA) has long been recognized as a very active antioxidant, anti-inflammatory,
and antimicrobial agent. However, its low bioavailability has often hampered its applications
in health-related fields. Here, we report a phospholipid vesicle-based controlled release system
for EA, involving the exploitation of chestnut wood mud (CWM), an industrial by-product from
chestnut tannin production, as a largely available and low-cost source of this compound. Two kinds
of CWM with different particle size distributions, indicated as CWM-A and CWM-B (<100 and
32 μm, respectively), containing 5 ± 1% w/w EA, were incorporated into transfersomes. The latter
were small in size (~100 nm), homogeneously dispersed, and negatively charged. 2,2-Diphenyl-
1-picrylhydrazyl (DPPH) and ferric reducing/antioxidant power (FRAP) assays indicated up to
three-fold improvement in the antioxidant properties of CWM upon incorporation into transfersomes.
The kinetics of EA released under simulated physiological conditions were evaluated by UV-Vis
spectroscopy and HPLC analysis. The best results were obtained with CWM-B (100% of EA gradually
released after 37 days at pH 7.4). A stepwise increase in the antioxidant properties of the released
material was also observed. Cell-based experiments confirmed the efficacy of CWM-B transfersomes
as antioxidant agents in contrasting photodamage.

Keywords: ellagic acid; chestnut wood; antioxidant; controlled release; transfersomes; HaCaT; 2,2-
diphenyl-1-picrylhydrazyl (DPPH) assay; ferric reducing/antioxidant power (FRAP) assay; UVA;
reactive oxygen species

1. Introduction

Ellagic acid (EA) is a phenolic compound naturally present in many red fruits and
berries. Apart from being the main product of ellagitannin hydrolysis, it is endowed with
remarkable biological properties, including antioxidant [1–3], anti-inflammatory [4], antimi-
crobial [5], antidiabetic [6], antiviral [7], antidegenerative [8], and anticancer activities [9].
In addition to systemic uses, topical applications of EA have been widely described [10].
Several studies have reported the potential use of EA for the prevention or treatment of
skin disorders. For example, EA was found to be effective against skin tumors [11], contact
dermatitis [12], or cutaneous leishmaniasis [13]. It can be used in wound bandaging [14], or
as a photoprotective [15] and antiaging agent [16]. Furthermore, EA is considered a useful
compound in the treatment of skin pigmentation disorders, such as hyperpigmentation,
melasma, and other dyschromia [17].

Despite its remarkable properties, the wide application of EA is limited by its low
permeability and low solubility in aqueous solvents. To overcome these drawbacks,
several approaches have been proposed, involving modulation of EA solubility prop-
erties through encapsulation or chemical derivatization [18–23], and different type of
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formulations based on e.g., pectins [24,25], chitosan [25–27], chitin [28], zein [5], cel-
lulose [29], cyclodextrins [30–32], poly(lactide-co-glycolide) (PLGA) [33], graphene ox-
ide [34], alginate [35], and microalgae [36] have been designed for the controlled release
of this compound.

In this context, liposomes (spherical vesicles composed of one or more bilayers formed
by dispersion of phospholipids in aqueous medium) have been largely utilized as a drug
delivery vehicle for administration of nutrients and pharmaceutical drugs in biomedi-
cal, food, and agricultural industries, and have also been exploited for enhancing the
biological effects [37–39], improving skin permeation [40], and guaranteeing a sustained
release [41] of EA. In particular, over the last few years, liposomes have been the target of
reformulating studies aimed at producing vesicles capable of delivering active compounds
to the deeper skin layers. A number of additives have been explored in combination
with conventional components of liposomes, producing new classes of vesicles, such as
transfersomes. Transfersomes are composed of phospholipids and an edge activator, which
is a membrane-softening agent (e.g., Tween 80, Span 80, or sodium cholate) that makes
the vesicle ultra-deformable and capable of penetrating the skin more efficiently than
conventional liposomes [42–45].

In addition to the development of novel formulations to improve its bioavailability,
another primary aim of the recent scientific research on EA is the discovery of sustainable,
low cost and easily available sources of this compound, prompted by the global increasing
demand for green products and processes. Among these sources, a prominent role is
occupied by agri-food by-products such as pomegranate peel [46–50], although other
ellagitannin-rich wastes have recently emerged as possible sources of EA. A noticeable
example is represented by chestnut shell [51–53] as well as chestnut wood fiber, which is
the residual exhausted material from chestnut tannin industrial production [54,55].

Within this scenario, we report herein the exploitation of chestnut wood mud (CWM)
as an easily available source of EA for dermo-cosmetic applications upon incorporation
into transfersomes. CWM is an industrial by-product of the chestnut tannin production,
deriving from exhausted chestnut wood subjected to a natural fermentation process. The
antioxidant properties of the samples were investigated by chemical assays and the pro-
tective effects on UVA-induced oxidative photodamage were evaluated on immortalized
human keratinocytes (HaCaT). Finally, the controlled-release profile of EA under simulated
physiological conditions was investigated by UV-Vis spectroscopy and HPLC.

2. Materials and Methods

2.1. Materials

CWM was provided by Silvateam (S. Michele Mondovì, Cuneo, Italy). CWM was
first dried in an oven at 35 ◦C for one week, then ground in a common blender and finally
passed through sieves to obtain two fractions with particle sizes lower than 100 and 32 μm,
indicated as CWM-A and CWM-B, respectively.

Lipoid S75 (S75), a mixture of soybean phospholipids (70% phosphatidylcholine, 9%
phosphatidylethanolamine and 3% lysophosphatidylcholine), triglycerides and fatty acids,
was purchased from Lipoid GmbH (Ludwigshafen, Germany). Tween 80 (polysorbate
80, polyoxyethylene sorbitan monooleate; non-ionic hydrophilic surfactant, HLB 15) was
supplied by Galeno (Carmignano, Prato, Italy).

2,2-Diphenyl-1-picrylhydrazyl (DPPH), iron(III) chloride (97%), phosphate buffer
saline (PBS) 10×, 2,4,6-tris(2-pirydyl)-s-triazine (TPTZ) (≥98%), and (±)-6-hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic acid (Trolox) (97%) were obtained from Sigma-Aldrich
(Milan, Italy).

2.2. Methods

UV–Vis spectra were recorded on a Jasco (Lecco, Italy) V-730 Spectrophotometer.
HPLC analysis was performed with an Agilent (Cernusco sul Naviglio, Milan, Italy) in-

strument equipped with a UV-Vis detector; a Phenomenex (Castel Maggiore, Bologna, Italy)
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Sphereclone ODS column (250 × 4.60 mm, 5 μm) was used at a flow rate of 1.0 mL/min.
A gradient elution using 0.1% formic acid in water (solvent A) and methanol (solvent B)
was performed as follows: 5% B, 0–10 min; from 5 to 80% B, 10–57.5 min. The detection
wavelength was set at 254 nm.

2.3. Preparation and Characterization of Transfersomes

CWM (A or B) was weighed in a glass vial along with S75; thereafter, Tween 80 and
water were added (Table 1). To obtain the transfersomes, the dispersion was sonicated (5 s
on and 2 s off, 10 cycles; 13 microns of probe amplitude) with an ultrasonic disintegrator
(Soniprep 150 plus; MSE Crowley, London, UK).

For comparative purposes, empty transfersomes (i.e., those without CWM) were also
prepared under the same conditions as CWM transfersomes (Table 1).

The mean diameter, polydispersity index, and zeta potential of the transfersomes were
determined by dynamic and electrophoretic light scattering using a Zetasizer nano-ZS
(Malvern Panalytical, Worcestershire, UK). Samples (n > 10) were diluted with water (1:100)
and analyzed at 25 ◦C.

The above three parameters were monitored for 90 days to assess the long-term
stability of the formulations.

Table 1. Composition of the transfersome formulations.

Formulation S75 CWM Tween 80 H2O

Empty transfersomes 120 mg - 0.05 mL 0.95 mL
CWM-A transfersomes 120 mg 2 mg 0.05 mL 0.95 mL
CWM-B transfersomes 120 mg 2 mg 0.05 mL 0.95 mL

2.4. Antioxidant Properties of CWM Samples
2.4.1. DPPH Assay

CWM or CWM transfersomes (0.02–0.15 mg/mL final dose) (concentrations are re-
ferred to as CWM content in the formulations) were added to 3 mL of a 0.2 mM ethanolic
solution of DPPH [56], and after 10 min under stirring at room temperature, the absorbance
at 515 nm was measured. Experiments were run in triplicate.

2.4.2. Ferric Reducing/Antioxidant Power (FRAP) Assay

CWM and CWM transfersomes were added (0.001–0.1 mg/mL final dose) (concentra-
tions are referred to as CWM content in the formulations) to 3 mL of 0.3 M acetate buffer
(pH 3.6) containing 1.7 mM FeCl3 and 0.83 mM TPTZ [57], and after 10 min of stirring at
room temperature, the absorbance of the solutions at 593 nm was measured. Results were
expressed as Trolox equivalents (eqs). Experiments were run in triplicate.

2.5. Release Experiments from CWM Transfersomes

Each CWM transfersome formulation (3 g) was placed in a dialysis membrane (MWCO
100–500 Da) and dialyzed against 30 mL of PBS 1×. The samples were kept at 37 ◦C in a
water bath. Next, 0.5 mL of release medium was periodically withdrawn and replaced with
an equal volume of corresponding fresh medium and analyzed using UV-Vis spectroscopy
or HPLC. Each experiment was run in triplicate.

2.6. Antioxidant Properties of Released Fractions from CWM Transfersomes

Aliquots (150 μL) of the released fractions from CWM transfersomes were added to
2 mL of FRAP reagent prepared as described in Section 2.4.2. After 10 min under stirring,
the mixtures were centrifuged (3 min at 5000 rpm) and the absorbance of the supernatants
at 593 nm was measured.
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2.7. Analysis of Cell Viability

Immortalized human keratinocytes (HaCaT, Innoprot, Derio, Spain) were cultured
in 10% fetal bovine serum in Dulbecco’s Modified Eagle’s Medium, in the presence of 1%
antibiotics and 2 mM L-glutamine, in a 5% CO2 humidified atmosphere at 37 ◦C. To verify
the biocompatibility of each sample, cells were seeded in 96-well plates at a density of
2 × 103/cm2 and 24 h after seeding. Cells were incubated in the presence of increasing
concentration of EA (up to 10 μM) or transfersome samples (up to 25 μL/mL) for 24 and
48 h. At the end of incubation, cell viability was assessed by the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazoliumbromide (MTT) assay. Cell survival was expressed as the
percentage of viable cells in the presence of each sample and compared with control cells
(represented by the average obtained between untreated cells and cells supplemented with
the highest concentration of buffer). Each sample was tested in three independent analyses,
each carried out in triplicate.

2.8. UVA Irradiation and Dichlorofluorescein Diacetate (DCFDA) Assay

The protective effect of each sample was measured by determining the intracellular
reactive oxygen species (ROS) levels. A previously reported protocol [58] was followed,
with some modifications. Briefly, HaCaT cells were preliminarily exposed for 2, 6, and 16 h
to 10 μM EA to define the proper incubation time. After that, cells were incubated with the
samples (10 μM EA or 25 μL/mL transfersomes, providing a 10 μM EA concentration) for 6
h in the absence or presence of 10 min UVA irradiation (100 J/cm2). At the end of the irradi-
ation, H2-DCFDA was added to measure intracellular ROS level. Fluorescence intensity of
the probe was measured at an emission wavelength of 525 nm and an excitation wavelength
of 488 nm using a Perkin-Elmer (Milan, Italy) LS50 spectrofluorometer. Emission spectra
were acquired at a scanning speed of 300 nm/min, with 5 slit widths for both excitation
and emission. ROS production was expressed as percentage of DCF fluorescence intensity
of the sample under test, compared to the untreated sample. Results are presented as mean
of results obtained after three independent experiments (mean ± SD) and compared by
one-way ANOVA according to Bonferroni’s method (post hoc) using Graphpad Prism for
Windows, version 6.01.

3. Results and Discussion

3.1. Determination of the EA Content in CWM Samples

To gain information about the amount of EA contained in the two CWM samples,
DMSO solutions of CWM-A and CWM-B were prepared and then analyzed using UV-Vis
spectroscopy and HPLC after proper dilution in methanol. DMSO was chosen as the
solvent based on its ability to dissolve a wide range of most polar and non-polar natural
phenolic compounds, including EA [50,54,59].

As an example, the UV-Vis spectrum and elutographic profile of CWM-A are reported
in Figure 1. The UV-Vis spectrum was characterized by absorption maxima at around 280
and 360 nm, as expected based on the presence of EA [60]. In agreement with this observa-
tion, HPLC analysis showed the presence of a single chromatographable compound eluted
at ca. 38 min, identified as EA by comparison with an authentic standard. Quantitative
analysis indicated content of EA of 5 ± 1% w/w for both CWM-A and CWM-B.
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Figure 1. (a) UV-Vis spectrum (recorded at 0.02 mg/mL) and (b) HPLC profile (recorded at 1 mg/mL)
of CWM-A.

3.2. Incorporation of CWM Samples into Transfersomes

Transfersomes—that is, phospholipid vesicles modified with Tween 80 to promote
skin penetration—containing CWM were produced and characterized in terms of size,
homogeneity, and surface charge. To evaluate the CWM effect on the vesicles, the CWM
transfersomes were compared with the empty transfersomes.

The light scattering results, as reported in Table 2, showed that the empty transfer-
somes had a mean diameter of 106 nm, and were homogeneously dispersed (polydispersity
index 0.27) and highly negatively charged (−71 mV). CMW-A incorporation significantly
increased the mean diameter of the vesicles, although they remained small (around 120 nm);
the polydispersity index was unaltered, and the zeta potential value became less negative
(Table 2), but it was still high enough to allow particle repulsion and prevent aggregation.
On the other hand, CMW-B incorporation did not affect the vesicle size, nor the homogene-
ity of the dispersion, but produced less negative surface charge, as much as CMW-A.

The stability of the transfersome formulations was evaluated by monitoring the mean
diameter, the polydispersity index, and the zeta potential during a 90-day storage period at
4 ◦C. No significant alterations (<10%) were detected.

Table 2. Characteristics of empty and CWM transfersomes: mean diameter (MD), polydispersity
index (PI), and zeta potential (ZP). Each value represents the mean ± SD (n > 10). * values statistically
different (p < 0.05) with respect to empty transfersomes.

Formulation
MD
(nm)

PI
ZP

(mV)

Empty transfersomes 106 ± 3.1 0.27 ± 0.01 −71 ± 5.8
CWM-A transfersomes * 121 ± 7.8 0.27 ± 0.01 * −56 ± 5.7
CWM-B transfersomes 105 ± 2.9 0.27 ± 0.03 * −58 ± 9.4

The physicochemical characteristics of the herein described transfersomes are in line
with those reported in literature for other EA-incorporating nanosystems [20]. As an exam-
ple, Tween 80-coated chitosan-based nanoformulations exhibited an average hydrodynamic
diameter of 155 nm and a PI of 0.37, although a lower ZP (−9.7 mV) compared to CWM
transfersomes was determined. These nanoformulations led to a sustained release of EA
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(47% after 24 h) at pH 7.4 and exhibited more efficient anticancer effects in tumor-bearing
mice compared to EA alone [27]. EA-loaded schizophyllan and chitin nanoparticles showed
size distributions of 217.8 and 39.82 nm, and ZP of +27 and −9.14 mV, respectively. The
chitin nanoparticles in particular led to a rapid release of EA (ca. 50%) after 8 h at pH 7.4,
followed by a gradual release (up to 63%) that continued up to 50 h. MTT assay indicated
that both nanoformulations effectively inhibited the growth of breast cancer cell lines, with
IC50 values of 60 and 115 μg/mL, respectively [28]. Zein nanoparticles containing EA
showed a mean size between 260 and 370 nm and a PI lower than 0.3. These formulations
were found to be positively charged, with ZP ranging from +24 to + 37 mV, and showed
inhibitory and bactericide activity against S. aureus and P. aeruginosa (MIC <72 μg/mL) [5].
Finally, poly(ε-caprolactone)-based EA nanoparticles formulated by applying various stabi-
lizing agents exhibited average diameters ranging from 193 to 1252 nm, PI of 0.36–0.98 and
ZP of −25–+62 mV. A fast release followed by a linear release period with a slower rate was
observed at pH 7.4, with a cumulative release ranging from 25% to 48% after 8 days. These
nanoparticles enhanced the cytotoxicity of EA up to 6.9-fold against colon adenocarcinoma
cells, as well as the absorption extent of orally taken EA in rabbits [61].

3.3. Antioxidant Properties of CWM Transfersomes

The antioxidant properties of the CWM transfersomes were initially investigated with
respect to the starting CWM samples by widely used chemical assays; that is, the DPPH and
FRAP assays. Standard EA was also tested for comparison. The results are shown in Table 3.
Both CWM-A and CWM-B exhibited antioxidant properties in line with what was expected
based on a 5% w/w EA content. Notably, incorporation into transfersomes induced an
about 2.5-fold decrease in the EC50 values determined in the DPPH assay for the CWM
samples, and an even higher improvement in the reducing properties was observed in the
FRAP assay. Since empty transfersomes were not found to exhibit significant antioxidant
properties, these results clearly suggest a larger availability of the antioxidant compound
EA following incorporation into the vesicles.

Table 3. Antioxidant properties of CWM samples. Reported are the mean ± SD values of at least
three experiments. Data for CWM transfersomes have been normalized based on the CWM content
in the formulation.

DPPH Assay
EC50 (mg/mL)

FRAP Assay
(mg of Trolox/mg of Sample)

CWM-A transfersomes 0.0389 ± 0.0005 0.36 ± 0.06
CWM-B transfersomes 0.0375 ± 0.0004 0.39 ± 0.04
Empty transfersomes - 0.00015 ± 0.00002

CWM-A 0.103 ± 0.001 0.047 ± 0.002
CWM-B 0.106 ± 0.001 0.050 ± 0.001

EA 0.0051 ± 0.0004 1.04 ± 0.02

3.4. Release of EA from CWM Transfersomes and Antioxidant Properties of the Released Fractions
under Simulated Physiological Conditions

The release of EA from the CWM transfersomes in PBS at 37 ◦C was followed by
UV-Vis spectroscopy and HPLC over 5 weeks. No significant release of EA was observed in
the case of CWM-A, probably as a result of the higher particle size of the sample, whereas
very promising results were obtained with the CWM-B transfersomes. Indeed, the UV-Vis
spectra of the released fractions from the latter exhibited absorption maxima at ca. 280
and 360 nm, which linearly increased over time (Figure 2a). HPLC analysis confirmed a
controlled release of EA, which was complete after 30 days, reaching a concentration of ca.
56 μM (Figure 2b).
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Figure 2. (a) UV-Vis spectra of fractions released over time from CWM-B transfersomes in PBS at
37 ◦C. (b) Kinetics of release of EA, determined by HPLC analysis. Reported are the mean values of
at least three experiments (SD ≤ 10%).

The released fractions from CWM-B transfersomes were also evaluated for their
antioxidant properties by chemical assays. Actually, it was not possible to perform the
DPPH assay due to interference of the released material with the assay medium. On the
other hand, the reducing properties evaluated by the FRAP assay (Figure 3a) linearly
increased over time on account of the progressive release of EA from the transfersomes. A
good linear correlation (R2 = 0.91) of the antioxidant properties with the amount of total
released EA was indeed observed (Figure 3b).

Figure 3. (a) Results of the FRAP assay on the fractions released over time from CWM-B transfersomes
in PBS at 37 ◦C. (b) Correlation between the Fe3+-reducing properties of the released fractions and
the amount of released EA.

3.5. Cell Viability of CWM Transfersomes

Based on the encouraging results of the release experiments, and with the aim of
further probing the potential of CWM transfersomes for dermo-cosmetic applications,
in subsequent experiments the sample biocompatibility was evaluated on HaCaT, since
these cells are normally present in the outermost layer of the skin. EA was also tested for
comparison in a range of concentrations corresponding to those provided by the CWM
transfersome samples. MTT assay (not shown) showed that both EA (up to 10 μM) and the
transfersomes (up to 25 μL/mL) were biocompatible under all the experimental conditions.

3.6. Protective Effect of CWM Transfersomes on Photoinduced Oxidative Stress

The antioxidant cytoprotective properties of CWM-A and CWM-B transfersomes were
evaluated on UVA-irradiated HaCaT. Preliminary experiments (data not shown) were
performed to define the optimal time (2, 6, or 16 h) for cell preincubation with 10 μM
EA (corresponding to a non-cytotoxic concentration of 25 μL/mL CWM transfersomes),
and 6 h incubation was chosen for further experiments. As shown in Figure 4, UVA
irradiation induced a significant increase in intracellular ROS levels (150–200%) with
respect to untreated cells. When cells were pretreated with 10 μM EA (Figure 4a, gray bars)
prior to UVA exposure, a significant lowering of intracellular ROS levels was observed. As
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expected, empty transfersomes did not exert any protective effect against oxidative stress.
Interestingly, when cells were treated with 25 μL/mL CWM-B transfersomes (providing
an EA concentration of 10 μM) (Figure 4b, gray bars) prior to UVA exposure, a significant
reduction (p ≤ 0.05) in intracellular ROS levels, compared to untreated UVA-exposed
cells, was observed. On the other hand, CWM-A transfersomes (Figure 4b, white bars)
were unable to protect cells from UVA-induced oxidative stress injury. Thus, these results,
combined with those from the release experiments, suggest that the particle size of the
CWM incorporated into transfersomes is fundamental to allow EA to be active as an
antioxidant in cellular models.

Figure 4. Protective effects of EA and transfersome samples on UVA-stressed HaCaT cells. Intra-
cellular ROS levels were determined by DCFDA assay. Cells were preincubated with (a) 10 μM
EA (gray bars) or 25 μL/mL empty transfersomes (white bars), or (b) 25 μL/mL of CWM-A (white
bars) or CWM-B (gray bars) transfersomes (both providing a 10 μM EA concentration). Black bars
refer to untreated cells in the absence (-) or in the presence (+) of UVA stress. Values are expressed
as percentage with respect to untreated cells. Data shown are means ± SD of three independent
experiment. *, # indicate p < 0.05; ** indicates p < 0.01; ****, #### indicate p < 0.001 with respect to
control cells and UVA treated cells, respectively.

4. Conclusions

In conclusion, the present work reports the efficacy of transfersomes as carriers for
the controlled release of the biologically active compound EA from CWM, an industrial
by-product deriving from tannin extraction. The incorporation into the transfersomes
induced a significant improvement of the antioxidant properties of CWM, likely as a
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result of the larger availability of EA. Moreover, the transfersomal CWM-B was found
to be able to decrease ROS production in UVA-irradiated keratinocytes and to provide a
complete and controlled release of EA in pseudophysiological conditions at pH 7.4, a result
of interest in dermo-cosmetic applications. For example, open wounds are characterized by
a neutral or alkaline pH ranging from 6.5 to 8.5, whereas chronic wounds exhibit a pH in
the range of 7.5–8.5 [62,63]. All together, these results highlight nanoformulated CWM of
proper particle size as an easily accessible and biocompatible material that could warrant
a sustained release of the water-insoluble bioactive EA under physiologically relevant
conditions; for example for the treatment and protection of damaged skin.
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Abstract: The impact of drought stress induced by polyethylene glycol (PEG) on morphological,
physiological, (bio)chemical, and biological characteristics of Thymus lotocephalus López and Morales
shoot cultures have been investigated, as well as the potential of iron oxide nanoparticles, salicylic
acid, and methyl jasmonate (MeJA) as alleviating drought stress agents. Results showed that PEG
caused oxidative stress in a dose-dependent manner, raising H2O2 levels and reducing shoots’ growth,
photosynthetic pigment contents, and phenolic compounds production, especially phenolic acids,
including the major compound rosmarinic acid. Moreover, Fourier Transform Infrared Spectra
analysis revealed that PEG treatment caused changes in shoots’ composition, enhancing terpenoids
biosynthesis. PEG also decreased the biological activities (antioxidant, anti-tyrosinase, and photo-
protective) of the eco-friendly extracts obtained with a Natural Deep Eutectic Solvent. MeJA was
the most efficient agent in protecting cells from oxidative damage caused by drought, by improving
the biosynthesis of phenolics, like methyl 6-O-galloyl-β-D-glucopyranoside and salvianolic acids, as
well as improving the extracts’ antioxidant activity. Altogether, the obtained results demonstrated a
negative impact of PEG on T. lotocephalus shoots and an effective role of MeJA as a mitigating agent
of drought stress. Additionally, extracts showed a good potential to be used in the cosmetics industry
as skincare products.

Keywords: aromatic plant; abiotic stress; green extract; phenolics; tyrosinase inhibition; UV
protecting extracts

1. Introduction

Plants face abiotic stresses every day, being affected at several levels, such as morpho-
logical, physiological, biochemical, and metabolic. According to climate change models,
the Mediterranean basin is one of the regions across the globe that will be strongly affected
by this situation, especially by drought events [1]. Drought is one of the biggest concerns
that delimits plant development, causing severe or lethal consequences. Water comprises
80–90% of the biomass of plants and is implicated in many critical physiological functions,
such as growth and photosynthesis [2,3]. Usually, drought stress triggers the accumulation
of reactive oxygen species (ROS), which act as signaling molecules, leading to changes
in several stress-responsive genes expression [4] and in the biosynthesis of secondary
metabolites [5]. Furthermore, the accumulation of osmolytes, such as proline, soluble
sugars, and betaines is crucial to maintain the cell water status and alleviate the oxidative
damage caused by water deficiency [4]. Typically, tolerant plants exhibit a significantly
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lesser number of metabolites accumulation than sensitive plants, though demonstrating
an increment in osmolytes production [2]. Nevertheless, the plant’s capacity to survive
under stressed conditions depends on several factors, such as plant species, growth stage,
and extent and intensity of the stress conditions. In vitro simulation of abiotic stresses
is an advantageous approach to investigating plants’ response to those factors. Besides
being performed under controlled conditions and free of pathogens, in vitro culture allow
the production of plant material on a large scale, without compromising species conser-
vation. Moreover, in vitro culture allows the application of several strategies to change
the production of secondary metabolites (e.g., adding precursors or elicitors to the culture
media) [6]. Among osmotic agents that can be applied to mimic drought conditions in vitro,
polyethylene glycol (PEG) is the most commonly used. PEG increases the solute potential
of the culture media, blocking the absorption of water by the plant [7]. Moreover, owing
to its high molecular weight, this osmotic agent can decrease the water potential without
being phytotoxic or taken up by the plant [4]. Different agents, such as iron oxide (Fe3O4)
nanoparticles (NPs), salicylic acid (SA), and methyl jasmonate (MeJA) were tested for their
capacity to alleviate the deleterious impact of drought stress. Included in abiotic nano
compounds, Fe3O4 NPs have been shown to stimulate several mechanisms in stressed
plants, as well as to improve the biosynthesis of secondary metabolites [8]. SA and MeJA
are two important endogenous plant growth regulators involved in stress tolerance in
several plant species [9], which, when applied exogenously, have a great capability as
elicitors [10].

The genus Thymus is the eighth-most abundant genus of the Lamiaceae (Labiatae)
family [11], comprising about 350 worldwide species of perennial, aromatic herbs, and
subshrubs [7,12]. These perennial herbs have been known since ancient times in virtue
of their medicinal and aromatic attributes [2,11], being widely used as flavoring agents,
culinary herbs, and ornamentals [6]. More recently, Thymus have been demonstrated
to exhibit a broad range of functional opportunities for food, pharmaceutical, and the
cosmetic industries [13], due to their main groups of secondary metabolites–volatile and
phenolic compounds–being responsible for a great diversity of biological actions [12].
Thymus lotocephalus López and Morales is a Mediterranean species endemic to the Algarve,
a southern region of Portugal, that is listed as Near Threatened in The IUCN Red List of
Threatened Species [14]. Previous studies indicated that this species produces phenolic
(e.g., rosmarinic acid, salvianolic acids, luteolin, caffeic acid) and volatile (e.g., linalool,
caryophyllene oxide, camphor, borneol) compounds with biological effects, and that in vitro
culture is a good alternative for the production of bioactive compounds from this species,
without compromising natural populations [6,15–17]. Phenolic compounds, which may
be categorized as phenolic acids, flavonoids, tannins, stilbenes, lignans, and coumarins,
present a great potential for therapeutic applications to numerous human diseases, such as
diabetes, cancer, neurodegenerative and cardiovascular pathologies, due to their multifunc-
tional biological activities, particularly antioxidant [18].

The first decade of the 21st century was marked by the significant growth in sales
of cosmetic products, representing 23% of the total market share of consumer products.
The consumer demand for innovative and natural products to treat skin is continuously
increasing. The harmful effects on human health of excessive exposure to UV (ultraviolet)
photons (UV-A and UV-B) are well known and, under climate change context, the correct
use of products protecting the skin is even more essential. UV filters can be classified
into organic (natural or artificial) and inorganic substances. In general, while inorganic
compounds reflect and scatter UV radiation, organic sunscreens absorb it [19]. The safety
and efficacy of most artificial sunscreens ingredients are hampered by their photostability,
toxicity, and damage to aquatic ecosystems [20], so new strategies are being looked for and
developed. One increasingly appreciated strategy consists of the application of plant ex-
tracts (or their isolated bioactive compounds) as ingredients, instead of synthetic chemicals.
Phytochemicals exhibit antioxidant activity, which is very important to fight against envi-
ronmental free radicals caused, for example, by UV radiation, which trigger skin-damaging
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conditions. In addition, antioxidants are essential in several cosmetic formulations, such
as facial anti-aging, antioxidant-based, anti-allergy, and dry skin hydrating products [21].
Besides the other recognized biological properties of phytochemicals, which are extremely
valuable to cosmetic products, such as antioxidant, anti-inflammatory, anti-aging, and
antimicrobial, they also present the ability to absorb the energy of photons, making them
potential UV-protecting agents [22,23]. In this scenario, plant extracts, or their isolated
bioactive compounds, can be used in sunscreen formulations. Aging signs (e.g., wrinkles,
hyperpigmentation, flaccidity, texture changes) are another concern of modern society and
therefore the demand for anti-aging products is, likewise, increasing. Melanogenesis is the
process responsible for melanin production as a defensive mechanism against UV radiation,
in which tyrosinase is a key enzyme. The excessive accumulation of melanin in the skin
can cause hyperpigmentation, so the inhibition of tyrosinase is a target in the cosmetic
industry [24].

The solvent used to extract plant bioactive compounds for cosmetic applications is of
utmost importance. Ethanol and glycols are two conventional solvents largely employed
to extract polar or semi-polar compounds, but they present some drawbacks. In addition
to ethanol requiring specific safety procedures due to its volatility and flammability na-
ture, it can also disturb the skin hydrolipidic film and irritate sensitive skins due to its
drying nature. Glycols are usually associated with petrochemicals and, for this reason,
consumers often try to avoid glycol-containing cosmetic formulations. Water is also used to
extract polar compounds; however, microbiological safety is its major limitation. Recently,
Natural Deep Eutectic Solvents (NADES) have appeared as new eco-friendly alternatives
to conventional solvents, which are recognized to be dangerous to human health and
the environment. NADES are composed of at least two components, a hydrogen bond
acceptor (HBA) and a hydrogen bond donor (HBD), having a much lower melting point
than that of their individual components [18]. Due to their natural origin, biodegradable
and non-toxic nature, NADES represent an unexplored opportunity to develop innovative
extracts with unique phytochemical footprints and biological properties, making it possible
to be securely employed in the pharmaceutical, food, and cosmetic industries [18,25]. In
the previous study conducted by our group, NADES were demonstrated to be more ef-
fective than conventional solvents (methanol, ethanol 80%, and water) to extract phenolic
compounds from a Lamiaceae species [18].We hypothesize that, as in other Mediterranean
species, drought stress might have harmful effects on T. lotocephalus and that the use of
some agents may alleviate these negative effects. In this context, the key goal of this work is
to investigate how drought induced by PEG (2, 5, and 7%) influences some morphological,
physiological, and (bio)chemical traits of T. lotocephalus shoot cultures, as well the biologi-
cal activities (antioxidant, anti-tyrosinase, and photoprotective) of extracts obtained with
NADES. The potential of Fe3O4 NPs, SA, and MeJA in alleviating drought stress effects
were also investigated. As far as we know, this is the first report investigating the response
of T. lotocephalus to drought stress, analyzing the chemical structures of this species using
FTIR spectroscopy and using NADES for the extraction of their bioactive compounds. In a
climate change scenario, these studies are important as a first approach to understanding
the response of T. lotocephalus to drought stress, and how these conditions can affect the
potential applications of this aromatic species. Results from this study can also be useful to
predict the impact of drought stress conditions on other Mediterranean aromatic species
with medicinal/industrial properties.

2. Materials and Methods

2.1. Chemicals and Reagents

L-Proline (>99%), PEG 6000, ninhydrin, 2,2′-azobis(2 methylpropionamidine)dihydro-
chloride (AAPH), (±)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox)
and potassium ferricyanide (K3[Fe(CN)6]) were acquired from Acros Organics (Geel,
Germany). Lactic acid, and fluorescein were purchased from Panreac (Barcelona, Spain).
Sodium carbonate anhydrous (Na2CO3), ferric chloride (FeCl3), Folin-Ciocalteu’s reagent,
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and gallic acid were acquired from VWR (Leuven, Belgium). Ascorbic acid, acetic acid, and
potassium iodide were acquired from Merck (Darmstadt, Germany). Salicylic acid (SA),
methyl jasmonate (MeJA), Fe3O4 nanoparticles (50–100 nm), hydrogen peroxide (H2O2),
trichloroacetic acid (TCA), L- proline (≥99%), 2,2-diphenyl-1-picrylhydrazyl (DPPH),
3,4-dihydroxy-L-phenylalanine (L-DOPA), 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt tablets (ABTS), mushroom tyrosinase (EC 1.14.18.1), kojic acid,
potassium persulfate (K2S2O8), potassium bromide, HPLC-MS-grade water, HPLC-MS-
grade acetonitrile, luteolin, epigallocatechin gallate, protocatechuic acid, and formic acid
were obtained from Sigma–Aldrich (Steinheim, Germany). Rosmarinic acid and quercetin
were supplied by Extrasynthese (Genay, France), and ρ-coumaric, caffeic acid, and catechin
were provided by AASC Ltd. (Southhampton, UK).

2.2. Plant Material, In Vitro Culture Conditions, and Experiments

Shoots of T. lotocephalus were proliferated in vitro as described by Coelho et al. [26] in
MS medium [27], containing 2% (w/v) sucrose and 0.7% (w/v) agar, and pH was corrected
to 5.75 ± 0.05. Culture media were autoclaved for 20 min at 121 ◦C. To induce drought,
different concentrations of PEG 6000 [2, 5, or 7% (w/v)] were added to the culture media,
according to the diffusion-based method reported by Girma and Krieg [28]. PEG was spread
on the MS solidified medium surface for 24 h. The concentration of PEG that induced
higher drought effects, 7%, was selected to evaluate the potential of Fe3O4 NPs, SA, and
MeJA in alleviating drought stress effects. Thus, these agents were added to PEG-free and
7% PEG culture media. Fe3O4 NPs (10 mg/L) were added before autoclaving, and SA
(50 μM) and MeJA (50 μM) solutions were sterilized through 0.2 μm microfilters before
addition to the autoclaved media. Multiplication medium was used as control. Cultures
were incubated at 25 ± 1 ◦C, with 16 h light (40 μmol m−2 s−1, cool white fluorescent
lamps) and 8 h dark cycle, for 7 weeks. Twelve Erlenmeyer flasks with seven shoots each
were tested for each treatment.

2.3. Morphological Traits

After culture for 7 weeks, the biometric parameters (total number of shoots, the longest
shoot length, and the fresh and dry weight of the biomass) were registered. Shoots were
dried at 40 ◦C until constant weight to determine the dry weight.

2.4. Physiological and Biochemical Measurements

Physiological attributes such as the chlorophyll and carotenoids, hydrogen perox-
ide (H2O2), and proline contents were assessed using fresh material. Chlorophylls and
carotenoids were extracted, according to Lichtenthaler [29], using pure acetone and 25 mg of
plant material. The absorbance was measured at 661.6, 644.8, and 470 nm using UV–Vis spec-
trophotometer (T70+ UV/Vis Spectrophotometer, PG Instruments Ltd., Leicestershire, UK).

The H2O2 content was determined according to a method from Loreto and Ve-
likova [30] with slight alterations. A hundred milligrams of plant material were ground
in ice with 0.1% TCA. The same volume of the supernatant obtained after centrifugation
(15 min at 12,000× g) and 10 mM potassium phosphate buffer were mixed, before adding
the double 1 M KI solution. The absorbance was measured at 390 nm (Tecan Infinite
M200 microplate reader, Männedorf, Switzerland) after 30 min in darkness. For proline
estimation, plant material was extracted three times using 80% (v/v) ethanol at 80 ◦C for
30 min [31]. Then, the extract was incubated for 1 h at 100 ◦C with 1% (w/v) ninhydrin
reagent prepared with 60% (v/v) acetic acid. After cooling, and the addition of toluene, the
absorbance of the organic phase was recorded at 520 nm.

2.5. Fourier Transform Infrared Spectra (FTIR) Spectroscopy

Functional group distribution of the main compounds present in samples was followed
by FTIR spectroscopy (Bruker Tensor 27, Billerica, MA, USA). For that, the samples were
dried at 60 ◦C, mixed with potassium bromide, pressed into KBr pellets, and measured in a
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4000–600 cm−1 range. Each FTIR spectra was evaluated by the data analysis and graphing
software OriginPro, version 2022 (OriginLab Corporation, Northampton, MA, USA) and
compared with those of other reports [32–36].

2.6. Extraction of Phenolic Compounds

The plant material was dried at 40 ◦C until constant weight and powdered to <2 mm.
A green extraction was performed using proline: lactic acid (1:1) mixture containing 30%
(w/w) water as NADES according to Mansinhos et al. [18], using a plant/solvent ratio of
2.5:100 (w/v). Extraction was performed in an ultrasound bath (Elmasonic S 100 (H, Elma
Hans Schmidbauer GmbH & Co. KG, Singen, Germany) using a frequency of 37 kHz for
30 min at 50 ◦C. After being filtered using a Whatman n◦. 1 filter paper (Whatman Int. Ltd.,
Maidstone, UK), the extracts were kept at −20 ◦C up to usage.

2.7. Spectrophotometric and Chromatographic Analysis for Phenolic Compounds
2.7.1. Spectrophotometric Measurement of Total Phenolic Content (TPC)

The content of total phenolics in the extracts was determined using Folin-Ciocalteu
(F-C) reagent, as described by Ainsworth and Gillespie [37]. A mixture containing 200 μL
10% (v/v) F-C reagent, 100 μL plant extracts diluted in phosphate buffer (75 mM, pH 7.0),
and 800 μL Na2CO3 (700 mM) was incubated for 2 h. The standard used was gallic acid
(0.004–0.5 mM) and the absorbance was recorded at 765 nm. The results were calculated as
gallic acid equivalents per gram of dry weight (mgGAE/gDW).

2.7.2. Analysis of Individual Phenolic Compounds by HPLC-HRMS

The plant extracts were examined utilizing a Dionex Ultimate 3000 HPLC system,
with an HPLC pump and an autosampler operating at 10 ◦C (Thermo Fisher Scientific,
San Jose, CA, USA). The sample separation was performed on a 150 × 4.6 mm i.d. 5 μm
100 A C18 Kinetex column (Phenomenex, UK) with 1 mL/min of flow rate and with 40 ◦C
of column temperature. The chromatographic conditions were performed according to
Gonçalves et al. and Mansinhos et al. [17,18]. The solvent system was composed of sol-
vent A (distilled water) and solvent B (acetonitrile), both with 0.1% formic acid. Gradient
mode was 0 min—90% A; 10 min—74% A; 22 min—35% A; 30 min—5% A; 40 min—5% A;
40.1 min—90% A; and 45 min—90% A. The column flow rate was 0.2 mL/min directed
to an Exactive Orbitrap mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA)
fitted with a heated electrospray ionization probe (HESI). Negative ions were analyzed at
scan mode of auto MS/MS, at the range of 100–1000 m/z. The analyses were also based on
in-source collision-induced dissociation scans at 25 eV. The source condition was the spray
voltage of 4000 V, the capillary temperature of 320 ◦C, heater temperature of 150 ◦C, and
the sheath gas and auxiliary gas flow rate of 25 and 5 units, respectively. Identification of
compounds was based on the retention time and the exact mass in conjunction with stan-
dards. When standards were unavailable, it was compared with the theoretical exact mass
of the molecular ion with the determined accurate mass of the molecular ion, to tentatively
identify the compound and was looked for in several metabolite databases (PubChem,
Metlin, ChemSpider, Phenol Explorer). In addition, the biocompound’s identification was
performed following the MSI MS levels [38]. Supplementary Table S1 summarizes the
chemical formula, theoretical exact mass, delta ppm, retention time (RT), and MSI MI
level of the compounds. To quantify the compounds, the theoretical exact mass of the
molecular ion was selected by standard curves, or by the calibration curve of a close parent
metabolite based on the structure. Limits of detection (LOD) and quantification (LOQ)
were determined from the standard deviation of ten blank determinations, ranging LOD
and LOQ from 0.10 to 228.13 μg/L and 0.33 to 760.43 μg/L, respectively. The criteria used
in the quantification of phenolics are outlined in Supplementary Table S2. The results were
expressed in milligrams per kilogram of extract.
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2.8. Assessment of the Biological Properties of the Extracts for Dermo-Cosmetic Application
2.8.1. Antioxidant Activity

The antioxidant activity of the extracts was assessed using different assays with two
mechanisms [atom hydrogen transfer-based method (ORAC), single electron transfer-
based method (FRAP), and mixed methods making use of hydrogen-atom transfer and
single-electron transfer (DPPH and ABTS)].

DPPH Free Radical Scavenging

Applying the method described by Soler-Rivas et al. [39], the capacity of the plant sam-
ples to scavenge the free radical DPPH• was analyzed. For that, before 30 min of incubation,
30 μL extract was mixed with 300 μL DPPH methanolic solution (90 μM) and methanol
80% until 900 μL. The absorbance was measured at 515 nm, using Trolox (0.025–0.3 mM) as
standard, and the results were expressed as milligrams of Trolox equivalents per gram of
dry weight (mgTE/gDW).

ABTS Free Radical Scavenging

The ABTS• free radical scavenging activity of the extracts was analyzed according
to Re et al. [40]. Using K2S2O8, the ABTS stock solution (7 mM) was prepared and stored
for 12–16 h. After this period, the stock solution was diluted with H2O until obtaining an
absorbance (734 nm) of 0.700 ± 0.02. The samples (10 μL) were added to the diluted ABTS
solution (190 μL) and the absorbance was read, using Trolox as standard. The results were
expressed as milligrams of Trolox equivalents per gram of dry weight (mgTE/gDW).

Ferric Reducing Antioxidant Power (FRAP)

FRAP assay comprises the reduction of Fe (III) to Fe (II) in the presence of an antioxi-
dant. Based on the method described by Yen and Chen [41], the reaction involving the plant
extracts (100 μL), 1% K3[Fe (CN)6] (250 μL), and potassium phosphate buffer (200 mM,
pH 6.6) (250 μL) was incubated for 20 min at 50 ◦C. After it was added 10% TCA (250 μL)
to the reaction and centrifuged. FeCl3 (80 μL) at 0.1% was mixed with the same amount of
supernatant and water (400 μL). The absorbance was measured at 700 nm, using ascorbic
acid as standard, and the results were expressed as milligrams of ascorbic acid equivalents
per gram of dry weight (mgAAE/gDW).

Oxygen Radical Absorbance Capacity (ORAC)

According to Gillespie et al. [42], plant extracts (25 μL) were incubated with fluorescein
(0.2 μM) for 10 min at 37 ◦C. Then, 150 mM AAPH (25 μL) was added and the fluorescence
was read every 5 min (90 min), up to value zero at 530 nm emission and 485 nm excitation.
Applying the differences in areas under the fluorescein decay curve between the blank and
the samples, the results were calculated. Trolox was used as standard and the results were
expressed as milligrams of Trolox equivalents per gram of dry weight (mgTE/gDW).

2.8.2. Inhibition Effects against Melanogenesis Key Enzyme

The tyrosinase (Tyr) inhibitory assay was carried out according to Masuda et al. [43].
The extracts (50 μL) were mixed with mushroom Tyr (50 μL, 46 U/mL) and 20 mM sodium
phosphate buffer (80 μL, pH 6.8), and incubated for 10 min at room temperature. After the
addition of 80 μL of the substrate (L-DOPA, 2.5 mM) and an incubation period of 10 min at
room temperature, the absorbance was recorded at 475 nm (microplate reader). The results
were calculated as kojic acid equivalents (mgKAE/gDW).

2.8.3. Photoprotective Properties

The capacity of the plant extracts as a natural filter protecting from ultraviolet (UV)
radiation was examined using UV–Vis spectrophotometer. UV spectra of the extracts at
250 μL/mL were measured in the range from 250 to 400 nm with an interval of 2 nm. The
extraction solvent [proline: lactic acid (1:1) with 30% (w/w) water] was used as a blank.

101



Antioxidants 2022, 11, 1475

2.8.4. Determination of Sun Protection Factor (SPF)

The photoprotective activity of the extracts was evaluated by measuring the SPF
values, which are frequently utilized to evaluate the efficacy of sunscreen against UV
radiation. Extracts were diluted in the extraction solvent to obtain different concentrations
(50–2500 μL/mL), and the present solvent served as a blank. Spectrophotometric scanning
was accomplished at wavelengths in the range of 290–320 nm, with intervals of 5 nm with
UV–Vis spectrophotometer. SPF values were obtained following the equation developed
by Mansur et al. [44]:

SPF = CF ×
320

∑
290

EE(λ)× I(λ)× Abs(λ)

where CF is the correction factor (=10); EE(λ) is the erythemal effect spectrum; I(λ) is the
solar intensity spectrum; Abs(λ) is the absorbance. The values of EE(λ) × I(λ), described by
Sayre et al. [45] are presented in Table S3.

2.9. Statistical Analysis

Data are presented as mean ± standard error for the total number of the results
and analyzed by one-way analysis of variance (ANOVA), and Tukey’s New Multiple
Range Test (p < 0.05). Correlations were determined using Pearson’s test. Statistical
analyses were performed by IBM SPSS Statistics for Windows (version 26.0, Armonk,
NY, USA: IBM Corporation). Hierarchical cluster analysis, K-means cluster analysis, and
Principal Component Analysis (PCA) were analyzed by the software OriginPro, version
2022 (OriginLab Corporation, Northampton, MA, USA).

3. Results and Discussion

3.1. Evaluation of Shoots Growth

Physiological mechanisms of plants, especially growth and development, are sensitive
to water limitations. The visual appearance of T. lotocephalus in vitro-regenerated shoots
cultured in different media is shown in Figure 1. Results show that the increasing PEG
concentration gradually reduced the mean shoot length. The highest PEG concentration
(7%) caused the biggest decrease in shoot length (11.5 ± 0.43 mm), which was statis-
tically different from that of the control (48.3 ± 2.68 mm) and the PEG concentration
2% (Table 1). Similar results were obtained in in vitro cultures of Thymus vulgaris [4],
Thymus citriodorus [7], Salvia leriifolia [46], Stevia rebaudiana [3], and Amsonia orientalis [47],
under drought stress. When plants are subjected to drought stress, the water movement
through the xylem decreases, and to maintain turgor status plant cells have to reduce their
osmotic potential [47]. The decrease in shoot length could be explained by the restricted
water absorption and the turgescence pressure for cell enlargement, which disrupt cell
division and elongation [46]. Curiously, in comparison with the control, the shoot number
and the biomass produced were higher in PEG-containing media, especially with 2%. Even
so, shoots obtained in the control group demonstrated normal aspect (Figure 1), while those
produced in media with PEG (2, 5, and 7%) showed symptoms of hyperhydricity (a plant
disorder in which shoots presents a rigid translucent aspect with little internodes). Usually,
this disorder appears in in vitro cultures and is caused by different factors (e.g., water
availability, growth regulators) [6]. This phenomenon can explain the highest biomass
produced when cultures were submitted to drought stress. Similar signs of hyperhydricity
were evidenced in S. lerrifolia cultures exposed to PEG stress [46].

Among the three levels of PEG tested, 7% induced the highest negative effects in
T. lotocephalus cultures, therefore this concentration was selected to study the potential of
three different agents (Fe3O4 NPs, SA, and MeJA) in alleviating drought stress. Neverthe-
less, as observed in Table 1, none of the agents tested were capable of reversing the negative
impacts of PEG on the shoot’s length, with MeJA still potentiating the negative effects in this
parameter (6.67 ± 0.47 mm). Similar results were obtained in Oryza sativa shoots stressed
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with 3% PEG 6000, in which MeJA (5 mM) reduced the length of the shoots. Nevertheless,
the three agents tested reduced the signs of hyperhydricity of the shoots cultured in media
with 7% PEG (Figure 1). Fe3O4 NPs, SA, and MeJA were also added to PEG-free culture
media to investigate their effects in non-stressful conditions. Results indicated that Fe3O4
NPs improved shoot number and biomass production, in comparison to the control. It
is known that iron has a great influence on the growth and development of plants, and
its nanoscale application in in vitro cultures facilitates its absorption and plant nutritional
balance [17,48,49]. Furthermore, the application of these NPs has been demonstrated to
improve the uptake of important macronutrients in some plants [49,50]. The results showed
that SA decreased 2.4-fold T. lotocephalus shoot fresh weight (FW). Distinct findings were
obtained by Mozafari et al. [48] who compared the influence of SA (0.05 mM) and Fe3O4
NPs (0.08 ppm) on the biomass produced by in vitro cultures of strawberry. In that case, the
authors demonstrated more beneficial effects of SA than Fe3O4 NPs, although they used a
much lower concentration of iron NPs (0.08 mg/L) than that used in this study (10 mg/L).
Using concentrations higher than those tested in this study, Karamian et al. [9] observed
that 100 μM of SA significantly improved the biomass of Verbascum sinuatum L. shoots;
however, 3 mM did not affect the growth of Impatiens walleriana L. [51]. Similar to SA,
MeJA seems to exert an inhibitory effect on T. lotocephalus shoots’s length (11.7 ± 0.56 mm),
in accordance with previous results observed in V. sinuatum [9]. Interestingly, enhanced
shoot length was evidenced in Glycyrrhiza glabra cultures by MeJA (0.1–2 mM) after 24 h of
exposure, but after 48 h it decreased significantly [52]. These distinct outcomes prove that
the efficacy of the tested agents is affected by several factors, such as plant species, culture
type, time of exposure, and concentration.

 

Figure 1. The aspect of in vitro shoots of Thymus lotocephalus grown in media with 0 (control),
2, 5, or 7% of PEG, Fe3O4 nanoparticles (NPs), salicylic acid (SA), methyl jasmonate (MeJA),
7% PEG + Fe3O4 NPs, 7% PEG + SA, or 7% PEG + MeJA after 7 weeks of culture. The scale bar
represents 1 cm.
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Table 1. Shoot growth and total chlorophyll (Cltotal), carotenoids (Crt), hydrogen peroxide (H2O2),
and proline contents of Thymus lotocephalus López and Morales shoots cultured in media with 0
(control), 2, 5, or 7% of PEG, 7% PEG + Fe3O4 nanoparticles (NPs), 7% PEG+ salicylic acid (SA), or 7%
PEG+ methyl jasmonate (MeJA), Fe3O4 NPs, SA, or MeJA.

Treatment No. Shoots
Length of the

Longest Shoot (mm)
Fresh Weight

(g)
Dry Weight

(mg)
Cltotal

(mg/gFW)
Crt (mg/gFW)

H2O2

(μmol/gFW)
Proline

(μmol/gFW)

Control 7.94 ± 1.70 c 48.3 ± 2.68 a 1.40 ± 0.383 cd 144 ± 26.6 c 0.74 ± 0.02 a 0.16 ± 0.01 ab 0.63 ± 0.00 de 0.59 ± 0.01 d

PEG
2% 33.2 ± 1.77 a 22.9 ± 0.89 c 3.69 ± 0.20 a 417 ± 13.9 a 0.59 ± 0.03 bc 0.14 ± 0.00 abc 0.43 ± 0.03 e 1.39 ± 0.14 bcd

5% 21.9 ± 1.72 b 15.7 ± 0.80 d 2.06 ± 0.11 bc 295 ± 17.1 b 0.50 ± 0.01 cdef 0.12 ± 0.01 bcd 0.79 ± 0.07 cde 1.53 ± 0.16 bc

7% 18.4 ± 2.32 b 11.5 ± 0.43 de 1.33 ± 0.10 cd 318 ± 33.5 ab 0.38 ± 0.02 f 0.09 ± 0.01 d 1.28 ± 0.13 bc 4.55 ± 0.33 a

7% PEG
Fe3O4 NPs 4.71 ± 0.47 c 10.3 ± 0.39 de 0.59 ± 0.12 de 93.3 ± 18.2 c 0.45 ± 0.04 def 0.11 ± 0.01 cd 1.47 ± 0.08 b 1.57 ± 0.13 bc

SA 4.32 ± 0.93 c 10.4 ± 0.95 de 0.66 ± 0.14 de 102 ± 13.4 c 0.41 ± 0.02 ef 0.10 ± 0.00 cd 1.37 ± 0.00 b 2.27 ± 0.25 b

MeJA 3.44 ± 0.67 c 6.67 ± 0.47 e 0.21 ± 0.08 e 49.1 ± 14.6 c 0.51 ± 0.03 cde 0.12 ± 0.00 cd 0.94 ± 0.11 bcde 5.37 ± 0.25 a

PEG-free
Fe3O4 NPs 25.4 ± 2.34 ab 29.6 ± 1.10 b 3.10 ± 0.35 ab 320 ± 23.8 ab 0.68 ± 0.01 ab 0.17 ± 0.01 a 1.16 ± 0.12 bcd 0.76 ± 0.10 cd

SA 8.11 ± 1.34 c 13.8 ± 0.95 d 0.59 ± 0.15 de 89.0 ± 14.3 c 0.57 ± 0.01 bcd 0.17 ± 0.01 a 2.45 ± 0.17 a 1.12 ± 0.07 cd

MeJA 7.83 ± 0.79 c 11.7 ± 0.56 de 1.12 ± 0.05 cde 106 ± 2.70 c 0.43 ± 0.04 ef 0.10 ± 0.01 cd 0.60 ± 0.10 e 0.77 ± 0.06 cd

Values are expressed as mean ± SE. For each variable, the values followed by different letters (a–f) are significantly
different at p < 0.05 (Tukey’s New Multiple Range Test).

3.2. Physiological and Biochemical Traits

Photosynthesis is a crucial process for ideal plant development, metabolism, and
biomass production, which depends directly on plant pigment levels. The obtained re-
sults showed that drought stress induced by PEG had damaging effects on photosynthetic
pigment contents (Table 1). The highest contents were observed in the control, and the
increasing drought stress progressively reduced total chlorophylls and carotenoid contents,
with 7% PEG inducing a reduction of 51.35% and 56.25%, respectively. A decline in photo-
synthetic pigment levels under PEG stress was also observed in other species [4,46,47,51,53].
MeJA caused a reversion of the 7% PEG effects on the levels of total chlorophylls (from
0.38 ± 0.02 to 0.51 ± 0.03 mg/gFW). In contrast, in V. sinuatum cultures treated with PEG,
the addition of 200 μM MeJA decreased the pigments’ contents [9]. The reduced amount of
pigment under abiotic stress may be attributed to the high amount of ROS, which results
in damage to the plant cells. ROS, which includes hydrogen peroxide (H2O2), hydroxyl
radical (OH−), superoxide anions (O2

−), and singlet oxygen (1O2) [54], act as signaling
molecules to induce the expression of several genes and pathways [55].

As shown in Table 1, there were no significant differences between the H2O2 levels
of the control and the media containing 2% and 5% PEG, but the H2O2 accumulation
was significantly increased by 7% PEG (from 0.63 ± 0.00 to 1.28 ± 0.13 μmol/gFW). Like-
wise, cellular damage marked by the elevated levels of H2O2 was reported in several
species under PEG-induced drought stress [46,47,56,57]. MeJA was able to reduce the
high H2O2 accumulation induced by 7% PEG in T. lotocephalus shoots (from 1.28 ± 0.13
to 0.94 ± 0.11 μmol/gFW). Contrary to these results, MeJA negatively affected the redox
status of V. sinuatum, increasing the content of H2O2 and being not able to alleviate the
harmful consequences of drought stress [9]. The addition of Fe3O4 NPs and SA, to PEG-free
and 7% PEG-containing media, also induced a significant accumulation of H2O2 in com-
parison with the control in T. lotocephalus shoots. In agreement with our results, it has been
previously reported that SA significantly increases the levels of H2O2 [56]. A significantly
high accumulation of H2O2 was reported in Artemisia aucheri treated with PEG 4% and
0.1 mM SA [56]. Moreover, SA treatments showed a positive effect in decreasing H2O2
contents in I. walleriana under 1–4% PEG [51]. Excessive oxidative stress was also observed
in other species subjected to different metal oxide NPs [9,17,58,59], which denotes the ROS
effects induced by metals binding with proteins presenting SH bonds, which are found
in plants.

Under drought stress, to regulate cellular redox status due to excessive ROS pro-
duction and cellular osmotic adjustment, as well as to stabilize membranes and proteins,
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plants accumulate several osmoprotectants, such as proline [54]. Thus, proline accumu-
lation under drought conditions is an adequate marker of stress tolerance [53,60]. In this
investigation, 5% and 7% PEG caused a significant rise in proline accumulation, compared
to the control. The values ranged from 0.59 ± 0.01 μmol/gFW in the control treatment
to 4.55 ± 0.33 μmol/gFW in the greatest percentage of PEG treatment (Table 1). Similar
results were achieved in other species [46,47,56,57]. Interestingly, in T. vulgaris proline
accumulation increased until 6% PEG but decreased significantly at 8%, probably due
to the greater proline utilization outpacing their biosynthesis [4]. In T. lotocephalus, pro-
line accumulation triggered by drought stress was accompanied by H2O2 accumulation
in a dose-dependent manner, which demonstrates the protective role of proline against
ROS production. This evidence is consistent with that observed in in vitro cultures of
A. orientalis [47], S. leriifolia [46], and I. walleriana [51]. In higher plants, this osmoprotectant
derives from glutamate, and its biosynthesis occurs in chloroplasts or cytosol [61]. Since
the photosynthetic pigments’ degradation increases with increasing PEG concentration
(which may be due to chloroplast damages), the majority of the proline biosynthesis in
T. lotocephalus under drought stress probably occurs in the cytosol. Although Fe3O4 NPs,
SA, and MeJA did not influence proline content per si, MeJA increased proline accumula-
tion in PEG-stressed cultures (5.37 ± 0.25 μmol/gFW), suggesting the protective role of this
signaling molecule in improving drought tolerance. Similar results were obtained in two
cultivars of O. sativa seedlings under PEG stress, in which the priming with 2.5 and 5 mM
MeJA significantly enhanced the proline accumulation [60].

3.3. Chemical Composition of the Shoots by Fourier-Transform Infrared (FTIR) Spectroscopy

FTIR is a powerful spectroscopic tool used to obtain detailed information about the
major functional groups in the chemical composition of a sample. In plants, the initial
responses to biotic or abiotic stresses can be assessed by changes in functional groups,
which present characteristic frequencies in the infrared spectrum [62]. In this way, to
investigate the molecular structural changes of the T. lotocephalus cells caused by PEG
stress and the mitigating agents (Fe3O4 NPs, SA, and MeJA), FTIR analysis was performed.
The FTIR spectra (4000 to 600 cm−1) are shown in Figure 2A,B and the wavenumbers of
characteristic bands and corresponding functional groups are listed in Table 2.

(A) (B) 

Figure 2. (A) FTIR spectra (600–4000 cm−1) of Thymus lotocephalus shoots cultured in media with
0 (control, CT), 2, 5, or 7% PEG, Fe3O4 nanoparticles (NPs), salicylic acid (SA), or methyl jas-
monate (MeJA) and a combination of PEG (7%) with Fe3O4 NPs, SA and MeJA; (B) FTIR spectra
of T. lotocephalus shoots cultured in media with 0 (control, CT), 7% PEG, MeJA or 7% PEG + MeJA
with the identification of the bands (the corresponding bonds and functional groups are presented
in Table 2).
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Table 2. FTIR spectral bands and functional groups of Thymus lotocephalus shoots cultured in media
with 0 (control) or 7% PEG, methyl jasmonate (MeJA), or 7% PEG + MeJA reported in Figure 2B.

Wavenumber Range
Bond Functional Group References

Present Study (cm−1) Reference (cm−1)

3443–3406 3415–3369 O–H stretching Alcohols [32,33]
2945–2889 2920–2800 C–H stretching Lipids, carbohydrates [32–34,36]

1735–1647 1723–1607

C=O stretching, C–N
stretching, COO–

antisymmetric
stretching

Proteins, lipids,
carbohydrates [32,34–36]

1468–1342 1454–1366

C–O stretching, C–C
stretching, COO

symmetric stretching,
CH2 bending

Phenyl groups of
aromatic compounds [33,34,36]

1281–1271 1300–1260 C–O stretching Hydroxyflavonoids [34,36]

1242–1155 1270–1150 C–O stretching, C–N
stretching Acid or ester [33,34]

1115–1051 1170–950 C–O and C–C
stretching

Carbohydrates,
flavonoids [34–36]

962–843 980–960 C=H bending, C–H
out-of-plane bending Terpenoids [33–35]

FTIR spectra showed some chemical differences between the control and the shoots
growing in all media containing PEG (with or without mitigating agents) (Figure 2A).
PEG stress showed additional characteristic bands, namely at 1468, 1342, 1242, 1115, 962,
and 843 cm−1 (Figure 2B), that are associated with phenyl groups or terpenoids (Table 2).
According to Schulz and Baranska [35], apparently, drought stress affects positively the
biosynthesis of some specific volatile compounds, namely 1,8-cineol (peak 843 cm−1), lutein
(peak 962 cm−1), and especially citronellal (peak 1115 cm−1) compounds with characteristic
bands that appeared in our samples. These results were also consistent with the results
of Sevindik et al. [63] who observed that FTIR analysis of Ocimum basilicum (Lamiaceae)
irrigated with PEG 6000 exhibited major alterations in the functional groups corresponding
to bands below 1400 cm−1. FTIR spectra from shoots cultivated in the control medium and
PEG-free media containing Fe3O4 NPs, SA, or MeJA were similar (Figure 2A,B), indicating
that these agents do not induce appreciable chemical modifications evaluated with this
technique. Similar results were obtained in Rosmarinus officinalis, another Lamiaceae
species [34].

3.4. Phenolics Biosynthesis and Biological Activity of the Extracts
3.4.1. Total Phenolic Contents by F-C Method

Many abiotic stresses, including drought induced by PEG, frequently affect the pro-
duction of phenolic compounds as a reaction to oxidative injury [53,64,65]. In this work, all
PEG concentrations significantly reduced the total phenolic content (TPC) in the extracts
obtained by F-C method (Table 3). According to Moradi et al. [2], when sensitive plants are
exposed to stress conditions they usually present a higher accumulation of metabolites than
tolerant plants, which can evidence a certain drought tolerance of T. lotocephalus cultures.
In accordance with these results, PEG also showed a negative impact on phenolics accumu-
lation in Taxus baccata (1%, 2%, and 3% PEG) [57] and V. sinuatum (−0.6 MPa osmotic poten-
tial) [9]. However, in T. vulgaris grown in vitro [4] or ex vitro [12,55] conditions, drought sig-
nificantly improved TPC compared to the control treatment. The exposure of stressed plants
(7% PEG) to SA (53.8 ± 3.07 mgGAE/gDW) and MeJA (57.4 ± 2.34 mgGAE/gDW) caused a
significant rise in TPC in comparison with the 7% PEG treatment (46.8 ± 0.42 mgGAE/gDW).
Other authors also reported the beneficial effects of MeJA on the phenolic compound accu-
mulation in plants under drought stress [9,66]. TPC significantly increased in non-stressed
cultures treated with Fe3O4 NPs, SA, and MeJA. Similar findings were achieved by other
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authors [6,9,66], reinforcing the role of these agents as elicitors. MeJA was shown to be the
best elicitor for T. lotocephalus shoot cultures, enhancing phenolics accumulation in 38.8%.
The same was obtained in Rubus idaeus [67], Mentha × piperita [66], and Brassica rapa L. ssp.
chinensis [68] treated with MeJA. Recently, Kianersi et al. [69] tested distinct concentrations
of MeJA (10, 100, 150, and 200 μM) in different Thymus species (T. vulgaris, T. migricus, and
T. daenensis) and observed that the maximum phenolics accumulation was achieved using
100 μM MeJA in those species.

Table 3. Total phenolic content (TPC) and tyrosinase inhibitory capacity of extracts from
Thymus lotocephalus shoots cultured in media with 0 (control), 2, 5, or 7% of PEG, 7% PEG + Fe3O4

nanoparticles (NPs), 7% PEG+ salicylic acid (SA), or 7% PEG + methyl jasmonate (MeJA), Fe3O4 NPs,
SA, or MeJA.

Treatment TPC (mgGAE/gDW)
Tyrosinase Inhibition

(mgKAE/gDW)

Control 62.2 ± 1.19 cd 21.72 ± 1.25 b

PEG
2% PEG 45.1 ± 2.61 ef 9.59 ± 0.10 c

5% PEG 45.0 ± 3.39 ef 5.98 ± 1.09 c

7% PEG 46.8 ± 0.42 ef 9.03 ± 1.61 c

7% PEG

Fe3O4 NPs 43.4 ± 2.35 f 10.8 ± 1.89 c

SA 53.8 ± 3.07 de 10.2 ± 0.60 c

MeJA 57.4 ± 2.34 d 8.46 ± 1.50 c

PEG-free

Fe3O4 NPs 68.8 ± 0.70 bc 28.2 ± 1.27 ab

SA 76.6 ± 0.32 ab 29.2 ± 0.48 a

MeJA 86.4 ± 1.09 a 34.2 ± 0.31 a

Values are expressed as mean ± standard error. In each column values followed by different letters (a–f) are
significantly different at p < 0.05 (Tukey’s New Multiple Range Test).

3.4.2. Phenolic Profile Analysis by HPLC-HRMS

Secondary metabolites are substances produced by plants that make them competitive
in their environment and are essential in responding to biotic and abiotic stresses. Phenolic
compounds are one of the main classes of secondary metabolites with important biological
properties in plants [5]. In the present study, the phenolic profile of T. lotocephalus extracts
obtained from shoots cultivated in media with PEG and/or with different mitigating
agents, obtained for the first time using NADES, was analyzed by HPLC-HRMS. A total
of twenty-six phenolics (19 phenolic acids, five flavonoids, a coumarin derivative, and a
hydroxybenzaldehyde) were identified and quantified in T. lotocephalus extracts (Table 4
and Supplementary Tables S1 and S2).
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To the best of our knowledge, this is the first time that epigallocatechin gallate, methyl
6-O-galloyl-β-D-glucopyranoside, theaflavic acid, methylrosmarinic acid (I and II), dihy-
dromorelloflavone, protocatechuic aldehyde, melitric acid B and salviaflaside are identified
in Thymus genera. Nevertheless, melitric acid B, methylrosmarinic acid, salviaflaside
and protocatechuic aldehyde, were previously identified in other genera belonging to
the Lamiaceae family, namely Melissa and Salvia [70–72]. Salvianolic acid F and sagerinic
acid, although being identified for the first time in T. lotocephalus, were detected in other
Thymus species (T. zygis, T. pulegioides, T. fragrantissimus, and T. herba-barona) [73]. As
reported in previous studies with this species [6,15,17], rosmarinic acid was the major
biocompound identified in the extracts (with a range of 12.5 g/kg in 7% PEG + MeJA to
58.2 g/kg in MeJA) (Table 4). Rosmarinic acid has been demonstrated to have important
biological properties, such as antioxidant, anti-inflammatory, antitumor, neuroprotective,
and antimicrobial [74,75]. This phenolic acid is utilized as a food and cosmetic ingredient
and many pharmaceutical applications have also been reported [76]. The second most
abundant compounds were epigallocatechin gallate (EGCG) (flavonoid) and methyl 6-O-
galloyl-β-D-glucopyranoside (phenolic acid), although both eight times less abundant than
rosmarinic acid in the control. Although the greatest total phenolic content (and rosmarinic
acid) was achieved in the MeJA extract, it was not significantly different from the other
agents (SA and Fe3O4 NPs) and control extracts, as observed when TPCs were determined
by F-C method. Even though a high correlation (p < 0.01) between TPC by F-C assay and
HPLC exists, there are some differences in the statistical analysis, which can be explained
by the poor specificity of F-C reagent that can oxidize other substances, overestimating the
results [77].

Regarding the effect of drought on phenolics biosynthesis, as noted for morphological
and physiological traits and in agreement with F-C results, PEG significantly reduced the
content of almost all phenolic compounds (especially rosmarinic acid), compared to the
control. Likewise, rosmarinic acid content decreased by water stress in other Lamiaceae
species, such as O. basilicum [78], Melissa officinalis [79,80], and Salvia miltiorrhiza [81]. On the
other hand, the production of flavonoids (epigallocatechin gallate, dihydromorelloflavone,
and theaflavic acid) was not affected by drought. It was observed that MeJA showed
beneficial effects on phenolic acids production in stressed plants, improving the synthesis
of methyl 6-O-galloyl-β-D-glucopyranoside (two-fold) and salvianolic acids (A and B).
Under non-stress conditions, MeJA enhanced two-fold the biosynthesis of salvianolic acids,
caffeic acid, and protocatechuic aldehyde. This agent also significantly improved the
production of salvianolic and caffeic acids in Salvia species [82,83].

3.4.3. Potential Properties of the Extracts for Skincare Products and Correlation with
Phenolic Composition
Antioxidant Activity

Since plant extracts are extraordinarily complex multicomponent mixtures, the antiox-
idant capacity of T. lotocephalus extract was evaluated using more than one assay (ORAC,
FRAP, DPPH, and ABTS) (Figure 3). The ORAC measures the capacity of an antioxidant to
break hydrophilic and lipophilic chains in the presence of peroxyl radicals. FRAP assay
determines the capacity of the extracts to reduce ferric ion (Fe3+) to ferrous ion (Fe2+).
Finally, DPPH and ABTS quantify the scavenging capability against stable free radicals.

Similar to TPCs, in all assays, the antioxidant activity of the T. lotocephalus extracts
were significantly reduced by all concentrations of PEG compared to the control, except
in the ORAC assay, in which no significant differences were observed. These results con-
firm those previously observed for T. vulgaris, in which antioxidant activity accessed by
FRAP decreased to half at 8% PEG [4]. Otherwise, an increase in antioxidant activity was
reported in S. rebaudiana under rising concentrations of PEG (0.5, 1, 2, 4%) [64], as well
as in T. vulgaris [12] and Mentha piperita [66] grown under water deficit. MeJA increased
the antioxidant capacity of the cultures subjected to PEG stress in almost all the assays.
Similar results were obtained in infusions prepared from peppermint plants grown under
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water deficit, in which MeJA (50 μM) revealed the greatest capability to scavenge ABTS+

and DPPH• radicals [66]. Regarding the impact of the tested agents under non-stress
conditions, similar to TPC by F-C assay, the antioxidant activity was significantly higher
in MeJA treatment in all the assays, except in ORAC in which SA, Fe3O4 NPs and con-
trol demonstrated a similar capacity to quench free radicals by hydrogen donation. This
exception can be justified by the distinct mechanisms implicated in the various methods.
The increase in antioxidant activity was observed in extracts from other plants grown
with MeJA [67,68]. The extracts obtained from the cultures treated with Fe3O4 NPs and
SA showed higher antioxidant capacities (ABTS and ORAC) compared to the control. A
similar trend was obtained in our previous works, in which Fe3O4 NPs [17] and SA [6]
improved the antioxidant capability of T. lotocephalus methanolic extracts. Since this is
the first study investigating the impact of MeJA, there are no reports in the literature to
compare the obtained results. A strong correlation was established between all antiox-
idant results (DPPH, ABTS, FRAP, and ORAC) and TPC by HPLC (p < 0.01) (Figure 4)
showing that phenolic compounds, especially phenolic acids, are the major contributors
to T. lotocephalus antioxidant activities. The correlation between antioxidant activity and
this class of bioactive compounds has been recently reported in Thymus species [6,17,84,85].
Although rosmarinic acid possesses a great significance to the antioxidant activity of the
extracts because it is the major compound, the strong correlations (p < 0.01) between other
minor compounds and antioxidant activity assays, such as sagerinic acid, protocatechuic
aldehyde, and caffeic acid, equally demonstrate some influence of these compounds to
this activity.

 

Figure 3. Antioxidant activity evaluated by 2,2-diphenyl-1- picrylhydrazyl (DPPH), 2,2-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS), oxygen radical absorbance capacity (ORAC), and ferric
reducing antioxidant power (FRAP) methods of the extracts from T. lotocephalus shoots cultured in me-
dia with 0 (control, CT), 2, 5, or 7% of PEG, 7% PEG + Fe3O4 nanoparticles (NPs), 7% PEG + salicylic
acid (SA), or 7% PEG + methyl jasmonate (MeJA), Fe3O4 NPs, SA, or MeJA. Values are presented as
mean ± SE. Different letters (a–f) in each graph bars specify significant differences (p < 0.05, Tukey’s
new multiple test).
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Figure 4. Heat map corresponding to Pearson’s correlation coefficients between antioxidant activity
measured DPPH, ABTS, ORAC, and FRAP, tyrosinase (Tyr) inhibition capacity, UV protection
ability, total phenolic contents measured by F-C and HPLC, total flavonoids (HPLC), total phenolic
acids (HPLC) and individual phenolic compounds (HPLC). ** Correlation is significant (p < 0.01).
* Correlation is significant (p < 0.05).

Extracts as Anti-Depigmentation Agents

The depigmentation or whitening effects of a product are related to its capacity to
inhibit Tyr enzyme activity. Thus, the potential of T. lotocephalus extracts to inhibit this
enzyme were evaluated in this study (Table 3). The Tyr inhibition activity varied from
5.98 ± 1.09 to 34.1 ± 0.31 mgKAE/gDW. Extracts from cultures exposed to PEG demon-
strated the lowest Tyr inhibition. The three agents tested in this work under non-stressed
conditions, particularly MeJA, significantly improved the anti-Tyr activity in T. lotocephalus.
A strong correlation (p < 0.01) was observed between Tyr inhibition and the total phenolic
compounds (HPLC) (Figure 4), which were similarly reported in other studies [17,18].
Rosmarinic acid was the phenolic compound that demonstrated the highest correlation
with Tyr inhibition (r = 0.943). This phenolic acid was previously defined as a good in-
hibitor of this enzyme [86]. Although present in smaller amounts, protocatechuic aldehyde,
caffeic acid, sagerinic acid, theaflavic acid, and methylrosmarinic acid strongly contributed
(p < 0.01) to inhibiting Tyr. The inhibitory capacity of protocatechuic aldehyde and caffeic
acid against Tyr was also previously reported by Ko and Lee [87] and Crespo et al. [88],
respectively.

Extracts as Ultraviolet (UV) Protecting Agents

In cosmetics, the capacity to absorb UV-A and UV-B radiation is an outstanding
starting point to consider the extract as a natural sun protective agent [22]. To assess
the potential of T. lotocephalus extracts as UV-protecting agents, different concentrations
of the extracts were tested and their capacity to absorb UV-A (315–400 nm) and UV-B
(200–280 nm) radiation was evaluated spectrophotometrically. The UV–vis spectra of the
extracts at 250 μg/mL are shown in Figure 5A.
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Figure 5. (A) UV-Vis absorption spectra of the extracts (250 μg/mL) from T. lotocephalus shoots
cultured in media with 0 (control), 2, 5, or 7% of PEG, Fe3O4 nanoparticles (NPs), salicylic acid (SA),
methyl jasmonate (MeJA), 7% PEG + Fe3O4 NPs, 7% PEG + SA, or 7% PEG + MeJA; (B) Sun Protection
Factor (SPF) of the extract from Thymus lotocephalus shoots cultured in media with MeJA (50 μM).

All T. lotocephalus extracts exhibited the capacity to absorb UV radiation, although the
extract from cultures grown with MeJA showed the highest capacity with a band at the
wavelength of 332 nm (Abs = 0.611). Even though the greatest ability of this extract is to
absorb UV-A rays (55.79%), it also demonstrated a good capacity to inhibit UV-B radiation
(36.86%). Similar to antioxidant and anti-melanogenic activities results, all cultures exposed
to PEG demonstrated the worst photoprotective capacity. A strong correlation was found
between several phenolic compounds and UV protecting activity (p < 0.01) (Figure 4), such
as protocatechuic aldehyde, and rosmarinic, methylrosmarinic, sagerinic, and caffeic acids.
Rosmarinic and caffeic acids were previously reported as photoprotective agents against
UV and other ionizing radiations [89,90].

Since MeJA extract showed the highest ability to absorb UV radiation, the sun pro-
tection factor (SPF) was only calculated for this extract at different concentrations (50, 250,
750, 1500, and 2500 μg/mL). Compared to the in vivo models for the determination of
SPF, the in vitro models present several advantages since they are simple, reproducible,
fast, and avoid subject UV exposure [91]. The UV radiation in the range of 290–320 nm
retains the highest biological activity to induce skin damage, such as burning, photoag-
ing, and cancer, so the SPF of a product is evaluated in these wavelengths. According to
Yakoubi et al. [92] the rating of sun-protective activity of sunscreens can be determined
according to SPF values in minimum (2–12), moderate (12–30), and high (≥30). The
SPF values of the T. lotocephalus extract increased in a concentration-dependent manner
(Figure 5B). Fifty μg/mL (SPF = 1.20) and 250 μg/mL (SPF = 5.93) of T. lotocephalus extract
resulted in minimum, 750 μg/mL (SPF = 17.92) in moderate, and finally, 1500 μg/mL
(SPF = 29.92) and 2500 μg/mL (SPF = 35.13) in high photoprotective activities. Other plant
extracts have been reported in the literature as good agents to absorb UV radiation, such
as ethanolic and aqueous-glycerin extracts of Plantago lanceolata [22] and polyol extracts
of Camellia oleifera [93]. With regards to Thymus extracts, as far as is known, there are no
previous reports describing their capacity to absorb UV radiation and its SPF evaluation.
Although NADES are considered green solvents, only a few can be applied in cosmetics
because of safety or regulatory reasons, especially in Europe [25]. This is the case of the mix-
ture used in the present study (proline: lactic acid, 1:1), which is accepted by the European
Cosmetic Regulation EC No.1223/2009 to be used in cosmetic products formulations.
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3.4.4. Multivariate Analyses: Cluster Analysis and Principal Component Analysis (PCA)

Principal Component Analysis (PCA) is used to decrease the dimensionality of a
multivariate data set in a few principal components (PC), which summarize the predom-
inant patterns in the data. PCA was based on the individual and total phenolic content
(F-C and HPLC) and the biological properties (photoprotective, anti-melanogenic, and
antioxidant) of the extracts. The analysis can be observed in Figure 6 in a PCA biplot [PCA
score plot (green) + loading plot (purple)] form. Each point on the score plot characterizes
the different extracts, and each point on the loading plot indicates the contribution of
each variable to the score. The first two PC described 85.47% of the total variation in the
dataset, explaining the first principal component (PC1) 68.24% of the data variability, and
the second principal component (PC2) 17.23%. The score plot of the first two principal
components demonstrated a clear grouping of the extracts by PEG influence. It is possible
to observe a clear separation between samples grown with PEG (negative PC1 values,
second and third quadrants) and samples grown without PEG (positive PC1 values, first
and fourth quadrants). Similarly, PCA analysis of S. rebaudiana in vitro plants subjected
to PEG 6000 (2.5, 5, 7, and 10%) revealed a pronounced separation between the controls
and the treatment groups [94].The results indicate that the different agents (Fe3O4 NPs, SA,
and MeJA) and PEG concentrations (2, 5, and 7%) added to the culture media present a
different ability to induce the production of distinct classes of phenolics. In general, the
major number of phenolic compounds and consequent biological properties were produced
in higher amounts in the media containing the different mitigating agents (Fe3O4 NPs, SA,
and MeJA), or in the control. Positioned at higher positive values of PC1, MeJA, SA, and
PC2, control presented the highest contents in rosmarinic acid and its derivatives methyl
rosmarinic (isomer II) and sagerinic acids. The control extract stands out for its content in
the flavonoid luteolin-7-O-glucuronide and the rosmarinic derivative salvianolic acid A
(isomer I), while SA and MeJA showed the highest contents in protocatechuic aldehyde
and caffeic acid. Furthermore, the MeJA sample, situated in the fourth quadrant and with
the greatest influence on PC1 and PC2, presented the highest difference among samples,
and was shown to be the best agent to promote the production of salvianolic acid I/melitric
acid A, exhibiting the highest abilities as UV protection, Tyr inhibition and with the highest
TPC (F-C method) and antioxidant capacity by FRAP, DPPH, and ABTS.

Hierarchical cluster analysis and K-means cluster analysis are two multivariate anal-
yses to recognize the clustering pattern and group objects according to the similarities
among samples. A cluster analysis from data of total phenolic content (F-C) and bio-
logical properties (photoprotective, anti-melanogenic, and antioxidant) of the extracts
provided good separation among the samples (Figure 7A,B). The dendrogram (Figure 7A)
grouped the samples into two principal clusters: cluster 1 (C1) included control and Fe3O4
NPs, SA, and MeJA, and cluster 2 (C2) comprised all PEG-treated samples (2, 5, 7%, and
7% PEG + agents). Both hierarchical (Figure 7A) and K-means (Figure 7B) clusters showed
close relationships in the two sub-groups of the first cluster, namely between the control
and Fe3O4 NPs, and between the signaling molecules SA and MeJA. Regarding PEG treat-
ments, both analyses grouped all samples from PEG media (with or without agents) into
one cluster, showing the strong role of this osmotic agent in inducing drought stress in
T. lotocephalus shoot cultures, and its huge influence on the biological activities of the ex-
tracts. Moreover, it suggests that the agents tested in this study and/or their concentrations
were not efficient enough to mitigate the stress produced in the plant by the use of PEG.
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Figure 6. Principal component analysis (PCA) biplot of the different polyphenols and bioactivities
studied in extracts from T. lotocephalus shoots cultured in media with 0 (control, CT), 2, 5, or 7% of
PEG, Fe3O4 nanoparticles (NPs), salicylic acid (SA), methyl jasmonate (MeJA), 7% PEG + Fe3O4 NPs,
7% PEG + SA, or 7% PEG + MeJA.

Figure 7. (A) Hierarchical cluster analysis based on the biological properties (photoprotective, anti-
melanogenic, and antioxidant activities) of the extracts from T. lotocephalus shoots cultured in media
with 0 (control, CT), 2, 5, or 7% of PEG, Fe3O4 nanoparticles (NPs), salicylic acid (SA), methyl
jasmonate (MeJA), 7% PEG + Fe3O4 NPs, 7% PEG + SA, or 7% PEG + MeJA; (B) K-means cluster
analysis according to the biological properties (photoprotective, anti-melanogenic, and antioxidant
activities) of the T. lotocephalus extracts.
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4. Conclusions

The results obtained suggest that PEG added to culture media has a considerable
impact on T. lotocephalus in vitro cultures, namely increasing the oxidative stress and caus-
ing direct damage on shoots growth, photosynthetic pigments, and bioactive compounds
synthesis and bioactivity (Figure 8). Among the different agents tested, the addition of
MeJA to the culture media played a prominent role in the mitigation/reduction of some
drought harm (Figure 8). MeJA was also shown to be useful as an elicitor, improving the
biosynthesis of some phenolic compounds and consequent biological properties of the
extracts. Moreover, this study showed that T. lotocephalus extracts prepared with Natural
Deep Eutectic Solvents (NADES) have the potential to be used in cosmetics due to their
ability to absorb UV radiation, as well as antioxidant and depigmentation properties. Nev-
ertheless, more detailed parameters must be carefully investigated, such as concentration,
stability, compatibility, and toxicity of the extracts. Overall, although our findings indicate
that in vitro culture proves to be an adequate tool for a first estimation of the effect of
drought in this species, it will be important, in future works, to evaluate the response of
plants to drought stress under ex vitro conditions, and to understand if PEG stress indeed
alters the production of terpenoids, as FTIR studies suggest.

 

Figure 8. The overall response of Thymus lotocephalus in vitro cultures to drought stress induced by
PEG and the positive effects of methyl jasmonate (MeJA) in relieving damage caused by stress.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antiox11081475/s1, Table S1: HPLC-HRMS data of identified phenolics in Thymus lotocephalus
López and Morales extracts, Table S2: Summary of HPLC-HRMS criterion for quantification of
phenolics in Thymus lotocephalus López and Morales extracts, Table S3: EE(λ) × I(λ) constants used in
the determination of SPF for each wavelength [45].
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Abstract: We are now seeing an increase in the production of agri-food waste, which is an essential
resource for the recovery of bioactive compounds that may be employed as innovative natural
ingredients in cosmetics. To date, the approach to cosmetics preservation has seen a significant
shift in the search for biological components that give healthier alternatives for customers and
help businesses operate in an environmentally friendly manner. To achieve this goal, we studied
pomegranate extracts using the peel and, for the first time, extracts from the male flowers of a
wide pomegranate variety cultivated in the Marche region, specifically, the Wonderful, Mollar
de Elche, Parfianka, and less-studied G1 varieties. We studied the phenol compounds profile,
antioxidant capacity, antimicrobial activity, and cell viability of the obtained pomegranate extracts.
The identification and quantification of phenol compounds belonging to different classes, such as
hydrolysable tannins, hydroxybenzoic acid, hydroxycinnamic acid, dihydroflavonol, gallocatechin,
and anthocyanins, were performed using UPLC-ESI-MS/MS. Punicalagin isomers and punicalin
resulted in the most abundant polyphenols found in the peel and male flower extracts. Mollar de
Elche 2020 peel extract revealed a high concentration of punicalagin A and B (7206.4 mg/kg and
5812.9), while the content of gallic acid revealed high results in the G1 and Parfianka varieties. All
extracts were spectrophotometrically analysed to determine their total phenol content (TPC) using
the Folin–Ciocalteu method and their antioxidant capacity (AC). In terms of the total phenol obtained
by the Folin–Ciocalteu colorimetric method, Mollar de Elche 2020 extracts reported the highest
TPC content of 12.341 μmol GAE/g. Results revealed that the Mollar de Elche and Wonderful 2020
peel extracts demonstrated the highest TPC and AC. Furthermore, AC results indicated that the
peel extracts displayed higher AC than the male flower extract due to the high punicalagin content
detected by UPLC analysis. The antimicrobial activity testing revealed that the Wonderful and
G1 2020 peel extracts resulted active against Escherichia coli, while all extracts exhibited promising
anticandidal activity. Additionally, the cytocompatibility was evaluated in keratinocytes HaCaT
cells by testing concentrations of pomegranate extracts ranging from 0.15 to 5.00 mg/mL. Extracts
were non-toxic for the cells in the tested concentration range. The acquired results may help exploit
pomegranate agri-food waste products provided by the Marche region’s short supply chain for their
use as an antimicrobial and antioxidant booster in the formulation of cosmetic products.
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1. Introduction

In recent years, the cosmetics sector’s new focus has been on two crucial challenges:
ecology and sustainability. Given this sustainable approach, companies are currently using
natural ingredients to enhance the quality of the cosmetics, keep them free of microorgan-
isms contamination, enhance their shelf-life, obtain safer products, and avoid the use of
synthetic preservatives.

Furthermore, the typical approach to cosmetic preservation is to employ the most
significant number of conventional preservatives allowed (refer to Annex V of the European
Commission’s Regulation (EC) No 1223/2009 for a list of authorized preservatives [1]).
Conventional preservatives have shown many secondary effects and risks on human health.
Recent studies have also reported side effects from preservatives on the skin microbiota [2,3].
The use of cosmetic products has recently been shown to change the equilibrium of the
skin microbiota, which can cause it to lose its healthy status. This effect can be linked to
various causes, including the preservatives’ residual impact on the skin.

Against this background, the approach to cosmetics preservation can be managed
with several strategies to prevent microbial contamination. Various methods can be used
to achieve these goals. One solution is based on the concept of “Hurdle Technology”,
which encompasses all intelligent ways of preventing and reducing microbe proliferation
throughout the formulation production process. As a result of this approach, several steps
must be taken to avoid microbial contamination, ranging from strict adherence to GMP, raw
material microbial control, and water treatment using a different strategy to reduce water
activity, as water is one of the most abundant ingredients in many cosmetic formulations.
In adherence to GMP, qualified employees can manage cross-contamination, disinfection of
equipment, and proper packaging. (e.g., airless dispensers, pumps) are essential [4]. Any
of these measures, when combined, can help lower any microbial contamination.

On the other hand, using novel raw materials obtained from agri-food waste is one
way to avoid using conventional preservatives and it depends more and more on innovative
ingredients. This strategy provides healthier options for customers and assists businesses in
working in an ecologically sustainable manner. This method is also feasible since it is widely
recognised that some natural ingredients may play many roles in cosmetic formulation,
such as absorbed water making a formulation alkaline or acid. They can also be applied
as a natural antibacterial. Herbal extracts and essential oils have shown evidence of
microbial activity despite not being preservatives but also exhibiting antimicrobial activity
with double safety rules: safety of the formula, where we do not want microorganisms,
and protection of the skin, where we do not want side effects [5]. Currently, a feasible
strategy for reintroducing agri-food waste into natural cosmetics manufacturing is the
circular economy [6–8]. Natural compounds obtained from agri-food waste products can
be used successfully as a natural preservative in cosmetic compositions [9,10]. One of
the most interesting by-products that may be utilised for this purpose is pomegranate
by-products, which are becoming recognised as having numerous bioactive compounds
with considerable antioxidant activity and antibacterial properties [11].

Pomegranate, or Punica Granatum L., one of the most ancient fruits, is a fruit that
belongs to the family Punica and has many benefits to human health. It is grown worldwide
with approximately 1500 ha of cultivars in Italy, mostly in Sicily, Puglia, Calabria, Campania,
and Lazio [12]. Still, many of these cultivations are also present in the Marche region. In
the last decade, the interest in the cultivation of Punica Granatum L. also highlights the
varieties that have encouraged the revival of pomegranates in Italy as an income crop.
Therefore, many entrepreneurs, driven by the need to diversify and expand their business,
have identified a viable alternative to traditional orchards. Consequently, this situation
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has led to a significant increase in waste. Usually, pomegranates generate 669 kg of waste
materials for every 1 ton of fresh fruit, with 78% composed of peel and 22% seed [13,14].
Different studies report pomegranate peel as an interesting by-product [12,15,16], but we
also identified another part of the pomegranate tree that provides an abundant waste
material. During the flowering period, from May to July, the pomegranate tree develops
two principal types of flowers: male flowers and hermaphrodite flowers. The first one has
a poorly designed or no pistil and atrophied ovaries with few ovules. It is infertile and
drops down without fruit set, representing considerable waste material. In contrast, the
hermaphrodite flowers are fertile, with an ovary producing fruit. The primary by-products
of the pomegranate flower, the male ones, have not been investigated singularly as potential
sources of bioactive polyphenols. To the best of our knowledge, no data are available.

Pomegranate peel and flowers represent an enormous waste of raw materials. As
reported by the literature, pomegranates contain a high number of phenol ingredients in
their pulp, seed, and juice [17–20]. Polyphenols represent the predominant phytochemicals
of the pomegranate peel and are mainly composed of hydrolysable tannins (pedunculagin,
punicalin, punicalagin, and ellagic acids). Among them, the predominant hydrolysable
tannin of pomegranates is known as the punicalagin [21]. In addition, there are also other
flavonoids such as quercetin, kaempferol, luteolin glycosides, catechins, anthocyanins,
and complex flavonoids [20,22]. These bioactive compounds are responsible for many
pharmacological properties, notably their significant antioxidant activity and antibacterial
characteristics [18,23]. Total phenolic content, antioxidant capacity, and antibacterial activity
against various microbes have been highly correlated [24]. Pomegranate peel extracts and
other fruit by-products, such as juice or seeds, have exhibited remarkable antioxidant and
antibacterial properties, with a high scavenging capacity, reducing the microbiological
proliferation of several bacteria, among other therapeutic benefits to the human body [25].

Due to their high content of ellagitannins, such as punicalagin, Punica Granatum L. peel
extracts show a remarkable antimicrobial capacity influenced by the different types of culti-
vars, which has been demonstrated against pathogenic such as Staphylococcus aureus [26].
The antimicrobial activity was associated with a high concentration of punicalagin and an
ellagic acid concentration in the pomegranate peel extract, demonstrating that the ellagic
acid content substantially impacts the antimicrobial activity [27–29].

Based on the potential benefits of pomegranate extract and the need for research
exploring natural ingredients that may be used as alternative preservatives in cosmetic for-
mulations, our study aims to evaluate the antioxidant capacity and anti-microbial activities
of extracts of the peel and male flower by-products of four pomegranate varieties cultivated
in the Marche region. The US green extraction processes were applied to efficiently recover
the polyphenols from the pomegranate peel and male flower extract. The main polyphenol
compounds present in the peel and male flower extracts were identified and quantified
by UPLC-ESI-MS/MS. The majority of the data on pomegranate extracts in the literature
came from one of the most common varieties. As a result, our research presents a chemical
and antibacterial analysis of pomegranate varieties that have received less attention in the
past, such as G1 and Parfianka. To our knowledge, the characterisation of polyphenols and
antibacterial activity for the combination of pomegranate and other fruits, such as the G1
cultivar, has never been studied. As a result, this study will provide a scientific foundation
for supporting the valorisation of pomegranate peels and male flower by-products received
through a short supply chain as a substantial source of natural preservatives used in the
production of cosmetics with a reduced rate of conventional ones. To achieve this goal,
pomegranate extracts might be used as a preservative booster with antimicrobial properties,
decreasing the need for synthetic preservatives in cosmetics and as a booster fulfilling other
specific purposes, such as moisturiser or antioxidants.
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2. Materials and Methods

2.1. Chemicals

The chemicals 1,1-Diphenyl-2-picrylhydrazyl (DPPH), 2,4,6-Tris(2-pyridyl)-s-triazine
(TPTZ), (±)6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (TROLOX), 2,2′-
Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid), diammonium salt (98%TLC), ABTS,
gallic acid, sodium carbonate monohydrate ACS reagents, and ethanol (final ethanol grade)
were purchased from Sigma-Aldrich (Steinheim, Germany); Manganese (IV) oxidise acti-
vated (>90%), and Folin–Ciocalteu’s phenol reagents were purchased from Fluka (Buchs,
Switzerland). Analytical grade solvents and reagents were used for all of the work. El-
lagic acid, gallic acid, punicalagin A and B, punicalin, cyanidin 3-glucoside, cyanidin
3,5-diglucoside, pelargonidin 3,5-diglucoside, and pelargonidin 3-glucoside were obtained
from Sigma-Aldrich (Stenheim, Germany). Formic acid and acetonitrile for LC/MS were
purchased from Carlo Erba Reagents (Cornaredo, MI, Italy). Sigma Aldrich provided all
the other chemicals (Steinheim, Germany). The ultrapure water was produced from the
Millipore system (Millipore Sigma, Darmstadt, Germany), and filtered with a 0.20 μm
Sartolon polyamide filter (Sartorius Stedim Biotech, Göttingen, Germany).

2.2. Pomegranate Samples

In this study, Wonderful, Mollar de Elche, Parfianka, and G1 pomegranate cultivars,
grown in the Marche region, were harvested in October 2019 and 2020 at commercial
maturity at the agricultural enterprise “Onori Maria Rosaria”, Sant’Elpidio a Mare (Fermo,
Marche). Immediately after the fruits were collected, the pomegranate peels were manually
removed to accurately separate the exocarp (rind) used for the extraction process from
the mesocarp (white spongy tissue). The exocarp was dried at 37 ◦C in a ventilated oven
(VEC2103/8, Everest, Rimini, Italy). The male flowers, and more specifically sepals and
stamen, of Wonderful and Mollar de Elche were picked during the flowering period, in June
2020, from the same agricultural enterprise from which we obtained all of the materials
for our investigation. The waste male flowers were promptly dried in a ventilated oven at
37 ◦C until they reached a consistent weight and were then utilised for extraction. For each
sample, three extractions were performed.

2.3. Extraction of the Phenol Compounds from Pomegranate Peel and Male Flowers

Extractions from the pomegranate peel and male flowers were carried out in an
ultrasonic bath (FALC-LABSONIC LBS2, Treviglio, BG, Italy), with a maximum capacity
of 10 L. Extractions were performed using a water and ethanol at 70:30 (v/v) mixture as
extraction solvent. The plants (1 g) were dispersed in 100 mL of solvent and then immersed
in an ultrasonic bath (50 ◦C, 59.2 W/cm2 for 15 min). The extracts were lyophilised at
−53 ◦C for 24 h at 0.03 millibar (FreeZone, 1 L, LABCONCO, Kansas City, MO, USA).
Each sample was kept at −20 ◦C in 50 mL screw-top cap polyethylene vials (BD Falcon
TMBD Biosciences, Bedford, MA, USA). The lyophilised solids were reconstituted with
appropriate solvents for subsequent investigations.

2.4. Ultra-Performance Liquid Chromatography Mass Spectrometry Analysis

UPLC (Agilent 1290 Infinity Technologies UPLC, Santa Clara, CA, USA) with a diode
array detector and a triple quadrupole mass spectrometer (MS-QQQ), combined with an
electrospray ionization source (ESI), was used to identify and quantify polyphenols in
pomegranate extracts. The UPLC had a binary pump and an auto-sampler. We used a
Luna (C18 1504.6 mm) column (Phenomenex, Castel Maggiore, BO, Italy) at 25 ◦C for
chromatographic separation. The gradient elution used water/0.1% formic acid (solvent
A) and acetonitrile/0.1% formic acid (solvent B) at a 1 mL/min flow rate. The optimised
gradient was 0–3 min, 7% B, 3–30 min, 27% B, 30–60 min, and 100% B, and 5 μL was
injected. The mass spectrometer detection in both negative and positive ionisation modes
was utilised to identify the different signals. However, in the negative mode, a significant
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group of compounds matching deprotonate molecular ions of diverse chemicals were
identified.

In contrast, in the positive mode, the characteristics of anthocyanins of pomegranate
were detected. The peak characterisation was performed based on their retention time
and accurate molecular mass in the MS and MS2 experiment. The ESI source worked at
350 ◦C, 12 L/min, and a nebulizer pressure of 55 psi. Samples were diluted 1:2 with mobile
phase, sonicated for 5 min, then centrifuged at 12,000 rpm for 10 min (Scilogex D3024R
High-Speed Refrigerated Micro-Centrifuge, Rocky Hill, CT, USA). Next, a 0.20 μm filter
(Captiva Econofilter, PTFE) was used to filter the samples. A full scan mass spectrometer
analysis was performed in m/z 150–1500 (negative) and 50–1500 (positive). Following that,
several production experiments were conducted on the corresponding precursor ion. The
quantification of polyphenols was carried out for individual phenol compounds using a
calibration curve of the respective reference external standards. To this end, the mixed
standard was prepared at 1000 mg/L. The linearity, sensitivity, accuracy, and precision
of the developed method were verified according to the Food and Drug Administration
Guidelines (FDA), as already mentioned in our previous studies [30]. The linearity was
explored in the concentration range of 1–50 mg/L for ellagic acid, gallic acid, punicalagin
A and B, and punicalin. External anthocyanins standards as cyanidin 3-glucoside, cyanidin
3,5-glucoside, pelargonidin 3,5-glucoside, and pelargonidin 3-glucoside were used with
a concentration range of 1–20 mg/L, obtaining the corresponding calibration curve for
further calculations (Table 1). The performances of this method were also tested for accuracy,
precision, and sensitivity (Table 1). The sensitivity was evaluated in terms of the limit
of detection (LOD) and limit of quantification (LOQ) by triple injections of a standard
mixture at concentrations responsible for a signal-to-noise ratio equal to 3 and 10 for LOD
and LOQ, respectively. To evaluate the method’s accuracy, we chose a concentration of
10 mg/L for all standards. They were injected in triplicate among the unknown samples
in the daily sequence. The accuracy was expressed as standard deviation percentage and
reported in the Supplementary Materials. The overall method precision was evaluated by
analysing nine extracts of the same sample. Each section was then injected individually as
an unknown sample. The accuracy was calculated for each compound and expressed as a
relative standard deviation percentage.

Table 1. Linearity, sensitivity, accuracy, and precision of the developed UPLC-ESI-MS/MS method
for pomegranate peel and male flower by-products extracts.

Analytes RT (min.) Linearity a Sensibility Accuracy d Precision e

Regression Curves r2 LOD b LOQ c

Gallic acid 3.83 y = 109,036x 0.973 0.07 0.24 14.7 0.4–16.8
Punicalin 3.75 y = 115,291x 0.992 0.04 0.14 11.9 0.5–18.8

Punicalagin A 9.25 y = 139,898x 0.997 0.04 0.14 6.8 0.4–6.7
Punicalagin B 11.71 y = 149,562x 0.998 0.04 0.14 4.7 0.4–3.8
Ellagic Acid 21.84 y = 233,729x + 84,858 0.994 0.03 0.11 7.8 0.2–19.7

Cyanidin
3,5-diglucoside 6.2 y = 491,074x 0.998 0.08 0.24 3.0 3.6–14.4

Pelargonidin
3,5-diglucoside 8.4 y = 557,447x 0.999 0.05 0.14 1.6 0.5–13.2

Cyanidin
3-glucoside 10.3 y = 1,073,535.261 0.998 0.03 0.11 2.8 9.4–15.7

Pelargonidin
3-glucoside 12.0 y = 1,095,405x 0.993 0.01 0.03 1.7 0.2–18.6

a explored in the concentration range of 1–50 mg/L for ellagic acid, gallic acid, punicalagin A and B, and
punicalin; and in a concentration range of 1–20 mg/L in the case of cyanidin 3-glucoside, cyanidin 3,5-diglucoside,
pelargonidin 3,5-diglucoside, and pelargonidin 3-glucoside, obtaining the corresponding calibration curve for
further calculations. b Limit of detection. c Limit of quantification. d Accuracy was expressed as standard
deviation %. e The precision was calculated for each compound, and it was expressed as relative standard
deviation percentage. A range of SD% was reported in the table.
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The matrix effect (ME) for the matrices used in this study was also evaluated. The
Matrix Effect percentage (ME%) was calculated using this Equation (1):

ME% =
B
A

× 100 (1)

where B is the difference between the areas of the fortified sample and non-fortified one, and
A is the area of the standard solution in the pure solvent. Thus, it was possible to evaluate if
the matrix effect induced an ion suppression (values < 100%) or an ion enhancement (values
> 100%). A ME value equal to 100% means that no matrix effect occurs; deals over 100%
reveal a signal enhancement and matters less than 100% reveal a signal suppression [31].

2.5. Determination of the Total Phenol Content

Total Phenol Content (TPC) was determined by using the Folin–Ciocalteu spectropho-
tometric method according to Gigliobianco et al. [30,32,33]. The results were expressed as
milligrams of gallic acid equivalents (GAE) per grams of by-product (mg GAE/g).

2.6. Antioxidant Capacity (AC) Evaluation

Three methods were adopted in our approach to measure antioxidant activity: DPPH•
radical scavenging activity, 2,2′-and-bis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS•+)
radical cation scavenging capacity, and Ferric Reducing Antioxidant capacity (FRAP) [22,23].
Trolox, which is 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid, was used as a
standard. Results were shown in terms of IC50, which is the concentration of the test
sample that would reduce the concentration of DPPH, ABTS by 50%, as well as the amount
of Trolox equivalent (TE)g-1 in the sample.

The DPPH free radical scavenging activity was assessed using previously published
methods with slight modifications [34,35]. In a 96-well microliter plate, 100 μL of the
sample (10 mg mL−1) and standard were added to 150 μL of DPPH in 100 ethanol. At
517 nm, the absorbance of each well was measured after 20 min of incubation at 37 ◦C.

The ABTS analysis was carried out as described in [36] using a 96-well microliter
plate [35]. We made the ABTS•+ solution by oxidizing it with MnO2 in water for 30 min.
The ABTS•+ solution (150 μL) was added to a 50 μL aliquot of the different concentrations
of the sample (concentration 10 mg mL−1) and standard (Trolox). After 10 min of incubation
at room temperature, the absorbance of each well was measured at 734 nm.

The FRAP values of the extracts were calculated using a previously described tech-
nique [37], with minimal modifications [38]. The FRAP reagent was produced by dissolving
the following three solutions: 50 mL 0.3 M acetate buffer pH 3.6 (1.23 g sodium acetate in
50 mL water acidified with acetic acid); 5 mL stock solution of 5 mM TPTZ (2,4,6-tripyridyl-
s-triazine) (15.6 mg) in 40 mM HCl; 5 mL stock solution of 5 mM FeCl3 6H2O (16.2 mg) in
40 mM HCl. The FRAP solution was warmed to 37 ◦C. Aliquots of 50 μL sample solution
(10 mg mL−1) were applied in triplicate to the 96-well plate (BD FalconTM). Each well was
initiated with 175 μL of FRAP reagent. The plate was immediately shaken for 30 s in a
FLUOstar Omega plate reader, and the reaction was allowed to run for 10 min before being
read on a plate reader (593 nm). Meanwhile, a reference solution of Trolox was run to create
the calibration curve by linear regression with the linearity of R2 = 0.9996. The data were
presented in μM Trolox equivalent (TE) g-1 sample.

2.7. In Vitro Antimicrobial Activity Assay

Extracts were tested against the Gram-negative bacterial species Pseudomonas aerugi-
nosa (ATCC 9027) and Escherichia coli (ATCC 8739), the Gram-positive Staphylococcus
aureus (ATCC 6538), and the yeast Candida albicans (ATCC 10231). These microorganisms
were from the culture collections maintained by the In Vitro Testing Laboratory of Abich
s.r.l. (Verbania, VB, Italy).
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The raw materials of the pomegranate peel and male flower extracts were initially
evaluated for their TVC (total viable counts) according to ISO 21149 for bacteria and
ISO 16212 for yeast and moulds. The bacterial TVC were < 10 UFC/g for all analysed
pomegranate cultivars. Only male flowers had a bacterial TVC > 10 UFC/g, probably
because the flowers were collected directly from the field after they had fallen from the tree.
No contamination was detected in the yeast and moulds except for the Mollar de Elche
peel (2019 and 2020). Furthermore, we also found no microbiological contamination in
pomegranate extracts. The antimicrobial activity of extracts was evaluated by following the
ISO 20645 based on an agar-disk diffusion method with some modifications for C. albicans
and the filter paper size used. Petri dishes were prepared with a bottom layer of about 10 mL
of a non-inoculated agar medium, which was Tryptone Soy Agar (TSA) (VWR, Milano,
Italia) for bacteria and Sabouraud Dextrose Agar (SDA) for Candida. Then a top agar
inoculated with 106 CFU/mL of cells was poured onto the bottom layer. After solidification,
a sterile filter paper disc (about 6 mm in diameter) containing the test compound was
placed on the surface of the inoculated top agar. The disks were prepared by soaking up
100 μL of extract and then placing them still wet on top of the agar layer. Negative control
disks were soaked in the solvent used for the extraction. Plates were incubated at 37 ◦C
for 24 h. To assess the antimicrobial activity of the extracts, bacterial and yeast growth
inhibition under and around the disk was evaluated, and the diameter of the inhibition
zone was measured and given in millimetres. The growth inhibition was calculated on a
scale of 0% to 100%, with 0% indicating no inhibition and 100% indicating the complete
absence of growth below the disk. Each experiment was repeated three times.

Effect of Pomegranate Extracts on Bacterial Growth

The susceptibility of the four microorganisms to different concentrations of pomegranate
extracts was determined by the broth microdilution method, and the inhibition of growth
was assessed by a turbidimetric assay. A serial dilution of the extracts (highest concentra-
tion: 50 μg/μL) was prepared in a growth medium and inoculated with bacteria at 37 ◦C
for 24 h. A calibration curve correlated the turbidimetric values with bacterial cell counts.
Fertility and sterility tests were run in parallel with ranging concentrations of Tryptone soy
broth (TSB) (VWR, Milano, Italia) and extracts, respectively. After the incubation at 37 ◦C
for 24 h, the optical density at A600nm was determined, and the percentage of inhibition
was obtained by the following Equation (2):

Inibition(%) = 100 − O.D./mL extract

O.D./mL no extract
× 100 (2)

2.8. Cell Viability Evaluation of Pomegranate Extracts in Keratinocyte Cells

The human keratinocyte cell line HaCaT was cultured at 37 ◦C in a humidified incuba-
tor with 5% CO2 in Dulbecco’s Medium (DMEM) supplemented with 10% foetal bovine
serum, two mM L-glutamine, 50 U/mL penicillin, and 50 g/mL streptomycin. To assess the
intracellular antioxidant activity of HaCaT cells, they were seeded at a density of 3104 cells
per well in 96-well plates. The studies were conducted 24 h after incubation at 37 ◦C in 5%
CO2.

Cell viability was determined by decreasing MTT as described in our previous
work [30]. At 37 ◦C in 5% CO2, HaCaT cells were treated for 24 h with various con-
centrations of extracts (0.160–5 mg/mL). The treatment medium was changed to MTT in
HBSS (0.5 mg/mL) for two hours at 37 ◦C in 5% CO2. Formazan crystals were dissolved
in isopropanol after being washed with HBSS. The formazan concentration was deter-
mined (570 nm, reference filter 690 nm) using the VICTORTMX3 multilabel plate reader
(PerkinElmer, Waltham, MA, USA). The viability of the cells was expressed as a percentage
of total vitality.
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2.9. Statistical Analysis

As appropriate, we used one-way ANOVA together with Dunnett or Bonferroni
post hoc tests to conduct our statistical study. On a Windows platform, analyses and
Pearson correlation analysis were performed using GraphPad PRISM software (version 5.0;
GraphPad Software, La Jolla, CA, USA).

3. Results and Discussion

3.1. Qualitative Polyphenols Identification

We obtained the mass data in the full-scan analysis, and product ion mass data were
acquired by the information-dependent acquisition method. Thirty-one phenol compounds,
including hydrolysable tannins such as ellagitannins and gallotannins, and phenol acids
from the peel extract of pomegranate, were identified based on previous studies [39–43].
Compounds were observed by their [M − H]− ions in negative ESI mode and their [M]+

ions in positive mode, which was helpful to detect their precise mass measurement. To
organize the description of peak assignment and further characterization of individual com-
pounds, all the phenol compounds were divided according to their compound classes in
hydrolysable tannins, hydroxybenzoic acids, hydroxycinnamic acids, and dihydroflavonol
for the portion of the negative ion. While for positive ions, four anthocyanins were identi-
fied. To obtain the most valuable chemical information and achieve better attribution of
every peak of specific substances, G1 peel extract was selected out of all the extract samples
for the investigation.

A comprehensive description of the method adopted for identifying all the substances
detected by UPLC-MS/MS can be found in the Supplementary Materials (Tables S1 and
S2). Accurate mass measurements, retention time, and main MS/MS product ions for all
phenol compounds were reported in the Supplementary Materials.

3.2. Quantitative Analysis Using UPLC-ESI-MS/MS

The methodology established in this research may be used for the quantitative mea-
surement of secondary metabolites contained in the peel and male flower extracts of
four different pomegranate varieties. Quantitative data were expressed as mg/kg dry
weight matter for all extract samples. Selected polyphenol compounds were quantified
and compared among pomegranate peel and male flower extracts. The contents of the
nine chosen compounds (gallic acid, punicalin, punicalagin A and B, ellagic acid, cyani-
din 3,5-diglucoside, cyanidin 3-glucoside, pelargonidin 3,5 diglucoside, pelargonidin 3-
glucoside) in the peel and male flower extracts of pomegranate from four different varieties
of pomegranate are shown in Table 2 and Figure 1.

Among phenol compounds, ellagitannins represent the predominant class of phenol
compounds present in pomegranate peel and flowers [15,40]. The ellagitannins, punicalagin
A and B, punicalin, and ellagic acid were quantified in our work. High levels of punicalagin
A and B (7206.4 mg/kg and 5812.9 mg/kg, respectively) were detected in the Mollar de
Elche 2020 peel extract. The content of punicalagin A was also high in the Parfianka (3767.3
mg/kg) and G1 (3622.3 mg/kg) 2020 peel extracts. The Mollar de Elche 2019 peel extract
(2176.7 mg/kg) and the Wonderful 2020 peel extract (2754.8 mg/kg) revealed a content
of punicalagin A higher than the other pomegranate varieties taken into account in this
study. The Parfianka peel extract reported a high content in punicalagin B (5367.8 mg/kg),
followed by the peel extracts of Mollar de Elche 2019 and Wonderful 2020. Our results are
consistent with previous research that found extremely high levels of punicalagin (10,543.4
mg/g) in pomegranate peels. [13,15,44]. The punicalagin in pomegranate peel extract
represented the most dominant component in the extract compared with ellagic acid, gallic
acid, catechin, and epicatechin [45].

A high concentration of punicalin was detected in the Mollar de Elche 2020 peel
extract, followed by the Wonderful and G1 2020 peel extracts. The Wonderful peel extract
demonstrated a higher ellagic acid content than the other pomegranate varieties. The
ellagic acid in the Wonderful 2020 peel extract was 428.9 mg/kg, while in the Mollar de
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Elche and G1 2020 peel extracts it was 289.7 and 337.3 mg/kg, respectively. The peel extract
of Mollar de Elche 2019 resulted in an ellagic acid concentration of 231.2 mg/kg, while in
the Wonderful and G1 peel extracts, the concentration of ellagic acid was lower.

Among the male flower extract, Wonderful 2020 showed a high level of punicalin
followed by punicalagin B and A. In Mollar de Elche, the content of punicalin was higher
compared to the concentration of punicalagin A and B. In the male flower extract, the
ellagic acid content was low for Wonderful (42.4 mg/kg) and Mollar de Elche (87.1 mg/kg).
Our work investigated the content of gallic acid, which belongs to the hydroxybenzoic
acid class. Among the peel extracts, the samples with a high gallic acid content were the
G1 and Parfianka 2020 peel extracts, followed by the Mollar de Elche 2020 and 2019 peel
extracts. The concentration of gallic acid in male flower extract of Wonderful showed a
high concentration of 925.2 mg/kg compared to the concentration obtained for the Mollar
de Elche male flower extract (789.5 mg/kg). The concentrations of phenols detected in our
study matched those observed in previous studies. The range of punicalagin in the peel
extract was higher than the range of ellagitannins and hydroxybenzoic acids [46,47]. We
also investigated the content of anthocyanins which revealed differences in their contents
in different cultivars. In detail, the amount of cyanidin 3,5-diglucoside was 25.2 mg/kg
in the Wonderful 2019 peel extract, while in the 2020 variety, the concentration was much
lower (4.7 mg/kg). This compound was also detected in the Wonderful male flower extract,
where the concentration was 6.1 mg/kg, while in Mollar de Elche peel and male flower
extract, the concentration of cyanidin 3,5-diglucoside and cyanidin 3-glucoside was under
the limit of quantification. Pelargonidin 3,5-diglucoside was detected in high concentration
in G1 2019 peel extract (20.6 mg/kg), although, in the G1 2020 peel extract the concentration
was under the detection limit. In the Wonderful and Mollar de Elche male flower extract,
the pelargonidin 3,5-diglucoside was 2.4 mg/kg and 8.1 mg/kg, respectively. The mono
glycoside pelargonidin was 13.1 mg/kg in the Wonderful 2019 peel extract, followed by
Parfianka 2020 peel extract and Mollar de Elche 2020 and 2019 peel extracts. In the male
flower extract, the content of pelargonidin 3-glucoside was 1.1 mg/kg for the Wonderful
variety, while it was under the limit of detection in Mollar de Elche.

Our results confirmed that the phenol composition of pomegranate is strongly in-
fluenced by the fruit part (such as peel, mesocarp, and arils), cultivar, environmental
conditions, solvent, and methods used for the extraction, as also reported in other stud-
ies [21,48,49]. Additionally, our work used a green extraction technique based on US
technology, one of the most advantageous greenways for bioactive component extraction.
This technology employs cavitation to collapse membrane cells, enabling the extraction of
many molecules. The US technology provides various advantages, including low prices and
the capacity to reduce extraction time, solvent use, and energy consumption [16,21,50–52].
Many studies highlight how US technology is used mainly on natural products, including
pomegranate phenol extraction [12,16,21,48,51,53].

129



Antioxidants 2022, 12, 768

T
a
b

le
2
.

Q
u

an
ti

fi
ca

ti
on

of
p

ol
yp

he
no

ls
by

u
si

ng
U

P
L

C
-E

SI
-M

S/
M

S.
E

ac
h

sa
m

p
le

w
as

is
ol

at
ed

in
tr

ip
lic

at
e

an
d

an
al

ys
ed

se
p

ar
at

el
y.

T
hr

ee
re

pe
ti

ti
on

s
w

er
e

us
ed

to
de

te
rm

in
e

th
e

st
an

da
rd

de
vi

at
io

n.

A
n

a
ly

te

W
o

n
d

e
rf

u
l

P
e
e
l

M
o

ll
a
r

d
e

E
lc

h
e

P
e
e
l

G
1

P
e
e
l

W
o

n
d

e
rf

u
l

M
a
le

F
lo

w
e
rs

M
o

ll
a
r

d
e

E
lc

h
e

M
a
le

F
lo

w
e
rs

W
o

n
d

e
rf

u
l

P
e
e
l

M
o

ll
a
r

d
e

E
lc

h
e

P
e
e
l

G
1

P
e
e
l

P
ar

fi
an

k
a

P
ee

l

2
0
1
9

2
0
1
9

2
0
1
9

2
0
2
0

2
0
2
0

2
0
2
0

2
0
2
0

2
0
2
0

2
0
2
0

C
o

n
c.

1
D

S
%

C
o

n
c.

1
D

S
%

C
o

n
c.

1
D

S
%

C
o

n
c.

1
D

S
%

C
o

n
c.

1
D

S
%

C
o

n
c.

1
D

S
%

C
o

n
c.

1
D

S
%

C
o

n
c.

1
D

S
%

C
o

n
c.

1
D

S
%

G
al

lic
ac

id
9.

7
12

.6
33

.6
2.

2
17

.2
1.

7
92

5.
2

5.
2

78
9.

5
1.

4
28

.5
1.

9
47

.8
13

.1
53

.3
16

.8
58

.5
0.

4
Pu

ni
ca

lin
7.

7
0.

5
34

.1
18

.8
<L

O
Q

<L
O

Q
59

48
.2

1.
0

21
43

.8
3.

3
63

8.
7

1.
2

94
6.

4
3.

7
67

0.
1

8.
1

67
.6

3.
1

Pu
ni

ca
la

gi
n

A
47

8.
9

6.
5

21
76

.7
4.

9
32

5.
3

9.
5

35
62

.2
0.

4
43

0.
4

1.
32

27
54

.8
7.

9
72

06
.4

4.
6

36
22

.3
4.

2
37

67
.3

6.
7

Pu
ni

ca
la

gi
n

B
94

7.
8

1.
9

33
43

.6
0.

6
54

0.
7

3.
8

47
57

.8
0.

5
66

7.
5

3.
3

33
20

.1
1.

3
58

12
.9

1.
3

28
05

.7
3.

1
53

67
.8

0.
4

El
la

gi
c

ac
id

48
.9

12
.8

23
1.

2
0.

4
19

.7
6.

6
42

.4
2.

4
87

.1
3.

5
41

8.
9

0.
2

28
9.

7
2.

7
33

7.
3

1.
5

12
3.

2
3.

0
C

ya
ni

di
n

3,
5-

di
gl

uc
os

id
e

25
.2

3.
6

<L
O

Q
<L

O
Q

3.
4

14
.1

6.
1

14
.4

<L
O

Q
<L

O
Q

4.
7

9.
7

<L
O

Q
<L

O
Q

<L
O

Q
<L

O
Q

5.
7

4.
2

C
ya

ni
di

n
3-

gl
uc

os
id

e
23

.9
13

.2
8.

3
32

.5
0.

5
9.

2
<L

O
Q

<L
O

Q
<L

O
Q

<L
O

Q
7.

1
14

.1
<L

O
Q

<L
O

Q
<L

O
Q

<L
O

Q
8.

3
13

.7

Pe
la

rg
on

id
in

3,
5-

di
gl

uc
os

id
e

8.
4

9.
8

9.
4

9.
4

20
.6

13
.4

2.
4

14
.5

8.
1

14
.9

3.
5

15
.7

<L
O

Q
<L

O
Q

<L
O

Q
<L

O
Q

3.
9

12
.1

Pe
la

rg
on

id
in

3-
gl

uc
os

id
e

13
.1

18
.6

7.
2

18
.6

1.
8

0.
2

1.
1

14
.4

<L
O

Q
<L

O
Q

7.
0

10
.1

<L
O

Q
<L

O
Q

<L
O

Q
<L

O
Q

8.
1

13
.2

1
Th

e
m

ea
n

va
lu

e
is

ex
pr

es
se

d
as

m
g/

K
g

of
D

M
(d

ry
m

at
te

r)
.

130



Antioxidants 2022, 12, 768

 

Figure 1. HPLC chromatographic profile of the phenol compounds (a), and quantified anthocyanins
(b) (A4 in brown, A2 in green, A3 in orange, A1 in fuchsia), present in pomegranate peel extracts
(variety G1). For peaks identification see Tables S1 and S2.

3.3. The Total Phenol Content (TPC) and Antioxidant Capacity (AC) of Pomegranate Extracts

Table 3 reports the TPC and AC results obtained for the four pomegranate cultivars and
their peel and male flower extracts. The Folin–Ciocalteu colorimetric method determined
total phenol content and demonstrated impacts that ranged between 0.50 to 12.34 μmol
GAE/g for peel extracts, and 0.46 and 0.778 μmol GAE/g for male flower extracts. Among
the analysed samples, the peel extract from Mollar de Elche 2020 reported content of
12.341 μmol GAE/g, which represented the highest TPC, while Wonderful 2019 showed
the lowest TPC. For the male flower extract samples, the TPC results were 0.778 and
0.746 μmol GAE/g for Wonderful and Mollar de Eche, respectively. The results show that
pomegranate peel extracts have a phenol content 20 times higher than the corresponding
extracts obtained from the male flowers of the same cultivars of Wonderful and Mollar de
Elche. Our results are in line with the TPC of pomegranate peel extract reported in other
works [54,55]. Based on the obtained results, we might highlight the impact of the type of
cultivars and seasonal variation genotype of TPC in the biosynthetic pathway, as reported
in previous studies [26,56–58]. The antioxidant capacity was obtained by two methods
based on the evaluation of the free-radical scavenging capacity of the peel and male flower
extract (DPPH and ABTS) and one method based on the reducing power of the extract
samples (FRAP).

To determine whether the pomegranate extracts produced had bio-active antioxidant
properties due to their high content of phenol compound, which is widely known as
being responsible for antioxidant activity, the in vitro antioxidant activity of all extracts
was evaluated using the DPPH, ABTS, and FRAP assays [59]. Our results show that
pomegranate peel and male flower extracts display variability in inhibitory activity against
DPPH radicals ranging between 0.242–34.361 μmolTEA/g. Among the tested pomegranate
peel extract, the highest radical scavenging activity was detected for the Wonderful 2020
peel extract, followed by the G1 2020 peel extract and the Parfianka 2020 peel extract.
Meanwhile, male flower extracts show their highest inhibitory activity against DPPH
radicals in the following order: Wonderful > Mollar de Elche.

Our work also evaluated the antioxidant activity by ABTS radical cationic decoloriza-
tion assay, showing that the highest radical activity was detected for the Wonderful 2020
peel extract (29.301 μmol TEA/g) the lowest one in the Wonderful 2019 peel extract. Among
male flowers, it was found that the antioxidant activity was 6.808 and 3.168 μmolTEA/g
for the Wonderful and Mollar de Elche male flower extracts, respectively.

The ferric reducing and antioxidant power assay was employed. The FRAP results of
pomegranate peel and male flower extract were determined to compare the four varieties
of pomegranate in our investigation. The Mollar de Elche 2020 and G1 2020 peel extract
reported the highest FRAP value among all peel extracts tested, followed by Wonderful
2020, Parfianka 2020, G1 2019, Mollar de Elche 2019, and Wonderful 2019.

131



Antioxidants 2022, 12, 768

We found a positive and high Pearson correlation with a significant p value (* p < 0.05;
**** p < 0.0001) between antioxidant activity measured with FRAP and ABTS and total
phenolic contents, suggesting that the antioxidant activity is dependent on the number of
phenolic compounds present in the extracts.

Results show that the peel extracts displayed higher AC than the male flower ex-
tracts. The AC found in pomegranate peel extracts was connected with the punicalagin
concentration determined by our quantitative study, and it was also consistent with other
studies [15,55].

Table 3. Total phenol content (TPC) and antioxidant capacity (AC) of pomegranate extracts.

Samples

Folin–
Ciocalteu

ABTS FRAP DPPH

(μmol GAE/g) (μmol TEA/g) IC50(mg/mL) (μmol TEA/g) (μmol TEA/g) IC50(mg/mL)

Wonderful 2019
Peel 0.500 ± 0.004 0.076 ± 0.002 0.016 ± 0.001 2.170 ± 0.003 0.242 ± 0.056 0.065 ± 0.056

Mollar de Elche
2019 Peel 2.304 ± 0.006 3.290 ± 0.001 0.001 ± 0.001 3.299 ± 0.028 0.455 ± 0.007 0.035 ± 0.007

G1 2019 Peel 1.872 ± 0.002 2.121 ± 0.001 0.001 ± 0.001 3.730 ± 0.001 1.524 ± 0.012 0.011 ± 0.012

Wonderful 2020
male flowers 0.778 ± 0.003 6.808 ± 0.002 0.002 ± 0.001 0.615 ± 0.022 1.149 ± 0.014 0.014 ± 0.013

Mollar de Elche
2020 male

flowers
0.746 ± 0.003 3.168 ± 0.002 0.001 ± 0.001 0.458 ± 0.013 0.444 ± 0.020 0.036 ± 0.023

Wonderful 2020
Peel 6.346 ± 0.001 29.301 ± 0.001 0.001 ± 0.002 7.015 ± 0.024 34.361 ± 0.001 0.001 ± 0.001

Mollar de Elche
2020 Peel 12.341 ± 0.002 18.862 ± 0.004 0.001 ± 0.001 12.435 ± 0.801 3.230 ± 0.003 0.003 ± 0.001

G1 2020 Peel 9.283 ± 0.015 21.754 ± 0.001 0.002 ± 0.001 12.407 ± 0.739 5.029 ± 0.010 0.002 ± 0.003

Parfianka 2020
Peel 6.098 ± 0.001 15.875 ± 0.001 0.001 ± 0.001 4.860 ± 0.237 4.393 ± 0.002 0.003 ± 0.001

3.4. Antimicrobial Activity Evaluation

To explore the possibilities of using pomegranate by-products as a natural preservative
in cosmetic formulations alone or as a booster to reintroduce agri-food waste into the
cosmetics formulation as a natural bioactive component, we investigated the antimicrobial
activities of peel and male flower extracts derived from Wonderful, Mollar de Elche,
Parfianka, and G1 cultivars. The evaluation of our extracts’ activity against the Gram-
positive and Gram-negative was obtained by the disk-diffusion testing [60] (Table 4). The
extracts activities were tested against Staphylococcus aureus, Escherichia coli, Pseudomonas
aeruginosa, and Candida albicans which are microbial species referenced in the challenge
test for cosmetic products. The Wonderful 2020 peel extract was the most efficient against
Staphylococcus aureus, with a 70% growth inhibition in microdilution tests and an inhibition
zone diameter of 3 mm by disk diffusion. The highest antimicrobial activity against the
Escherichia coli was demonstrated by the Wonderful 2020 and G1 2020 peel extracts, while
all cultivars were active against Candida albicans. In particular, a good activity was detected
for the G1 2019 and 2020 peel extracts, the Wonderful 2020 peel extract, and the Mollar de
Elche 2020 peel extract. The antimicrobial activity obtained for peel extracts was in line with
a previous work by Khan et al. [61] reporting high antimicrobial activity for pomegranate
peel extract against Gram-negative bacteria. Besides, Kupnik et al. [62] found that E. coli
and P. aeruginosa were more susceptible to pomegranate peel extract than to other parts of
the fruit. In accordance with other studies, peel and male flower extract were effective also
against Gram-positives [5,26,62–64].
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The peel G1 extract was chosen as the most promising among the tested extracts
for further antibacterial investigation using a turbidimetric test. Table 5 shows the IC50
obtained against S. aureus and P. aeruginosa in G1 2020 peel extract. It was detected that a
1:2 dilution of the extract was effective in reducing 97% of the bacteria.

Our pomegranate extract demonstrated a variable antimicrobial activity against the
four microbial species considered. This might be attributed to the pH values ranging from
3.9 ± 0.2 to 4.6 ± 0.3 that were found in all of the extracts and the high concentration of
polyphenols that can inhibit microbial growth. Data herein indicated that peel extract,
mainly from the G1 and Wonderful varieties, had an effective antimicrobial activity, due
to its inhibitory effect on bacterial growth. At a concentration of 10 mg/disc, the G1
extract induced the formation of a clear inhibition zone ranging from 1 to 4 mm against all
microorganisms tested. Another extract with a measurable antimicrobial activity was the
Mollar de Elche 2020 peel extract, with an ability to inhibit the growth of the Aspergillus
brasiliensis (data not shown). Furthermore, this conclusion is supported by the TVC of the
yeasts and moulds, which were found lower than 10 UFC/g in raw materials from the
Mollar de Elche 2019 and 2020 peel extract.

Our results concur with several studies on the antimicrobial activity of pomegranate
extracts [5,26,64].

Accordingly, we can correlate the antimicrobial activity of pomegranate peel extract
with the high concentration of polyphenol compounds such as punicalagin and punicalin
as evidenced by the UPLC-ESI-MS/MS analysis. The pomegranate peel extract obtained
from the G1 cultivars demonstrated interesting inhibitory activity and had among the
highest concentrations of punicalagin (3622.3 and 2805.7 mg/kg for two isomers A and B,
respectively). Punicalagins use their hydrophilic part to interact with the polar regions of
the cell membrane compromising its ability to transport substances inside the cell [5,63].
Additionally, phenols can render substrates unavailable to microorganisms or interfere
with protein secretion.

The results against the Gram-negative for the G1 and Wonderful pomegranate extracts
pave the way for their further application as booster antimicrobial agents to be used in com-
bination with common synthetic antimicrobials, which might be added in lower amounts
thereby increasing skin tolerance and product safety. Furthermore, since these extracts
are obtained from the peel and male flowers of pomegranate, they provide a concrete
example of natural products made from agri-food waste that have been reintroduced into
the cosmetics’ circular economy concept.

Table 4. Evaluation of the antimicrobial activity by using S. aureus, E. coli, and C. albicans.

Samples
Diameter of

Evaluation aInhibition
(mm)

S. aureus
Wonderful 2019 Peel 8 ++
Wonderful 2020 Peel 12 +++

Mollar de Elche 2019 Peel <8 ++
Mollar de Elche 2020 Peel 8 ++

G1 2019 Peel 8 ++
G1 2020 Peel 8 +

Parfianka 2020 Peel 8 +
Mollar de Elche Male flower - +

Wonderful Male flower - +
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Table 4. Cont.

Samples
Diameter of

Evaluation aInhibition
(mm)

E. coli
Wonderful 2019 Peel 10
Wonderful 2020 Peel 10 +

Mollar de Elche 2019 Peel 10
Mollar de Elche 2020 Peel 10 +

G1 2019 Peel 8 ++
G1 2020 Peel 10 +

C. albicans
Wonderful 2019 Peel 10 ++
Wonderful 2020 Peel 10 ++

Mollar de Elche 2019 Peel 10 ++
Mollar de Elche 2020 Peel 12 ++

G1 2019 Peel 12 +++
G1 2020 Peel 14 +++

a The evaluation considers two parameters: the area of inhibition and the growth of inhibition, with + ranging
from 0% to 40% with 1 mm, ++ ranging from 50% to 60% with 1 to 2 mm, and +++ ranging from 60% to 70% with
>2 mm.

Table 5. Determination of IC50 against S. aureus and P. aeruginosa in G1 2020 peel extract.

Sample % a OD/mL Rid. %

S. aureus
0 0.4467 -
5 0.2733 23
10 0.2232 34
18 0.2932 20
20 0.2398 30
25 0.2318 32
30 0.1520 52
50 0.0052 97

P. aeruginosa
0 0.7013 -
35 0.4600 34
40 0.3837 45
45 0.4630 34
50 0.4500 35

a Tested sample dilution expressed in (%).

3.5. Cytocompatibility of Pomegranate Extract in Human Keratinocytes

The cytocompatibility was evaluated in the pomegranate peel and male flower ex-
tracts 2019 and 2020 in keratinocytes HaCaT cells to find the nontoxic concentration of
pomegranate extracts and further exploitation of these extracts as antimicrobial agents
in cosmetics formulations. The use of keratinocytes was based on the concept that these
cells play a significant role in creating skin structure and the sustenance of homeostasis,
including the production of the skin barrier and the extracellular matrix (ECM). The cells
were treated with extract concentrations ranging from 0.15 to 5.00 mg/mL for 24 h. The
vitality of the cells was then determined by the MTT test. The results showed no significant
difference in cell viability between the different pomegranate extracts (p > 0.05) varieties at
any extract concentration. Figure 2 shows the cytotoxicity results obtained for the extracts
selected with the most interesting antimicrobial properties, such as the G1 2020 and 2019
peel extracts and the Wonderful 2020 and 2019 peel extracts. Additionally, no change in
the morphology was observed after treatment of keratinocytes with the extracts (data not
shown).
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Our results agreed with a previous study that reported null cytotoxicity of pomegranate
extract against HaCaT cells [65]. Liu et al. [66] also demonstrated that the pomegranate
extract resulted in no cytotoxicity in a concentration range from 6.25 to 100.00 μg/mL.
These promising results obtained in the cytotoxicity tests confirm the suitability of the
extracts as a natural booster ingredient for cosmetic formulations.

Figure 2. Cytotoxicity of the pomegranate peel extracts G1 and Wonderful 2019 and 2020 in HaCaT
cells evaluated by MTT assay. For 24 h, cells were treated with an extract at different concentrations
(0.15–5.00 mg/mL). The data are shown as a percentage of control cells and as the mean ± SEM of
four separate experiments. (* p < 0.01 vs. untreated cells; one-way ANOVA with Dunnett post hoc
test).

4. Conclusions

The main phenol components profile, antioxidant capacity, antibacterial activity, and
cell viability of four pomegranate types cultivated in Marche were investigated. The UPLC-
ESI-MS/MS study revealed that Mollar de Elche had a high concentration of punicalagin
A and B, whereas G1 and Parfianka had high concentrations of gallic acid. Moreover,
antibacterial activity testing revealed that all extracts were promising. Finally, this work
shows the value of studying bioactive chemicals in agri-food waste products to generate
innovative natural antibacterial and antioxidant components for cosmetic formulation.
Further research will focus on the antibacterial activity of suitable pomegranate extract
mixes and pomegranate extracts combined with conventional preservatives to minimise
their concentration in cosmetic products.
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Abstract: Maca is a well-known biennial herb with various physiological properties, such as antiox-
idant activity and immune response regulation. In this study, the antioxidant, anti-inflammatory,
and anti-melanogenic effects of fermented maca root extracts were investigated. The fermentation
was carried out using Lactobacillus strains, such as Lactiplantibacillus plantarum subsp. plantarum,
Lacticaseibacillus rhamnosus, Lacticaseibacillus casei, and Lactobacillus gasseri. In RAW 264.7 cells, the
non-fermented maca root extracts increased the secretion of nitric oxide (NO), an inflammatory
mediator, in a dose-dependent manner. In contrast, the fermented extracts showed considerably
lower NO secretion than the non-fermented extracts at concentrations of 5% and 10%. This indicates
the effective anti-inflammatory effects of fermented maca. The fermented maca root extracts also
inhibited tyrosinase activity, melanin synthesis, and melanogenesis by suppressing MITF-related
mechanisms. These results show that fermented maca root extracts exhibit higher anti-inflammatory
and anti-melanogenesis effects than non-fermented maca root extracts. Thus, maca root extracts
fermented using Lactobacillus strains have the potential to be used as an effective cosmeceutical
raw material.

Keywords: maca root; Lepidium meyenii; postbiotics; anti-melanogenesis; anti-inflammation

1. Introduction

Postbiotics, also known as ‘non-viable probiotics’ or ‘inactivated probiotics,’ are func-
tional bioactive compounds released after bacteria are lysed or produced through the
fermentation of living bacteria, which have an indirect or direct beneficial effect on host
cells [1]. In contrast, probiotics are live microorganisms that affect the health of the host
when administered in appropriate amounts and prebiotics are food ingredients that have
beneficial effects on the gut microbiome, and include human milk oligosaccharides, lac-
tulose, and inulin derivatives [2,3]. The impacts of probiotics on intestinal immunity
and improving gastrointestinal health are well known [4–6]. Compared to probiotics,
research on postbiotics is in its infancy. However, studies have shown that postbiotics
may improve human health by strengthening the intestinal barrier, promoting antibacte-
rial activity against intestinal pathogens, and reducing inflammation [7,8]. Evidence that
these postbiotics have the potential to modulate human health points to the importance of
postbiotic research [6].

Postbiotics do not contain live microorganisms, reducing the risks associated with
ingestion, and confer health benefits to the host through mechanisms similar to those of
probiotics [9]. Therefore, postbiotics are considered effective because compared to pro-
biotics, they retain similar benefits but without the side effects that can occur due to the
presence of living microbes [2]. In particular, in the case of cosmetics, since live microorgan-
isms cannot be used due to safety and stability concerns, postbiotics are used as cosmetic
ingredients. Several studies have shown that postbiotics have a positive effect on skin
function. Indeed, the topical application of postbiotics, such as Lactobacillus, Bifidobacterium,
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and Vitrescilla filiformis microbial lysates, may provide benefits to the skin [10–12]. The
application of Bifidobacterium longum sp. extract, a probiotic lysate, improved skin sensitivity
and increased skin resistance to chemical and physical aggression, whereas V. filiformis
lysate promoted the restoration of a healthy skin microbiome by reducing Staphylococcus
aureus’s colonization of the skin, and improved skin barrier function, thus improving
transepidermal water loss (TEWL) [13,14]. Additionally, a probiotic-derived ingredient
(CLS02021)—a postbiotic mixture of metabolites including enzymes, organic acids, and
peptides resulting from the co-fermentation of three probiotic strains—has contributed to
increasing the elasticity, moisture, pore-size reduction, and wrinkle depth of the skin. Simi-
larly, heat-killed Lactococcus chungagnensis CAU 1447 has shown beneficial effects on wound
healing by inducing the expression of wound-healing-promoting cytokines, chemokines,
and growth factors [15,16]. This suggests that the topical application of postbiotics has
beneficial effects on the skin; consequently, there is a growing market trend for the inclusion
of postbiotics in cosmetic ingredients and/or products [17]. In fact, several postbiotics are
already widely used in cosmetics [18].

The most commonly used probiotic strains for the development of postbiotics be-
long to the Lactobacillus and Bifidobacterium genera [16]. Postbiotics developed using
Lactobacilli or Bifidobacterium have shown the potential for immunoregulation [19–21].
Postbiotics using Lactobacilli also have shown anti-senescence potential, and antioxidant,
anti-inflammation, and anti-biofilm activity [22–25]. Most of the probiotics used in the
development of postbiotic products in the cosmetic market also include Lactobacillus,
Bifidobacterium, and Saccharomyces, and these products provide functions such as skin con-
ditioning, skin smoothing, skin regeneration, anti-inflammation, anti-wrinkling, etc. [16].
Among these, strains belonging to Lactobacilli are the most commonly used [26]. Lactobacilli
include lactic acid bacteria (LAB), which are non-spore-forming, Gam-positive, and micro-
aerobic bacteria that produce lactic acid, the main product of carbohydrate fermentation.
The use of LAB improves the regulation of the skin’s immune system and maintains
skin homeostasis [27–29]. Lactobacilli contribute to wound healing, resistance to infec-
tion by interfering with pathogens, and defense against inflammatory processes affecting
the skin [30–33].

Maca (Lepidium meyenii) is a biennial herbaceous plant belonging to the Brassicaceae
family that includes cabbage, cauliflower, and garden cress. Maca root is native to the
Andes, has been cultivated for at least 2000 years, and grows at various altitudes ranging
from 2800 to 5000 m above sea level [34]. It adapts well to harsh high-altitude conditions
with low temperatures, strong ultraviolet (UV) rays, low oxygen levels, and varied cli-
mates [35]. Moreover, polysaccharides from maca exhibit high antioxidant activity [36,37].
In particular, macamide and macaene fractions isolated from maca have shown antioxi-
dant activity when evaluated through DPPH (2,2-diphenyl-1-picrylhydrazyl) and ABST
((2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) radical scavenging [38]. Maca ef-
fectively controls sexual dysfunction, memory enhancement, skin protection, and also
has neuroprotective, antidepressant, and anticancer properties [34,39–41]. In addition,
polysaccharides, or peptides, from maca regulate immunomodulatory mechanisms by
enhancing the secretion of nitric oxide (NO), tumor necrosis factor-alpha (TNF-α), and
interleukin-6 (IL-6) in macrophages [42,43]. There are few studies on the effects of maca on
the skin. It has been reported to prevent and improve skin damage caused by UV rays and
promote high-altitude wound healing by regulating the immune system [44,45].

This study aimed to determine the possibility of developing cosmetic materials with
skin-whitening and anti-inflammatory functions using fermented maca root extract, a
postbiotic created by fermenting maca root with Lactobacillus bacterial strains.

2. Materials and Methods

2.1. Maca Root Fermented by Lactobacillus

Maca root powder (GUAYAPI, Paris, France) was dissolved in tertiary distilled water
at concentrations of 2.5, 5, and 10% (w/w). The mixture was sterilized and extracted under
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high pressure and temperature in an autoclave (Universal Scientific, Madison, OH, USA) at
121 ◦C for 15 min. Lactiplantibacillus plantarum subsp. plantarum (previously Lactobacillus plan-
tarum) KCTC 3108, Lacticaseibacillus rhamnosus (previously Lactobacillus rhamnosus) KCTC
5033, Lacticaseibacillus casei (previously Lactobacillus casei) KCTC 3109, and Lactobacillus gasseri
KCTC 3143 cultured in MRS (deMan Rogosa Sharpe) broth (Difco Laboratories, New York,
NY, USA) were washed with tertiary distilled water and inoculated in the mixture at
a concentration of 1 × 109 CFU (Colony forming unit)/mL (5% w/v). These Lactobacilli
were selected based on studies that suggested they would have a positive effect on skin
condition. Lactiplantibacillus plantarum subsp. plantarum has a regulating effect on human
skin health by acting against skin aging and improving skin microbiome, and Lacticas-
eibacillus casei improves skin barrier and reduces skin flakiness [46–48]. Lacticaseibacillus
rhamnosus improves skin wound healing and reduces scar formation in mice, and lysates
of Lacticaseibacillus rhamnosus improve skin barrier function in reconstructed human epi-
dermis model [12,49]. Moreover, biosurfactants produced by Lactobacillus gasseri show
antimicrobial properties [50]. Fermentation was performed in a shaking incubator (VISION
SCIENTIFIC, Daejeon, Republic of Korea) for 72 h at 37 ◦C. After fermentation, the su-
pernatant was filtered using Whatman® Grade 2 qualitative filter paper (Sigma-Aldrich,
St. Louis, MO, USA) and a 0.2 μm-pore-size syringe filter (HYUNDAI MICRO, Seoul,
Republic of Korea) and stored at −80 ◦C until use (Figure 1).

Figure 1. The preparation of non-fermented and fermented maca root extracts using lactic acid strains.
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2.2. Cell Culture

B16F10 melanoma cells were purchased from American Type Culture Collection
(ATCC, Manassas, VA, USA) and RAW 264.7 cell lines were purchased from the Korean Cell
Line Bank (KCBL; Seoul, Republic of Korea). Cells were maintained in high-glucose D MEM
(Dulbecco Modified Eagle Medium; Cytiva Life Sciences, Logan, MA, USA) containing
1% Anti-Anti (Antibiotic-Antimycotic, Gibco, NY, USA) and 10% fetal bovine serum (FBS).
The cell lines were grown in a 37 ◦C CO2 incubator (VISIONBIONEX, Bucheon, Republic
of Korea) under a 5% CO2 atmosphere.

The lactic acid strains used for fermentation, namely, Lactiplantibacillus plantarum subsp.
plantarum KCTC 3108, Lacticaseibacillus rhamnosus KCTC 5033, Lacticaseibacillus casei KCTC
3109, and Lactobacillus gasseri KCTC 3143, were purchased from Korean Collection for Type
Cultures (KCTC; Seoul, Republic of Korea). These strains were cultivated in Lactobacilli
MRS (deMan Rogosa Sharpe) broth (Difco Laboratories, NY, USA) at 37 ◦C and 75 rpm,
and then sub-cultured for 48 h.

2.3. Cell Viability

The cytotoxicity of fermented maca root extracts on B16F10 and RAW 264.7 cells was
determined using CCK-8 (Cell Counting Kit-8) solution (Donginbio, Seoul, Republic of
Korea). B16F10 cells were seeded at a concentration of 2 × 103/100 μL and RAW 264.7 cell
lines were seeded at a concentration of 4 × 103/100 μL in a culture medium in 96-well
plates (SPL, New York, NY, USA). After 24 h, non-fermented and fermented maca root
extracts were diluted in the culture medium by 1/100 of the total volume and treated
with 100 μL in each well. After 24 h and 48 h of treatment, 20 μL of CCK-8 solution was
added and incubated for 2 h at 37 ◦C. The absorbance of the samples was measured at
450 nm using a microplate reader (Thermo Fisher, Waltham, MA, USA). The results were
the averages of triplicate samples.

Cell viability (%) =
Absorbance 450 nm of Sample
Absorbance 450 nm of Control

×100

2.4. NO Assay

RAW 264.7 cells were seeded at a concentration of 3 × 105 in a 6-well plate. After
24 h of seeding, 1 μg/mL lipopolysaccharide (LPS) from Escherichia coli (Sigma-Aldrich,
St. Louis, MO, USA), or 1/100 of the total volume of non-fermented and fermented maca
root extracts, was administered for treatment for 24 h. After 24 h, 100 μL of the supernatant
was transferred to a 96-well plate, and 50 μL of N1 buffer from the NO Plus Detection Kit
(iNtRON, Seongnam, Republic of Korea) was added and reacted at room temperature for
10 min. Then, N2 buffer was added, incubation was performed at room temperature for
10 min, and the absorbance was measured at 520 nm using a microplate reader (Thermo
Fisher, Waltham, MA, USA). The amount of nitrate produced was calculated using a nitrate
standard curve. The results were the averages of triplicate samples.

2.5. Mushroom Tyrosinase Inhibition Assay

The tyrosinase inhibition effect of the mushroom tyrosinase assay was determined
based on a modified previous study [51]. Tyrosinase from mushrooms (Sigma-Aldrich,
St. Louis, MO, USA) was dissolved in phosphate buffer (pH 6.6; Sigma-Aldrich, St. Louis,
MO, USA) at a concentration of 7500 U/mL. L-tyrosine (Sigma-Aldrich, St. Louis, MO,
USA) was used as a substrate and subsequently dissolved in 1 M HCl (hydrochloric acid)
at a concentration of 15 mM. Next, 660 μL of 0.1 M sodium phosphate buffer (SPB; pH 6.8)
was dispensed in a 1.5 mL Eppendorf tube and 60 μL samples were treated. Then, 90 μL
of 7500 U/mL mushroom tyrosinase and 15 mM L-tyrosine were dispensed sequentially
and incubated at 37 ◦C for 12 min. After incubation, the Eppendorf tubes were placed
on ice for 1 min and 150 μL of each sample was placed in each well of a 96-well plate.
Finally, absorbance was measured at 490 nm using a microplate reader (Thermo Fisher,
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Waltham, MA, USA). In the control, tertiary diluted water was used instead of the sample,
and arbutin (500 μg/mL; Sigma-Aldrich, St. Louis, MO, USA) was used as a positive
control. The results were the averages of triplicate samples.

Tyrosinase inhibition rate (%)= 100 × (1 − B − B′

A − A′ )

A: Tertiary diluted water instead of sample;
A′: Without tyrosinase in condition A;
B: Treated sample;
B’: Without tyrosinase in condition B.

2.6. Intracellular Melanin Content Assay

Analysis of melanin content was carried out based on modified previous reports [52].
B16F10 cells were seeded at a density of 2 × 105 in a 60 mm culture dish (SPL, New York,
NY, USA). After 24 h, 200 nM α-melanocyte stimulating hormone (α-MSH; Sigma-Aldrich,
St. Louis, MO, USA) and 1/100 of the total volume of maca root extracts and fermented
maca root extracts or arbutin (500 μg/mL) were administered for treatment for 48 h. The
culture medium was removed. Next, the cells were removed using 1 mL PBS (phosphate
buffered saline) and transferred to a 1.5 mL Eppendorf tube. The collected cells were
centrifuged at 13,000 rpm for 10 min. After centrifugation, the supernatant was removed,
and 650 μL of 1 N NaOH (Sigma-Aldrich, St. Louis, MO, USA) solution, in which 10%
DMSO (Dimethyl sulfoxide; Sigma-Aldrich, St. Louis, MO, USA) was dissolved, was added
to the pellet. The mixture was dissolved at 80 ◦C for 1 h. Then, the tubes were vortexed
and 200 μL samples were transferred to a 96-well plate and the absorbance was measured
at 405 nm using a microplate reader (Thermo Fisher, Waltham, MA, USA). Moreover,
500 μg/mL arbutin (Sigma-Aldrich, St. Louis, MO, USA) was used as a positive control.
The results were the averages of triplicate samples.

2.7. Extracellular Melanin Content Assay

Extracellular melanin content was determined with reference to modified previous
reports [53]. B16F10 cells were seeded at a density of 2 × 105 in a 60 mm culture dish (SPL,
New York, NY, USA). After 24 h, the medium was removed. Then, 200 nM α-MSH and
1/100 of the total volume of maca root extracts and fermented maca root extracts or arbutin
(500 μg/mL) were administered for treatment for 48 h using DMEM without phenol red
(Cytiva Life Sciences, Logan, MA, USA). After 48 h of treatment, 200 μL of the medium was
transferred to a 96-well plate. Absorbance was subsequently measured at 405 nm using a
microplate reader (Thermo Fisher, Waltham, MA, USA). The results were the averages of
triplicate samples.

2.8. Intracellular Tyrosinase Activity

Analysis of intracellular tyrosinase activity was carried out with reference to modified
previous research [54]. B16F10 cells were seeded in 60 mm culture dishes at a concentration
of 2 × 105. After 24 h, 200 nM α-MSH and 1/100 of the total volume of non-fermented and
fermented maca root extracts were administered for treatment for 48 h. Cells were collected
and centrifuged at 13,000 rpm for 10 min. The supernatant was removed. Then, pellets
were suspended in 100 μL phosphate buffer (pH 6.6) containing 1% (v/v) Triton X-100
(Sigma-Aldrich, St. Louis, MO, USA) and shaken on ice for 40 min. Next, the cells were
centrifuged at 13,000 rpm for 20 min and the supernatant was collected for quantification.
Sodium phosphate buffer (0.1 M; pH 7) was used as a solvent, and 40 μg of protein was
added to a total volume of 40 μL. A total of 40 μg of protein was incubated with 200 μL of
10 mM L-DOPA (L-3,4-dihydroxyphenylalanine) in the dark at 37 ◦C for 30 min. After the
reaction, absorbance was measured at 475 nm using a microplate reader (Thermo Fisher,
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Waltham, MA, USA). Arbutin (500 μg/mL) was used as a positive control. The results were
the averages of triplicate samples.

Intracellular tyrosinase activity (%) =
Absorbance of Sample at 475 nm
Absorbance of Control at 475 nm

×100

2.9. Quantitative Real-Time PCR

There are three essential enzymes for melanin synthesis: tyrosinase (TYR), tyrosinase-
related protein 1 (TRP-1), and tyrosinase related protein 2 (TRP-2) [55]. These enzymes are
transcriptionally regulated by microphthalmia-associated transcription factor (MITF), a master
gene for melanocyte differentiation [56]. Therefore, in this study, MITF, tyrosinase and
TRP-2 mRNA expression was determined. B16F10 RNA was extracted using TRIzol reagent
(Thermo Fisher, Waltham, MA, USA). The extracted RNA was reverse-transcribed to
synthesize cDNA using Superscript VILO (Invitrogen, Waltham, MA, USA). Next, PCR was
performed using a 2× qPCRBIO SyGreen Mixture (PCRBIOSYSTEMS, Wayne, PA, USA) as
well as forward and reverse primers. PCR conditions were as follows: after pre-incubation
at 95 ◦C for 2 min, denaturation at 95 ◦C for 5 s and annealing at 60 ◦C for 30 s were
repeated for 40 cycles, and extension was performed at 72 ◦C for 5 min. qRT-PCR was
performed using a The LightCycler® 96 instrument (Roche Life Science, Pleasanton, CA,
USA). GAPDH was used as the housekeeping gene. The results were the averages of
duplicate samples. The primers used in the experiments are listed in Table 1.

Table 1. Primer sequences for RT-PCR.

Gene Name Sequence Base Pairs

mGAPDH [57] F: 5′—ACATCAAGAAGGTGGTGAAG—3′
R: 5′—ATTCAAGAGAGTAGGGAGGG—3′ 392 bp

mMITF [58] F: 5′—AGCGTGTATTTTCCCCACAG—3′
R: 5′—TAGCTCCTTAATGCGGTCGT—3′ 124 bp

mTyrosinase F: 5′—CAGGCTCCCATCTTCAGCAGAT—3′
R: 5′—ATCCCTGTGAGTGGACTGGCAA—3′ 132 bp

mTRP-2 F: 5′—GCAAGATTGCCTGTCTCTCCAG—3′
R: 5′—CTTGAGAGTCCAGTGTTCCGTC—3′ 119 bp

2.10. DPPH Antioxidant Assay

The antioxidant effects of non-fermented and fermented maca root extracts were
determined using the OxiTecTM DPPH antioxidant assay kit (BIOMAX, Guri, Republic of
Korea) according to the manufacturer’s protocol. Non-fermented and fermented maca
root extracts (2.5% and 5%, respectively) were prepared, and the assay buffer and DPPH
working solution were individually added to a 96-well plate. The plate was incubated for
30 min at room temperature in the dark. Finally, absorbance was measured at 517 nm using
a microplate reader. Ascorbic acid (500 μg/mL) was used as a positive control. The results
were the averages of triplicate samples.

Inhibition ratio of sample (%): (
Acs − As

Acs
) × 100

Acs: Blank 1—Blank 2;
As: Abs of Sample—Blank 2.

2.11. Determination of Total Phenolic Content

The total phenolic content (TPC) was determined according to the method described
previously with slight modifications [59]. After mixing 2N Folin-Ciocalteu’s phenol reagent
(Sigma-Aldrich, St. Louis, MO, USA) and distilled water at a ratio of 1:2, 10 μL of the
mixture and 10 μL of sample were mixed and left in the dark for 3 min. Then, 150 μL of
20% Na2CO3 (Sigma-Aldrich, St. Louis, MO, USA) was added and reacted in the dark for
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1 h, and absorbance was measured at 750 nm using a microplate reader (Thermo Fisher,
Waltham, MA, USA). The concentration of TPC in the samples was obtained by substituting
the measured absorbance into a standard calibration curve prepared using gallic acid
(Sigma-Aldrich, St. Louis, MO, USA) as a standard material. The results were the averages
of triplicate samples.

2.12. Statistical Analysis

All data were analyzed using the GraphPad Prism software (version 8.0). Statisti-
cal significance was assessed using unpaired two-tailed Student’s t-tests. p < 0.05 was
considered statistically significant (* p < 0.05, ** p < 0.005, *** p < 0.0005).

3. Results

3.1. Effects of Antioxidants of Non-Fermented Maca Root Extracts Maintained through Fermentation
by Lactobacilli

The antioxidant effects of 2.5% and 5% of the non-fermented and fermented maca
root extracts are shown in Figure 2. Here, 2.5% and 5% concentrations of the non-
fermented maca root extracts showed approximately 32% and 39% DPPH inhibition ra-
tios, respectively. At a concentration of 2.5%, the maca root extracts fermented using
Lactiplantibacillus plantarum subsp. plantarum KCTC 3108, Lacticaseibacillus rhamnosus KCTC
5033, Lacticaseibacillus casei KCTC 3109, and Lactobacillus gasseri KCTC 3143 showed DPPH
inhibition ratios of approximately 36.9%, 40.6%, 36.1%, and 37.9%, respectively. Similarly,
the DPPH inhibition ratios were approximately 43.9%, 44.6%, 40.2%, and 40.9%, respec-
tively, at a concentration of 5%. This suggests that the fermentation of maca root extracts
maintains the antioxidative effect of this plant.

3.2. Total Phenolic Content of Non-Fermented Maca Root Extracts Maintained through Fermentation
by Lactobacilli

It is well known that plant phenolic compounds form one of the major groups of
compounds that act as major antioxidants or free radical scavengers, and whole plant
polyphenols are effective as singlet-reducing agents, oxygen scavengers, and hydrogen
atom donators [60]. Therefore, the total phenolic content (TPC) of the non-fermented
and fermented maca root extracts were measured for each concentration. The content
of phenolic compounds was calculated using calibration curve, expressed in gallic acid
equivalents (GAE) as milligrams per 100 μL of the extracts (mg GAE/100 μL extracts).
The TPC of the non-fermented maca root extracts was approximately 3.06, 4.91, and
9.19 mg GAE/100 μL extracts at concentration of 2.5, 5, and 10%, respectively (Table 2).
The fermented maca root extracts using Lactiplantibacillus plantarum subsp. plantarum
KCTC 3108, Lacticaseibacillus rhamnosus KCTC 5033, Lacticaseibacillus casei KCTC 3109, and
Lactobacillus gasseri KCTC 3143 showed no significant difference in TPC compared to the
non-fermented group at concentrations of 2.5, 5, and 10%.

Table 2. Total phenolic contents of the non-fermented and fermented maca root extracts.

Treatment
Total Phenolic Content (mg GAE/100 μL Extracts)

2.5% of Maca Root 5% of Maca Root 10% of Maca Root

Non-fermented 3.06 ± 0.02 4.91 ± 0.04 9.19 ± 0.01

L. plantarum KCTC 3108 3.01 ± 0.06 5.06 ± 0.06 8.93 ± 0.16

L. rhamnosus KCTC 5033 3.14 ± 0.10 5.05 ± 0.09 8.95 ± 0.02

L. casei KCTC 3109 2.94 ± 0.05 4.95 ± 0.08 8.97 ± 0.05

L. gasseri KCTC 3143 3.1 ± 00.09 5.18 ± 0.06 8.91 ± 0.16
Data are the results of three independent experiments.
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Figure 2. Effects of non-fermented and fermented maca root extracts on antioxidant activity evaluated
using the DPPH assay. Treated with maca root extracts fermented using (a) Lactiplantibacillus plantarum
subsp. plantarum KCTC 3108, (b) Lacticaseibacillus rhamnosus KCTC 5033, (c) Lacticaseibacillus casei
KCTC 3109, and (d) Lactobacillus gasseri KCTC 3143. Error bars, mean ± SD. ### p < 0.0005 compared
with the vehicle control group and * p < 0.05 compared to the same concentration of non-fermented
maca root extracts.

3.3. Fermented Maca Root Extracts Suppresses NO Production Compared to Non-Fermented Maca
Root Extracts

Some maca root components may play an immunoregulatory role by releasing pro-
inflammatory cytokines and producing NO [42,43]. However, these pro-inflammatory
cytokines contribute to the exacerbation of allergic asthma [61]. In addition, NO is a highly
reactive molecule/free radical that can have oxidative properties [62]. Therefore, the NO
production must be suppressed to be developed as a cosmetic ingredient. In this study, the
NO concentration was measured to determine whether the inflammatory response was
suppressed during the maca root fermentation.

To confirm the concentration without cytotoxicity in RAW 264.7, cell viability was
first measured for each concentration of the non-fermented and fermented maca root
extracts using CCK-8 reagent. The non-fermented and fermented maca root extracts were
treated with 1/100 of the total medium volume for 24 h and 48 h and compared with
the control group, which was treated with tertiary diluted water. Figure 3 shows the
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viability percentages of RAW 264.7 cells after (a) 24 h and (b) 48 h of treatment. The non-
fermented and fermented maca root extracts showed over 100% cell viability compared
to the control. As a result, the treatment of the non-fermented and fermented maca root
extracts did not show any cytotoxicity on RAW 264.7 cells for 24 h and 48 h. Moreover,
those concentrations of non-fermented and fermented maca root extracts were used to
measure the NO production in RAW 264.7 cells.

Figure 3. Cell viability of non-fermented and fermented maca root extracts on the RAW 264.7 cell
line. Non-fermented and fermented maca root extracts’ effects on the cell viability of RAW 264.7 cells
were examined for (a) 24 h and (b) 48 h using CCK-8 reagent. The results shown are the averages
of triplicate samples. Error bars, mean ± SD. * p < 0.05, ** p < 0.005, *** p < 0.0005 compared to the
control group.

Figure 4 compares the NO production of RAW 264.7 cells when treated with the
non-fermented and fermented maca root extracts. LPS (1 μg/mL) was used as a positive
control. In this study, the non-fermented maca root extracts increased the NO production
in a dose-dependent manner. At 5% and 10% concentrations, the fermented maca root
extracts showed an extremely low NO production compared to the non-fermented maca
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root extracts. This indicates that the fermented maca root extract inhibits inflammation,
whereas the non-fermented maca root extract does not.

Figure 4. Effects of non-fermented and fermented maca root extracts on NO production in RAW
264.7 cells. NO concentrations in RAW 264.7 cells treated with maca root extracts fermented using
(a) Lactiplantibacillus plantarum subsp. plantarum KCTC 3108, (b) Lacticaseibacillus rhamnosus KCTC 5033,
(c) Lacticaseibacillus casei KCTC 3109, and (d) Lactobacillus gasseri KCTC 3143. Error bars, mean ± SD.
# p < 0.05, ## p < 0.005, and ### p < 0.0005 compared to the control group, ** p < 0.005, *** p < 0.0005
compared to the same concentration of non-fermented maca root extracts.

3.4. Fermented Maca Root Extracts Inhibit Mushroom Tyrosinase Activity

To confirm the effect of non-fermented and fermented maca roots on mushroom
tyrosinase, the inhibition rate of mushroom tyrosinase activity was investigated using
L-tyrosine as a substrate. Here, 500 μg/mL arbutin was used as a positive control and
tertiary diluted water was added to the control group instead of the sample. As shown
in Figure 5, the 2.5%, 5%, and 10% non-fermented maca root extracts showed approxi-
mately 25%, 34%, and 47% tyrosinase inhibition, respectively. These results indicate that
the non-fermented maca root increased the tyrosinase inhibition rate in a dose-dependent
manner. Moreover, 500 μg/mL arbutin showed approximately 35% tyrosinase inhibi-
tion. Lactiplantibacillus plantarum subsp. plantarum KCTC 3108 showed 69.44%, 81.72%,
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and 86.59% tyrosinase inhibition, respectively, in a dose-dependent manner (Figure 5a).
Lacticaseibacillus rhamnosus KCTC 5033 showed 39.18%, 54.12%, and 82.17% tyrosinase
inhibition, respectively, in a dose-dependent manner (Figure 5b). As shown in Figure 5c,
Lacticaseibacillus casei KCTC 3109 showed tyrosinase inhibition rates of 38.5%, 50.58%, and
69.08%, respectively. Moreover, Lactobacillus gasseri KCTC 3143 showed 54.83%, 63.92%, and
73.17% tyrosinase inhibition rates, respectively, in a dose-dependent manner (Figure 5d).
In this study, the maca root extracts exhibited tyrosinase inhibition in a dose-dependent
manner, with the fermented maca root extracts showing a higher tyrosinase inhibition rate
than the non-fermented maca root extracts.

Figure 5. Effects of non-fermented and fermented maca root extracts on the inhibition rate (%) of
mushroom tyrosinase. Treated with maca root extracts fermented using (a) Lactiplantibacillus plantarum
subsp. plantarum KCTC 3108, (b) Lacticaseibacillus rhamnosus KCTC 5033, (c) Lacticaseibacillus casei
KCTC 3109, and (d) Lactobacillus gasseri KCTC 3143. Error bars, mean ± SD. ### p < 0.0005 compared
to the control group, and *** p < 0.0005 compared to the same concentration of non-fermented maca
root extracts.

3.5. Fermented Maca Root Extracts Suppress Melanin Synthesis

To determine whether the non-fermented and fermented maca root extracts is cytotoxic
to B16F10 melanoma cells, cell viability was confirmed using the CCK-8 assay. The non-
fermented and fermented maca root extracts were treated with 1/100 of the total volume
of the media for 24 h and 48 h. They were subsequently compared to the control group
that was treated with tertiary diluted water instead of the sample. Figure 6 shows the

149



Antioxidants 2023, 12, 798

viability (%) of B16F10 cells after (a) 24 h and (b) 48 h of treatment, and all samples showed
more than 95% viability compared with the control. The CCK-8 assay confirmed the safety
of the non-fermented and fermented maca concentrations in B16F10 cells after 24 h and
48 h of treatment.

Figure 6. Cell viability of non-fermented and fermented maca root extracts on the B16F10 cell line.
CCK-8 was used to confirm the non-fermented and fermented maca root extracts’ effects on the cell
viability of B16F10 when treated for (a) 24 h and (b) 48 h.

As the fermented maca root extracts showed a higher tyrosinase inhibition rate in
an extracellular experiment (Figure 5), we examined whether these maca root extracts
influenced melanin pigment production in B16F10 cells (Figure 7). In addition, the melanin
content in the medium was confirmed using DMEM without phenol red (Figure 8). The
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intracellular melanin content, which was treated with the non-fermented maca root extracts
in a dose-dependent manner, was reduced (Figure 7). The fermented maca root extract
postbiotic treatment showed a lower intracellular melanin content than the non-fermented
maca root extract treatment. Figure 8 shows the relative melanin content in DMEM without
phenol red after 48 h of treatment. Both the non-fermented and the fermented maca
root extracts caused low extracellular melanin content in a dose-dependent manner. The
fermented maca root extracts caused a lower extracellular melanin content than the non-
fermented maca root extracts. These results suggest that non-fermented and fermented
maca reduce both the intracellular and extracellular melanin content. Furthermore, the
fermented conditions show lower melanin content than the non-fermented conditions. This
indicates that the non-fermented and fermented maca root extracts reduce melanogenesis,
and that the fermented maca root extracts are more effective in their anti-melanogenesis
effects than the non-fermented maca root extracts.

Figure 7. Effect of non-fermented and fermented maca root extracts on intracellular melanin con-
tent. Intracellular melanin content of B16F10 treated with maca root extracts fermented using
(a) Lactiplantibacillus plantarum subsp. plantarum KCTC 3108, (b) Lacticaseibacillus rhamnosus KCTC
5033, (c) Lacticaseibacillus casei KCTC 3109, and (d) Lactobacillus gasseri KCTC 3143. Error bars,
mean ± SD. # p < 0.05, ## p < 0.005 and ### p < 0.0005 compared to the α-MSH group, * p < 0.05,
** p < 0.005, and *** p < 0.0005 compared to the same concentration of non-fermented maca
root extracts.
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Figure 8. Effects of non-fermented and fermented maca root extracts on extracellular melanin
content. Extracellular melanin content of B16F10 cells treated with maca root extracts fermented using
(a) Lactiplantibacillus plantarum subsp. plantarum KCTC 3108, (b) Lacticaseibacillus rhamnosus KCTC 5033,
(c) Lacticaseibacillus casei KCTC 3109, and (d) Lactobacillus gasseri KCTC 3143. Error bars, mean ± SD.
## p < 0.005 and ### p < 0.0005 compared to α-MSH group, * p < 0.05, ** p < 0.005, and *** p < 0.0005
compared to the same concentration of non-fermented maca root extracts.

3.6. Fermented Maca Root Extracts Inhibit Intracellular Tyrosinase Activity

Melanin pigments are derived from L-tyrosine, and melanin-producing enzymes,
such as tyrosinase (TYR), tyrosinase-related protein 1(TRP1) and tyrosinase-relate d protein 2
(TRP2), are involved in melanogenesis. Tyrosinase is a copper-dependent enzyme that
catalyzes the conversion of L-tyrosine to L-DOPA, which is a rate-limiting step in melanin
synthesis [63]. As shown in Figures 5, 7 and 8, the non-fermented and fermented maca
root extracts inhibited melanogenesis. Therefore, the inhibitory effect of the non-fermented
and fermented maca root extracts on tyrosinase enzyme activity was investigated under
intracellular conditions. Arbutin (500 μg/mL) was used as the positive control. The non-
fermented and fermented maca root extracts inhibited tyrosinase activity under intracellular
conditions in a dose-dependent manner (Figure 9). Furthermore, the fermented conditions
were more effective at inhibiting intracellular tyrosinase than the non-fermented conditions.
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This shows that non-fermented and fermented maca root extracts affect tyrosinase activity
and reduce melanin production, indicating that both types of maca root extract are possible
anti-melanogenesis agents.

Figure 9. Effects of non-fermented and fermented maca root extracts on intracellular tyrosinase
activity. Intracellular tyrosinase activity of B16F10 cells treated with maca root extracts fermented
using (a) Lactiplantibacillus plantarum subsp. plantarum KCTC 3108, (b) Lacticaseibacillus rhamnosus
KCTC 5033, (c) Lacticaseibacillus casei KCTC 3109, and (d) Lactobacillus gasseri KCTC 3143. Error bars,
mean ± SD. # p < 0.05, ## p < 0.005, and ### p < 0.0005 compared to the α-MSH group. ** p < 0.005
and *** p < 0.0005 compared to the same concentration of the non-fermented maca root extract group.

3.7. Fermented Maca Root Extracts Suppressed mRNA expression of MITF, Tyrosinase and TRP-2
in B16F10

The expression of the MITF, tyrosinase, and TRP-2 regulates melanogenesis by regulat-
ing the enzymatic cascade [64]. In this study, the fermented maca root extracts showed higher
anti-melanogenic effects than the non-fermented maca root extracts (Figures 5 and 7–9). To
determine whether the fermented maca root extracts showed anti-melanogenic effects by
regulating the expression of genes involved in melanogenesis, the mRNA expression of the
MITF, tyrosinase, and TRP-2 in B16F10 cells treated with the fermented maca root extracts
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was confirmed. As shown in Figure 10, a 10% concentration of fermented maca root extracts
considerably reduced the MITF, tyrosinase, and TRP-2 mRNA expression compared to the
same concentration of non-fermented maca root extracts. These results indicate that the
fermented maca root extracts suppress melanin synthesis by inhibiting the expression of
these three genes, potentially resulting in whitened skin.

Figure 10. Effects of non-fermented and fermented maca root extracts on the relative mRNA ex-
pression of (a) MITF, (b) tyrosinase, and (c) TRP-2 in B16F10. Error bars, mean ± SD. # p < 0.05,
## p < 0.005, and ### p < 0.0005 compared to the α-MSH group. * p < 0.05 and ** p < 0.005 com-
pared to the non-fermented maca root extract group. NF, non-fermented; LP(3108), Lactiplantibacillus
plantarum subsp. plantarum KCTC 3108; LR(5033), Lacticaseibacillus rhamnosus KCTC 5033; LC(3109),
Lacticaseibacillus casei KCTC 3109; LG(3143), Lactobacillus gasseri KCTC 3143.

4. Discussion

Maca root (Lepidium meyenii) is well known to have several physiologically active prop-
erties, including antioxidant, immunomodulatory, and anticancer effects, but there have
been fewer studies on the effect of maca root on the skin [40]. However, maca root contains
various polysaccharides, amino acids, phenolics, and minerals, implying that it is suitable
as a raw material for cosmetic products [65]. Therefore, in this study, we tried to verify
the skin-whitening effect of maca root. Especially, fermented plant extracts have better
antioxidant, anti-melanogenic, anti-inflammatory, and anti-wrinkle effects compared with
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non-fermented plant extracts [66–69]. Fermented red ginseng showed whitening and anti-
wrinkle effects [70], whereas fermented Fructus acrtii extracts suppressed the expression of
MMP-1 in human fibroblasts (HDFs), and fermented hydroponic ginseng showed improved
antioxidant, anti-inflammatory, and anti-melanin production [67]. Furthermore, fermented
unpolished black rice (Oryza sativa L.) and fermented Viola mandshurica inhibited melano-
genesis in B16F10 [71,72], while fermented soybean extracts showed higher antioxidant
and skin-whitening effects than those in a non-fermented condition [73]. Furthermore,
fermented black ginseng showed anti-wrinkle effects on HDF [74]. This suggests that
fermented plant extracts are more effective cosmetic ingredients than their non-fermented
counterparts. Based on these studies, we fermented maca root using Lactobacilli to investi-
gate its effects on inflammation and melanogenesis.

Lactobacilli cause changes in components by breaking down macromolecules or amino
acids during fermentation to produce several metabolites, such as bacteriocins, vitamins,
and exopolysaccharides [75]. In particular, among the component changes caused by plant
fermentation, changes in phenolic compounds mainly cause changes in antioxidant, anti-
inflammatory, or anti-melanogenic activity [76]. Phenolic compounds are found in various
fruit and vegetables and may provide health benefits by reducing the risk of developing
metabolic disorders [77]. The biological properties of phenolic compounds are diverse and
include antioxidant, anti-inflammatory, or properties that inhibit enzymes involved in the
treatment of human diseases such as hypertension, type 2 diabetes, skin hyperpigmentation,
or Alzheimer’s disease [78]. Fermentation can cause either an increase or a decrease in
phenolic compounds. For example, the fermentation of Cactus Cladodes with lactic acid
produced flavonoid derivatives (isorhamnetin and kaempferol), resulting in the production
of antioxidant and anti-inflammatory properties [79]. Additionally, compared to non-
fermented hydroponic ginseng (HPG), the total phenolic and flavonoid content of HPG
fermented by Leuconostoc mesenteroides increased, showing antioxidant activity and anti-
inflammatory effects by inhibiting the NO production and the expression of inflammatory
cytokines, such as tumor necrosis factor-α, interleukin (IL)-1β, and IL-6 [80]. In addition,
the increase in polyphenols, flavonoids, and polysaccharides in fermented vine tea using
saccharomyces cerevisiae showed a strong scavenging ability for reactive oxygen species
(ROS). Furthermore, it inhibited the intracellular tyrosinase activity and melanin synthesis
in B16F10 and reduced inflammatory cell recruitment in a zebrafish [81]. Additionally, a
further study has shown that cocoa seeds fermented with both yeast and LAB decreased
in total polyphenol content (TPC) and antioxidant power [82]. These studies suggest
that the increase or decrease in phenolic compounds during fermentation affects their
antioxidant, anti-inflammatory, and anti-melanogenic effects. It is well known that maca
root also contains phenolic compounds such as flavonoid, epigallocatechin gallate (EGCG),
and epicatechin [65], and based on the above studies, we investigated the TPC of maca
root extracts before and after fermentation and there was no significant difference in total
polyphenol contents between the non-fermented and fermented maca root extracts at
concentrations of 2.5, 5, and 10% (Table 2). Since these results were based on the total
phenolic compound, further studies are needed to determine which phenolic-component
changes during fermentation affect the anti-inflammatory and anti-melanin effects of
fermented maca root extracts.

In addition to phenolic compounds, maca root is composed of several components
such as amino acids, polysaccharides, and secondary metabolites [65]. Leucine, arginine,
and glutamic acid account for a high proportion of the amino acids in maca root, and MC-1
and MC-2 are well known polysaccharides isolated from maca root [83,84]. In addition,
macaenes and macamides are well-known secondary metabolites of maca root that ex-
hibit antioxidant activity [38]. Numerous amino acids participate directly or indirectly in
melanogenesis, and it is known that leucine and glutamic acid affect anti-melanogenic ef-
fects [85]. Leucine is important for tyrosinase inhibitory activity and glutamic acid is one of
the constituent amino acids of glutathione which inhibits tyrosinase enzyme and converts
eumelanin to pheomelanin production, which has a skin-whitening effect [85,86]. Addition-
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ally, arginine is known as a precursor to the synthesis of NO, an inflammatory mediator [87],
and MC-1 and MC-2 exhibited immunomodulatory activity increasing the levels of NO,
TNF-a and IL-6 in RAW 264.7 cells [42,88]. Figures 7 and 9 show that the non-fermented
and fermented maca root extracts dose dependently inhibited melanin production and
intracellular tyrosinase activity in B16F10 cells. In addition, as shown in Figure 4, the non-
fermented maca root extracts increased NO secretion in macrophages in a dose-dependent
manner, and the fermented maca root extracts inhibited NO secretion compared to the non-
fermented group at the same concentration. These results suggested that the fermentation
using Lactobacilli increased their anti-melanogenic and anti-inflammatory effects. Based
on the studies showing that Lactobacilli can use and produce amino acids [75,89,90] and
polysaccharides [91,92], and the fact that maca root consists of various components, our
results imply that during fermentation, Lactobacilli may change the components contained
in maca root, causing a reduction in NO in macrophages and melanin in melanocytes.
Therefore, further studies are needed to study which components of maca root extract
change through fermentation.

Postbiotics can be obtained specifically through a fermentation process, meaning they
contain many different types of metabolites. These metabolites confer various bioactive
properties to postbiotics. Most metabolites with a physiological activity are produced by
LAB and show various health benefit activities, such as antioxidant, anti-inflammatory,
immunomodulatory, and anti-microbial activities [19–21,23,25]. Additionally, compared
to probiotics, postbiotics show similar beneficial effects and higher stability and safety,
meaning postbiotics are highly sustainable ingredients in cosmetic products [17]. In partic-
ular, previous studies have clinically proven that postbiotics can improve skin health. For
instance, the oral intake of heat-killed cells of Lactococcus lactis strain H61 improves women’s
skin health [93]. In clinical trials, postbiotics of TAC/collagen have been shown to improve
the skin’s moisture score and inflammatory index in vivo and accelerate the wound healing
of acne symptoms in acne-prone volunteers. Additionally, this TAC/collagen gel reduced
the number of brown spots and porphyrins on the facial skin [94]. Topical application of
an anti-acne lotion containing a fermented lysate produced by Lactiplantibacillus plantarum
has been shown to improve moisturization and regulate skin pH, with positive results
in the treatment of acne [95]. Additionally, various products using postbiotics as ingredi-
ents exist in the cosmetic market [17]. Therefore, fermented maca root extract is highly
likely to be applied as a cosmetic ingredient, and additional safety and clinical-efficacy
tests are required.

The skin protects itself from solar irradiation through melanogenesis. When the skin
is exposed to UV light, keratinocytes increase the transcription of the pro-opiomelanocortin
gene in response to cellular damage. Pro-opiomelanocortin is a precursor protein that is
cleaved to form α-MSH [96]. α-MSH binds to MC1R located on the surface of melanocytes
as a factor that regulates melanocytes and skin pigmentation. The binding activates several
pathways. The PKA-CREB and mitogen-activated protein kinase (MAPK) pathways are
primarily involved in melanin production [63,97]. In melanogenesis associated with PKA-
CREB signaling, α-MSH binding elevates intracellular adenylate cyclase, which increases
cAMP concentration and PKA cell-signaling. Moreover, PKA phosphorylates the cAMP
response element (CREB), which acts as a transcription factor for several genes, including
the MITF [98,99]. The MAPK family comprises three types of protein kinases: extracellular
reactive kinases (ERKs), c-Jun N-terminal kinases (JNKs), and p38 MAPKs [97]. The
JUN MAPK and p38 MAPK pathways can stimulate melanogenesis by upregulating the
MITF expression, and the ERK MAPK-dependent MITF expression pathway is involved in
melanogenesis [100,101]. Tyrosinase, TRP-1, and TRP-2 are the three main enzymes required
for melanogenesis. The minor-eye-associated transcription factor (MITF), the master gene
for melanocyte differentiation, regulates these three enzymes [102]. B16F10 cells treated
with both fermented maca root extracts and α-MSH showed a suppressed MITF, tyrosinase,
and TRP-2 mRNA expression compared to those treated with only α-MSH, or both α-MSH
and the non-fermented maca root extracts. These results show that the fermented maca root
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extracts improved anti-melanogenesis by inhibiting the expression of the MITF, tyrosinase,
and TRP-2. Therefore, maca root extracts fermented using Lactobacillus have the potential
to be used as a raw material in the production of cosmetic products. However, further
research is needed to determine which ingredients and pathways exhibit the beneficial
effects of these fermented plant extracts.

5. Conclusions

This study identified the antioxidative, anti-inflammatory, and anti-melanogenic ef-
fects of fermented maca root extract using Lactobacilli. Fermented maca root extracts
maintained the antioxidant ability of the non-fermented maca root extracts and consider-
ably reduced the production of NO, thereby demonstrating anti-inflammatory effects. In
addition, fermented maca root extracts inhibited melanogenesis by inhibiting the expres-
sion and tyrosinase activity of the MITF, tyrosinase, and TRP-2 mRNA. This shows that
fermentation of maca root using Lactobacillus maintained its antioxidant effects and im-
proved its anti-inflammatory and anti-melanogenic effects compared to the non-fermented
maca root extracts. Postbiotics are currently in the limelight in the cosmetics industry
for their safety, stability, and functional properties, and clinical trial research results on
postbiotics as cosmetic ingredients are accumulating. Based on the results for fermented
maca root extracts used in this study, clinical trials and cosmetic-product development
using these postbiotics can be expected. Furthermore, the application of this postbiotic in
minimally invasive procedures can be expected.
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Abstract: Dermis fibroblasts are very sensitive to penetrating UVA radiation and induce photo-
damage. To protect skin cells against this environmental damage, there is an urgent need for effective
compounds, specifically targeting UVA-induced mitochondrial injury. This study aimed to analyze
the effect of carnosine on the proteome of UVA-irradiated human skin fibroblast, cultured in a
three-dimensional (3D) biological system recapitulating dermal compartment as a test system to
investigate the altered cellular pathways after 48 h and 7 days of culture with or without carnosine
treatment. The obtained results indicate that UVA dysregulates Oxidative Phosphorylation, the
Fibrosis Signaling Pathway, Glycolysis I and Nrf2-mediated Oxidative Stress Response. Carnosine
exercises provide a protective function against the harmful effects of UVA radiation by activating
the Nrf2 pathway with the upregulations of some ROS-detoxifying enzymes such as the glutathione
S-transferase (GST) protein family. Additionally, carnosine regulates the activation of the Epithelial
Adherens Junction and Wound Healing Signaling Pathway by mediating the activation of structural
proteins such as vinculin and zyxin as well as fibronectin 1 and collagen type XVIII alpha 1 chain
against UVA-induced changes.

Keywords: 3D dermis spheroids; proteomics; carnosine; label free quantification; UVA

1. Introduction

UV radiation has been described as one of the main physical factors that affects
skin cells daily, resulting in inflammation, premature aging and cancer [1]. The UV
light which naturally reaches the Earth’s surface contains UVB (280–320 nm) and UVA
(320–400 nm) radiation. Each has unique properties, including energy, depth of penetration
and biological effects. Among them, UVA is able to deeply penetrate into the skin dermis
and it is considered the main cause of skin photoaging. UV-induced cellular damages are
the main trigger of cellular senescence in skin, mainly in dermal fibroblasts, modulating
extracellular matrix (ECM) deposition and remodeling.

Exposure of skin cells to UV radiation promotes the generation of reactive oxygen
species (ROS) and subsequent lipid peroxidation, protein modifications and DNA damage,
leading to the alteration of the antioxidant cellular system [2]. Contrary to the direct
effect of ionizing radiations which corresponds to a direct ionization of DNA due to
one electron ejection, UVA (and visible) light, by interaction with endogenous or exogenous
photoreceptors, induces the formation of DNA damage through photomediated toxic
reactions, characterized by low energy of the photons in respect to the ionizing radiations.
As a result, proteins, lipids, and nucleic acids are altered by oxidative modifications
which could induce the aggregation and formation of complex adducts. For example,
reactive products of lipid peroxidation often bind to proteins causing a loss of antioxidant,
proinflammatory and proapoptotic properties [3].
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Skin mitochondria are highly involved in UVA skin damage. UVA induces the for-
mation of mitochondrial ROS (mtROS) and mtDNA mutations and the perturbation of
the electron transport chain, leading to ATP depletion and membrane depolarization [4].
Functional modules of mitochondria such as energy metabolism, biogenesis, fission and
fusion are strongly affected by UV radiation. In this context, there is an urgent need for
effective compounds, specifically targeting UVA-induced mitochondrial injury, to protect
skin cells against this environmental damage. To date, several natural compounds endowed
with antioxidants and carbonyl scavenger properties have been used to protect the skin
against UV radiation [5,6]. Among them, carnosine, an endogenous β-alanyl-L-histidine
dipeptide, has shown promising results in the prevention of Oxidative Stress modula-
tion on the scaffold-free human dermis spheroids [7] and on UVA-irradiated nude mice
skin [8]. Carnosine pretreatment in 3D-aged fibroblast resulted in modulation of important
pathways such as free radical scavenging, apoptosis, mitochondrial function and ECM
reorganization. In UVA-exposed nude mice, skin carnosine was able to neutralize the
effects of reactive oxygen species by modifying proteins and impairing their functions. To
further investigate the mechanism of action of carnosine in the prevention of UVA damage
on human skin, the proteome of dermis spheroids of human fibroblast pretreated by UVA
and carnosine was analyzed by quantitative mass spectrometry and network analyses.
Three-dimensional cultured scaffold-free dermis spheroid represents the most suitable and
micro-physiological model to mirror the complex homeostatic equilibrium and dynamical
communicability between the cellular and extracellular space mimicking the physiological
and pathological conditions of native tissue.

The application of VitroScreen ORA® 3D scaffold-free dermis spheroids as a micro-
physiological testing platform coupled with quantitative label-free proteomics enables a
description of an in depth, in human cell-based physiological tissue system, the dynamic
functional and structural response to photodamage induced by UVA exposure in the der-
mal stroma mirroring a native human dermis behavior. In particular, VitroScreen ORA®

spheroids are advanced tissue systems based on a bottom-up approach, able to better
preserve the natural cell donor phenotype and consequently in the dermis deposition and
architectural organization. The use of fibroblasts as target cells to study photodamage
has been shown to be relevant by using targeted methods such as ELISA, qPCR or mi-
croscopy [9]. By exploiting the potential of a quantitative proteomics approach applied to
the 3D spheroid model, the present work lays the foundations for its potential application
to personalized care and medicine approaches as well as in dermatological research on
aging and photoaging processes. Advanced analytical approaches based on genomics
and proteomics allows a comprehensive study of the molecular pathways describing the
alteration of protein phenotype by UV exposure and restored by carnosine treatment. By
combining the advantages of the label-free quantitative proteomics with network analyses,
the present study provides an in-depth investigation of the human dermis proteome signa-
ture after exposure to UVA radiation and the subsequent protective and antioxidant effect
of carnosine.

2. Materials and Methods

2.1. Cell Source and Culture

Primary dermal fibroblasts isolated from a 59-year-old donor purchased from Innoprot
(Derio, Spain), were cultured and amplified at early passages in CnT-PR F serum-free
medium (CELLnTEC, Bern, Switzerland) in order to obtain 12 × 106 cells.
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2.2. VitroScreen ORA® Dermis Spheroid Production

VitroScreen ORA® dermis models were developed according to the VitroScreen internal
procedure. In brief, primary human dermal fibroblasts were detached once 90% of conflu-
ence was reached. Cells were washed twice with DPBS 1X (Merck Life Science S.r.l., Milan,
Italy) and incubated with T/E solution (Primary Detach Kit, Innoprot, Derio, Spain) for
5 min. Cells were counted, centrifuged and seeded in Akura® Plate (InSphero AG, Schlieren,
Switzerland) by ViaFlo Assist Plus (Integra Bioscience AG, Zizers, Switzerland) in order
to obtain 10,000 cells/spheroids. Thanks to hanging drop technology, specific geometrical
guidance allows cells to self-assemble forming round-shaped tridimensional scaffold-free
spheroids. After 3 days in the hanging drop culture, spheroids were well formed and ready
to be transferred into Akura® V2 plate (InSphero AG, Schlieren, Switzerland).

2.3. Nucleic Acid Extractions for Nanostring Analysis and RNA QC

The 3D scaffold-free spheroids were lysed in proper buffer and the extraction of the
nucleic acids was performed following the manufacturer’s instructions (RNeasy MicroKit
by Qiagen, cat. 74004). RNA was eluted in RNAse-free water and stored at −80 ◦C until use.
A total of 2 μL of RNA was used to perform QC by a 2100 Bioanalyzer (Agilent) on Agilent
RNA 6000 Nano Chip with Agilent RNA 6000 Lader and Reagent. The method is based on
capillary gel electrophoresis. All RNA samples were verified against the RNA acceptance
criteria: a total RNA concentration ≥20 ng/μL, an RNA integrity number value ≥8.

2.4. Gene Expression Analysis Using Nanostring nCounter System

The hybridized sample was prepared on chip using nCounter MAX Prep Station
and GPS transcripts were quantified using a NanoString Digital Analyzer (NanoString
Technologies, Seattle, WA, USA). A total of 100 ng of RNA was used as sample input in a
hybridization assay (NanoString Technologies, Seattle, WA, USA). Each hybridized sample
was prepared on a cartridge using nCounter MAX Prep Station and an individual transcript
of a biomarker signature was quantified using nCounter MAX Digital Analyzer (NanoString
Technologies, Seattle, WA, USA). The control criteria for the NanoString analysis were
imaging quality: >0.75; linearity: >0.95; limit of detection (LOD): (POS_E/LOD) >1 and
binding density of 0.05 < BD < 2.25.

2.5. L-Carnosine Treatment and UVA Exposure

Following 72 h from transfer, the treated spheroid series were pre-incubated with
150 μM L-carnosine, previously observed as an efficacy dose to protect the dermis induced
by aging [7], and added to the culture medium for 4 h. After pre-treatment, UVA series were
prepared for UV exposure: the culture media with/or without treatment were discarded
and DPBS1X was added to all tissues in order to avoid interference with UV exposure.
ORA® dermis spheroids were irradiated with UVA at a working distance of 12 cm, at
30 J/cm2 (Xenon Lamp Oriel Solar Simulator, Filter WG 335 3 mm) aiming to induce a
perturbation of protein assessment in scaffold-free dermis spheroids; the dose was defined
considering the complex physiology of the model and according to internal validated
data [10]. Untreated and unexposed samples (NC) were rinsed with DPBS 1X and placed
at RT in the dark in the same conditions of the exposed series. After UVA exposure, fresh
medium with or without treatment was added to all series for 48 h and 7 days (D7) of
recovery. All treated series were compared to NC and to untreated exposed samples (UVA).
Fresh treatment was added every other day until 48 h and 7 days of culture. At each time
point, three biological replicates of pooled 20 spheroids were collected, washed twice with
cold DPBS 1X and allowed to settle to the bottom of conical tubes. After sedimentation,
DPBS was discarded, and tissues were stored as pellets at −80 ◦C until the analysis.

2.6. Protein Extraction and In-Solution Trypsin Digestion

The cell pellets were resuspended in the solubilization buffer (8 M urea in 50 mM
Tris–HCl, 30 mM NaCl, pH 8.5 and 1% protease inhibitor) and incubated on ice for
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5–10 min. Tissue lysates were further homogenized by sonication in an ice bath, three times
each for 15 s with 1 min intervals, using an ultra sonicator. Samples were centrifuged at
14,000× g for 20 min at 4 ◦C. The protein supernatant was collected into the new Eppendorf
tube and the pelleted cell debris were discarded. Samples were stored at −80 ◦C until we
used it for further experiments. The protein estimation was carried out by using the BCA
assay. A total of 10 μg of proteins was diluted in 50 mM NH4HCO3 and then reduced
with 5 mM DL-dithiothreitol (DTT, Sigma-Aldrich) for 30 min at 52 ◦C, shaken at 500 rpm
and alkylated with 15 mM iodoacetamide (Sigma-Aldrich) for 20 min in the dark at room
temperature. The trypsin digestion was performed in a 1:20 enzyme/protein ratio (w/w)
(Trypsin Sequencing Grade; Roche, Monza, Italy) overnight at 37 ◦C. The obtained peptides
were desalted using zip-tip C18, then dried and stored at −20 ◦C before the analysis.

2.7. High-Resolution LC-MS/MS Analysis and Data Elaboration

Tryptic peptides were analyzed using a Dionex Ultimate 3000 nano-LC system (Sunny-
vale CA, USA) connected to an Orbitrap Fusion Tribrid Mass Spectrometer (Termo Scientifc,
Bremen, Germany) equipped with a nano-electrospray ion source. Peptide mixtures were
pre-concentrated onto an Acclaim PepMap 100–100 μm × 2 cm C18 and separated on an
EASY-Spray column, 15 cm × 75 μm ID packed with Thermo Scientific Acclaim PepMap
RSLC C18, 3 μm, 100 Å. The chromatographic separation was performed at 35 ◦C and
the flow rate was 300 nL/min. Mobile phases were the following: 0.1% formic acid (FA)
in water (solvent A); 0.1% FA in water/acetonitrile (solvent B) with 2/8 ratio. Peptides
were pre-concentrated at 96% of solvent A and eluted from the column with the following
gradient: 4% to 28% of B for 90 min and then 28% to 40% of B in 10 min, and to 95% within
the following 6 min to rinse the column. The column was re-equilibrated for 20 min. Total
run time was 130 min. One blank was run between triplicates to prevent sample carryover.
MS spectra were collected over on an m/z range of 375–1500 at 120,000 resolutions, operat-
ing in the data-dependent mode, cycle time of 3 s. Higher-energy collisional dissociation
(HCD) was performed with collision energy set at 35%. Each sample was analyzed in
three technical triplicates. The resulting MS raw data from all the technical and biological
replicates were analyzed by using MaxQuant software (version 1.6.2.3). The Andromeda
search engine was used to identify MS/MS-based peptides and proteins in MaxQuant
comprising a target-decoy approach with less than a 1% False Discovery Rate (FDR). In
the present study we used the Uniprot_Homosapiens database. Trypsin was selected as
the cutting enzyme, two missed cleavages and maximum number of five modifications
per peptide were allowed. Methionine oxidation and acetylation (N terminus) was used
as a variable modification. Carbamidomethylation was used as a fixed modification. The
proteins were selected with a minimum of two peptides. For the label-free quantification
of proteins, we applied the MaxLFQ algorithm. The match between the runs option was
enabled and the remaining default parameters were permitted. The data are available on
request from the authors. An open-source Perseus software (version 1.6.1.3; Max Planck
Institute of Biochemistry, Germany) was used for the identification of statistically sig-
nificantly, differentially regulated proteins. The interpretation and visualization of the
results obtained from the MaxQuant software were performed by a two-sample t-test using
Perseus (v1.6.1.3, Max Planck Institute of Biochemistry, Germany). Statistical parameters
(p < 0.05; q < 0.05, q = FDR adjusted p-value) were set to identify the differentially expressed
proteins between samples. Variabilities of biological replicates were measured with Pearson
correlation coefficient values of the LFQ intensities. The differentially regulated proteins
contained a minimum of two peptides and FDR adjusted p-value.

2.8. Protein Network Analysis

The protein network analysis related to significantly modulated proteins was car-
ried out by Ingenuity Pathways Analysis (IPA) (QIAGEN Inc., June 2022, https://www.
qiagenbioinformatics.com/products/ingenuitypathway-analysis). The statistical enrich-
ment of involved pathways was performed by the right-tailed Fisher’s exact test, in corre-
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lation with QIAGEN Knowledge Base, assigning a p-value. The core analyses performed
by IPA, using the differentially expressed proteins in the uploaded dataset, assess signal-
ing pathways, molecular interaction networks and biological functions that can be likely
perturbed. The overall activation/inhibition states of canonical pathways are predicted
through a z-score algorithm. This z-score is used to statistically compare the uploaded
dataset with the pathway patterns. The pathways are colored to indicate their activation
z-scores: orange predicts a gain of function, while blue predicts a loss of function. The
pathway is activated when molecules’ causal relationships with each other (i.e., activation
edge and the inhibition edge between the molecules based on literature findings) generate
an activity pattern for the molecules and the end-point functions in the pathway [11].

3. Results and Discussion

Dermis fibroblasts are one of the most representative cellular types of the human skin,
are able to secrete structural and functional proteins, and are key molecules for the assembly
of the deep stromal compartment. Due to their localization, dermis stromal fibroblasts are
more protected from external factors than epidermal cells, forming the upper layer of the
skin. As a result, dermis fibroblasts are very sensitive to penetrating UVA radiation. In this
study, we evaluated the effect on a photo-damaged VitroScreen ORA® dermis model by an
omics approach for proteome remodeling after 48 h and 7 days of culture with or without
carnosine treatment.

3.1. VitroScreen ORA® Dermis Model to Study the UVA Dermis Damage and Protection Effect
of Carnosine

VitroScreen ORA® dermis models are miniaturized human biomimetic systems devel-
oped to mirror the physiology and the dynamic features of the native human dermis. The
tissue engineered bottom-up approach allowed ORA® models to mimic the natural dermis
architecture in a 3D microscale: In this defined configuration, primary dermis fibroblasts at
early passages aggregate according to their natural phenotype. During spheroids’ develop-
ment, cells start to secrete endogenous key structural and functional molecules building a
compact stromal ECM, without the addition of an exogenous support.

In order to characterize the cellular model during the time culture, gene expression
analysis was employed. The selected NanoString CodeSet included 59 genes, 49 of which
were endogenous and related to ECM remodeling and to Oxidative Stress induced by photo-
exposure. The remaining 10 genes were termed housekeeping genes and can potentially be
used for purposes such as normalization and quality assessment. In addition to the probes
targeting transcripts in the RNA samples, positive and negative control probes were also
included in the CodeSet for assessing nonspecific background binding and to assess the
effectiveness of hybridization. The hybridization reactions were successful as verified by
NanoString quality control. The within-sample stability of the housekeeping genes was
also assessed and a smaller subset of housekeeping genes was selected for the calculation of
normalization scaling factors. These genes included NUBP1, EDC3, HDAC3 and PRPF38A.
The observed expression of the CodeSet genes is shown in Figure 1. The ECM genes
resulting in being differentially regulated during the defined experimental window such as
HMOX1, COL4A1, CD44 and MME were upregulated while COL1A1, ELN and COL3A1
were downregulated, attesting to the induction of UVA-induced physiological aging of the
extracellular matrix (Figure 1). The activation of metalloproteases such as MME suggests a
disruption of ECM accompanied by a decrease in collagen isoform COL1A1 and COL3A1
during the time (48 h versus 7 days). However, the modulation of BSG and DCN, the latter
binding collagen in the same region as the metalloprotease’s cleavage site, affords collagen
protection against protease degradation indicating an ECM remodeling.
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Figure 1. Visualization of observed expression levels. The left figure is a heatmap that displays
the log2-transformed expression values and the right figure displays gene level statistics for genes
within the manually curated gene sets. Statistics correspond to those from the differential expression
analysis comparing NC_48 h vs. NC_D7 (analysis performed in triplicate, each replicate is a pool of
20 spheroids on 150–200 μm in size diameter).

3.2. Protein Profiling of Human Dermis Spheroids Model after Exposure to UVA and
Carnosine Treatment

Thanks to a high biological relevance and their physiological profile, ORA® dermis
models are suitable as a tissue platform for in-depth investigation on UVA photo-damage
induction and for evaluation of positive antioxidant role of carnosine in preserving tissue
structural and functional integrity [7]. Spheroids showed a proteome capable of being
induced by UVA external stimuli, described by 2912 proteins of which several were specifi-
cally differentially regulated. The exposure to 30 J/cm2 UVA radiations severely affected
the basal proteomic profile of dermis spheroids inducing a modulation of key molecules
related to Oxidative Stress Signaling, adhesion molecules and apoptotic events, showing a
dynamic evolution during the time. The UVA treatment at 48 h resulted in the damage of
spheroids characterized by 420 upregulated and 536 downregulated proteins, while the
same treatment after D7 induced a variation of proteome described by 353 over expressed
and 612 down expressed proteins (Figure 2A,C and Supplementary Table S1).

The UVA damage of spheroids was prevented by 150 μM carnosine added every other
day, inducing the upregulation of 165 proteins and the downregulation of 303 proteins
(48 h) and the upregulation of 320 proteins and the downregulation of 202 proteins (D7)
(Figure 2B,D and Supplementary Table S1). Carnosine added as pre-treatment and during
the recovery after UVA exposure, allowed a chemical protection against UVA photo-damage
by preserving tissue viability, metabolism and ECM integrity, according to the duration of
treatments. Specifically, network analyses showed UVA damages and their carnosine pre-
vention, by specific functional modules, such as “Epithelial Adherens Junction Signaling”,
“Oxidative Phosphorylation”, “Wound Healing Signaling Pathway” and “Nrf2-mediated
Oxidative Stress Response” (Table 1) which are herein described.
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Figure 2. Scatter plots of log2 ratio on x-axis against -log10 p-value on y-axis of significantly quantified
proteins resulted from two sided t-test. (A) Quantified proteins in human dermis spheroids after
48 h of UVA exposure (UVA_48hvsNC_48 h). (B) Quantified proteins in carnosine pre-treated dermis
versus control at 48 h (P+UVA_48hvsUVA_48 h). (C) Quantified proteins in human dermis spheroids
after D7 of UVA exposure versus control (UVA_D7vsNC_D7). (D) Quantified proteins in carnosine
pre-treated dermis versus control at D7 (P+UVA_D7 vs. UVA_D7). Statistical parameters (p < 0.05;
q < 0.05, q = FDR adjusted p-value) were set to identify the differentially expressed proteins between
samples. Biological and technical triplicates were analyzed.

Table 1. Functional modules evoked by UVA exposure. Positive z-score indicates the activation
pathway; negative z-score indicates the downregulation of the pathway (the analysis was performed
by IPA (Qiagen) using the quantitative LFQ dataset).

Z-Score

Canonical Pathways UVA_48h P_UVA_48h UVA_D7 P_UVA_D7

Oxidative Phosphorylation 5.39 −1.16 4.71 −1.67
Hepatic Fibrosis Signaling

Pathway 2.41 −1.60 1.57 −2.31

Wound Healing Signaling
Pathway 1.53 −2.53 1.61 −3.16

Estrogen Receptor Signaling 3.14 −2.11 1.89 −2.89
Macropinocytosis Signaling 2.45 −2.45 2.24 −2.45

GP6 Signaling Pathway 2.14 −1.63 0.91 −2.12
Pulmonary Fibrosis Idiopathic

Signaling Pathway 1.23 −2.31 1.00 −2.53

G Beta Gamma Signaling 2.11 −2.65 0.91 −2.65
Gαi Signaling 1.90 −2.45 1.51 −2.45

Regulation of eIF4 and p70S6K
Signaling 1.67 −2.45 1.73 −2.45

p70S6K Signaling 1.90 −2.45 1.39 −2.24
Thrombin Signaling 1.51 −2.83 0.91 −2.65
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Table 1. Cont.

Z-Score

Canonical Pathways UVA_48h P_UVA_48h UVA_D7 P_UVA_D7

NF-κB Activation by Viruses 1.89 −2.24 1.41 −2.24
Regulation of Cellular

Mechanics by Calpain Protease 2.12 −1.89 0.91 −2.45

Glioma invasiveness Signaling 1.89 −2.45 0.63 −2.24
HGF Signaling 1.16 −2.45 0.28 −2.45

UVA-induced MAPK signaling 1.13 −2.00 1.13 −2.00
CDK5 Signaling 1.51 −2.24 0.26 −2.24
PEDF Signaling 1.14 −1.63 0.71 −2.24

Fc Epsilon RI signaling −1.13 −2.-24 0.38 −2.-24
Glycolysis I −3.46 1.41 −3.61 2.83

PTEN Signaling −1.73 2.65 −1.16 2.45
Epithelial Adherens Junction

Signaling −2.20 1.27 −2.35 2.00

CLEAR Signaling Pathway −1.67 1.70 −1.41 2.45
Gluconeogenesis I −2.11 2.45 −2.11 2.83

Sirtuin Signaling Pathway −0.85 −2.32 −1.26 −0.83
Apotosis 1.25 −0.94 2.19 −2.82

3.3. UVA Induces the Modulation of Epithelial Adherens Junction Signaling

Network analyses, based on differentially regulated proteins, showed a negative
modulation of epithelial Adherens Junction Signaling induced by UVA radiation after
48 h (z-score = −2.20) and 7 days (D7) (z-score = −2.35) of recovery (Table 1, Figure 3).
The Adherens Junctions in epithelial cells are specialized structures belonging to the ma-
chinery of the cell–cell adhesion and consist of nectin and cadherin proteins, bound to
actin cytoskeleton. In physiological and health conditions, actinin, zyxin, tubulins and
myosins modulate cytoskeletal reorganization and actin polymerization, leading to the
formation of Adherens Junctions. UVA radiation induces a downregulation of epithelial
adhesion formation. Specifically, different actin isoforms such as actin-related proteins
ARPC4 (log2 ratio = −0.93), ARPC2 (log2 ratio = −1.0) and ARPC1A (log2 ratio = −0.65),
actin alpha 1, ACTN1 (log2 ratio = −0.88), actin alpha 4, ACTN4 (log2 ratio = −0.68), zyxin
ZYX (log2 ratio = −2.13) and vinculin VCL (log2 ratio = −0.86), were downregulated by
UVA at 48 h (Table 2). A similar trend was observed upon 7 days of recovery after UVA
exposure, mostly for zyxin and vinculin whose log2 ratio dropped down to −2.42 and
−1.11, respectively. The main function of zyxin is to form a bridge between the adhesion
components of the cell membrane and the cytoskeleton, and its absence characterizes the
early adhesions [12]. The UVA treatment resulted in a decrease of zyxin expression at
48 and 7 days after photo-damage (log2 = −2.13 and −2.42), while prevention of carno-
sine was efficient to restore its expression at both time points (ZYX, log2 ratio = 0.38
and 1.52), demonstrating the time-depending effects of carnosine on photo-damaged
system. On the contrary, RAS-like proto-oncogene A, (RALA, log 2ratio = 1.53 at 48 h,
log2 ratio =1.59 at D7) and the proteins belonging to the RAS oncogene family such as
RAB7A (log 2ratio = 0.79 at 48 h, log 2ratio = 0,67 at D7) and RAB5C (log 2ratio = 0.72
at 48 h, log 2ratio = 0.82 at D7) were found overexpressed after both time of recovery
after UVA exposure. RAS-mediated proliferative overdrive may induce replicative stress
and activation of DNA damage responses [13]. This upregulation was observed to be
modulated by carnosine reducing the overexpression of RALA (log2 ratio = −0.66 at
48 h, log2 ratio = −0.78 at D7) and RAB7 (log2 ratio = −0.61 at 48 h, log2 ratio = −0.44 at
D7). The impairment of cell adhesion and cellular motility was also confirmed by the activa-
tion of calpain protease at a long time point (D7) (z score = 0.91). Calpains are intracellular
Ca2+-dependent cysteine proteases which regulate cell adhesion by modulating the spread-
ing and motility of many cell types. It has been observed that calpain-deficient fibroblasts
have enhanced membrane protrusion and filopodia formation [14]. In the meantime, the
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Integrin Signaling which shows a pivotal role in cell adhesion and adhesive signaling mostly
for tissue repairing, was compromised by UVA exposure (z score = −1.71 at D7). Since the
best protective effects of carnosine were observed after long-term treatment (7 days); from this
point on, the discussion focuses on the description of the effects of carnosine treatment at D7.

Figure 3. Epithelial Adherens Junction Signaling enhanced in UVA vs. control in (A) and decreased
in (B) P_UVA vs. UVA (IPA). Red shows the increased features covered by our input database and
green shows those decreased features. The orange color of the central hub indicates an upregulation
of the module. For the node shapes: Knowledge: IPA Legend (salesforce-sites.com) (Qiagen, USA).

Table 2. Proteins involved in the Epithelial Adherens Junction Signaling. Log2 ratio ≥ 0.6 indicates
upregulation, log2 ratio ≤ − 0.6 represents downregulation.

Epithelial Adherens Junction Signaling UVA_48 h P_UVA_48 h UVA_D7 P_UVA_D7

Gene Name Protein Name
Accession
Number

Log Ratio Log Ratio Log Ratio Log Ratio

RALA RAS-like proto-oncogene A P11233 1.53 −0.66 1.59 −0.78
RAB7A RAB7A, member RAS oncogene family A0A158RFU6 0.79 −0.61 0.67 −0.44
RAB5C RAB5C, member RAS oncogene family A0A024R1U4 0.72 −0.38 0.82 −0.30

ARPC4 Actin-related protein 2/3 complex
subunit 4 P59998 −0.93 0.46 −0.53 0.26

ARPC1A Actin-related protein 2/3 complex
subunit 1A Q75MY0 −0.65 0.25 −0.76 0.31

ARPC2 Actin-related protein 2/3 complex
subunit 2 Q53R19 −1.00 0.36 −0.40 0.36

NME1 NME/NM23 nucleoside diphosphate
kinase 1 P15531 −1.01 0.62 −0.77 0.64

MAPRE1 Microtubule-associated protein RP/EB
family member 1 Q15691 −1.29 0.62 −1.18 0.70

ACTN4 Actinin alpha 4 A0A0S2Z3G9 −0.68 0.54 −0.69 0.79
ACTN1 Actinin alpha 1 A0A024R694 −0.88 0.57 −0.83 0.87
VCL Vinculin A0A024QZN4 −0.86 0.35 −1.11 0.87
ZYX Zyxin Q15942 −2.13 0.38 −2.42 1.52

3.4. UVA Induces the Modulation of Wound Healing Signaling Pathway

Chronic UV exposure causes photoaging with profound alterations to the dermal
connective tissue [15]. The morphological changes in skin fibroblasts exposed to UVA have
already been demonstrated by scanning electron microscopy and immunofluorescence
approaches. As fibroblasts are the main source of ECM, the functional changes in fibroblasts
in photoaged skin are related to a reduction in collagen due to the inhibition of the poly-
merization of actin filaments accelerating the reduction in collagen synthesis [15]. In our
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study, both the UVA exposure reveals the dysregulation of collagen metabolism with the
upregulation of proteins involved in the collagen degradation process, verified by gene ex-
pression too (Figure 4A). The upregulation of MMP-3 to the detriment of structural proteins
as ELN, FN1, DCN, EMLIN1 and different isoform of collagen confirms the establishment
of the well-known UVA-induced photoaging process negatively affecting ECM proteins.
Wounds have chronic inflammation, impaired re-epithelialization to close the wound and
abnormal dermal–epidermal connectivity that results in poor dermal–epidermal interac-
tion, damaged microvasculature and abnormal collagen matrix deposition in the wound
tissue [16]. Specifically, different isoforms of collagen, such as collagen type I, (COL1A1
log2 ratio = 0.96; COL1A2, log2 ratio = 0.49) III (COL3A1 log2 ratio = 0.45), IV (COL4A2,
log2 ratio =1.00) V (COL5A1, log2 ratio = 0.31) and VI (COL6A1, log2 ratio = 1.71; COL6A2
log2 ratio = 2.02, COL6A3 log2 ratio = 4.48) resulted in being overexpressed in the carnosine
treatment at D7 (Table 3). Among those, COL6A3 has the capability to direct matrix assem-
bly and influence dermal cell behavior by interacting with other ECM molecules. Within
ECM connective tissue, type VI collagen forms a highly branched filamentous meshwork
that encircles the fibers of principal fibrillar collagens type I, II, and III [17].

Figure 4. Gene level statistics for genes within the manually curated gene sets. (A) ECM genes
altered by UVA_D7 vs. NC_D7. (B) Oxidative Stress genes altered by UVA_D7 vs. NC_D7. Statistics
correspond to those from the differential expression analysis comparing UVA_D7 vs. NC_D7. Analysis
was performed in triplicate; each replicate is a pool of 20 spheroids on 150–200 μm in size diameter.

Table 3. Proteins involved in the Wound Healing Signaling Pathway.

Wound Healing Signaling Pathway UVA_48 h P_UVA_48 h UVA_D7 P_UVA_D7

Gene Name Protein Name
Accession
Number

Log Ratio Log Ratio Log Ratio Log Ratio

COL1A1 Collagen type I alpha 1 chain D3DTX7 1.99 −0.99 0.96 −1.27
COL3A1 Collagen type III alpha 1 chain P02461 0.79 0.53 0.45 0.00
COL1A2 Collagen type I alpha 2 chain A0A087WTA8 1.20 0.00 0.49 0.00
COL5A1 Collagen type V alpha 1 chain A0A024R8E5 0.99 0.24 0.31 0.00
COL15A1 Collagen type XV alpha 1 chain P39059 −1.74 0.51 −2.35 0.48
LAMA2 Laminin subunit alpha 2 A0A087WYF1 0.60 0.00 0.00 0.00
COL6A2 Collagen type VI alpha 2 chain P12110 2.30 −1.04 2.02 −1.26
COL6A1 Collagen type VI alpha 1 chain A0A087X0S5 1.77 −0.50 1.71 −0.93

RRAS RAS related A0A024QZF2 0.93 −0.41 1.05 −0.85
RALA RAS-like proto-oncogene A P11233 1.53 −0.66 1.59 −0.78

RAP1B Rap1b Member of RAS
oncogene family P61224 1.28 −0.84 1.04 −0.75
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Table 3. Cont.

Wound Healing Signaling Pathway UVA_48 h P_UVA_48 h UVA_D7 P_UVA_D7

Gene Name Protein Name
Accession
Number

Log Ratio Log Ratio Log Ratio Log Ratio

ITGB1 Integrin subunit beta 1 P05556 1.36 −0.74 1.30 −0.71
RAC1 Rac family small gtpase 1 A4D2P1 0.81 −0.88 0.52 −0.70

COL4A2 Collagen type IV alpha 2 chain P08572 0.75 0.00 1.00 −0.28

MAP2K2 Mitogen-activated protein
kinase kinase 2 P36507 −1.49 0.00 −2.00 0.00

MAPK1 Mitogen-activated protein
kinase 1 Q1HBJ4 −0.73 0.00 −0.94 0.00

STAT1 Signal transducer and activator
of transcription 1 P42224 −0.95 0.00 −0.60 0.00

RRAS2 RAS related 2 P62070 0.77 −1.04 0.95 0.00
FN1 Fibronectin 1 A0A024R462 −1.08 0.00 −1.28 0.28

COL18A1 Collagen type XVIII alpha 1
chain D3DSM4 −1.36 0.58 −1.38 0.55

COL6A3 Collagen type VI alpha 3 chain B7ZW00 3.19 −3.60 4.48 −2.66

3.5. UVA Induces Nrf2-Mediated Oxidative Stress Response

Considered as a “master regulator of the antioxidant response”, Nrf2 controls the
transcription of genes encoding ROS-detoxifying enzymes and various other antioxidant
proteins [18,19]. Nrf2 has a crucial role in the maintenance of cellular redox homeostasis by
regulating the biosynthesis, utilization and regeneration of glutathione, thioredoxin and
NADPH and by controlling the production of reactive oxygen species by mitochondria and
NADPH oxidase. Under homeostatic conditions, Nrf2 affects the mitochondrial membrane
potential, fatty acid oxidation, availability of substrates (NADH and FADH2/succinate) for
respiration and ATP synthesis [20]. In fibroblasts, the activation of Nrf2 induces cellular
senescence and its activation is qualified as a marker of the cancer-associated fibroblast
phenotype. Previously published data showed that the Nrf2 activation in fibroblasts
alters ECM protein expression and secretion by decreasing collagens type I and type III
the most and several major proteoglycans (e.g., asporin, biglycan and versican) [21]. In
UVB-treated keratinocytes, ROS-mediated apoptosis was reduced by the activation of
Nrf2 [22]. In UVB-treated fibroblasts, instead, the defensive response of cellular death was
induced by phosphorylated Akt by MAPK through the EGF receptor, independently to
Oxidative Stress [23]. Indeed, in our work, UVA-exposed 3D spheroids have shown cell
death (Table 1) due to the increasing concentration of ROS and downregulation of the Nrf2
pathway. Despite several publications reporting that PI3K/Akt pathway mediates the Nrf2
activation, in our dataset, the dephosphorylated AKT protein was found to be not regulated
(Supplementary Table S1), whereas MAPK1 and MAP2K2 were down expressed (Table 4).

The UVA exposure at D7 modules the activation of Nrf2, responsible to the inducible
expression of a group of detoxication enzymes, such as glutathione S-transferase including
Glutathione S-transferase mu1 (GSTM1, log2 ratio = −2.43), Glutathione S-transferase mu3
(GSTM3, log2 ratio = −1.84), Glutathione S-transferase omega1 (GSTO1, log2 ratio = −1.67),
Glutathione S-transferase pi1 (GSTP1, log2 ratio = −1.77) and Glutathione disulphide
reductase (GSR, log2 ratio = −0.72) (Figure 5 and Table 4). Our finding underlines the
role of Nrf2 as a truly pleiotropic transcription factor by playing an important role in the
downregulation of several glutathione S-transferases, which are the enzymes mediating the
elimination of reactive oxygen species (ROS). Reduced glutathione (GSH) interacts directly
with ROS to form oxidized glutathione (GSSG).
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Table 4. Proteins involved in the Nrf2-mediated Oxidative Stress Response.

Nrf2-Mediated Oxidative Stress Response UVA_48h P_UVA_48h UVA_D7 P_UVA_D7

Gene Name Protein Name
Accession
Number

Log Ratio Log Ratio Log Ratio Log Ratio

AKR1A1 Aldo-keto reductase family 1
member A1 V9HWI0 −0.94 0.40 −1.32 0.83

CLPP Caseinolytic mitochondrial matrix
peptidase proteolytic subunit Q16740 0.73 −0.33 0.58 0.00

EPHX1 Epoxide hydrolase 1 R4SBI6 1.30 −1.18 0.97 −0.89
GSTM1 Glutathione S-transferase mu 1 X5DR03 −1.29 −0.61 −2.43 1.00
GSTM3 Glutathione S-transferase mu 3 Q6FGJ9 −1.20 0.00 −1.84 0.71
GSTO1 Glutathione S-transferase omega 1 V9HWG9 −1.69 0.73 −1.67 1.24
GSTP1 Glutathione S-transferase pi 1 V9HWE9 −1.44 0.51 −1.77 1.10

GSR Glutathione-disulphide reductase V9HW90 −0.92 0.64 −0.72 0.77

RAP1B RAP1B, member of RAS oncogene
family P61224 1.28 −0.84 1.04 −0.75

RALA RAS-like proto-oncogene A P11233 1.53 −0.66 1.59 −0.78
RRAS RAS related A0A024QZF2 0.93 −0.41 1.05 −0.85
RRAS2 RAS related 2 P62070 0.77 −1.04 0.95 0.00
SOD1 Superoxide dismutase 1 V9HWC9 −1.91 0.62 −2.19 1.30
TXN Thioredoxin H9ZYJ2 −1.22 0.00 −1.87 1.19

TXNRD1 Thioredoxin reductase 1 Q16881 −1.15 0.74 −0.93 1.09
SOD2 Superoxide dismutase 2 P04179 1.44 0.00 1.65 0.00

MAPK1 Mitogen-activated protein kinase 1 Q1HBJ4 −0.728 0.00 −0.939 0.00

MAP2K2 Mitogen-activated protein kinase
kinase 2 P36507 −1.488 0.00 −1.996 0.00

 

Figure 5. Genes involved in Nrf2 modulation after UVA exposure vs. control (A) after carnosine
treatment (B) P_UVA vs. UVA (IPA). Red shows the increased genes, blue shows the decreased genes,
grey shows the unaltered genes.
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GSH is also a co-substrate for several detoxication enzymes such as glutathione perox-
idase (GPx) and glutathione S-transferase (GST). Regeneration of oxidized GSH (GSSG)
is mediated by an enzyme, glutathione reductase (GSR), that in this way participates in
maintaining redox homeostasis [24]. Decreased GSH concentration, due to UVA-stimulated
ROS production, results in the alteration of redox homeostasis in cells.

Moreover, the evidence of strong UVA-induced Oxidative Stress is found in the
downregulation of Superoxide dismutase1 (SOD1, log2 ratio = −2.19), thioredoxin (TXN,
log2 ratio = −1.87) and thioredoxin reductase1 (TXNRD1 log2 ratio = −0.93), proteins
involved in redox cellular homeostasis and verified by gene expression too Specifically,
UVA induced the increment of HMOX1, considered as critical ferroptosis-related gene
(Figure 4B).

However, this trend has been observed to be reversed by carnosine after 7 days
of treatment which inhibits UV-induced damage by restoring the proteins’ level as the
following: Glutathione S-transferase mu1 (GSTM1, log2 ratio = 1.00), Glutathione S-
transferase mu3 (GSTM3, log2 ratio = 0.71), Glutathione S-transferase omega1 (GSTO1,
log2 ratio = 1.24), Glutathione S-transferase pi1 (GSTP1, log2 ratio = 1.10) and Glutathione
disulphide reductase (GSR, log2 ratio = 0.77). As well as a strong upregulation, the ir-
radiated and treated series for 7 days was observed for Superoxide dismutase1 (SOD1,
log2 ratio = 1.30), thioredoxin (TXN, log2 ratio = 1.19) and thioredoxin reductase1 (TXNRD1
log2 ratio = 1.09). Specifically, the variation of SOD1 and TXT is involved in the down-
regulation of the quantity of reactive oxygen species pathway (z score = −2.75) induced
by carnosine. The activation of Nrf2 in fibroblasts also induces cellular senescence due to
the activation of plasminogen activator inhibitor-1 being a key inducer of the senescence
program which induces a deposit of a senescence-promoting matrix [21]. It has been also
observed that Nrf2 mediated the fibroblast senescence with a faster re-epithelialization
and accelerated wound closure. Additionally, UVA induces the activation of the Mitogen
Activated Protein Kinase (MAPK) pathway which was restored by carnosine treatment. In
addition, carnosine induced a reduction of apoptosis (Table 1) at both incubation time and
the upregulation of the Nrf2 pathway to reduce Oxidative Stress and senescence too.

3.6. UVA Regulates the Glycolysis and the Oxidative Phosphorylation

In excess, oxidation can provoke metabolic failure, compromising cell viability by
inactivating enzymes of Glycolysis and the Krebs cycle. ROS can inhibit Glycolysis allowing
the cells to divert flux into the pentose phosphate pathway (ox-PPP) to promote NADPH
synthesis and protect against Oxidative Stress [25].

The indirect evidence of the ROS effect evoked by UVA radiation after 7 days of carno-
sine treatment concerns the downregulation of multiple glycolytic enzymes, including glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH, log2 ratio = −1.24), pyruvate kinase M2
(PKM, log2 ratio = −1.64), phosphofructokinase (PFKL, log2 ratio = −1.88) and pyruvate ki-
nase M1/2 (PKM, log2 ratio = −1.64). It is well known that Glycolysis can divert to combat
the Oxidative Stress. ROS inhibits multiple glycolytic enzymes, including glyceraldehyde
3-phosphate dehydrogenase, pyruvate kinase M2 and phosphofructokinase-1, directly to
target cysteine residues [25]. While the nicotinamide adenine dinucleotide (NADH/NAD+)
drives ATP production in the cytosol by Glycolysis and in the mitochondria by Oxida-
tive Phosphorylation, nicotinamide adenine dinucleotide phosphate (NADPH/ NADP+)
is mainly involved in the defense against reactive oxygen species [26,27]. Consistently,
glycolytic inhibition could promote flux into the oxidative arm of the pentose phosphate
pathway to generate NADPH. NADPH provides the reducing power that fuels the protein-
based antioxidant system and its concentration is regulated by the pentose phosphate
pathway. In addition, NADPH is the donor of the reductive potential to thioredoxins and
glutathione, which in turn neutralize ROS. NADPH is, in fact, consumed by glutathione re-
ductase (GSR) to recycle oxidized glutathione (GSSG). A metabolic switch from Glycolysis
to Oxidative Phosphorylation or Oxidative Stress possibly correlated to ROS generation has
been already observed [28]. NAD(P)H biomarker showed an early change at 30 min after
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exposure in dermal fibroblasts, while a significant change in epidermal keratinocytes was
only observed at 2 h after exposure to UVA [28]. The results here highlighted the activation,
mediated by UVA, of Oxidative Phosphorylation (OXPHOS) with the upregulation of
several core subunits of NADH: ubiquinone oxidoreductase, complex I. Considering its
heterogeneity, due to its 13 subunits, complex I is very susceptible to oxidative damage.
Here, 10 subunits were detected as upregulated upon 7 days of treatment after UVA radi-
ation. Specifically, NDUFS2 (core subunit 2 log2 ratio = 0.253), NDUFS3 (core subunit 3
log2 ratio = 0.658), NDUFS8 (core subunit 8 log2ratio = 0.93), NDUFV2 (core subunit V2
log2 ratio = 0.607), NDUFA13 (subunit A13 log2 ratio = 2.653), NDUFA2 (subunit A2
log2 ratio = 0.663), NDUFA5 (subunit A5 log2 ratio = 1.018), NDUFA8 (subunit A8
log2 ratio = 1.562), NDUFA9 (subunit A9 log2 ratio = 0.429) and NDUFB10 (subunit B10,
log2 ratio = 1.413) (Table 5). Many therapeutic properties of carnosine as a pharmacological
and cosmetic substance have been described either on 3D fibroblast cells or animals [29].
By penetrating at multilayer/spheroid fibroblast, carnosine is able to exert it effect on the
mitochondrial metabolism, inducing an enhancement of glycolytic enzymes characterized
by an increase in log 2 ratio as follows: (GAPDH, log2 ratio = 0.63), glucose-6-phosphate
isomerase (GPI, log2 ratio = 1.28) and phosphoglycerate kinase1 (PGK1, log2 ratio = 0.78).

Table 5. Proteins involved in the Glycolysis pathway.

Glycolysis UVA_48 h P_UVA_48 h UVA_D7 P_UVA_D7

Gene Name Protein Name
Accession
Number

Log Ratio Log Ratio Log Ratio Log Ratio

ALDOA Aldolase, fructose-bisphosphate A P04075 −1.33 0.63 −1.61 1.02
ALDOC Aldolase, fructose-bisphosphate C A0A024QZ64 −1.30 0.76 −1.70 0.96
ENO1 Enolase 1 A0A024R4F1 −1.24 0.66 −1.59 0.92
ENO2 Enolase 2 Q6FHV6 −1.26 0.74 −2.14 1.58

GAPDH Glyceraldehyde-3-phosphate
dehydrogenase V9HVZ4 −1.14 0.34 −1.24 0.63

GPI Glucose-6-phosphate isomerase K7EIL4 −1.66 0.71 −1.85 1.28
PFKL Phosphofructokinase, liver type P17858 −1.22 −1.07 −1.88 0.00
PFKM Phosphofructokinase, muscle P08237 −1.00 0.00 −0.93 0.00

PGAM1 Phosphoglycerate mutase 1 Q6FHU2 −0.88 0.46 −1.14 0.52
PGK1 Phosphoglycerate kinase 1 V9HWF4 −1.51 0.54 −1.82 0.78
PKM Pyruvate kinase M1/2 A0A024R5Z9 −1.00 −0.23 −1.64 0.00
TPI1 Triosephosphate isomerase 1 V9HWK1 −1.35 0.85 −1.61 1.35

3.7. UVA Radiations Regulates the Sirtuin Signaling Pathway

The network analysis reveals the modulation of 44 genes involved in the Sirtuin
pathway which overall is downregulated (z score = −1.25) after 7 days related to the
control. Sirtuins (SIRTs) comprise one of four classes of histone deacetylases (HDACs; I–IV)
that play important roles in a variety of cellular functions. Here, three isoforms of linker
histone, namely H1.0 (log 2 ratio = 1.91), H1.4 (log2 ratio = 1.50), H1.5 (log2 ratio = 1.94),
were found to be strongly upregulated upon the UVA exposure. Several studies have
demonstrated that SIRT1 levels decrease with age in dermal fibroblasts isolated from female
donors who ranged from 20–67 years old [30]. Specifically, the case for SIRT1 involvement
in UVB-mediated DNA damage has been observed in several in vitro experiments using
human fibroblasts. The UVB radiation has been shown to decrease SIRT1 protein levels [31].
However, although SIRT1 has been observed to decrease in in vitro studies, Lang et al.
showed that SIRT4 levels increase in fibroblasts exposed to UVB radiation and this correlates
with an increase in cellular senescence [32]. On the basis of these observations, the role of
SIRT1 as a tumor promoter or suppressor in UVB-induced cancer initiation is unclear and
might vary with cell/tissue type or protein levels. However, the finding of this study on
3D spheroids agrees with those observed in nude mice skin upon UVA exposure [8].
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4. Conclusions

UVA exposure is a powerful attack on the skin, in particular, the dermal compartment
determining a non-reversible dermal damage affecting the skin elasticity and inducing
photoaging and photo-carcinogenesis. Within the very early events of the photoaging
process, the ROS generation, by promoting mitochondrial electron transport chain damage,
can be considered the most relevant. The present study, based on a combination of network
analyses and high-resolution mass spectrometry applied to advanced micro-physiological
scaffold-free 3D human spheroids underlines the protective role of carnosine against
UVA-induced damages and reveals wide mechanisms of action on several pathways
and molecular signaling. Indeed, the response to carnosine treatment highlighted the
modulation of several pathways, in particular, related to mitochondrial protection. The
modulation of multiple pathways such as Oxidative Phosphorylation, Glycolysis I and
the Nrf2-mediated Oxidative Stress Response, highlight both the role of mitochondrial
dysfunctions induced by UVA and the protective role of carnosine against them; as well, it
was associated with a positive effect on fibrillin, which as early marker of dermal matrix
remodeling, confirms the response to UVA stimulus and the protective role of carnosine.

In conclusion, due to the advanced micro-physiological dermal spheroids system con-
jugated by genomics and proteomics, it has been possible in a relatively short experimental
window to mirror the cascade of complex events that follow UVA exposure and to observe
the recovery from the damage as it physiologically occurs in vivo thanks to an antioxidant
reference molecule, carnosine, that was confirmed and able to offer the protection of dermis
against early and delayed UVA damages at the dermal level.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox12020300/s1, Table S1. List of quantified proteins obtained
by MaxQuant software.
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Abstract: Sulfated polysaccharides extracted from brown algae are unique algal polysaccharides
and potential ingredients in the cosmeceutical, functional food, and pharmaceutical industries.
Therefore, the present study evaluated the cosmeceutical effects, including antioxidant, anti-wrinkle,
anti-inflammation, and photoprotective activities, of Ishige okamurae Celluclast extract (IOC). The
IOC was abundant in sulfated polysaccharides (48.47%), polysaccharides (44.33%), and fucose
(43.50%). Moreover, the IOC effectively scavenged free radicals, and its anti-inflammatory properties
were confirmed in lipopolysaccharide-induced RAW 264.7 macrophages; therefore, the IOC may
produce auxiliary effects by inhibiting reactive oxygen species (ROS). In vitro (Vero cells) and in vivo
(zebrafish) studies further confirmed that the IOC produced a protective effect against hydrogen-
peroxide-induced oxidative stress in a dose-dependent manner. In addition, the IOC suppressed
intracellular ROS and apoptosis and enhanced HO-1 and SOD-1 expression through transcriptional
activation of Nrf2 and downregulation of Keap1 in HaCaT cells. Furthermore, the IOC exhibited a
potent protective effect against ultraviolet-B-induced skin damage and photoaging. In conclusion,
the IOC possesses antioxidant, anti-inflammatory, and photoprotective activities, and can, therefore,
be utilized in the cosmeceutical and functional food industries.

Keywords: Ishige okamurae; Celluclast; sulfated polysaccharides; cosmeceutical effect; antioxidant
activity; anti-inflammatory activity; photoprotective effect

1. Introduction

Reactive oxygen species (ROS), which are present in various forms, are physiological
metabolites generated through oxygen metabolism under normal physiological conditions.
Various factors, including ultraviolet-B (UVB) radiation, heavy metal ions, drugs, pollutants,
and fine dust particles, promote ROS production [1–3]. However, ROS overproduction
can interfere with the mitochondrial membrane potential and disrupt the cellular redox
balance, resulting in the induction of oxidative stress and development of numerous
diseases, including neurological disorders, cardiovascular disease, digestive diseases, and
certain cancers [4,5]. As the skin is inevitably exposed to UVB rays in daily life, this
can lead to oxidative damage of the skin tissues and cells. Excessive ROS accumulation
leads to photoaging and inflammation of the human skin, eventually resulting in dermal
malignancies [6,7]. Moreover, some cosmetics containing specific chemicals, such as heavy
metals, steroids, hydroquinones, and nitrosamines, albeit effective in the short-term, can
harm human health in the long-term [8]. Therefore, eco-friendly cosmetics containing
natural ingredients must be developed. In recent years, cosmetic products with non-toxic
and highly bioactive natural ingredients have attracted increasing research attention.

In this context, seaweeds have found wide pharmaceutical and industrial applica-
tions as natural sources of compounds because of their non-toxicity, easy cultivation, low
cost, and presence of an array of active compounds, such as polysaccharides, proteins,
minerals, vitamins, and pigments; therefore, seaweeds are the best candidates to replace
synthetic compounds [9–11]. The majority of the algal species contain polysaccharides,
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polyphenols, and peptides, and most of these compounds exhibit biological functions,
such as antioxidant, antimicrobial, antitumoral, anti-inflammatory, and UVB protective
effects [12,13].

Ishige okamurae is one of the most common edible brown algae. It is widely dis-
tributed in the coastal areas of East Asia and contains abundant polyphenols, fucoxanthin,
diphlorethohydroxycarmalol, and ishigoside bioactive compounds [7,14,15]. Many activi-
ties of I. okamurae have been investigated. For instance, the ethanolic extract of I. okamurae
was effective against particulate matter-induced skin damage and produced antibacterial
effects. In addition, the protective effects of the methanolic extract of I. okamurae against
inflammatory myopathy as well as its anti-obesity, antioxidant, and anticancer activities
have been reported [11,15–17]. Although there are many studies on I. okamurae, there is little
information available on the cosmeceutical effects of I. okamurae, especially the Celluclast
extract. A variety of extraction technologies are widely used, such as enzyme-assisted
extraction, ultra-high-pressure extraction, microwave-assisted extraction technology, and
supercritical fluid extraction. Compared with organic and water extraction, enzymatic
extraction has a high catalytic efficiency and is more conducive to destroying the cell
walls, which can not only improve the extraction yield but also show better biological
activity, which is suitable for algae extraction [18,19]. In addition, enzyme-assisted extrac-
tion technology has mild reaction conditions and is safe. Compared with microwave and
ultra-high-pressure extraction technologies, it has low equipment requirements, simple
operation, is solvent-free, and has a moderate cost, so it is more suitable for food and
cosmetic industrial production.

To this end, in the present study, Celluclast, a food-grade carbohydrase, was used
to hydrolyze I. okamurae, and cosmeceutical effects of the I. okamurae Celluclast extract
(IOC) were evaluated. Specifically, combining chemical technology, zebrafish, and cellular-
level research, the antioxidant, anti-inflammatory, anti-wrinkle, and photoprotective ac-
tivities of the IOC were evaluated to expand the applications of this brown alga in the
cosmetic industry.

2. Materials and Methods

2.1. Materials

The collagenase from clostridium histolyticum, elastase from porcine pancreas,
hyaluronidase, 2′,7′-dichlorodihydroflurescin diacetate (DCFH-DA), acridine orange, 3-
(4-5-dimethyl-2yl)-2-5-diphynyltetrasolium bromide (MTT), dimethyl sulfoxide (DMSO),
phosphate-buffered saline (PBS), standard gallic acid, 2,2′-azino-bis(3-ethylbenzothiazoline-
6-sulphonic acid) (ABTS), H2O2, and the Human matrix metalloproteinases (MMP)-1,
2, 9 Enzyme-Linked Immunosorbent Assay (ELISA) kit were purchased from Sigma Co.
(St. Louis, MO, USA). Penicillium/streptomycin (P/S), Dulbecco’s modified Eagle’s medium
(DMEM), Roswell Park Memorial Institute-1640 (RPMI-1640) medium, trypsin-EDTA, and
fetal bovine serum (FBS) were purchased from Gibco BRL (Life Technologies, Burlington,
ON, Canada). The PGE2 kit used in the experiments was purchased from R&D Systems
(Minneapolis, MN, USA). Anti-heme oxygenase 1 (HO-1), anti-superoxide dismutase 1
(SOD1), and anti-nuclear factor-erythroid 2-related factor-2 (Nrf2) antibodies were pur-
chased from Cell Signaling Technology (Beverly, MA, USA). Kelch-like ECH-associated
protein 1 (keap1) and β-actin antibody were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). All other chemicals used in this study were of analytical grade.

2.2. Sample Extraction

I. okamurae was harvested in April 2020 from Seongsan, Jeju Island, Republic of Korea.
Following immersion in water for 24 h, the algae were washed three times with tap water to
remove salt, sand, and debris. The algae were then freeze-dried and crushed. Lyophilized
I. okamurae powder (100 g) was mixed with distilled water (1 L) at pH 4.5. Next, the mixture
was extracted using Celluclast (1 g) in a continuous shaking incubator for 6 h at 50 ◦C.
Subsequently, the enzyme was inactivated (100 ◦C) for 15 min. The pH of the extract
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was adjusted to 7.0, and the supernatant was separated using centrifugation (12,000× g,
15 min, 4 ◦C). The supernatant was then concentrated by evaporation and stored in a
−80 ◦C deep freezer before freeze-drying. IOC powder was obtained by freeze-drying the
mentioned supernatant.

2.3. Chemical Composition Analysis

Protein content was quantified using a commercial BCA protein assay kit (Thermo
Scientific, Rockford, IL, USA). Sulfate content was analyzed using the BaCl2 gelatin method.
The samples were hydrolyzed using 4 M trifluoroacetic acid for 5 h at 100 ◦C [20]. Gallic acid
and glucose were used as the standards to evaluate the total phenolic and polysaccharide
content, respectively [21,22]. The monosaccharide content of samples was determined using
the Bio-LC (HPAEC-PAD system; Dionex, Sunnyvale, CA, USA) with the CarboPacTM
PA1 column following pretreatment with 2 M trifluoroacetic acid. The samples were
detected with the ED50 Dionex electrochemical detector using a standard containing fucose,
arabinose, galactose, rhamnose, glucose, xylose, and fructose.

2.4. Radical Scavenging Assay

The radical scavenging activity was investigated using a previously published
method [23]. In brief, ABTS (7 mM) and potassium persulfate (2.45 mM) were reacted in
the dark for 12 h at 25 ◦C to generate the radicals. The ABTS and sample solutions were
mixed and provided 10 min of incubation in the dark. The radical scavenging activity of
the samples was evaluated at 734 nm.

2.5. Measurement of Enzyme Inhibitory Effects of IOC
2.5.1. Collagenase Inhibitory Effect Assay

The collagenase inhibitory activity was estimated using 1 mg of Azocoll with 800 μL
of 0.1 M Tris–HCl buffer (pH 7.0). An amount of 100 μL of 200 units·mL−1 of collagenase
and 100 μL of the sample were added with 1 h incubation at 43 ◦C. Following incubation,
the mixture was centrifuged (3000 rpm, 10 min) and the supernatant was measured at
540 nm [24].

2.5.2. Elastase Inhibitory Effect Assay

The elastase inhibitory activity was estimated according to the previous method [25].
In brief, elastase was treated with a mixture of the sample and 1.015 mM N-succinyl-ala-
ala-ala-ala-p-nitroanilide, and 10 min of incubation was provided at 25 ◦C. The microplate
reader (BioTek Synergy HT, BioTek Instrument, Winooski, UT, USA) was utilized to measure
the absorbance at 410 nm.

2.5.3. Hyaluronidase (HAase) Inhibitory Assay

The HAase inhibitory activity was estimated following the previous method with
slight modifications [26]. Briefly, the sample was mixed with HAase (10 mg·mL−1) dis-
solved in acetate buffer (pH 3.5) at a 1:1 ratio and provided 20 min of incubation at 37 ◦C.
A further 20 min of incubation was provided with CaCl2 (12.5 mM). Then, hyaluronate
was treated as a substrate and provided another 40 min of incubation. Finally, the mixture
solution was incubated at 100 ◦C for 3 min after treating NaOH (0.4 N) and potassium
tetraborate (0.4 M), and 180 μL of p-dimethylaminobenzaldehyde was added at 25 ◦C. The
microplate reader (BioTek Synergy HT) was utilized to measure the absorbance at 540 nm.

2.6. Cell Viability Analysis

RAW 264.7, Monkey kidney fibroblasts (Vero), and human keratinocyte (HaCaT) cell
lines were purchased from the Korean Cell Line Bank (KCLB, Seoul, Republic of Korea).
Vero cells were maintained in RPMI-1640, and RAW 264.7 and HaCaT cells were cultured
in DMEM under a controlled environment (37 ◦C, 5% CO2). All media contained 1% antibi-
otics and 10% fetal bovine serum. All cells were seeded at the density of 1 × 105 cells·mL−1
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in 96-well plates and cultured for 24 h. The cells were treated with varying concentrations
of IOC (3.125, 6.25, 12.5, 25, 50, 100, and 200 μg·mL−1) and cell viability was evaluated
using the MTT assay.

2.7. Effect of the IOC on H2O2-Induced Intracellular ROS Production and Cell Viability

After 24 h of Vero cells seeding, different concentrations of the IOC (3.125–200 μg·mL−1)
were treated, incubated for 24 h, and then co-treated with hydrogen peroxide (600 μM). The
cytoprotective effect of the IOC against H2O2-induced cell damage was assessed using cell
viability. Cells were incubated with H2O2 for 1 h, and then 10 μL of DCFH-DA (25 μg·mL−1)
was added and incubated for another 10 min. Excitation at 485 nm and emission at 530 nm
were measured using a microplate reader (BioTek Synergy HT) [27].

2.8. Effect of the IOC NO and PGE2 Generation on Lipopolysaccharide (LPS)-Induced RAW
264.7 Macrophages

To evaluate the anti-inflammatory effect of the IOC, RAW 264.7 cells were treated with
IOC for 1 h, following co-treatment with 1 μg·mL−1 of LPS for 23 h. Cell viability was
assessed using the MTT assay. The supernatant was collected. NO and PGE2 production
were analyzed using the Griess reagent and commercial ELISA kit, respectively [25].

2.9. Cytoprotective Activity of the IOC on UVB-Induced HaCaT Cells

A UVB meter containing a fluorescent bulb (wavelength 315–280 nm, peak 313 nm)
was used to irradiate (30 mJ·cm−2) HaCaT cells to induce photodamage. Serum-free
DMEM medium was used for the incubation of cells until analysis. The effect of the
IOC (3.125–200 μg·mL−1) on UVB-induced photodamage was determined based on the
measurement of intracellular ROS levels, apoptotic body formation, and UVB-irradiated
HaCaT cell viability using the DCFH-DA assay, Hoechst 33342 staining, and MTT assay,
respectively [24,28,29].

2.10. Western Blotting

The effects of the IOC on the expression of SOD-1, Nrf2, keap1, and HO-1 were as-
sessed using Western blotting. IOC-treated and UVB-irradiated HaCaT cells were harvested
and lysed. The BCA protein assay was used to quantify protein content in the lysate and it
was subjected to 7.5% sodium dodecyl sulfate (SDS)–polyacrylamide gel electrophoresis
(PAGE). The proteins were transferred onto nitrocellulose membranes blocked with 5%
skim milk at 27 ◦C. Overnight incubation of membranes with primary antibodies at 4 ◦C
was performed following incubation with secondary antibodies (Santa Cruz Biotechnology,
Paso Robles, CA, USA) for 2 h at room temperature. Bands were detected using an ECL
Western blotting detection kit and photographed using the FUSION SOLO Vilber Lourmat
system (Paris, France).

2.11. Determination of Metalloproteinase (MMPs) Expression Levels Using ELISA

HaCaT cells were incubated with the IOC (50, 100, and 200 μg·mL−1) for 2 h and
washed with PBS before UVB irradiation (30 mJ·cm−2). Following UVB irradiation, the
cells were incubated with serum-free DMEM for 24 h. Culture media were collected, and
MMP expression levels were quantified using a commercial ELISA kit according to the
manufacturer’s instructions.

2.12. Origin and Maintenance of Zebrafish

Adult zebrafish were purchased from the commercial market (Jeju Aquarium, Republic
of Korea). The zebrafish were separately maintained in 3 L tanks under a 14 h light/10 h
dark cycle at 28.5 ◦C and fed twice daily (Tetra GmgH D-49304, Melle, Germany). In the
morning, embryos were obtained from natural spawning through the breeding of two
males and one female.
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2.13. Measurement of Heart Beating Rate, Survival Rate, ROS Generation, and Cell Death in
Zebrafish Embryos

The protective effect of IOC against H2O2 was investigated using approximately 7–9 h
post-fertilization (hpf) embryos by treating IOC (50, 100, and 200 μg·mL−1); controls were
untreated. Following treatment for 1 h, the embryos were stimulated with H2O2 (5 mM),
and the plate was incubated for 3 dpf. The survival rate and heart beating rate were counted
according to the previously optimized method [30]. Acridine orange and DCFH-DA were
utilized to evaluate the cell death and intracellular ROS generation, respectively [31].
Zebrafish larvae were photographed using a fluorescence microscope (CoolSNAP-Pro
Color Digital Camera; Olympus, Japan) and the fluorescence intensity was quantified using
ImageJ software (version 1.50i, NIH, USA).

2.14. Statistical Analysis

The data were analyzed using one-way ANOVA and Dunnett’s multiple comparisons
test by GraphPad Prism 8 (GraphPad Software, Inc., San Diego, CA, USA). All the exper-
iments were repeated in triplicate. All data are expressed as the mean values with the
standard error of the mean (SEM). p < 0.05 was considered significantly different.

3. Results

3.1. Chemical Composition of IOC

Chemical composition was investigated after I. okamurae was hydrolyzed using Cellu-
calst. As shown in Table 1, the IOC contained 5.32 ± 0.43% protein, 3.82 ± 0.31% phenolics,
4.14 ± 0.12% sulfates, and 44.33 ± 0.65% polysaccharides. Overall, the IOC contained
48.47% sulfated polysaccharides. Furthermore, the monosaccharide content of the IOC was
determined. The IOC contained 43.50% fucose, 36.39% glucose, 7.96% galactose, 11.74%
xylose, 0.17% rhamnose, and 0.25% arabinose.

Table 1. Chemical composition of IOC obtained from I. okamurae.

Sample IOC

Protein content% 5.32 ± 0.43
Phenolic content% 3.82 ± 0.31
Sulfate content% 4.14 ± 0.12

Polysaccharide content% 44.33 ± 0.65
Sulfated polysaccharide% 48.47

Monosaccharide %

Fucose 43.50
Glucose 36.39

Galactose 7.96
Xylose 11.74

Rhamnose 0.17
Arabinose 0.25

3.2. Enzyme Inhibitory Effects of the IOC

The inhibitory effects of the IOC on commercial collagenase, elastase, and HAase
were examined, and the results are presented in Figure 1. The IOC significantly and dose-
dependently increased collagenase and HAase inhibitory rates. The elastase inhibition
rate did not differ among the concentration groups but was significantly increased relative
to that in the control sample. At the IOC concentrations of 25, 50, and 100 μg·mL−1, the
inhibitory rates were 18.01%, 34.11%, and 55.62% against collagenase; 18.85%, 23.20%, and
23.43% against elastase; 1.83%, 13.56%, and 40.23% against HAase, respectively. Therefore,
the IOC may produce anti-wrinkle effects through the inhibition of collagenase, elastase,
and HAase.

182



Antioxidants 2022, 11, 2442

Figure 1. IOC inhibits commercial collagenase, elastase, and hyaluronidase: (a) collagenase inhibitory
activity of IOC; (b) elastase inhibitory activity of IOC; (c) hyaluronidase inhibitory activity of IOC.
All experiments were triplicated, and data are expressed as the mean ± SEM. * p < 0.05, ** p < 0.01,
*** p < 0.001, and **** p < 0.0001 as compared to control group.

3.3. Antioxidant Effect of the IOC
3.3.1. Free Radical Scavenging Activities of IOC

The free radical scavenging activity of the IOC was assessed using the ABTS assay.
The activity of the IOC against ABTS radical cations was measured using concentrations
ranging between 25 and 100 μg·mL−1. The percent radical scavenging activity at different
concentrations of the extract is shown in Figure 2a. Significant scavenging activity was
noted at 50 and 100 μg·mL−1 concentrations compared with the control value. In particular,
the ABTS radical scavenging activity exceeded 96% at the concentration of 100 μg·mL−1.

3.3.2. Effect of IOC on H2O2-Induced Intracellular ROS Generation and Cytotoxicity in
Vero Cells

Chemical methods revealed that the IOC possesses antioxidant and anti-wrinkle activ-
ities. To further detect IOC activities, in vitro experiments were performed, and the sample
concentration range was expanded. Specifically, seven concentrations (3.125–200 μg·mL−1)
were tested to determine cytotoxicity. Cell viability did not differ significantly among the
different concentrations. Hence, these concentrations (3.125–200 μg·mL−1) were used in
further experiments. The intracellular ROS levels and viability of Vero cells following H2O2
stimulation are shown in Figure 2. There were no significant differences in intracellular
ROS levels and cell viability between the 3.125 and 6.25 μg·mL−1 concentration groups;
however, 12.5 to 200 μg·mL−1 concentration groups significantly differed from the control
group and the significance of differences was dose-dependent. ROS generation tended
to decrease (Figure 2b), whereas cell viability tended to increase in 12.5–200 μg·mL−1

concentration groups compared with values in the control group (Figure 2c).
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Figure 2. (a) ABTS free radical scavenging activity of IOC; (b) the intracellular ROS scavenging effect
of IOC during H2O2 stimulated oxidative stress in Vero cells; (c) the protective effect of IOC against
H2O2 stimulated cell death in Vero cells. All experiments were triplicated, and data are expressed
as the mean ± SEM. In ABTS radical scavenging activity results: * p < 0.05 and **** p < 0.0001 as
compared to control group. In intracellular ROS level and cell viability results: * p < 0.05, ** p < 0.01,
*** p < 0.001, and **** p < 0.0001 as compared to the H2O2-treated group, and #### p < 0.0001 as
compared to the control group.

3.4. Effect of the IOC on NO and PGE2 Production in LPS-Induced RAW 264.7 Cells

To evaluate the anti-inflammatory effects of the IOC, we assessed the suppression
of NO and PGE2 production in LPS-induced RAW 264.7 macrophages. We selected the
concentration of 3.125–200 μg·mL−1 based on its non-cytotoxicity to macrophages (data not
shown). As shown in Figure 3, when cells were exposed to LPS, NO and PGE2 production
was significantly increased but cell viability was reduced compared with the control values.
NO secretion was downregulated following IOC pretreatment in a dose-dependent manner,
and cell viability increased significantly following treatment with 50, 100, and 200 μg·mL−1

of the IOC. In addition, the IOC (25, 50, 100, and 200 μg·mL−1) inhibited LPS-induced
PGE2 production in RAW 264.7 cells.
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Figure 3. Effect of IOC on LPS-induced NO and PGE2 release by RAW 264.7 cells. (a) NO production
inhibitory effect of IOC; (b) cytoprotective; (c) the level of PGE2. All experiments were triplicated,
and data are expressed as the mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 as
compared to the LPS-treated group; ## p < 0.01 and #### p < 0.0001 as compared to the control group.

3.5. Effects of the IOC on Intracellular ROS Levels and Cell Viability in UVB-Induced
HaCaT Cells

According to the cytotoxicity results, there were no significant differences in cell
viability among 3.125 to 200 μg·mL−1 concentration groups, confirming that the IOC was
non-toxic to HaCaT cells in this range (data not shown); thus, concentration ranges were
selected for subsequent experiments. As shown in Figure 4a, UVB exposure increased
intracellular ROS levels. However, treatment with the IOC reversed this effect in a dose-
dependent manner. The cell viability of UVB-induced HaCaT cells was drastically reduced.
However, this effect was restored following treatment with 100 and 200 μg·mL−1 of the
IOC (Figure 4b).
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Figure 4. IOC inhibits intracellular ROS levels in UVB-irradiated HaCaT cells. (a) Intracellular ROS
scavenging effect of IOC in UVB-induced HaCaT cells; (b) protective effects of IOC against UVB-
irradiated HaCaT cells damage. All experiments were triplicated, and data are expressed as the
mean ± SEM. * p < 0.05, ** p < 0.01, and **** p < 0.0001 as compared to the UVB-irradiated group, and
### p < 0.001 as compared to the control group.

3.6. Effect of the IOC against UVB-Induced Apoptosis

Based on the above experimental results, higher concentrations of the IOC were found
to present stronger activity, especially the concentrations from 50 to 200 μg·mL−1, which
were significantly different from the other groups. Therefore, a concentration range of
50–200 μg·mL−1 was selected for subsequent experiments to verify the activity of the IOC.
Figure 5 shows the protective effects of the IOC against UVB-induced apoptosis. Cells in
the control group, which were untreated and not exposed to UVB, contained intact nuclei,
whereas cells in the negative control group, which were untreated but exposed to UVB,
showed significantly fragmented nuclei. However, nuclear fragmentation was reduced
in the IOC treatment groups, especially in the 100 μg·mL−1 and 200 μg·mL−1 treatment
groups. Therefore, the IOC suppresses apoptosis following UVB irradiation, protecting the
HaCaT cells from UVB-induced photodamage.

 

Figure 5. The protective effects of IOC against UVB-induced apoptosis in HaCaT cells. (a) Non-UVB-
irradiated cells; (b) 30 mJ·cm−2 UVB-irradiated cells; (c) cells treated with 50 μg·mL−1 of IOC and
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UVB; (d) cells treated with 100 μg·mL−1 of IOC and UVB; (e) cells treated with 200 μg·mL−1 of IOC
and UVB; (f) quantification of apoptotic cells. ** p < 0.01 as compared to the UVB-irradiated group
and ### p < 0.001 as compared to the control group.

3.7. Effect of the IOC on UVB-Induced Antioxidant Enzyme Expression through Nrf2 Activation
in HaCaT Cells

The Nrf2–Keap1 pathway plays pivotal roles in regulating the induction of antioxidant
enzymes. To evaluate the effects of the IOC on UVB-irradiation-induced antioxidant
enzyme expression, Western blotting was performed to analyze protein levels. Nrf2, SOD-1,
and HO-1 expression was significantly inhibited following UVB irradiation. However, co-
treatment with the IOC significantly restored the expression of these antioxidant enzymes
in a dose-dependent manner (Figure 6a,b). Treatment with the IOC activated the Nrf2–
Keap1 pathway, enhanced Nrf2 expression, and suppressed Keap1 expression. While UVB
irradiation upregulated Keap1 expression, high concentrations of IOC downregulated it
(Figure 6a). Therefore, the IOC inhibited intracellular ROS generation by promoting the
activation of Nrf2 and inducing the expression of antioxidant enzymes, such as SOD-1
and HO-1.

Figure 6. Effect of IOC on antioxidant-related protein in UVB-irradiated HaCaT cells. (a) Protein
levels of Nrf2 and Keap1; (b) protein levels of SOD-1 and HO-1. β-actin was used as internal control.
Quantification was assisted with the ImageJ software. Results are represented as mean ± SEM.
* p < 0.05 and **** p < 0.0001 as compared to the UVB-irradiated group; ### p < 0.001 and #### p < 0.0001
as compared to the control group.
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3.8. Effects of IOC on MMPs Expression in UVB-Induced HaCaT Cells

Collagen acts as an important structural support system providing strength and elas-
ticity to the skin. UVB exposure activates MMPs secretion, leading to collagen degradation,
which is a hallmark of skin aging [32]. As shown in Figure 7, UVB irradiation significantly
increased MMP1, 2, and 9 secretion, However, MMPs’ expression decreased in a dose-
dependent manner in IOC-pretreated HaCaT cells. Therefore, the IOC inhibited MMPs
expression, thereby playing an anti-wrinkle role, which is important to prevent photoaging.

Figure 7. IOC reduces MMPs expression in UVB-irradiated HaCaT cells. (a) MMP-1 expression
level in UVB-irradiated HaCaT cells; (b) MMP-2 expression level in UVB-irradiated HaCaT cells;
(c) MMP-9 expression level in UVB-irradiated HaCaT cells. All experiments were triplicated, and
data are expressed as the mean ± SEM. * p < 0.05, ** p < 0.01, and *** p < 0.001 as compared to the
UVB-irradiated group; # p < 0.05 and ## p < 0.01 as compared to the control group.

3.9. Effects of the IOC on H2O2-Induced Oxidative Stress in Zebrafish

A zebrafish embryonic model was used to determine the effect of the IOC on H2O2-
induced oxidative stress in vivo. The survival rate, heart beating rate, ROS generation, and
cell death of zebrafish embryos were investigated. Figure 8 illustrated that the intracellu-
lar ROS and cell death decreased in a dose-dependent manner following treatment with
the IOC. Additionally, compared with the control group, it was found that the survival
rate was significantly decreased when stimulated with H2O2. However, this survival
rate increased after treatment with 100 and 200 μg·mL−1 of the IOC. Furthermore, the
heart beating rate of zebrafish was decreased in a dose-dependent manner in IOC-treated
groups (50–200 μg·mL−1) compared with that in the H2O2-induced group. These obser-
vations confirmed that the IOC may produce protective effects against H2O2-induced
oxidative stress.
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Figure 8. IOC depresses H2O2-induced oxidative damage in vivo in zebrafish. (a) Survival rate;
(b) heart beating rate of both atrium and ventricle; (c) intracellular ROS generation; (d) cell death. All
experiments were triplicated, and data are expressed as the mean ± SEM. **** p < 0.0001 as compared
to the H2O2-induced group, ### p < 0.001 and #### p < 0.0001 as compared to the control group.

4. Discussion

Among many biological processes, inflammation, oxidation, and photodamage are
linked to one another. UVB radiation from the sun can activate complex biochemical
reactions that induce skin damage and aging. Simultaneously, excessive UVB irradiation
decreases cellular antioxidant levels, resulting in ROS accumulation [33]. When the ROS
concentration exceeds the basal level, cellular defenses against oxidative stress are weak-
ened, stimulating the expression of pro-inflammatory factors and MMPs, and leading to an
inflammatory response and accelerating skin aging [34,35].

I. okamurae is an edible brown alga belonging to the Ishige genus of the Ishigeaceae fam-
ily. I. okamurae contains a number of bioactive compounds and shows various bioactivities.
For instance, Kang et al. [11] reported that isophloroglucin A derived from I. okamurae shows
anti-obesity activity. Moreover, fucoxanthin has been reported to inhibit LPS-induced in-
flammatory responses in RAW 264.7 cells through the suppression of NF-kB activation and
MAPK phosphorylation [14]. However, the cosmeceutical effects of the sulfated polysaccha-
ride extract from I. okamurae remained to be assessed. Therefore, we used different cell lines
as well as in vitro and in vivo methods to explore the cosmeceutical effects of IOC from
multiple perspectives, such as anti-inflammatory, antioxidant, and photoprotective effects.

The IOC contains abundant sulfated polysaccharides (48.47%), fucose (43.50%), and
glucose (36.39%). The extraction of bioactive compounds from seaweeds is restricted by
the complexity of their cell wall polysaccharides. As Celluclast can degrade the seaweed
cell wall, enzyme-assisted extraction helps the release of biologically active substances
and contributes to increasing the content of polysaccharides and fucose in the extract [19].
As shown in Table 1, carbohydrates were concentrated during the precipitation process,
and high amounts of sulfated polysaccharides were confirmed, which contributed to
the cosmeceutical effects. Previous in vitro and in vivo studies have shown that sulfated
polysaccharide extracts from Hizikia fusiforme possess antioxidant, anti-inflammatory,
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and photoprotective activities [36]. Sanjeewa et al. [37] reported that fucoidan—a sulfated
polysaccharide isolated from Sargassum horneri—produced anti-inflammatory effects in
LPS-induced cells. Moreover, Kim et al. [38] demonstrated that polysaccharides isolated
from Psidium guajava exhibited antioxidant effects; simultaneously, fucose, galactose, and
rhamnose levels were increased in the sulfate polysaccharide fraction. Fucose, galactose,
rhamnose, and arabinose are associated with antioxidant activity. Organic free radicals,
such as DPPH, ABTS, and ORAC, are commonly used to assess antioxidant activity. There-
fore, in the present study, the antioxidant activity of the IOC was evaluated using the ABTS
assay. As expected, the IOC possessed potent free radical scavenging activity, particularly
at the concentration of 100 μg·mL−1. The balance between enzymatic antioxidants and free
radicals is important for effective intracellular oxidative stress relief. In the present study,
a significant and dose-dependent decline in intracellular ROS levels was noted following
IOC treatment. Oxidative stress affects cell viability. Abundant fucose in the IOC implies
greater antioxidant potential; accordingly, increasing the IOC concentration produced a
protective effect against H2O2-stimulated cell death in Vero cells.

Inflammation is a necessary component of physiological defense processes and is
a response to cellular damage caused by oxidative stress, radiation (e.g., UV radiation),
and endotoxins (e.g., LPSs) [6]. LPS, a crucial cell wall component of Gram-negative
bacteria, induces an inflammatory response in macrophages, promoting the production of
inflammatory mediators, such as NO, TNF-α, PGE2, IL-6, and IL-1β [29]. Simultaneously,
increased NO production promotes ROS generation, which, in turn, induces apoptosis.
Oxidative stress and inflammatory responses are interrelated. Macrophage production
of PGE2 and proinflammatory cytokines plays key roles in the inflammatory process. To
confirm the cytotoxicity and anti-inflammatory activity of the IOC, the viability of LPS-
induced RAW 264.7 macrophages and inhibition of the production of NO and PGE2, which
are inflammatory response indicators, were confirmed. At all concentrations, the IOC
suppressed NO secretion in LPS-stimulated RAW 264.7 cells, and PGE2 levels decreased
significantly in a dose-dependent manner with increasing IOC concentrations. Similarly,
Sanjeewa et al. [37] showed that fucoidan—a complex sulfated polysaccharide isolated
from Sargassum horneri—exhibits potent anti-inflammatory activity by blocking the MAPK
and NF-kB signaling pathways. In addition, Jayawardena et al. [39] demonstrated that the
anti-inflammatory potential of fucoidan extracted from the brown alga Turbinaria ornata
was assisted by enzymatic hydrolysis in both in vivo and in vitro models.

UV radiation can cause photodamage, wrinkles, and skin diseases by inducing exces-
sive production of intracellular ROS and stimulating the expression of matrix MMPs and
pro-inflammatory cytokines [34,40]. Natural aging and photoaging are the major causes of
skin aging, manifesting as dryness, hyperpigmentation, laxity, and wrinkles [41]. Addition-
ally, UV-radiation-mediated ROS production has been shown to promote the expression of
specific genes involved in signaling pathways, resulting in various physiological effects,
such as inflammatory responses. Increased ROS and H2O2 concentrations activate the NF-
κB pathway, thereby increasing PGE2 and cytokine levels [6,35]. Therefore, we examined
the inhibitory effects of the IOC on wrinkling-related enzymes. The increased activity of
skin enzymes, such as collagenase, elastase, and HAase, leads to the proteolysis of the
extracellular matrix (ECM). Furthermore, upregulated expression of MMPs, particularly
MMP-2 and MMP-9, can lead to ECM degradation. Another important collagenase is
MMP-1, which mainly degrades type I and type III collagen [36]. Chronic UV exposure
denatures collagen and enzymes in the dermis, and elastin and collagen degradation results
in the loss of skin elasticity and reduction in skin thickness, respectively. These are the
major reasons for skin aging and wrinkling [24,42,43]. Our results showed that the IOC
produced inhibitory effects on collagenase, elastase, and HAase and dose-dependently
downregulated the expression of MMP-1, MMP-2, and MMP-9. Therefore, the IOC may act
as a potential anti-wrinkle agent by interrupting the degradation of these skin enzymes
under UV exposure. HaCaT cells, which are immortalized human keratinocytes, are widely
used to study epidermal homeostasis. Therefore, we investigated the photoprotective
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activity of the IOC following UVB stimulation of HaCaT cells. The protective effects of the
IOC against UVB irradiation were observed through cell viability assays. Our experiments
revealed strong photoprotective activity of the IOC. As such, IOC treatment delayed skin
aging by downregulating ROS production and protecting against nuclear fragmentation in
UVB-stimulated HaCaT cells.

Nearly 80% of ROS production is induced by UV radiation. Therefore, antioxidant
substances are critical for inhibiting oxidative damage and protecting the skin from pho-
todamage. Activation of the Nrf2–Keap1 signaling pathway maintains high levels of
antioxidant enzymes, such as SOD-1 and HO-1, which play pivotal roles in protection
against photoaging [44]. The IOC significantly enhanced the levels of SOD-1 and HO-
1 antioxidants through upregulating Nrf2 expression and significantly downregulating
Keap1 expression. Therefore, the IOC produced protective effects against UVB-induced
oxidative damage and apoptosis in HaCaT cells, primarily through the activation of the
Nrf2 signaling pathway. In a similar study, Oh et al. [45] showed that 3,5-dicaffeoyl-epi-
quinic acid reduced oxidative stress and prevented photoaging through upregulation of
the antioxidant enzyme transcription factor Nrf2. These results imply that the IOC can
serve as an effective skin protective ingredient in cosmetics.

ROS plays a significant role in oxidative stress, causing the breakdown of DNA,
proteins, cell membranes, and other constituents. The accumulation of molecular damage
leads to apoptosis, necrosis, and death. H2O2 is associated with the formation of hydroxyl
and singlet oxygen radicals, which can stimulate intracellular ROS production and cause
cell damage and senescence [46,47]. As a result, antioxidative substances are critical for
preventing oxidative stress. Antioxidants in cosmeceuticals play critical roles in suppressing
and inhibiting oxidative damage reactions. Therefore, the in vivo antioxidant effects of the
IOC were investigated in a zebrafish embryo model. Because of their suitability for studying
human disease processes and development, zebrafish are considered a painless in vitro
alternative, becoming one of the most widely used vertebrate models [48]. Following H2O2
stimulation, excess intracellular ROS are generated, leading to cell death. A dose-dependent
reduction in ROS levels and remarkably reduced cell death rate were observed in zebrafish
following treatment with the IOC. The survival rate of H2O2-stimulated zebrafish was
significantly decreased; however, the rate increased following co-treatment with IOC. In
addition, H2O2 stimulation caused heartbeat disorder in zebrafish; however, co-treatment
with IOC effectively downregulated the heart rate of zebrafish. In summary, our in vitro and
in vivo results indicate that the IOC possesses potent anti-inflammatory and antioxidant
activities and presents photoprotective potential.

5. Conclusions

We investigated the effect of sulfated polysaccharides from Celluclast-assisted extract
of the brown seaweed I. okamurae as a source of natural cosmetic ingredients. IOC pro-
duced protective effects against H2O2-induced oxidative stress both in vitro (Vero cells)
and in vivo (zebrafish). Furthermore, IOC produced anti-inflammatory effects in RAW
264.7 macrophages, and IOC exhibited antioxidant, anti-wrinkle, and photoprotective
effects by suppressing UVB-induced oxidative stress, activating the Nrf2–Keap1 signaling
pathway, and reducing MMPs expression in HaCaT cells. Therefore, the IOC may be used
as an effective ingredient in the functional food and cosmetic industries.
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Abstract: The fishery industry generates large amounts of waste (20–75% (w/w) of the total caught
fish weight). The recovery of bioactive compounds from residues and their incorporation in cosmetics
represents a promising market opportunity and may contribute to a sustainable valorisation of the
sector. In this work, protein-rich extracts obtained by high-pressure technologies (supercritical CO2

and subcritical water) from sardine (Sardina pilchardus) waste and codfish (Gadus morhua) frames were
characterized regarding their cosmeceutical potential. Antioxidant, anti-inflammatory and antibacterial
activities were evaluated through chemical (ORAC assay), enzymatic (inhibition of elastase and tyrosi-
nase), antimicrobial susceptibility (Klebsiella pneumoniae, Staphylococcus aureus and Cutibacterium acnes)
and cell-based (in keratinocytes-HaCaT) assays. Sardine extracts presented the highest antibacterial
activity, and the extract obtained using higher extraction temperatures (250 ◦C) and without the defatting
step demonstrated the lowest minimum inhibitory concentration (MIC) values (1.17; 4.6; 0.59 mg/mL
for K. pneumoniae, S. aureus and C. acnes, respectively). Codfish samples extracted at lower temperatures
(90 ◦C) were the most effective anti-inflammatory agents (a concentration of 0.75 mg/mL reduced IL-8
and IL-6 levels by 58% and 47%, respectively, relative to the positive control). Threonine, valine, leucine,
arginine and total protein content in the extracts were highlighted to present a high correlation with
the reported bioactivities (R2 ≥ 0.7). These results support the potential application of extracts obtained
from fishery industry wastes in cosmeceutical products with bioactive activities.

Keywords: fish waste streams valorisation; antioxidant activity; anti-inflammatory activity; antimicrobial
activity; anti-ageing; anti-hyperpigmentation; cosmeceuticals

1. Introduction

With the constant search for innovation, especially for active ingredients, the cosmetic
industry is growing and has demonstrated the intention to replace petroleum-derived
components moving forward toward natural compounds [1]. The antioxidant properties
of natural active ingredients can help in the prevention of several skin issues caused by
oxidative stress and ageing [2,3]. Skin ageing can be induced by both intrinsic (such
as inflammation or telomere shortening) and extrinsic (environmental) factors [4]. Skin
ageing leads to the loss of mature collagen and alterations at the extracellular matrix (ECM)
which compromises the barrier function, resulting in a dry appearance and susceptibility
to external aggressors, increasing the risk for skin disorders [5]. This process can be
accelerated by several enzymes, such as elastases, matrix metalloproteinases (MMPs) and
hyaluronidases that can induce ECM degradation [6], or even by the accumulation of
excessive reactive oxygen species (ROS) that can compromise the normal cell function [7].
Environmental factors, such as exposure to UV radiation, leads to the generation of high
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quantities of ROS that induces the same molecular and cellular responses as intrinsic ageing,
but with amplified effects. Importantly, ROS can intensify the activity of enzymes related
to skin ageing or skin pigmentation processes [8,9], and thus the presence of antioxidants
can play an important role in the cosmetic field.

In 2018, world fish consumption was estimated by FAO to stand at 20.5 kg per
capita [10], which leads to large quantities of by-products, mostly skin and bones. The
generated residues correspond to 20–75% (w/w) of the total caught fish weight, poten-
tially leading to environmental problems [11,12]. However, these residues still contain a
significant amount of lipids, proteins, and minerals and should be adequately valorised.
In recent years, extracts derived from waste generated by the fish industry have shown
bioactive properties such as antihypertensive, antioxidative, antimicrobial, neuroprotective,
antihyperglycemic, anti-ageing, and anti-inflammatory [13–19]. Atlantic codfish (Gadus
morhua) and sardine (Sardina pilchardus) are among the most consumed fish in Portugal and
extracts derived from its residues have shown promising nutraceutical potential, such as
antioxidant, antiproliferative or anti-inflammatory activities [11,20–22]. However, since the
exploitation and valorisation of fish industry wastes is still in an early stage, there is plenty
of room to explore opportunities for the industry to convert this waste into high-value
market bioproducts, including cosmetic ingredients.

In a previous work, we explored the use of high-pressure technologies (supercritical CO2
and subcritical water), to isolate bioactive fractions from sardine waste and codfish frames with
promising health benefits [11,22]. For sardine wastes, we demonstrated that by applying a
first step with supercritical carbon (ScCO2) (to remove lipid fraction) followed by an extraction
process with subcritical water (SW) it was possible to obtain protein hydrolysates with high
antioxidant potential and antiproliferative effect in colorectal cancer cells [22]. Subcritical
water extraction/hydrolysis were also applied to obtain proteins-, peptides- and amino acid-
enriched extracts from codfish frames and we showed that lower processing temperatures
(90 ◦C) favour the extraction of compounds with anti-inflammatory potential in a human
intestinal epithelial cell model [11]. Most of the proteins present in codfish frames extracts
were collagen and collagen fragments. Other compounds include minor quantities of lipids,
ash and some sugars. Sardine extracts were rich in peptides and amino acids, and lipids,
ash and sugars were also present. Since fish-derived proteins and peptides may become an
important resource for cosmetic industries, the present study aims to further evaluate the
bioactive potential of these extracts derived from fish-processing wastes and by-products
focused on the assessment of their cosmeceutical potential [23]. For this purpose, a range
of chemical, enzymatic, and cell-based assays were applied to explore the antioxidant, anti-
ageing, anti-hyperpigmentation, anti-inflammatory, and antimicrobial effects of the extracted
samples. Correlation studies were also performed to identify the main bioactive constituents
with cosmeceutical potential.

2. Materials and Methods

2.1. Reagents

3,4-dihydroxy-l-phenylalanine (L-DOPA), mushroom tyrosinase, porcine pancreatic
elastase (PPE) type III, N-succinyl-Ala-Ala-Ala-p-nitroanilide (AAAPVN), Tris (2-amino-
2-hydroxymethyl-propane-1,3-diol), 2,2′-azobis (2-methylpropionamidine)dihydrochlo-
ride (AAPH), and 2′,7′-dichlorofluorescein diacetate (DCFH-DA) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Calcium-adjusted Mueller Hinton broth (CAMHB)
was purchased from BD (Sparks, MD, USA). Brain-heart infusion (BHI) was purchased
from Avantor (Radnor, PA, USA). AnaeroGen™ Compact sachets were purchased from
Oxoid (Hampshire, UK). PrestoBlue™, Dulbecco’s Modified Eagle Medium (DMEM), heat-
inactivated Fetal Bovine Serum (FBS) and Penicillin-Streptomycin were obtained from
Invitrogen (San Diego, CA, USA). Human immortalized non-tumorigenic keratinocyte cell
line HaCaT was obtained from Cell Line Service (Eppelheim, Germany). Human IL-8 and
IL-6 Mini TMB ELISA Development Kits were obtained from Peprotech (London, UK).
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All other reagents and solvents used in the present study were of analytical grade and
purchased from available suppliers.

2.2. Samples

The extracts used in this work were the ones developed in our previous studies focused
on process optimization [11,22]. Briefly, codfish frames were supplied by Pascoal and Filhos
S.A. (Gafanha da Nazaré, Portugal) and consisted of fish backbone and adhered muscle.
Sardine waste, made of heads, spines and viscera, was supplied by Conservas A Poveira
S.A. (Póvoa de Varzim, Portugal). The proximate composition of the raw materials used
have been presented in our earlier works [11,22]. Protein (47 wt %) and ash (39 wt %) were
the major components of codfish frames, with small quantity of lipids and carbohydrates
(2 wt % and 0.3 wt %, respectively). Collagen is found to be the major protein in codfish
frames, and in this case, it accounts for ca. 65% of the total protein content of original waste.
In contrast, sardine is an oily fish, thus its waste is much richer in lipids than codfish frames.
Sardine wastes showed a lipid content of 26 wt % and a protein content of 52 wt %, the rest
being ash (17 wt %) and carbohydrates (3 wt %).

The extracts from codfish frames (Cf1, Cf2, Cf3 and Cf4) and sardine wastes (S1, S2
and S3) selected for this work were obtained by high pressure technology in a lab-scale
apparatus as previously described [11,22,24] using the conditions summarized in Table 1.
Briefly, 60 g of ground codfish frames or sardine waste (defatted or non-defatted) were
loaded into a high-pressure reactor that was put inside an oven. The water pump was
switch on at desired flowrate (ca. 10 mL/min) and pressure was set to 100 bar. As soon as
pressure reached that value, the electrical oven was switch on, and the experiment started.
The different extracts were collected during 30 min at different temperatures (90–250 ◦C).
S1 and S3 extracts were obtained after a defatting process of the sardine waste by ScCO2
before SW extraction. Subcritical water extraction experiments were duplicated. For each
extract sample, 25 mL were taken in triplicate, lyophilized, and weighed to calculate the
corresponding extraction yield. Analytical data—protein content—are expressed as mean
± standard deviation (SD) of triplicates. The information regarding the characterization of
these extracts in terms of protein content, amino acid profile, major mineral compounds or
toxic and heavy metals is described in our previous works [11,22].

Table 1. Extraction process techniques and parameters used for each sample. Extraction yield and
protein content are expressed as mean ± standard deviation (SD).

Sample Defatting Conditions SW Extraction Conditions
Extraction Yield

(g/100 g Feed) [11,22]
Protein Content

(wt %) [11,22]

Cf1 - 90 ◦C, 100 bar 13.2 ± 0.5 81.6 ± 0.3
Cf2 - 140 ◦C, 100 bar 27.7 ± 0.5 93.6 ± 0.3
Cf3 - 190 ◦C, 100 bar 41.4 ± 0.5 95 ± 0.3
Cf4 - 250 ◦C, 100 bar 53.9 ± 0.5 84.4 ± 0.3
S1 ScCO2 (40 ◦C, 250 bar) 190 ◦C, 100 bar 45.7 ± 2.8 87.5 ± 2.7
S2 - 250 ◦C, 100 bar 58.5 ± 0.4 57.5 ± 1.8
S3 ScCO2 (40 ◦C, 250 bar) 250 ◦C, 100 bar 61.7 ± 2.0 85.2 ± 0.6

Cf1, Cf2, Cf3, Cf4—extracts from codfish frames; S1, S2, S3—extracts from sardine wastes.

Stock solutions of Cf1, Cf2, Cf3, Cf4, and S2 were prepared in Milli-Q H2O at a concen-
tration of 100 mg/mL. The other samples, namely S1 and S3, were dissolved in DMSO (300
and 550 mg/mL, respectively) due to their lower solubility in water. Samples were frozen and
kept at −20 ◦C until further use. For cellular assays, the samples were previously sterilized by
heat (121 ◦C, 15 min) in an autoclave (Tuttnauer 3870 el, Breda, Netherlands).

2.3. Oxygen Radical Absorbance Capacity (ORAC) Assay

ORAC assay was performed to evaluate the antioxidant capacity of the samples
towards peroxyl radicals (ROO•), following the method developed by Huang et al. [25],
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with some adjustments as reported previously [26]. Briefly, in a black 96-well microplate,
150 μL disodium fluorescein (0.3 μM) was added to 25 μL of sample dilutions and incubated
for 10 min at 37 ◦C. Afterwards, the reaction was initiated by the addition of 25 μL of 2,2′-
Azobis (2-amidinopropane) dihydrochloride (AAPH, 153 mM) and fluorescence (Ex/Em
485 ± 20/528 ± 20 nm) was measured for 40 min at 37 ◦C in a FLx800 fluorescence
microplate reader (FL800 Bio-Tek Instruments, Winooski, VT, USA). A standard curve
was prepared using 5, 10, 20, 30 and 40 μM of (6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid (Trolox)). All solutions were prepared in phosphate-buffered saline (PBS),
75 mM, pH 7.4. The results are expressed as micromoles of Trolox equivalent antioxidant
capacity per gram of extract (μ mol TEAC/g extract).

2.4. Enzymatic Assays
2.4.1. Elastase Inhibition Assay

This assay was based on the work of Wittenauer et al. [27] with some modifications as
described previously [6]. Elastase inhibitory activity is determined by a spectrophotometric
method using porcine pancreatic elastase (PPE) and N-succinyl-Ala-Ala-Ala-p-nitroanilide
(AAAPVN) as the enzyme-substrate, by monitoring the release of p-nitroaniline at 410 nm.
PPE was dissolved in 100 mM Tris (2-amino-2-hydroxymethyl-propane-1,3-diol)-HCl buffer
(pH = 8.0) to a concentration of 1 mg/mL and stored at 20 ◦C in aliquots. On the day of the
assay, an aliquot was taken and diluted in buffer to a concentration of 0.03 U/mL, 10 μL was
loaded in the wells of the microtiter plates together with 100 μL of the Tris-HCl buffer and
30 μL of each sample. After 20 min of pre-incubation at 25 ◦C, the reaction was initiated by
the addition of 40 μL of the substrate AAAPVN (0.55 mM). Absorbance was measured for
20 min after the addition of AAAPVN at a BioTek Instruments EPOCH 2 spectrophotometer
microplate reader. The calculations were made as described in Equation (1), where Acontrol
and Asample represent the absorbance at 410 nm in the absence or presence of the sample,
respectively. Since DMSO was used to dissolve samples S1 and S3, this solvent was also
tested and used as control for these samples. The potential of the extracts to inhibit elastase
was evaluated with increasing concentrations, to determine dose-dependent relations and
establish the half maximal inhibitory concentrations (IC50) values, indicating the capacity
of each sample in enzymatic activity inhibition to an extent of 50%.

%inhibition =

(
Acontrol − Asample

)

Acontrol
∗ 100 (1)

All results are expressed as IC50 mean value with the lower and upper limits of a 95%
confidence interval, obtained from at least three independent experiments.

2.4.2. Tyrosinase Inhibition Assay

The tyrosinase inhibitory potential of the extracts was evaluated spectrophotomet-
rically using mushroom tyrosinase and L-DOPA as the substrate [28]. Tyrosinase con-
verts L-DOPA to dopaquinone, which will sequentially cyclize to form dopachrome. The
dopachrome formation can be observed by measurement of the absorbance at 475 nm.
The substrate was added to the enzyme in the presence of the sample dilutions, to a final
concentration of 30 U/mL tyrosinase and 2.5 mM L-DOPA. Since DMSO was used to dis-
solve samples S1 and S3, this solvent was also tested and used as control for these samples.
After incubation at 37 ◦C for 30 min, absorbance was measured at 475 nm on a BioTek
Instruments EPOCH 2 microplate spectrophotometer. All the reagents were prepared in
sodium phosphate buffer (SPB; 0.1 M, pH 6.8), prepared by mixing sodium phosphate
dibasic dihydrate and sodium phosphate monobasic monohydrate, and the calculations
were made as described in Equation (1). All results are expressed as IC50 mean value
with the lower and upper limits of a 95% confidence interval, obtained from at least three
independent experiments.
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2.5. Antimicrobial Susceptibility Testing

The target microorganisms selected for the antibacterial activity assays were the
gram-negative bacteria Klebsiella pneumoniae CECT 8453 and the gram-positive bacteria
Staphylococcus aureus ATCC 6538 and Cutibacterium acnes ATCC 6919T. For K. pneumoniae
CECT 8453 and S. aureus ATCC 6538, assays were performed according to the broth
microdilution method of CLSI M07-A10 guidelines as previously described by Rodrigues
et al. [29]. In short, extract stock solutions were distributed in a round bottom microtiter 96-
well plate and 2-fold serially diluted in calcium-adjusted Mueller Hinton broth (CAMHB;
BD, Sparks, MD, USA) to obtain a concentration range of solutions. The inoculum was
prepared using the growth method to achieve a homogenous suspension in saline solution.
The adjusted inoculum was additionally diluted in CAMHB to guarantee that, following
inoculation, each well contained around 5 × 104 CFU. The plates were incubated under
aerobic conditions at 37 ◦C for 16 to 20 h. For C. acnes, the assays were performed as
previously described with the use of brain-heart infusion (BHI) (Avantor, Radnor, PA, USA)
broth instead of CAMHB and by incubating the microtiter plates for 70–74 h at 37 ◦C in
anaerobic jars containing the atmosphere generation system AnaeroGen™ Compact (Oxoid,
Hampshire, UK).

For each stock solution analysed, a positive control (CAMHB or BHI and diluted in-
oculum), a medium sterility control (uninoculated CAMHB or BHI), and an extract sterility
control (uninoculated 2-fold extract stock solution in CAMHB or BHI) were performed ac-
cordingly. Minimum inhibitory concentration (MIC) values were the lowest concentration
of a sample that visibly inhibited microbial growth after incubation. When needed, MIC
values were confirmed using the cell viability reagent PrestoBlue™ (Invitrogen, San Diego,
CA USA) following the manufacturer’s guidelines. An additional MIC value, designated
MIC*, was also established and defined as the lowest concentration of a sample at which
bacterial growth was visually and differentially affected in comparison to the positive
control. Minimum bactericidal concentration (MBC) values were reported as the lowest
concentration of a sample leading to at least 99.9% reduction in viable bacterial counts in
comparison to the initial inoculum and for equal incubation time. Results were expressed
as a median of the values obtained after three biological replicates. Since DMSO was
used to dissolve samples S1 and S3, this solvent was also tested to ensure that the final
concentration used did not interfere with the target microorganism, hence the assay.

2.6. Cell-Based Assays
2.6.1. Cell Culture

Human keratinocyte cell line HaCaT (CLS, Germany) was cultured in a standard Dul-
becco’s Modified Eagle Medium (DMEM) supplemented with 10% (v/v) fetal bovine serum
(FBS) and 1% (v/v) penicillin-streptomycin. The cells were routinely maintained as monolayers
in 75 cm2 culture flasks and incubated at 37 ◦C with 5% CO2 in a humidified atmosphere.

2.6.2. In Vitro Cytotoxicity

Cytotoxicity assays were performed according to previous works [6]. Briefly, HaCaT
cells were seeded at a density of 1.4 × 105 cells/cm2 in 96 well plates. After 3 days, cells
were incubated with different concentrations of each sample (Cf1; Cf2; Cf3; Cf4; S2—50, 25,
12.5, 6.25, 3.13, 1.56, 0.78, 0.39; S1—3, 1.5, 0.75, 0.38, 0.19, 0.09, 0.05, 0.02; S3—5.5, 2.75, 1.38,
0.69, 0.34, 0.17, 0.09, 0.04 mg/mL) diluted in culture medium (DMEM medium containing
0.5% FBS). Wells containing cells incubated only with culture medium supplemented with
0.5% (v/v) of FBS were used as control. Solvent controls with 50% water or 1% DMSO in
culture medium were also performed to exclude solvent toxicity. After 24 h of incubation,
the cell viability was evaluated using PrestoBlue® (5% v/v in culture medium) for 2 h at
37 ◦C, 5% CO2, according to the manufacturer’s instructions. After this, the fluorescence
of each well was measured (Ex./Em. 560 ± 20/590 ± 20 nm) in an FLx800 fluorescence
microplate reader (BioTek Instruments, Winooski, VT, USA). Cell viability was expressed
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as the percentage of viable cells relative to the control. Three independent experiments
were performed in triplicate.

2.6.3. Cellular Antioxidant Activity

Cellular antioxidant activity was evaluated following previously described methods [6,30],
with some modifications. Briefly, HaCaT cells were seeded at a density of 1.4 × 105 cells/cm2 in 96
well plates and the formation of intracellular ROS was monitored using 2′,7′-dichlorofluorescein
diacetate (DCFH-DA) as a fluorescent probe. 72 h after seeding, cells were washed with PBS
and incubated with non-toxic concentrations of the samples (0.1875 mg/mL; 0.375 mg/mL;
0.75 mg/mL) plus 25 μM DCFH-DA in PBS for 1 h. Subsequently, cells were washed again with
PBS and incubated with the stress inducer (600 μM AAPH in PBS) for 1 h. After that, fluorescence
was measured in an FL800 microplate fluorescence reader (Bio-Tek Instruments, Winooski, VT,
USA) (Ex/Em 485 ± 20/528 ± 20 nm). The results are expressed as ROS percentage relative to
the untreated control (cells treated with DCFH-DA and AAPH). Three independent experiments
were performed in triplicate.

2.6.4. Evaluation of IL-6 and IL-8 Secretion

Experiments were performed as previously described [31], with several modifications.
Briefly, HaCaT cells were seeded at a density of 1 × 105 cells/cm2 in 12 well plates. After
3 days, cells were stimulated with 15 μg/mL of lipopolysaccharides (LPS) from Escherichia
coli and co-incubated with three different concentrations of each extract (0.1875 mg/mL;
0.375 mg/mL; 0.75 mg/mL) diluted in culture medium (DMEM medium containing 0.5%
FBS). Cells incubated only with LPS and cells incubated with only culture media were used
as positive and negative controls, respectively. After 24 h, supernatants were collected,
centrifuged for 10 min at 2000 g and stored at −80 ◦C until further analysis. IL-6 and IL-8
levels were assessed by enzyme-linked immunosorbent assay (ELISA), using commercially
available kits (PeproTech; London, UK), according to the manufacturer’s instructions, with
absorbance measured at 450 nm with wavelength correction set at 620 nm in a microplate
spectrophotometer (EPOCH 2, BioTek Instruments, Winooski, VT, USA). The results are
expressed as IL-6 or IL-8 percentage relative to the positive control (cells stimulated with
LPS). Three independent experiments were performed in triplicate.

2.7. Statistical Analysis

ORAC and cell-based assays results are expressed as the mean value ± SD, obtained
from at least three independent experiments. For the enzymatic and cytotoxicity assays,
the IC50 values were determined from dose-response curves through log10 plots using
GraphPad Prism 8.4.3. software (GraphPad Software, Inc., La Jolla, CA, USA). Results
are presented as IC50 with a 95% confidence interval. Statistical analysis of the results
was performed using the former software. When homogeneous variance and a normal
distribution of the data were verified, the results were analysed by one-way analysis of
variance (ANOVA), followed by the Tukey test for multiple comparisons. In the case
of heterogeneous variances or if the data were not normally distributed, an appropriate
unpaired Student’s t-test was performed to determine whether the means were significantly
different. A p-value ≤ 0.05 was accepted as statistically significant in all cases. Antimicrobial
susceptibility testing results are expressed as the median value, obtained from at least three
independent experiments.

3. Results and Discussion

This study aims to investigate the cosmeceutical potential of protein-rich extracts that
were produced by high-pressure technologies from fishery industry wastes, namely sardine
wastes and codfish frames [11,22]. The selection of extracts was based on previous results
regarding their characterization and process conditions. For codfish, all extracts were selected
aiming at evaluating the impact of the extraction temperature on the recovery of compounds
with promising bioactive effects on the skin. For sardine extracts, only three extracts derived
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by both defatted and non-defatted raw materials, processed at higher temperatures (190
and 250 ◦C) and with the highest extraction yield (>45.7 g/100 g) were chosen. The results
regarding the total protein content of each extract are presented in Table 1.

3.1. Antioxidant, Anti-Ageing and Anti-Hyperpigmentation Activities

The potential cosmeceutical effect of the extracts was initially screened using chemical
and enzymatic assays to evaluate their antioxidant, anti-ageing, and anti-hyperpigmentation
effect. For the antioxidant capacity, the ORAC assay was selected as it measures the ability
of samples to scavenge biologically relevant ROS, namely peroxyl radicals, which are
considered one of the main inducers of skin ageing [2,32]. The anti-ageing effect was also
evaluated through elastase inhibition since this enzyme is reported to be responsible for
the degradation of elastin and other ECM proteins [6]. For the anti-hyperpigmentation
effect, the tyrosinase assay was used, to evaluate the capacity of samples to inhibit melanin
production. Table 2 summarizes the ORAC and IC50 values of all extracts.

Table 2. Antioxidant, anti-ageing, and anti-hyperpigmentation activities of codfish and sardine
residues extracts. ORAC values are expressed as the mean value ± SD. Enzymatic assays IC50 values
are expressed as mean with a 95% confidence interval.

Sample

Antioxidant Activity Anti-Ageing Activity Anti-Hyperpigmentation Activity

ORAC Elastase Inhibition Tyrosinase Inhibition
(μmol TEAC/mg extract) (IC50, mg extract/mL) (IC50, mg extract/mL)

Cf1 0.64 ± 0.18 42.58 (37.38, 49.88) >100 **
Cf2 0.54 ± 0.22 60.35 (50.71, 73.43) 78.59 (61.41, 100.70)
Cf3 0.59 ± 0.26 34.74 (24.57, 49.16) >100 **
Cf4 1.29 ± 0.26 38.11 (30.42, 49.52) 40.89 (30.26, 54.43)
S1 1.94 ± 0.08 44.29 (39.10, 53.44) 82.51 (57.12, 108.39)
S2 1.19 ± 0.10 >300 * 3.70 (3.26, 4.42)
S3 1.24 ± 0.06 17.96 (12.36, 25.83) 10.40 (5.02, 18.15)

* The maximum concentration tested was 300 mg/mL; ** The maximum concentration tested was 100 mg/mL.

Our results show that sardine and codfish extracts presented antioxidant activity and
inhibition effects on elastase and tyrosinase enzymes’ activity. Among sardine samples, S1
showed the highest ORAC value (1.94 ± 0.08 μmol TEAC/mg extract) followed by S3 and
S2. These results are in accordance with a previous antioxidant evaluation through an alter-
native method (2,2-diphenyl-1-picrylhydrazyl-DPPH assay) where the extract S1 presented
the lowest IC50 values [22]. The higher scavenging capacity towards peroxyl radicals of the
S1 sample could be derived from peptides with different amino acid sequences present in
the extracts since interactions among them can influence the radical scavenging ability [33].
Additionally, compounds generated in Maillard or other thermo-oxidation reactions might
influence the antioxidant activity of the samples [34]. Despite the lowest ORAC value,
samples S2 and S3 were the ones with the highest capacity in inhibiting tyrosinase and
elastase activities, respectively.

Among codfish extracts, Cf4 was shown to have the highest antioxidant and anti-
hyperpigmentation activities. SEC-GPC analysis of the extracts has shown that peptides of
decreasing molecular weight were obtained when increasing the extraction temperature up
to 250 ◦C [11]. The elastase inhibition capacity of this sample is within the range of values
found for other Cf extracts, namely Cf1 and Cf3. However, for the concentrations tested,
these two extracts showed no inhibition activity towards tyrosinase.

In the literature there are some reports showing that extracts from marine by-products
presents relevant antioxidant activity and inhibition of tyrosinse. For instance, extracts
derived from marine (Scophthalmus maximus) by-products by alkaline hydrolysis, have
demonstrated antioxidant activity accessed by different chemical assays: 1,1-diphenyl-2-
picrylhydrazyl (DPPH) radical-scavenging ability (36.12% in relation to control), ABTS
(2,2′-azinobis-(3-ethyl-benzothiazoline-6-sulphonic acid) method (12.81 μg BHT/mL) and
crocin bleaching assay (8.03 μg Trolox/mL) [35]. In another study, enzymatic extraction
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of alum-salted jellyfish (Lobonema smithii) showed to produce hydrolysates with high an-
tioxidant activity (IC50 = 0.9 mg/mL for ABTS e DPPH assays) and tyrosinase inhibitory
potential, with IC50 values ranging between 14.1 and 24.5 mg/mL [36], which are in the
same order of magnitude as the ones obtained in this work. Additionally, extracts with
similar antioxidant values (ORAC values – 0.4 to 3.5 μmol TEAC/mg extract) were ob-
tained from another type of food industry residues, namely winemaking waste streams [6].
However, these winery residues extracts presented higher tyrosinase (IC50 from 4.0 to
0.14 mg extract/mL) and elastase (IC50 from 3.4 to 0.1 mg extract/mL) inhibitory capacities
than those obtained in this work, probably due to the presence of phenolic compounds that
are recognized to have several bioactivities. It is important to mention that in our study
we used mushroom tyrosinase to screen the anti-hyperpigmentation effect of extracts, as
this enzyme has been widely used in high throughput assays [37]. Nevertheless, since
there are some controversies regarding the similarity and homology of this enzyme with
mammalian/human tyrosinase [38–40], future studies involving mammalian cell lines
should be considered to evaluate the potential anti-hyperpigmentation effect of sardine
and codfish extracts.

To identify which compounds could be responsible for the bioactive response of ex-
tracts, correlation studies between bioactivity data and the extracts’ amino acid composition
reported previously [11,22] were performed (Table S1). For antioxidant activity, the highest
correlations (R2 ≥ 0.7) were obtained between ORAC value and total threonine, free valine,
as well as free and total leucine for all extracts. In the case of sardine samples, a high
correlation (R2 ≥ 0.94) was also obtained for free and total tryptophan content. Accordingly,
all these amino acids have been previously reported to have antioxidant properties in
several model systems [41–43]. For elastase and tyrosinase inhibition activities, the highest
correlation coefficients (R2 ≥ 0.8) were obtained for total protein content and free arginine,
respectively, suggesting that these compounds could have an important role in the potential
anti-ageing and anti-hyperpigmentation effect of fish industry waste streams extracts.

3.2. Antibacterial Activity

S. aureus and K. pneumoniae were chosen as representative gram-positive and -negative
bacteria to evaluate the antimicrobial capacity of the extracts. The antibacterial activity
assays performed with codfish frame extracts revealed that all of them were able to affect
both bacterial strains’ growth behaviour (MIC* results in Tables 3 and 4). However, true
growth inhibition (MIC values) did not occur in the presence of any of the extracts at the
concentrations tested.

Table 3. Antibacterial activity of codfish and sardine extracts against S. aureus.

Sample
MIC* Median MIC Median MBC Median

(mg/mL) (mg/mL) (mg/mL)
(n = 1/n = 2/n = 3) (n = 1/n = 2/n = 3) (n = 1/n = 2/n = 3)

Cf1
0.39 >50.00 >50.00

(0.39/0.39/0.20) (>50.00/>50.00/>50.00) (>50.00/>50.00/>50.00)

Cf2
0.78 >50.00 >50.00

(0.78/0.78/0.39) (>50.00/>50.00/>50.00) (>50.00/>50.00/>50.00)

Cf3
0.39 >50.00 >50.00

(0.39/0.39/0.20) (>50.00/>50.00/>50.00) (>50.00/>50.00/>50.00)

Cf4
0.10 >50.00 >50.00

(0.10/0.10/0.10) (>50.00/>50.00/>50.00) (>50.00/>50.00/>50.00)

S1
1.56 25.00 50.00

(1.56/1.56/0.78) (25.00/25.00/25.00) (50.00/50.00/50.00)

S2
0.07 1.17 9.38

(0.07/0.07/0.07) (1.17/2.34/1.17) (9.38/9.38/9.38)

S3
0.27 68.75 68.75

(0.27/0.54/0.27) (68.75/68.75/34.38) (68.75/68.75/68.75)
MIC*—Lowest concentration of a sample at which bacterial growth was visually and differentially affected;
MIC—Minimum inhibitory concentration; MBC—Minimum bactericidal concentration.
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Table 4. Antibacterial activity of codfish and sardine extracts against K. pneumoniae.

Sample
MIC* Median MIC Median MBC Median

(mg/mL) (mg/mL) (mg/mL)
(n = 1/n = 2/n = 3) (n = 1/n = 2/n = 3) (n = 1/n = 2/n = 3)

Cf1
12.50 >50.00 > 50.00

(12.50/12.50/12.50) (>50.00/>50.00/>50.00) (>50.00/>50.00/>50.00)

Cf2
25.00 >50.00 >50.00

(25.00/25.00/50.00) (>50.00/>50.00/>50.00) (>50.00/>50.00/>50.00)

Cf3
0.78 >50.00 >50.00

(0.39/0.78/0.78) (>50.00/>50.00/>50.00) (>50.00/>50.00/>50.00)

Cf4
0.39 >50.00 >50.00

(0.39/0.39/0.20) (>50.00/>50.00/>50.00) (>50.00/>50.00/>50.00)

S1
3.13 50.00 50.00

(3.13/3.13/6.25) (50.00/50.00/50.00) (50.00/50.00/50.00)

S2
0.07 4.69 18.75

(0.07/0.07/0.07) (4.69/4.69/9.38) (18.75/18.75/18.75)

S3
0.54 68.75 68.75

(0.54/1.07/0.54) (68.75/68.75/68.75) (68.75/>68.75/68.75)
MIC*—Lowest concentration of a sample at which bacterial growth was visually and differentially affected;
MIC—Minimum inhibitory concentration; MBC—Minimum bactericidal concentration.

As S1 and S3 were solubilized in DMSO, assays were performed with this solvent to
evaluate its influence on the results obtained for the sardine extracts. The results reveal that
the maximum DMSO concentration used in the antibacterial activity testing of the different
extracts (up to 12.5%) did not affect the growth of both bacterial strains.

In general, all sardine extracts inhibited the bacterial growth of both gram-positive
and gram-negative selected strains, but S. aureus was shown to be more susceptible than K.
pneumoniae, which is expected since the outer membrane of gram-negative bacteria poses
an additional barrier to prevent the interference of different molecules with the cell [44].
S2 was shown to be the extract with the most promising antibacterial potential, indicating
that higher extraction temperatures favoured the extraction of anti-bacterial compounds.
Taking these results into account, S2 was selected to be tested against another gram-positive
bacteria, namely C. acnes, an aerotolerant anaerobe linked to the acne skin condition [45].
To evaluate the impact of the defatting process on the inhibition capacity of C. acnes growth,
sample S3 was also selected to be tested in this assay. The results are summarized in Table 5
showing that C. acnes behaves similarly to S. aureus with its growth being affected by both
sardine extracts. Between both samples, S2 presented the highest inhibitory effect (lower
MIC and MBC values) suggesting that the defatting process could modify or eliminate
some anti-microbial compounds from the sardine samples before the extraction process,
especially free fatty acids and lipid oxidation products [22].

Table 5. Antibacterial activity of sardine extracts against C. acnes.

Sample

MIC* Median MIC Median MBC Median

(mg/mL) (mg/mL) (mg/mL)
(n = 1/n = 2/n = 3) (n = 1/n = 2/n = 3) (n = 1/n = 2/n = 3)

S2
0.29 0.59 2.34

(0.29/0.29/0.29) (0.59/0.29/0.59) (4.69/1.17/2.34)

S3
2.15 17.19 > 68.75

(2.15/2.15/2.15) (34.38/17.19/17.19) (>68.75/68.75/>68.75)
MIC*—Lowest concentration of a sample at which bacterial growth was visually and differentially affected;
MIC—Minimum inhibitory concentration; MBC—Minimum bactericidal concentration.

Previous studies showed that some amino acid residues present in peptides can lead
to different antibacterial activities [46]. Rodrigues et al. showed that protein derivative-rich
extracts obtained by extraction with deep eutectic solvents (DES) from sardine processing
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waste streams have antibacterial activity toward S. aureus and Escherichia coli [47]. However,
the MIC*, MIC and MBC values of these extracts were lower than those obtained in
this work for the same raw material, which could be explained by the synergic and/or
additive effect between the extracts’ components and DES, as described previously [29].
Nevertheless, the antimicrobial effect of S2 extract is similar to other extracts obtained by
subcritical water extraction, namely using kānuka leaves (S. aureus—MIC: 0.9 mg/mL,
MBC: 3.8–5 mg/mL; E. coli—MIC: 3.8–7.5 mg/mL, MBC: 4.4–7.5 mg/mL) [48], that are rich
in phenolic compounds already recognized as presenting relevant antimicrobial effects [49].

In this study, the highest correlation coefficient obtained was for MIC values of S.
aureus and the total glutamic acid content (R2 = 0.6, Table S1).

3.3. Cellular Antioxidant and Anti-Inflammatory Effect

In this work, a human keratinocyte cell line (HaCaT) was used to better understand
the bioactivity, namely antioxidant and anti-inflammatory effects, of extracts as some of the
processes related to the uptake, distribution, and metabolism of bioactive compounds are
better addressed [50]. HaCaT cells are one of the predominant cell types encountered in
the skin, being responsible for skin integrity and, when affected by senescence or oxidative
stress, can accelerate the skin ageing process [51]. Additionally, keratinocytes play an
important role in the regulation of skin inflammation, responding to external stimuli, such
as bacterial LPS, actively contributing to inflammation pathways especially by releasing
proinflammatory cytokines or chemokines [31,52].

In a first approach, cytotoxicity assays were performed to evaluate the safety of
samples and to select non-toxic concentrations for further bioactivity studies. Table 6
presents the IC50 values of each sample showing that S1 presented the highest cytotoxic
effect. In previous studies, these samples showed higher IC50 values in Caco-2, a model
for crypt enterocytes, than in HaCaT, which indicates that the samples are more toxic for
keratinocytes than intestinal cells [11,22].

Table 6. IC50 values obtained for all the extracts in HaCaT cells, with 24 h incubation. IC50 values are
expressed as mean with a 95% confidence interval.

Sample IC50 (mg Extract/mL)

Cf1 9.7 (9.5, 9.9)
Cf2 3.6 (3.5, 3.7)
Cf3 17.3 (15.2, 19.6)
Cf4 2.0 (1.9, 2.2)
S1 0.6 (0.5, 0.7)
S2 3.4 (3.3, 3.6)
S3 >5.5

IC50—concentration of the sample that leads to a decrease of 50 % of the cell population after 24 h incubation.

The cellular antioxidant activity was then assessed by evaluating the capacity of samples
in scavenging intracellular ROS generated by the chemical stressor AAPH. In parallel, anti-
inflammatory assays were also performed to investigate the effect of samples in reducing the
secretion of IL-8, which has been consistently reported as an important skin inflammation
biomarker [53–55], upon pro-inflammatory stimulus with LPS. In these assays, non-cytotoxic
concentrations of the extracts were used (0.1875, 0.375 and 0.75 mg/mL for all samples except
S1 where 0.75 mg/mL was not tested since this concentration presented a cytotoxic effect,
Table 6). In general, all samples inhibited ROS formation in HaCaT, and a dose-dependent
effect was observed (Figure 1). Among codfish samples, Cf2 and Cf4 showed the highest
cellular antioxidant activities, and amongst sardine samples, S1 showed the highest ROS
percentage reduction relative to control.
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Figure 1. Cellular antioxidant capacity, expressed as % of ROS inhibition relative to the control, of
each extract. (A) Codfish frame extracts; (B) Sardine wastes extracts. The results are expressed as
mean ROS percentage relative to the control ± SD. The symbol * indicates significance relative to the
control ** p-value ≤ 0.01, *** p-value ≤ 0.001, **** p-value ≤ 0.0001); ns—not significant.

Concerning the anti-inflammatory effect, only Cf1 (0.375 and 0.75 mg/mL), S2
(0.75 mg/mL) and S3 (0.375 and 0.75 mg/mL) revealed capacity to inhibit IL-8 secretion by
HaCaT cells after LPS-induced inflammation (Figure 2). In contrast, the other samples did
not reduce IL-8 and, for some concentrations, Cf4 and S1 showed a pro-inflammatory effect.
These two extracts were the ones that demonstrated the highest cytotoxic effect in HaCaT
cells and thus the concentrations tested, although not leading to cell death, could induce
the activation of inflammatory pathways since injured cells can release danger signals that
alert other cells to cell death [56].

Figure 2. IL-8 secreted by HaCaT cells treated for 24 h with different extracts concentrations and
15 μg/mL LPS. (A) Codfish residues extracts; (B) Sardine residues extracts. Ctrl—-cells incubated with
only culture media; Ctrl+—Cells incubated with culture media + inflammation inductor (LPS); Cf1, Cf2,
Cf3, Cf4—cells incubated with the different extracts from codfish frames + inflammation inductor (LPS);
S1, S2, S3—cells incubated with the different extracts from sardine wastes + inflammation inductor (LPS).
The results are expressed as mean IL-8 percentage relative to the positive control ± SD. The symbol
* indicates significance relative to the positive control (* p-value ≤ 0.05, ** p-value ≤ 0.01,
**** p-value ≤ 0.0001); ns—not significant.

The extracts with the highest anti-inflammatory effect, namely Cf1, S2 and S3, were
further selected to evaluate their capacity in inhibiting IL-6 secretion, a cytokine also
recognized as an important biomarker in skin disorders [53]. Results show that Cf1 was
the only sample able to significantly reduce IL-6 secretion by 69.4 ± 3.5 and 53.0 ± 14.7%
IL-6 (relative to the positive control, p-value < 0.001) at 0.375 and 0.75 mg/mL, respectively,
whereas sardine extracts increased in IL-6 levels of the supernatants (Figure 3). Overall, only
Cf1 revealed the capacity to reduce both IL-8 and IL-6 secretion by HaCaT cells, suggesting
that this codfish extract could be further explored for anti-inflammatory applications in
skin conditions.
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Figure 3. IL-6 secreted by HaCaT cells treated for 24 h with different extracts concentrations and 15 μg/mL
LPS. Ctrl—-cells incubated with only culture media; Ctrl+—Cells incubated with culture media + inflam-
mation inductor (LPS); Cf1– cells incubated with Cf1 extract from codfish frames + inflammation inductor
(LPS); S2, S3—cells incubated S2 and S3 extracts from sardine wastes + inflammation inductor (LPS).
The results are expressed as mean IL-6 percentage relatively to the positive control ± SD. The symbol
* indicates significance relative to the positive control (*** p-value ≤ 0.001); ns—not significant.

The anti-inflammatory activity of codfish extracts was previously evaluated in an
intestinal cell line (Caco-2 cells) [11] and the results were in line with the data presented in
this study for HaCaT cells. In both cell lines, Cf1 presented the highest anti-inflammatory
effect, reinforcing the use of lower temperatures to extract bioactive compounds from
codfish frames.

Our results are in accordance with previous studies supporting the idea that fish-
derived extracts/hydrolysates display a broad spectrum of bioactivities, including antioxi-
dant, antimicrobial, anti-ageing, anti-hypertensive, anti-human immunodeficiency virus,
anti-proliferative, or anticoagulant activities [23,57]. Song et al. showed that enzymatic
hydrolysates of the marine fish half-fin anchovy contained antibacterial peptide fractions,
with activity against E. coli [58]. Fish skin and collagen hydrolysed by subcritical water
hydrolysis also showed high antioxidant and antimicrobial activity against Bacillus cereus, S.
aureus and Pseudomonas putida [59]. Additionally, Wang and co-workers produced extracts
derived from fish side streams of two fish species (rainbow trout and sole) that could inhibit
the growth of pathogenic bacteria (S. aureus or Salmonella) and with anti-inflammatory
properties [60].

4. Conclusions

In this work, we applied a platform of in vitro bioassays to evaluate for the first time
the cosmeceutical potential of protein extracts derived from fishery wastes, namely sardine
residues and codfish frames, obtained by high-pressure technology. We demonstrated
that both types of extracts showed antioxidant, anti-ageing, and anti-hyperpigmentation
potential. Among all, sardine extracts presented the highest anti-bacterial activity, and this
effect was more pronounced for samples obtained using higher extraction temperatures
(250 ◦C) and without the defatting step. Codfish samples were the most effective anti-
inflammatory agents, and in this case, lower temperatures (90 ◦C) favoured the extraction
of these bioactive compounds. Although further studies are needed to identify which
compounds could be responsible for the bioactive effects, total threonine, free valine as well
as free and total leucine were identified to highly correlate with the antioxidant activities of
samples. Total protein content and free arginine correlated with elastase and tyrosinase
inhibition activities, respectively.

This work is a step forward in the development of potential cosmeceutical ingredients
with antioxidant, skin whitening, antimicrobial, and anti-inflammatory effects from sardine
residues and codfish frames, adding potential high value to these fishery industry wastes.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/antiox11101925/s1, Table S1: Correlation coefficients between protein and
amino acids content and different bioactivities of sardine waste and codfish frames extracts.
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Abstract: Yuzu (Citrus junos) is a citrus plant native to Asian countries, including Korea, Japan, and
China. Yuzu peel and seed contain abundant vitamin C, citric acid, and polyphenols. Although
the antioxidative and antimelanogenic activities of other citrus fruits and yuzu extract have been
reported, the tyrosinase inhibitory activity of the limonoid aglycone contained in yuzu seed extract
is unknown. We separated yuzu seeds into the husk, shell, and meal and evaluated antioxidant
activity of each. The limonoid glucoside fraction of the husk identified nomilin, a novel tyrosinase
inhibitor. We performed tyrosinase inhibitory activity and noncompetitive inhibition assays and
docking studies to determine nomilin binding sites. Furthermore, we evaluated the antioxidative
mechanism and antimelanogenic activity of nomilin in B16F10 melanoma cells. The concentration
of nomilin that did not show toxicity was <100 μg/mL. Nomilin suppressed protein expression of
TYR, TRP-1, TRP-2, and microphthalmia-associated transcription factor (MITF) in a concentration-
dependent manner. Nomilin significantly reduced the levels of p-CREB and p-PKA at the protein
level and decreased the levels of skin-whitening-related factors MITF, tyrosinase, TRP-1, and TRP-2
at the mRNA level in a concentration-dependent manner. Thus, nomilin from yuzu seed husk can be
used as a skin-whitening agent in cosmetics.

Keywords: yuzu tree; seed husk; nomilin; antioxidant; antimelanogenic; tyrosinase inhibitor;
skin-whitening agent; reactive oxygen species

1. Introduction

Skin aging can be mainly divided into intrinsic and extrinsic aging. Intrinsic aging
occurs when the bonds between the skin’s epidermis and dermis weaken, the ability of
keratinocytes to divide declines, and the ability to form lipids decreases [1]. Extrinsic aging,
also known as photoaging, is caused by long-term UV exposure and occurs when UV rays
penetrate the epidermis, reaching deep into the dermis to damage collagen and elastin
(elastic fibers), which maintain the dermis’ elasticity [2]. In response to these challenges,
the skin overproduces reactive oxygen species (ROS), including superoxide anions and
peroxides [3]. The increase in ROS activity damages DNA and increases transformation
signals, ultimately increasing the level of transcription factor activator protein 1 [4]. UV
radiation is directly involved in DNA mutagenesis, increases nuclear factor-κB levels,
and decreases TGF-β levels [5]. These mechanisms affect the synthesis and degradation
of collagen as well as the production of inflammatory cytokines. When the synthesis
of collagen and elastin, both components of extracellular spaces, decreases due to UV
exposure, the expression of various proteolytic enzymes of the extracellular matrix is
promoted. The resulting lack of extracellular matrix proteins has been suggested to be the
most important factor in photoaging [6].
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Melanin, which determines the color of the skin, hair, and pupils, is produced in
melanocytes (pigment cells) [7]. The process of melanin formation in melanocytes is called
melanogenesis, and melanocytes are found in the lowermost layer of the skin epidermis.
Melanin is a generic term for black or brown pigments in tissues, such as the skin and eyes,
and mainly exists as melanin molecule that forms a strong bond with globulin. Melanin
is an aggregate of small molecules and is categorized into eumelanin and pheomelanin
based on race. Melanin moves through keratinocytes to the epidermis, thereby causing
skin pigmentation [8]. Abnormal melanin synthesis mainly occurs through the oxidation
of the precursor tyrosine due to excessive UV irradiation, disease, or genetic factors [9].
Tyrosine is oxidized to 3,4-dihydroxy-L-phenylalanine (DOPA) and DOPA quinone by
tyrosinase in melanocytes, catalyzed to the intermediate DOPA chrome, and eventually
polymerized to melanin via indole-5,6-quinone [10]. The inhibition of tyrosinase activity
inhibits the biosynthesis of melanin polymer in the skin, and thus, is extremely important
for the development of antioxidants and skin-whitening agents. Additionally, blocking
melanosome transfer between melanocytes and keratinocytes can have a skin-whitening
effect. Representative tyrosinase inhibitors derived from natural products include kojic
acid, (a secondary metabolite from green mold), arbutin (isolated from bearberry leaves),
and oxy-resveratrol (isolated from mulberry trees), in addition to other stilbene- and
flavonoid-based compounds [11].

Kojic acid and arbutin—representative skin-whitening agents—have been used as
additives in cosmetics. However, because they have various side-effects, including skin
toxicity and allergies, there is an increasing demand for natural skin-whitening materials in
the cosmetics industry. Citrus junos (yuzu) is mainly processed to manufacture yuzu syrup
using the flesh and skin of yuzu, and due to its excellent flavor and unique acidic taste,
is consumed as yuzu tea. However, 10–15% of yuzu fruit is left over as byproduct. Most
byproducts remaining after the production of yuzu syrup and juice are discarded, with
nearly 1800 tons discarded annually. Yuzu, which is mainly cultivated in northeast Asia,
contains large amounts of vitamin C and flavonoids, such as hesperidin and limonin [12].
These flavonoids have been reported to have high anti-inflammatory and antioxidant
activity. Flavonoids extracted from citrus species—in particular, hesperidin and naringin
were reported to reduce the expression of inflammatory cytokines, such as tumor necrosis
factor-α, interleukin-1, and interleukin-6 [13]. However, studies on the skin-whitening effect
of yuzu seed byproducts are lacking. To our knowledge, no studies have been conducted
on the mechanism of action of nomilin, a component found in yuzu seed byproducts, as a
tyrosinase inhibitor and skin-whitening agent. Therefore, in this study, we isolated nomilin
from discarded yuzu byproducts and evaluated its suitability as a tyrosinase inhibitor by
performing in vitro kinetic and in vivo cell line experiments. In addition, its potential as a
functional cosmetic ingredient with skin-whitening and anti-aging effects was discussed.

2. Materials and Methods

2.1. Chemicals

2,2′-Azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS), 2,2-diphenyl-1-picrylhydrazyl
(DPPH), Folin–Ciocalteu reagent (for total phenolics), dimethyl sulfoxide-d6 (DMSO),
mushroom tyrosinase (EC 1.14.18.1), and ascorbic acid were obtained from Sigma Aldrich
(St. Louis, MO, USA). All reagents used were of analytical grade. Phospho-CREB (p-
CREB) and phospho-PKA (p-PKA) were purchased from Cell Signaling (Danvers, MA,
USA). Antibodies against tyrosinase (TYR), TRP-1, TRP-2, microphthalmia-associated
transcription factor (MITF), CREB, PKA, α-melanocyte-stimulating hormone (α-MSH), and
β-actin were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Horseradish
peroxidase-conjugated anti-mouse, anti-goat, and anti-rabbit antibodies were purchased
from Invitrogen (Carlsbad, CA, USA).
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2.2. Chemical Extracts of Limonoid Aglycones and Limonoid Glucosides

We separated waste husk, shell, and meal from yuzu seeds. Two hundred grams of
separated husk, shell, and meal were placed in 2 L of 100% ethanol at room temperature for
24 h for extraction [4,12]. The filtrate was concentrated using vacuum filtration. Then, 2 L of
100% ethanol was added to the residue, and extraction was repeated three times under the
same conditions. Concentrated limonoid aglycones extracted from the husk, shell, and meal
were named LA1, LA2, and LA3, respectively (Figure 1). After the limonoid aglycones were
extracted, the residues were dried and placed in 2 L of water at 100 ◦C and 400 rpm for 2 h
to extract limonoid glucosides. After extraction, the filtrate was concentrated by vacuum
filtration; 2 L of water was added to the filtration residue, and extraction was repeated
three times under the same conditions. Concentrated limonoid glucosides extracted from
the husk, shell, and meal were named LG1, LG2, and LG3, respectively.

 

Figure 1. Schematic diagram showing the preparation of yuzu seed extracts. Percentages in parenthe-
sis mean extraction yields based on the initial quantity of yuzu seeds. LA: limonoid aglycone, LG:
limonoid glucoside.

2.3. High-Performance Liquid Chromatography with Diode-Array Detection (HPLC–DAD) Analysis

The most effective extracts of limonoid aglycone (LA1, LA2, and LA3) and limonoid
glucoside (LG1, LG2, and LG3) were analyzed quantitatively by HPLC. The HPLC system
(DGU-20A; Shimadzu, Kyoto, Japan) consisted of an LC-20AD pump and a diode-array
detector (SPD-20A). The compounds were identified by comparison with the retention
times of standard materials [14].

2.4. Extraction of Nomilin

Medium-pressure liquid chromatography was performed using PREP UV-10V (Ya-
mazen) and PUMP 582 (Yamazen, Osaka, Japan). The experiment was conducted under the
following conditions: flow rate, 20 mL/min; UV detection, 254 nm; and column, ULTRA
PACK (20 mm × 200 mm, 30 μm; Yamazen). The solvents used were n-hexane (A) and
EtOAc (B). The gradient program for LA1 was (B) 100%, 0–10 min; (B) 90%, 10–50 min;
(B) 80%, 50–90 min; (B) 70%, 90–105 min; (B) 50%, 105–120 min; (B) 0%, 120–125 min; and
(B) 0%, 125–135 min. Nomilin was isolated by preparative HPLC with an X-Bridge Prep
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OBD C18 column (5.0 μm, 19 mm × 150 mm). Elution was performed with a linear gradient
of methanol (0 min, 50/50; 30 min, 100/0; 100 min, 100/0) to obtain nomilin as a yellowish
powder with 4.35% yield. 1H and 13C NMR spectra were recorded using DMSO-d6 and
AVANCE III HD 400 MHz NMR (Bruker, Billerica, MA, USA) (Figures 2, S1 and S2). Cou-
pling constants were expressed in Hz, and chemical shifts were expressed on a d (ppm)
scale. 1H NMR (DMSO-d6): δ = 1.03 (s, 3H, H-20), 1.15 (s, 3H, H-19), 1.31 (d, 1H, J = 9.32 Hz,
H-8), 1.55 (s, 3H, H-18), 1.93 (s, 9H, H-21a, H-21b, H-23), 2.36 (m, 2H, H-12), 2.51 (m, 2H,
H-11), 2.81 (dd, J = 16.20 Hz, J = 7.32 Hz, H-10), 3.12 (t, 2H, J = 14.4 Hz, H-5), 3.61 (d, 1H,
J = 16.04 Hz, H-1), 3.93 (s, 1H, H-15), 4.84 (d, 1H, J = 7.12 Hz, H-3′), 5.46 (s, 1H, H-17),
6.51 (d, 1H, J = 1.20 Hz, H-3′), 7.67 (t, 1H, J = 1.68 Hz, H-4′), 7.73 (s, H-1′). 13C-NMR
(DMSO-d6): δ = 15.72 (C-20), 16.77 (C-18), 17.04 (C-19), 20.88 (C-21a, C-21b), 23.05 (C-11),
31.95 (C-23), 33.72 (C-12), 35.77 (C-5), 37.47 (C-2), 44.06 (C-8), 44.25 (C-13), 50.90 (C-9),
52.51 (C-10), 53.26 (C-7), 66.19 (C-15), 71.40 (C-14), 77.88 (C-4), 79.63 (C-1), 85.00 (C-
17), 110.65 (C-3′), 120.48 (C-2′), 142.13 (C-1′), 143.95 (C-4′), 167.58(C-22), 169.59 (C-3),
169.86 (C-16), 208.41 (C-6).

 

Figure 2. Structure of nomilin {7-(furan-3-yl)-1,8,12,17,17-pentamethyl-5,15,20-trioxo-3,6,16-
trioxapentacyclo [9.9.0.02,4.02,8.012,18]icosan-13-yl acetate} derived from yuzu seed husk.

2.5. Antioxidant Activity Assay
2.5.1. DPPH Radical Scavenging Activity

Radical scavenging activity was determined using the DPPH radical scavenging assay
with some modifications [15]. We mixed 200 μL extract with 800 μL of 1 mmol/L methano-
lic DPPH. Mixtures were left for 15 min in the dark. Then, absorbance was measured at
517 nm with the SCINCO UV-Vis spectrophotometer (S-3100; Seoul, Korea). The scaveng-
ing activity of DPPH radicals was calculated using the following equation: Scavenging
activity (%) = 100 × (A0 − A1)/A0, where A0 is the absorbance of the MeOH control and
A1 is the absorbance in the presence of nomilin extracts. The inhibitory concentration
(IC50) was defined as the amount of extract required for a 50% reduction of free radical
scavenging activity. The IC50 values were obtained from the resulting inhibition curves.
Results were compared with the activity of ascorbic acid (Sigma Aldrich, St. Louis, MO,
USA) as a control.

2.5.2. ABTS Radical Scavenging Activity

A 7 mM solution of ABTS was prepared in water. The ABTS stock solution was reacted
with 7 mM potassium persulfate (final concentration), and the mixture was left at room
temperature for 12–16 h before use to generate ABTS radicals. Radical scavenging was
measured by mixing 200 μL of each sample and 1000 μL ABTS solution [16]. Mixtures were
left for 15 min in the dark, and absorbance was measured at 730 nm with the SCINCO
UV-Vis spectrophotometer S-3100 (Seoul, Korea). The scavenging activity of ABTS radicals
was calculated using the following equation: Scavenging activity = 100 × (A0 − A1)/A0,
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where A0 is the absorbance of the water control and A1 is the absorbance in the presence of
nomilin extract. IC50 values were obtained from the resulting inhibition curves. Results
were compared with the activity of quercetin (Sigma Aldrich, St. Louis, MO, USA) as
a control.

2.6. Total Polyphenol Content

Total polyphenol content in the fractionated samples was measured using a modified
version of the Folin–Ciocalteu method [17]. A total of 500 μL of extract was mixed with
500 μL of Folin–Ciocalteu reagent and 500 μL of 2% sodium carbonate (w/v). The mixtures
were left for 30 min at 25 ◦C. Absorbance was measured at 750 nm with a UV-Vis spec-
trophotometer (S-3100; SCINCO, Seoul, Korea). The extract samples were evaluated at a
final concentration of 1 mg/mL. Total phenolic content was expressed as mg/mL of gallic
acid equivalents (GAE) using the following equation, which was based on the calibration
curve: y = 19.42x + 0.0541, R2 = 0.996, where x is the gallic acid equivalent (mg/g) and y is
the absorbance.

2.7. Antimelanogenic Activity Assay
2.7.1. Tyrosinase Inhibition Assay

The tyrosinase inhibition assay was performed according to Macrini et al. [18], with
a few modifications. We used 1250 U/mL of tyrosinase (Sigma Aldrich, St. Louis, MO,
USA) for the experiment. We added 10 μL of tyrosinase to the wells of 96-well microplates.
Then, 70 μL of pH 6.8 phosphate buffer solution and 60 μL of nomilin (10–200 μg/mL), LA1
(10–500 μg/mL), LG1 (10–500 μg/mL), and ascorbic acid (10–100 μg/mL) as a standard
were added to the mixture in order. Next, 70 μL of L-tyrosine (Sigma Aldrich) was added at
a concentration of 0.3 mg/mL in distilled water (the final volume in the wells was 210 μL).
The absorbance of the microplate wells was read using a spectrophotometer (Synergy
HT; BIO-TEX, Winooski, VT, USA) at 510 nm (T0). The microplates were incubated at
30 ◦C ± 1 ◦C for 60 min, and absorbance was measured (T1). The microplates were further
incubated for 60 min at 30 ◦C ± 1 ◦C, and absorbance was measured (T2). The inhibitory
percentages at the two timepoints (T1 and T2) were obtained according to the following
formula: Inhibition activity (IA)% = (C − S)/C × 100, where IA% is the inhibitory activity,
C is the absorbance of the negative control, and S is the absorbance of the sample or positive
control (absorbance at time T1 or T2 minus absorbance at time T0) [19].

2.7.2. Enzyme Kinetic Assay

Tyrosinase (EC 1.10.3.1) is an enzyme that converts L-tyrosine to DOPA and finally to
DOPA quinone. To evaluate inhibition, L-DOPA was used as a substrate at concentrations
of 0.5, 1.0, 1.5, and 2.0 mM. Tyrosinase inhibition was detected using a spectrophotometer
(Synergy HT; BIO-TEX, Winooski, VT, USA). The IC50 assay was performed for tyrosinase
according to Fan et al. [20].

For the test, 20 μL aliquots of a solution composed of 500 U/mL mushroom tyrosi-
nase (Sigma Aldrich, St. Louis, MO, USA) were added to 96-well microplates. Then,
100 μL of pH 6.8 phosphate buffer solution and 60 μL of nomilin (0.2–1.0 mM) were added.
Absorbance was measured at 510 nm (T0) using a microplate reader (Synergy HT; BIO-
TEX, Winooski, VT, USA). The microplates were incubated at 30 ◦C ± 1 ◦C for 30 min,
and the absorbance was measured again (T1). The microplates were further incubated
for 30 min at 30 ◦C ± 1 ◦C, and absorbance was measured (T2). The inhibitory percent-
ages at the two timepoints (T1 and T2) were obtained based on the following formula:
IA% = (C − S)/C × 100, where IA% is the inhibitory activity, C is the negative control
absorbance, and S is the absorbance of the sample or positive control (the absorbance at
time T0 subtracted from the absorbance at time T1 or T2) [21].
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2.8. Molecular Docking Procedure

Molecular docking was performed to predict the binding site of mushroom tyrosinase
and TRP-1 to nomilin using the Glide module in the Schrodinger package [22,23]. The
X-ray crystal structures of tyrosinase (PDB ID: 2Y9X) and TRP-1 (PDB ID: 5M8O) were
retrieved from the Protein Data Bank (http://www.rcsb.org (accessed on 10 October 2020)).
The retrieved protein structures were processed using Protein Preparation Wizard in the
Schrodinger package to remove crystallographic water molecules, add hydrogen atoms,
and assign protonated states and partial charges. The missing side chains and loops were
built and refined using the Prime tool of the Schrodinger suite [24]. All protein residues
were parameterized using the OPLS3e force field [25,26]. Finally, restrained minimization
was performed until the converged average root mean square deviation of heavy atoms
was 0.3 Å. Binding mode predictions of nomilin with mushroom tyrosinase and TRP1
were performed using the Glide docking tool in the Schrodinger package. Docking grid
boxes were generated considering the catalytic sites of mushroom tyrosinase and TRP-1.
Nomilin was docked into the catalytic site of each protein using standard precision scoring
modes. The 3D structure of nomilin was minimized using the Macromodel module of the
Schrodinger suite.

2.9. Cell Culture

B16F10 melanoma cells, a murine melanoma cell line, were purchased from the Korea
Cell Line Bank (KCLB80008, Seoul, Korea). Cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM; HyClone, MA, USA) supplemented with 10% fetal bovine serum
(HyClone), 50 units/mL penicillin, and 50 μg/mL streptomycin at 37 ◦C in a humidified
atmosphere with 5% CO2 at 37 ◦C.

2.10. MTT Cell Viability Assay

Cell viability analysis was performed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. B16F10 cells were cultured at 1 × 104 cells/cm3

in six-well plates. After 24 h, the cells were treated with 25, 50, or 100 μg/mL nomilin
for 48 h. At the end of incubation, 100 μL of MTT solution (1 mg/mL in DMEM) was
added to each well. After incubation at 37 ◦C for 1 h, the medium was gently removed, and
400 μL of DMSO was added. The absorbance of each well was measured at 570 nm using
a spectrophotometer.

2.11. Measurement of Melanin Content

Melanin content was determined according to Hosoi et al. [27]. B16F10 cells were
cultured at 1 × 104 cells/cm in six-well plates. After 24 h, the cells were stimulated with
1 μg/mL α-MSH. Simultaneously, various concentrations of nomilin (62 and 125 μM) were
added for 48 h. Then, the cells were washed with phosphate-buffered saline (PBS) and
harvested after trypsin treatment. The collected cells were suspended in 100 μL of 1 N
NaOH, and absorbance was measured at 405 nm using a spectrophotometer.

2.12. Measurement of Intracellular ROS Generation

ROS generated by t-BHP as evaluated using 2,7-dichlorodihydrofluorescein (H2DCF-
DA) [28]. H2DCF-DA is oxidized to a green, highly fluorescent compound called 2,7-
dichlorofluorescein (DCF) upon ROS generation. B16F10 cells were treated with various
concentrations of nomilin (10–100 μg/mL) for 24 h. Then, the cells were rinsed with PBS and
incubated with 100 μM H2DCF-DA for an additional 30 min at 37 ◦C. A fluorescence plate
reader (Synergy HT; BIO-TEX, Winooski, VT, USA) was used to measure DCF fluorescence
intensity at Ex./Em. = 488/525 nm. The experiments were performed three times. The
values were expressed as percentage fluorescence relative to control.
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2.13. Immunoblotting

B16F10 cells were treated with different concentrations of nomilin, disrupted using
lysis buffer containing protein inhibitors, and frozen for 24 h in a deep-freezer. The frozen
cells were thawed on ice for ~90 min and vortexed 3 to 6 times to disrupt the cells for
protein extraction. SDS immunoblotting and polyacrylamide gel electrophoresis were
performed as described [29], with a few modifications. Briefly, the samples were separated
on 7.5% SDS-PAGE and transferred to a nitrocellulose membrane electrophoretically. The
membrane was first incubated with the primary antibodies, and then with horseradish
peroxidase-conjugated secondary antibodies. The signal was detected using the Enhanced
Chemiluminescence Detection Reagent (Amersham Biosciences, Little Chalfont, UK). β-
actin was used as the loading control.

2.14. RNA Isolation and Reverse-Transcription Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted using TRIzol reagent (Invitrogen), in accordance with the
manufacturer’s instructions. To obtain cDNA, total RNA (2 μg) was reverse-transcribed
using an oligo(dT) primer. The cDNA was amplified using the High-Capacity cDNA
synthesis kit (Bioneer, Daejeon, Korea) in a PCR machine (Bio-Rad, Hercules, CA, USA).
PCR was performed using a PCR premix (Bioneer), and real-time RT-PCR was performed
using the StepOne model (Applied Biosystems, Foster City, CA, USA) and SYBR Green
premix, according to the manufacturer’s instructions (Applied Biosystems). Primers were
synthesized by Bioneer. The following primer sequences were used: mouse tyrosinase:
5′-ATAACAGCTCCCACCAGTGC-3′ (sense) and 5′-CCCAGAAGCCAATGCACCTA-3′
(antisense); mouse MITF: 5′-CTGTACTCTGAGCAGCAGGTG-3′ (sense) and 5′-
CCCGTCTCTGGAAACTTGATCG-3′ (antisense); and mouse TRP-1: 5′-AGACGCTG-
CACTGCTGGTCAAGCCTGTAGCCCACGTCGTA-3′ (sense) and 5′-GCTGCAGGAGCCTT-
CTTTCT-3′ (antisense). The expression of glyceraldehyde 3-phosphate dehydrogenase was
used as an endogenous control for qRT-PCR [30].

2.15. Statistical Analysis

For statistical analysis, we used IBM SPSS online version 26.0 (SPSS, Inc., Chicago,
IL, USA). For differences between groups, one-way analysis of variance was used, and
statistical significance was evaluated. In addition, for each statistically significant effect
of treatment, Duncan’s multiple range test was used for comparing multiple means. Data
were expressed as mean ± standard deviation (SD).

3. Results and Discussion

3.1. Yuzu Seed Isolation and Yield

Limonoid compounds are secondary metabolites and triterpene derivatives that are
mainly present in mature fruits and seeds. A total of 38 limonoid aglycones: 23 neutral
limonoids and 15 acidic limonoids, have been isolated from various fruits. Recently,
36 aglycones and 20 glucosides were isolated from limonoids [31]. In citrus fruits, limonoid
compounds exist in the form of aglycones or glucosides, with limonin and nomilin being
the most abundant [32]. Notably, citrus seeds contain abundant limonoid compounds, with
more aglycones than glucosides [4]. In this study, we separated yuzu seed byproducts
into husk, shell, and meal and compared results of their composition and material balance.
Comparison of material balance (in 200 g each of husk, shell, and meal) revealed that
the yields of yuzu seed limonoid aglycones were 12.35, 11.16, and 7.36 g, respectively;
yuzu seed husk (LA1) had the highest yield (Figure 1). In another study, yuzu seeds were
classified into three types, and their harvest rates were measured. Water content was lowest
in yuzu seed. Moreover, high-cost limonoids and yuzu seed oil with high antioxidant
activity were extracted from waste yuzu seeds, which had fat-soluble limonoid aglycone
(330.6 mg g−1 of dry seeds), water-soluble limonoid glucosides (452.0 mg g−1 of dry seeds),
and oil (40 mg g−1 of green seeds) [12]. In another study, yuzu seeds were separated into
three parts to measure harvest rate. The findings were consistent with ours, with the shells
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having the highest yield [33]. Thus, our findings are consistent with those of others—yuzu
seed aglycones had the highest yield; the high content of limonoid aglycones was due to
the relatively lower water content than that in other parts.

3.2. Antioxidant Activity of Yuzu Seed Extracts
3.2.1. DPPH Radical Scavenging Activity

Radicals with an odd number of electrons are highly energetic and unstable. They are
highly reactive and cause oxidative reactions in vivo, resulting in cell and tissue damage.
Lipid peroxidation due to a radical chain reaction is known to be the main cause of
accelerated skin aging. Free radicals take electrons from reducing substances and become
reduced. The strength of the reducing power is important in protecting skin cells against
oxidative damage. The reducing power of antioxidants can be evaluated using the radical
scavenging activity assay [34]. Evaluation of the DPPH free radical scavenging ability
of limonoid aglycone and limonoid glucoside revealed that the antioxidant activities of
limonoid aglycone and limonoid glucoside are similar (Figure S3a). IC50 values of limonoid
aglycones (LA1, LA2, and LA3) and limonoid glucosides (LG1, LG2, and LG3) were 942.02,
1250.08, and 1240.15 and 1121.84, 1302.20, and 1102.31 μg/mL, respectively (Table 1). The
activity of LA1 was highest. In previous studies, the radical scavenging activities of 70%
ethanol extracts of yuzu shells and the ethyl acetate fraction were 512.1 and 514.0 μg/mL,
respectively [34]. In another study, the sample volume of the free magnetic seed chamber
ethanol extract ranged from 20.65% to 57.94% when the sample volume ranged from 100
to 1000 μg/mL, respectively [35]. The electron-donating ability of the citron juice showed
80% or more when a sample solution having a concentration of 0.1% was added at a
concentration of 1 × 104 M DPPH, and an interaction of phenol, hesperidin, and naringin,
among others, as active ingredients was reported [36].

Table 1. IC50 values of the radical scavenging activity and total polyphenol content of limonoid
aglycone and limonoid glucoside.

Sample DPPH IC50 (μg/mL) ABTS IC50 (μg/mL) TPC (GAE mg/g)

LA1 942.02 ± 45.91 a,b 626.34 ± 14.68 a,b 6.72 ± 0.14
LA2 1250.08 ± 96.53 808.86 ± 13.25 a,b 5.38 ± 0.32
LA3 1240.15 ± 116.90 668.41 ± 52.53 2.05 ± 0.04
LG1 1121.84 ± 31.57 a,b 844.78 ± 13.96 a,b 6.17 ± 0.23
LG2 1302.20 ± 22.91 a,b 972.49 ± 14.38 a,b 4.99 ± 0.63
LG3 1102.31 ± 18.80 a,b 1077.79 ± 18.18 a,b 1.87 ± 0.06

Nomilin 53.37 ± 0.83 57.9 ± 0.75 -
Ascorbic acid 56.97 ± 1.27 39.95 ± 0.73 -

Each value is the mean ± standard deviation (SD) of three experiments. Differences within and between groups
were evaluated by a one-way analysis of variance (ANOVA) followed by a multi-comparison Dunnett’s test
(α = 0.05), a,b p < 0.01, compared with the positive controls (a: nomilin, b: ascorbic acid) in the biological assay,
whereas multi-comparison Tukey’s test was applied to evaluate the extracted yuzu seed fractions (p < 0.05). ABTS:
2,2′-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid), DPPH: 2,2-Diphenyl-1-picrylhydrazyl, GAE: gallic acid
equivalent, IC50: amount of extract required for a 50% reduction of free radical scavenging activity, LA: limonoid
aglycone, LG: limonoid glucoside, TPC: total polyphenol content.

3.2.2. ABTS Radical Scavenging Activity

The radical scavenging ability is an index of the antioxidant activity of phenolic
substances, such as phenolic acid and flavonoids. Greater reducing power indicates higher
electron-donating ability [36]. The activity of LA1 and LG1 extracted from the seed coat was
the highest (Table 1 and Figure S3b). In another study, the ABTS radical scavenging activity
of 70% ethanol extracts of yuzu seeds was found to be below 150 μg/mL [37]. The ABTS
radical scavenging activities of limonin and nomilin extracted from sun-dried pomelo seeds
were found to be 201.33 and 346.47 μg/mL, respectively [38]. Furthermore, the antioxidant
activity of an extract obtained from yuzu seed husk was found to be high. This finding is
consistent with the results of our study. Polyphenols, which have high antioxidant activity,
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were extracted in addition to limonoid aglycones and limonoid glucosides. In addition,
the antioxidant activity of yuzu seeds was determined to be higher than that of yuzu peel,
probably due to the relatively high content of flavonoids, such as hesperidin, in yuzu seeds.

3.2.3. Total Polyphenol Content

Polyphenolic substances confer special color to plants and act as substrates in redox
reactions. Polyphenolic substances, including flavonoids and tannins, are aromatic com-
pounds, with two or more phenol hydroxyl groups in one molecule [39]. Polyphenols play
various physiological roles, such as preventing tooth decay; suppressing hypertension; and
exerting anti-AIDS, antioxidant, and anti-cancer effects. Our findings revealed that total
polyphenol content was consistent with antioxidant activity. The content of LA1 was the
highest (Table 1). Furthermore, polyphenol content in limonoid aglycones and limonoid
glucosides extracted from yuzu seed husk was high. In a study, the total polyphenol content
of n-hexane and 70% ethanol extracts of citron seeds were reportedly 201.84 and 246.31 GAE
mg/100 g, respectively [38,40]. Consistently, Woo et al. reported [39] a total polyphenol
content of 5.67 GAE mg/g. The extraction yield of citron seeds with 75% ethanol was 9.82%,
and the total phenol content of the crude extract was 24.44 GAE mg/100 g.

Nomilin has a seven-membered oxepin ring, and its main functional groups are
dilactone and acetic ester. The yuzu seed husk used in this study contains an abundance of
components, such as naringin, hesperidin, and chlorogenic acid, and thus, is believed to
have high antioxidant activity [41]. Antioxidant activity varies depending on the presence
or absence of hydroxyl groups. Although nomilin has a small number of hydroxyl groups,
the presence of functional groups, such as dilactone and acetic ester ensures that the electron-
attractive force is strong and radical scavenging ability is reduced through interactions,
such as covalent bonds, hydrogen bonds, and van der Waals’ forces.

3.3. HPLC Analysis of Yuzu Seed Parts

According to previous research, citrus fruits, such as yuzu, contain an abundance of
flavonoid compounds, such as hesperidin and naringin, in the peel [42]. Levels of vitamin C,
vitamin D, and minerals in yuzu are more than three times higher than those in lemon [43].
In this study, we first extracted and separated the hydrophilic (limonoid glucoside) and
hydrophobic (limonoid aglycone) components from yuzu seed byproducts. Then, the
limonin and nomilin contents in limonoid aglycone of each part of yuzu seeds (husks,
shells, and meal) were detected and quantitatively analyzed by HPLC. The results showed
that the limonin contents in LA1 (yuzu seed husks), LA2 (yuzu seed shells), and LA3 (yuzu
seed meal) were 641.4, 315.5, and 595.1 mg/g, respectively, and the corresponding nomilin
contents were 538.7, 690.7, and 1725.8 mg/g, respectively (Figure S4a, Table S2). HPLC
analysis of polyphenol compounds in LG1, LG2, and LG3 revealed the presence of eight
standard substances (Figure S4b, Table S3). The levels of chlorogenic acid, naringin, and
hesperidin in LG1 were 409.35, 430.17, and 436.76 mg/g, respectively. The levels of these
compounds were also high in LG2 and LG3, but lower than that in LG1. These findings
explain the difference in antioxidant activity between these fractions. Notably, the higher
content of polyphenols in the yuzu seed husk extract explains its high antioxidant activity.
In a study, HPLC analysis of yuzu seed extract revealed that levels of naringin, hesperidin,
limonin, and nomilin were 100.43, 21.78, 170.98, and 45.36 mg/100 g, respectively [14]. In
this study, we detected 3–4 times more polyphenols than other studies, probably because
we divided yuzu seeds into three parts.

3.4. Nomilin Tyrosinase Inhibitory Activity

For testing skin-whitening efficacy in vitro, the in vitro tyrosinase inhibition assay
and the in vitro DOPA oxidation inhibition assay are widely used. Tyrosinase is a copper-
containing polyphenol oxidase that catalyzes the hydroxylation of monophenols. It is found
in microorganisms and animal and plant tissues and contributes to the synthesis of melanin
and the production of pigments [44]. Tyrosinase is involved in the initial rate-determining
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step of the melanin biosynthesis pathway in humans. Many skin-whitening products
function by inhibiting tyrosinase. The in vitro tyrosinase inhibition assay evaluates the
degree of tyrosinase inhibition in vitro [45]. The DOPA oxidation assay evaluates the effect
of skin-whitening compounds by measuring the inhibition of tyrosinase activity, which
catalyzes the rate-determining step of the melanin biosynthesis. We isolated and evaluated
the potential of nomilin as a skin-whitening agent by reviewing the tyrosinase inhibitory
activity of nomilin, which is abundant in the aglycone fraction of yuzu seeds. To our
knowledge, this has not previously been attempted. First, based on the antioxidant activity
results, the tyrosinase inhibitory activities of LA1 and LG1, which were the highest, were
compared. The tyrosinase inhibitory activity of nomilin, the most abundant component in
LA1, was confirmed (Figure 3). For the positive control, we used ascorbic acid, a known
skin-whitening agent. The IC50 values of LA1, LG1, nomilin, and ascorbic acid were
192.63, 688.53, 87.17, and 38.71 μg/mL, respectively. Nomilin showed tyrosinase inhibitory
activity higher than that of the extract and lower than that of ascorbic acid. In a study, the
tyrosinase inhibitory activities of blue yuzu peel and yellow yuzu peel were compared, and
tyrosinase inhibitory activity was found to be related to the content of phenol compounds
in yuzu peel [46]. Two types of limonoid aglycones are present in the seed shell, namely,
monolactones, such as limonic acid A-ring lactone, and dilactones, such as limonin [47].
Nomilin, isolated from yuzu seed shells, is a limonoid compound with a phenolic structure,
and due to its oxidation inhibitory function, is estimated to have high tyrosinase inhibitory
activity. In addition, studies have reported that compounds with a furan structure in coffee
byproducts exhibited high antioxidant activity [48]. Nomilin extracted from yuzu seed
byproducts has a furan structure and an acetate group; therefore, it is proposed to exhibit
high antioxidant activity and tyrosinase inhibitory activity.

 

Figure 3. The inhibitory effect of ascorbic acid, nomilin, LA1, and LG1 on mushroom tyrosinase in a
cell-free system. LA: limonoid aglycone, LG: limonoid glucoside.

3.5. Enzyme Kinetic Analysis

The number of active sites is constant; thus, at high substrate concentrations, enzyme
saturation occurs. At high substrate concentrations, the rate of enzyme reactivity is thus
independent of substrate concentration; however, at low substrate concentrations, it is
proportional to substrate concentration. In a multistep enzymatic reaction, the reaction
with the largest Km value determines the reaction rate of the entire reaction system. In
this study, we calculated Km and Vmax and identified the type of inhibition using the
Lineweaver–Burk equation (Figure 4). The pattern of inhibition of an enzyme depends
on the binding site and the type of binding mode. During competitive inhibition, the
inhibitor competitively binds to the substrate noncovalently, thereby inhibiting enzyme
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activity. In noncompetitive inhibition, the inhibitor reversibly binds to both the free enzyme
and the enzyme–substrate complex to exhibit inhibitory effects. In this study, values of
Km, Vmax, and the inhibition constant (Ki) of nomilin against tyrosinase were 0.5049 mM,
0.3931 mmol/min, and 0.6408 mM, respectively. The Lineweaver–Burk plot was linear,
confirming that the kinetic behavior was noncompetitive.

 
Figure 4. (a) Effect of nomilin on the activity of mushroom tyrosinase during the catalysis of L-
DOPA (enzyme concentration 4.0 μg/mL). (b) Relationship between catalytic activity of mushroom
tyrosinase and enzyme concentration at different concentrations of nomilin. Concentrations of
nomilin for curves 1-4 were 0, 0.05, 0.1, and 0.15 mM, respectively. (c) Lineweaver-Burk plots for
the nomilin-mediated inhibition of mushroom tyrosinase during the catalysis of DOPA at 30 ◦C
and pH 6.8. Concentrations of quercetin for curves 1-4 were 0, 0.05, 0.1, and 0.15 mM, respectively;
enzyme concentration was 4.0 μg/mL. The inset represents the plot of Kmapp versus quercetin
concentration for determining the inhibition constant KI. (d) Kinetic parameters and microscopic
inhibition rate constants of mushroom tyrosinase in the presence of nomilin.

3.6. Molecular Docking Study

Molecular docking is used to predict binding by modeling the binding and interaction
of proteins and ligands at the atomic level [23]. We used molecular docking to predict the
binding between nomilin and mushroom tyrosinase and TRP-1 (Figure 5).
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Figure 5. Molecular docking study. (a) Binding model of mushroom tyrosinase and nomilin;
(b) surface model of mushroom tyrosinase and nomilin; (c) binding model of human tyrosinase and
nomilin; (d) surface model of human tyrosinase and nomilin.

Molecular docking predicted that nomilin interacts with Tyr 65, Tyr 78, Ala 323,
Glu 322, and Asn 81 adjacent to the catalytic site of mushroom tyrosinase. Similarly,
nomilin was predicted to interact with Lys 334, Arg 196, Gln 378, and Gln 376 around the
catalytic site of TRP-1. Thud, nomilin is predicted to bind adjacent to the catalytic sites of
mushroom tyrosinase and TRP-1 (Figure 5c,d).

3.7. Cytotoxicity Evaluation and Quantitative Analysis of ROS

Cell viability and cytotoxicity were measured colorimetrically using the MTT reagent,
which turns purple when mitochondrial dehydrogenase and MTT tetrazolium react during
cellular metabolism to form MTT formazan rehydrated with DMSO [49]. For each concen-
tration (25–100 μg/mL), the cytotoxicity of nomilin was determined to be <100 μg/mL
(Figure 6a). The concentration that did not show the toxicity of nomilin was confirmed to
be ≤25 μg/mL, which is lower than the result of this study [50]. Another study evaluated
the toxicity of citron peel extract and reported that it was safe at <800 μg/mL. In this
study, nomilin was isolated from the yuzu seed husk, and the non-toxic concentration was
found to be <100 μg/mL [51]. These results suggest that the range of toxicity may appear
differently depending on the yuzu seed extraction method and cell types. Flow cytometry
was performed using the fluorescent probe DCF-DA to confirm the effect of nomilin on the
reduction of the total amount of intracellular ROS generated during metabolism. B16F10
cells were pretreated with nomilin for 24 h and then with 500 mM t-BHP, and the following
results were obtained (Figure 6b). When nomilin was applied at concentrations of 10,
25, 50, and 100 μg/mL, the total amount of ROS was reduced by 17%, 23%, 45%, and
84%, respectively.
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Figure 6. Measurement of (a) intracellular ROS production in and (b) viability of B16F10 melanoma
cells treated with nomilin. Nomilin: 25–100 μg/mL (48.59–194.34 μM). * p < 0.05, ** p < 0.01, compared
with t-BHP treatment.

3.8. Melanin Content and Cell Morphology in Nomilin-Treated B16F10 Cells

B16F10 melanoma cells were treated with α-MSH (1 μg/mL). Nomilin and limonin
isolated from yuzu seeds were added to the medium. Cells were cultured for 48 h, and
secreted melanin was measured. The findings revealed that melanin content decreased in
a concentration-dependent manner. The skin-whitening activity of nomilin was similar
to that of arbutin, a positive control, at 100 μg/mL (Figure 7). Morphologically, B16F10
melanocytes showed a pattern consistent with the results of melanin content. In a study
measuring the melanin content of yuzu seed extracts in B16F10 melanoma cells, strong
skin-whitening activity was recorded at 0.02% [21]. In another study, a significant decrease
in melanin content was seen (1.85-fold) in melanocytes treated with nomilin compared
with those treated with arbutin (positive control) [52]. Additionally, melanin content was
decreased by yuzu peel extract, which showed better activity than kojic acid, as a positive
control, at a concentration of 0.02%. Most studies have not measured melanin content or
tyrosinase inhibitory activity. In this study, we went one step further and investigated the
skin-whitening activity in B16F10 melanoma cells.

Figure 7. Cont.
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Figure 7. Measurement of melanin content in B16F10 melanoma cells treated with nomilin and
limonin. (a) Measurement of melanin content with 25–100 μg/mL nomilin (48.59–194.34 μM).
(b) Measurement of melanin content with 25–100 μg/mL limonin (53.13–212.53 μM). Relative melanin
content was determined at 72 h after treatment. n = 3, error bars, mean ± standard deviation.
Effect of 100 μg/mL arbutin (367 μM) on melanin synthesis and tyrosinase activity in B16F10 cells.
(c) B16F10 melanoma cells. (d) Morphological changes due to nomilin. B16F10 cells were cultured for
48 h in the presence of 25–100 μg/mL (48.59–194.34 μM) nomilin and 100 μg/mL (367 μM) arbutin
as a positive control or 1 μg/mL α-MSH. Significantly different compared with α-MSH, * p < 0.05,
** p < 0.01.α-MSH: α-melanocyte-stimulating hormone.

3.9. Effect of Nomilin on Anti-Melanogenesis-Related Proteins in B16F10 Cells

UV rays, cytokines, growth factors, and hormones regulate melanogenesis. In this
context, α-MSH is an important hormone [53]. α-MSH is secreted from the middle of the
pituitary gland and binds to melanocortin 1 receptor, a membrane receptor expressed only
in melanocytes, which activates adenylyl cyclase. This in turn amplifies the intracellular
cAMP signal, induces protein kinase A (PKA) activation, and increases the expression
of MITF (a transcription factor specific to melanocytes) by activating intracellular cAMP
response element binding protein (CREB) [54]. Melanin is synthesized through intracellular
signaling mechanisms, among which cAMP/PKA is the main pathway. MITF promotes the
transcription of tyrosinase, TRP-1, and TRP-2 during melanin synthesis through CREB [55].
Against this background, the key step in skin-whitening is to inhibit tyrosinase, an enzyme
involved in melanin biosynthesis, and to inhibit the synthesis of proteins involved in
upstream and downstream signaling processes of the melanin synthesis pathway [56].

α-MSH treatment increased the levels of tyrosinase, TRP-1, and TRP-2, whereas
nomilin treatment significantly decreased the levels of tyrosinase, TRP-1, and TRP-2 in
B16F10 cells (Figure 8). Moreover, induction of MITF expression by 1 μg/mL α-MSH
was inhibited by treatment with 25–100 μg/mL nomilin (Figure 8c,d). Thus, nomilin
inhibited melanogenesis by downregulating MITF signaling. As shown in Figure 8e,
nomilin preincubation inhibited α-MSH-induced phosphorylation of protein kinase and
cAMP response element binding protein (PKA/CREB). Thus, the suppressive mechanism
of nomilin was related to the inhibition of PKA/CREB signaling.
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Figure 8. (a) Effects of nomilin and arbutin on tyrosinase, TRP-1, and TRP-2 expression in B16F10
melanoma cells. B16F10 cells were treated with different concentrations of nomilin and arbutin prior
to α-MSH treatment for 24 h. β-actin was used as a loading control antibody. (b) Quantitative analysis
of tyrosinase, TRP-1, and TRP-2 by Western blotting. Cell lysates were subjected to Western blotting
using antibodies against tyrosinase, TRP-1, and TRP-2. (c) Effects of nomilin and arbutin on MITF
expression in B16F10 cells. B16F10 cells were treated with the indicated concentrations of nomilin
and arbutin prior to α-MSH treatment for 4 h. (d) Quantitative analysis of MITF by Western blotting.
(e) Effects of nomilin and arbutin on p-CREB, CREB, p-PKA, and PKA levels in B16F10 cells. B16F10
cells were treated with the indicated concentrations of nomilin and arbutin prior to α-MSH treatment
for 3 h. (f) Quantitative analysis of p-CREB, CREB, p-PKA, and PKA by Western blotting. Values are
significantly different with Duncan’s multiple range test (significant compared with the vehicle-treated
control, * p < 0.05, ** p < 0.01, bars indicate SD). CREB: cAMP response element binding protein, p-
CREB: phospho-CREB, α-MSH: α-melanocyte-stimulating hormone, MITF: microphthalmia-associated
transcription factor, and PKA: protein kinase A, p-PKA: phospho-PKA.
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3.10. Effect of Nomilin on Anti-Melanogenesis-Related Genes in B16F10 Cells

To verify the skin-whitening activity of nomilin, we evaluated the expression of related
genes, namely, TYR, TRP-1, TRP-2, and MITF, at the mRNA level using RT-PCR (Figure 9).
The results revealed that the expression of genes (tyrosinase, TRP-1, and MITF) related
to melanin production via nomilin was induced by α-MSH, whereas nomilin treatment
resulted in significantly decreased mRNA expression (25–100 μg/mL).

Figure 9. RT-PCR analysis of nomilin. (a) TYR, TRP-1, and TRP-2 transcripts were analyzed using
RT-PCR. The level of GAPDH mRNA was used as control. (b) MITF transcripts were analyzed
using RT-PCR. The level of GAPDH mRNA was used as control. (c) Effects of nomilin on tyrosinase,
(d) TRP-1, (e) TRP-2, and (f) MITF mRNA in B16F10 cells. Data from separate experiments are
presented (statistically significant compared with the vehicle-treated control, * p < 0.05, ** p < 0.01,
bars indicate SD). α-MSH: α-melanocyte-stimulating hormone, MITF: microphthalmia-associated
transcription factor, TYR: tyrosinase.

In particular, nomilin was more effective in inhibiting mRNA expression at 100 μg/mL
than at other concentrations. Moreover, nomilin showed more potent inhibitory activity
than the positive control arbutin.

4. Conclusions

In this study, we separated and extracted limonoid and aglycone fractions from yuzu
seed byproducts and confirmed that nomilin is a novel tyrosinase inhibitor. Nomilin was
separated from the aglycone fraction as a single substance with strong antioxidant and
skin-whitening activities. These effects were mediated by the activation of the PKA/CREB
signaling pathway involved in melanogenesis in B16F10 cells. The results of this study
suggest that the use of natural ingredients in the development of new skin-whitening mate-
rials can resolve the problems associated with using chemicals. Nomilin from yuzu seeds
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directly inhibited tyrosinase and was involved in protein synthesis and transcription factor
regulation during the skin-whitening signal transduction mechanism. Therefore, nomilin
has a high potential as a novel natural skin-whitening agent; however, more comprehensive
molecular studies are needed to confirm its ability to reduce melanin pigmentation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox11091636/s1, Figure S1: 1H-NMR spectrum of nomilin;
Figure S2: 13C-NMR spectrum of nomilin; Figure S3: Antioxidant activity profiles of LA1, LA2, LA3,
LG1, LG2, and LG3. (a) DPPH radical scavenging activity and (b) ABTS radical scavenging activity;
Figure S4: HPLC chromatogram of limonoid aglycones (LA1, LA2, and LA3) and limonoid glucosides
(LG1, LG2, and LG3) using diode-array detection at 220 nm. (a) LA1; (b) LA2; (c) LA3; (d) standard
mixture (1: limonin, 2: nomilin); (e) LG1; (f) LG2; (g) LG3; (h) standard mixture (1: chlorogenic acid,
2: caffeic acid, 3: rutin, 4: p-coumaric acid, 5: naringin, 6: hesperidin, 7: luteolin, 8: linoleic acid);
Table S1: HPLC conditions used for the identification of limonoid aglycones and limonoid glucosides;
Table S2: Phenolic compounds identified in limonoid aglycone extracts quantified by HPLC; Table S3:
Phenolic compounds identified in limonoid glucoside extracts quantified by HPLC.
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Abstract: The importance of cosmetics in our lives is immeasurable. Covering items from daily
personal hygienic products to skincare, it has become essential to consumers that the items that they
use are safe and effective. Since natural products are from natural sources, and therefore considered
“natural” and “green” in the public’s eyes, the rise in demand for such products is not surprising. Even
so, factoring in the need to remain on trend and innovative, cosmetic companies are on a constant
search for new ingredients and inventive new formulations. Based on numerous literature, the seed
of Swietenia macrophylla has been shown to possess several potential “cosmetic-worthy” bioproperties,
such as skin whitening, photoprotective, antioxidant, antimicrobial, etc. These properties are vital in
the cosmetic business, as they ultimately contribute to the “ageless” beauty that many consumers
yearn for. Therefore, with further refinement and research, these active phytocompounds may be a
great contribution to the cosmetic field in the near future.

Keywords: cosmeceutical; photoaging; anti-pigmentation; Swietenia macrophylla; natural product;
skin whitening; skin repair and regeneration; wound healing; acne vulgaris; anti-microbial

1. Introduction

Cosmetics, since time immemorable, have always been a large part of our lives. With
global sales revenue projected to achieve $429.8 billion by 2022, the cosmetic industry is a
lucrative, fast-paced, and innovative business that constantly seeks to fulfill consumer’s
expectations and preferences [1,2]. Although many do not know it, the umbrella of cos-
metics actually covers a large range of products categorized as personal hygiene, makeup,
fragrances, skincare, and hair care [3]. Nevertheless, in the last few decades, the trend
for “natural”, “green”, “sustainable”, and “safe” cosmetics is on the rise. With rising
awareness and concerns regarding the ingredients within a product, there is an inclination
for cosmetics that are developed from a natural source. This forces the cosmetic industry
to be quick in its search for new, inventive, and potent natural ingredients that not only
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entice the consumers but also produce the desired effect as marketed [4]. One category that
is highly affected by this recent trend is skincare. Natural product-based skincare products
containing bioproperties, such as antioxidant, antibacterial, anti-inflammatory, whitening,
and much more, are high in demand to combat skin aging and acne blemishes [5,6]. Based
on these criteria, the properties of Swietenia macrophylla that were previously reported may
prove to be an interesting, novel natural ingredient that can contribute to the development
of skincare cosmetics. For an introduction, S. macrophylla, along with its congeners Swi-
etenia mahagoni (L.) Jacq and Swietenia humilis Zucc., belong to the Meliaceae family. Easily
found within the tropical region from North to South America, it is well known for its
high-quality wood, used in the creation of furniture, artisanal crafts, decorative materials,
and musical instruments [7,8]. Other than being a prized timber, its seed is also employed
as a traditional medicine against various ailments and discomforts, such as hypertension,
persistent pain, diabetes, malaria, etc. [9].

2. An Antimicrobial Remedy against Skin Disorders

Our skin is home to diverse microorganisms, such as bacteria, viruses, yeast, mites,
fungi, etc. It is also through the mutual benefit and balance of the skin microbiota that our
skin remains healthy. A healthy skin microbiota predominately consists of the following
bacterial phyla: Actinobacteria, Firmicutes, Proteobacteria, and Bacteroidetes [10,11]. However,
the imbalance in cutaneous microbiota, also known as dysbiosis, is frequently associated
with the development of skin diseases, such as acne vulgaris [12]. By definition, acne
vulgaris is a form of dermatoses that forms excess production of sebum, inflamed piloseba-
ceous units, and follicular hyperkeratinization, in the presence of selected phylotypes of
Cutibacterium acnes (which was formerly known as Propionibacterium acnes) [12,13]. These
bacteria thrive on sebum and are responsible for the release of proinflammatory cytokines
that induce the occurrence of acne vulgaris [14]. In the meantime, another commensal
bacterium, Staphylococcus epidermidis, fails to perform its role as a regulator of the skin’s
homeostasis, hypothetically due to its decreased abundance that intensifies the disequilib-
rium in the skin microbiota [15]. Finally, accompanying the disruption of the skin barrier,
opportunistic pathogens, such as Staphylococcus aureus, then aggravate the symptoms by
promoting skin inflammation [15]. Thus, it is essential to retain the delicate balance of
microbiota on our skin. This is where antibacterial cosmetic products come into play in the
treatment of skin pathology. Besides treatment against the aforementioned bacteria during
dysbiosis, it should also restore the equilibrium of the skin’s microbiota.

In a study conducted by Suliman and the team, it had been shown that the crude alka-
loid extract of the seed can inhibit the growth of S. aureus, Escherichia coli, and
Pseudomonas aeruginosa, with minimum bactericidal concentration (MBC) values of
12.5 mg/mL against S. aureus and 50 mg/mL against E. coli and P. aeruginosa. An al-
most similar value was obtained for the minimum inhibition concentration (MIC) assay,
indicating that the extract is both inhibitory and bactericidal [16]. Interestingly, another
study conducted on P. aeruginosa using Caenorhabditis elegans as a model showed that,
although the seed extract improved its survival, it was unable to inhibit its growth and
colonization in the worm’s gut. It was suggested that this observation could be attributed
to additional effects of the extract, such as modifying the virulence factors of the associated
bacteria or improving the host’s tolerance (as lysozyme-like protein 7 gene expression was
increased) [17]. Although different outcomes were observed in both studies, it should be
noted that different extraction solvents were used in the extraction process. Therefore,
different types or amounts of phytocompounds could be extracted or excluded based on
their polarity and solubility. Similarly, a study on the oil of the S. macrophylla seed, obtained
through n-hexane and diethyl ether, also exhibited different levels of antagonistic effects
towards the same bacterial species, with the addition of Salmonella Typhimurium [18]. In
this case, there were smaller inhibition zones for both S. aureus and P. aeruginosa and no
signs of inhibition against E. coli after treatment with the oil. Next, methanol extract of
S. macrophylla seeds inhibited the growth of five different bacteria species and one yeast.
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These microorganisms were Acinobacter anitratus, S. aureus, Bacillus cereus, Bacillus subtilis,
Shigella boydii, and Candida utilis [19]. Again, E. coli was not reported to be inhibited by
this particular extract, which is the opposite to another study that also used methanol as
the extracting solvent [19,20]. In an article written by Durai and team [20], both S. aureus,
E. coli, and three other fungi (Fusarium sp., Alternaria sp., and Helminthosporium sp.) were
inhibited by the methanol extract of S. macrophylla. The probable answer to this varying
inhibitory activity on E. coli could be either the difference in strain or location of seed
harvest. Regardless, even though methicillin-resistant S. aureus (MRSA) growth was not
affected by S. macrophylla methanol extract, its virulence was suspected to decrease as the
survival of C. elegans was increased after treating with 200 μg/mL of either methanol, ethyl
acetate, or butanol extract [19,21].

After the purification of the extract, the antibacterial activity of S. macrophylla can be
accredited to the presence of specific phytocompounds, as can be observed in Figure 1.
One such phytocompound is swietenolide, a limonoid phytocompound of the triterpenoid
class that can be found in the seed of S. macrophylla. In an early study conducted in 2009,
the compound demonstrated antibacterial activity against eight different multiple-drug-
resistant bacterial strains. These bacterial strains were group A β-haemolytic S. aureus
(code 312), S. aureus (code 477), Streptococcus pneumonia (code 32215), Haemophilus influenza
(code 32139), E. coli (code 169), Klebsiella pneumonia (code 32140), Salmonella typhi (code
1467), and Salmonella paratyphi (code 1272) [22]. Besides swietenolide, swietenine and 3-O-
tigloylswietenolide were also reported to exhibit antibacterial activity against several Gram-
positive and -negative bacteria. These bacteria included B. subtilis, Bacillus megaterium,
Sarcina lutea, S. aureus, E. coli, P. aeruginosa, S. typhi, S. boydii, Shigella dysenteriae, Shigella
sonnei, Shigella shiga, and Klebsiella sp. [23]. Looking at the similarities in the bacterial species
tested across the different studies, it can be concluded that these three phytocompounds are
indeed responsible for the antibacterial action of S. macrophylla. Interestingly, proceranolide,
another limonoid that can be found in the seed, was discovered to have moderate inhibitory
effects against two Mycobacterium tuberculosis strains (low virulent H37Rv ATCC27294
strain and high virulent M299 Beijing strain), with a MIC50 value of 37.6 ± 0.4 μg/mL and
44.9 ± 1.0 μg/mL for the H37Rv and M299 strains, respectively [24,25]. Although both
bacteria strains are not of cosmeceutical importance, it could be beneficial for proceranolide
to be included in future tests, in order to study its protective effects against pathogenic
skin bacteria.

Overall, it is clear that the S. macrophylla seed does possess antimicrobial properties,
as can be observed in Table 1. However, the strength and coverage of its antimicrobial
activity are very much dependent on the presence of certain phytochemicals and their
amount in the extract. That in itself pertains to many uncontrollable factors, such as
extraction method, solvents used, location of the plant, and harvest seasons that affect
the abundance of antimicrobial phytochemicals [26]. On the contrary, the inconsistency
in the data reported could also be due to the dissimilar bacteria strains used. Among the
articles reviewed, some studies did not reveal the strain number used, which challenges
any form of direct comparison across articles. Therefore, for future improvements, it is
encouraged that similar strains of bacteria, especially clinical strains, should be used in
experiments to ease comparison across studies. It would also be useful to set a standard
set of antimicrobial tests in the antimicrobial testing for cosmetic products. For example,
the natural product incorporated in cosmetic creams and gels must be able to exhibit a
certain degree of activity before these claims can be placed on the product labels. This is
to ensure that the reported antimicrobial activity is up to par and that consumers would
benefit from the desired effect (as claimed in the product description/labelling). Lastly, as
of yet, S. macrophylla extracts have not been tested against some bacteria, such as C. acnes
and S. epidermidis. To truly explore its use in cosmetics, it would be indispensable that
the extracts and phytocompounds extracted are not only analyzed for their antimicrobial
activity against them, but also if the extract and compounds can restore and promote the
balance of the skin microbiota. Incidentally, it would be worthwhile to study the effect
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of S. macrophylla on bacteria-induced inflammation in skin diseases. Thus, this calls for
antimicrobial studies beyond just the bacteria itself, such as in vivo analysis of the effect of
S. macrophylla on the skin microbiome among the human population and clinical trials of S.
macrophylla based skin care products.

Figure 1. Limonoid phytocompounds extracted from S. macrophylla seed with cosmeceutical bioproperties.
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Table 1. The antimicrobial activity of S. macrophylla seed against various antimicrobial strains.

Seed Extract Extraction Method Antimicrobial Strains Antimicrobial Activity References

Alkaloid crude extract
Rate of alkaloid

extracted from the
seeds: 2.85%

(A) The seeds were cleaned,
sun-dried and grinded to fine
powder.
(B) Ethanol (300 mL; 70%) was
mixed with 20 g powder of the
seeds in an orbital shaker at
150 rpm for 24 h at 25 ◦C.
(C) The extract was then
evaporated with a rotary
evaporator until one fifth of the
initial volume was reached,
before adding 20 mL of 0.1 N
hydrochloric acid.
(D) The extract was filtered and
extracted twice with 20 mL of
chloroform.
(E) The extract was treated twice
with 10 mL of 0.1 N hydrochloric
acid and 0.1 N ammonia was
added to obtain pH 9, before
adding 30 mL of chloroform.
(F) The operation was repeated
three times, before evaporating
and dissolving the residue in
20 mL of 0.02 N
hydrochloric acid.
(G) The extract was titrated with
0.02 N potassium hydroxide,
with methyl red as an indicator.

S. aureus ATCC1026,
E. coli ATCC10536,

P. aeruginosa
ATCC15442.

(A) Inhibition activity (disk diffusion
method):
(i) S. aureus: 17 mm (50 mg/mL); 21 mm
(100 mg/mL);
(ii) E. coli: 10 mm (50 mg/mL); 12 mm
(100 mg/mL);
(iii) P. aeruginosa: 12 mm (50 mg/mL);
15 mm (100 mg/mL).
(B) MIC and MBC value:
(i) S. aureus: not available (MIC);
12.5 mg/mL (MBC);
(ii) E. coli: 25 mg/mL (MIC); 50 mg/mL
(MBC);
(iii) P. aeruginosa: 25 mg/mL (MIC);
50 mg/mL (MBC).

[16]

Methanol, ethyl acetate
and butanol crude

extract

The sample was air-dried,
powdered and extracted with
methanol, ethyl acetate and
butanol.

C. elegans infected with
MRSA ATCC33591 or
methicillin-sensitive

S. aureus (MSSA)
NCTC83254.

(A) Survival of 72 h S. aureus infected
C. elegans after treatment (200 μg/mL):
(i) Methanol: 70% survival (3-fold change
vs. untreated);
(ii) Ethyl acetate: 65% (2.8-fold change vs.
untreated);
(iii) Butanol: 96.7% (4.2-fold change vs.
untreated).
(B) None of the extracts had
bacteriostatic or bactericidal activity on
S. aureus growth in vitro.
(C) All three extracts significantly
increased the survival of infected
C. elegans but did not affect replication of
S. aureus. There was no difference in CFU
of the intestinal bacterial loads.
(D) All three extracts promoted survival
in 72 h MRSA infected C. elegans (>70%
survival).

[21]
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Table 1. Cont.

Seed Extract Extraction Method Antimicrobial Strains Antimicrobial Activity References

Methanol extract and
ethyl acetate extract

(A) The sample was air-dried,
powdered and extracted with
methanol.
(B) The crude extract was
“defattened” using hexane and
then further extracted with ethyl
acetate.

C. elegans infected with
P. aeruginosa

(Bacteria strain was not
specified).

(A) Ethyl acetate extract (200 and
400 μg/mL) and methanol extract
(200 μg/mL) significantly improved the
survival of C. elegans 48 h after
P. aeruginosa infection.
(B) Treatment with 200 μg/mL of ethyl
acetate extract had the highest survival
of 59.5 ± 1.65%.
(C) MIC assay demonstrated that the
ethyl acetate extract (25–1000 μg/mL)
had no inhibition against P. aeruginosa.
(D) There was no significant difference in
CFU of P. aeruginosa in C. elegans
intestines after both extract treatment.
© Ethyl acetate extract (200 μg/mL)
increased expression of lys-7 gene that
was suppressed by P. aeruginosa infection.

[17]

Seed oil extract by
diethyl ether (39%) and

n-hexane (42.7%)

(A) The seeds were dried and
ground to small pieces.
(B) The seeds (10 g) were
extracted using n-hexane and
diethyl ether to recover at least
10 mL of oil using the Soxhlet
apparatus.
(C) The solvent was evaporated
using the rotary evaporator,
before further drying under the
open air.

S. aureus, E. coli,
P. aeruginosa, Salmonella

Typhimurium.
(All bacteria are

in-house bacteria
strains).

(A) Antibacterial activity of seed oil (disk
diffusion method):
(i) 10 μg/mL: 5 mm (S. aureus); 4 mm
(Salmonella Typhimurium); 5 mm
(P. aeruginosa);
(ii) 20 μg/mL: 8 mm (S. aureus); 6 mm
(Salmonella Typhimurium); 5 mm
(P. aeruginosa);
(iii) 50 μg/mL: 8 mm (S. aureus); 9 mm
(Salmonella Typhimurium); 6 mm
(P. aeruginosa);
(iv) 100 μg/mL: 9 mm (S. aureus); 10 mm
(Salmonella Typhimurium); 6 mm
(P. aeruginosa);
(v) 1000 μg/mL: 11 mm (S. aureus);
20 mm (Salmonella Typhimurium);
11 mm (P. aeruginosa);
(vi) There was no effect on E. coli after the
seed oil treatment.

[18]

Methanol extract

(A) The seeds were washed and
dried at 50 ◦C for 3 days, before
grinding to a coarse powder.
(B) The powder was then soaked
in methanol at a ratio of 1:5
(w/v) for 24 h.
(C) The extract was filtered and
concentrated using the rotary
evaporator at 60 ◦C.

Gram-positive:
S. aureus, B. cereus,
B. subtilis, MRSA
Gram-negative:
Proteus mirabilis,

Yersinia sp., E. coli,
Klebsiella pneumoniae,
S. boydii, A. anitratus
Fungal: Aspergillus
niger, Microsporum
fulvum, Rhizopus sp.
Yeast: Candida utilis.

(Microbial strains are
clinical isolates).

(A) Antimicrobial activity of methanol
extract (disk diffusion method):
(i) S. aureus: 13.0 ± 0.6 mm;
(ii) B. cereus: 15.0 ± 0.6 mm;
(iii) B. subtilis: 15.0 ± 1.5 mm;
(iv) S. boydii: 15.0 ± 1.0 mm;
(v) A. anitratus: 16.0 ± 1.2 mm;
(vi) C. utilis: 10.0 ± 1.2 mm;
(vii) No inhibitory activity was observed
for MRSA, P. mirabilis, Yersinia sp., E. coli,
K. pneumoniae, A. niger, M. fulvum, or
Rhizopus sp.
(B) MIC and MBC of methanol extract:
(i) B. cereus: 3.13 mg/mL (MIC);
6.25 mg/mL (MBC);
(ii) S. aureus: 6.25 mg/mL (MIC);
25 mg/mL(MBC);
(iii) B. subtilis: 1.56 mg/mL (MIC);
3.13 mg/mL (MBC);
(iv) S. boydii: 12.5 mg/mL (MIC);
25 mg/mL (MBC);
(v) A. anitratus: 12.5 mg/mL (MIC);
25 mg/mL (MBC);
(vi) C. utilis: 12.5 mg/mL (MIC);
25 mg/mL (MBC).

[19]
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Table 1. Cont.

Seed Extract Extraction Method Antimicrobial Strains Antimicrobial Activity References

Methanol extract

(A) The seeds were dried for
2 days and pulverized to
powder form.
(B) The powdered seeds (30 g)
were then extracted by reflux
using Soxhlet apparatus for 10 h
with successive organic solvent
(80% methanol) and
concentrated through oven
drying.
(C) Each fraction was collected,
distilled and dried in the
incubator.

Gram-positive:
S. aureus

Gram-negative: E. coli
Fungi: Fusarium sp,

Helminthosporium sp,
Alternaria sp.

(Bacteria and fungi are
lab strains).

(A) Agar diffusion method (inhibition
zone):
(i) S. aureus:

• 20 μg/mL: 14.4 ± 1.0 mm;
• 30 μg/mL: 19.3 ± 0.5 mm;
• 50 μg/mL: 27.0 ± 1.0 mm.

(ii) E. coli:

• 20 μg/mL: 21.8 ± 1.6 mm;
• 30 μg/mL: 31.0 ± 1.0 mm;
• 50 μg/mL: 40.6 ± 1.5 mm.

(B) Anti-fungal activity (inhibition zone):
(i) Fusarium sp.:

• 20 μg/mL: 43.3 ± 2.0%;
• 30 μg/mL: 54.0 ± 4.0%;
• 50 μg/mL: 43.3 ± 2.0%.

(ii) Alternaria sp.:

• 20 μg/mL: 42.6 ± 2.5%;
• 30 μg/mL: 52.6 ± 1.5%;
• 50 μg/mL: 76.0 ± 2.0%.

(iii) Helminthosporium sp.:

• 20 μg/mL: 29.3 ± 2.5%;
• 30 μg/mL: 37.0 ± 2.0%;
• 50 μg/mL: 63.3 ± 2.8%.

[20]

3. Photoprotective, Skin Whitening, and Skin Repair Cosmeceutical Prospects of
S. macrophylla

Aside from its antimicrobial properties, S. macrophylla seed extract has the potential
for cosmetic use against skin aging. In spite of the many factors that can expedite the rate
of skin aging, one main factor is the constant exposure of one’s skin to sunlight. Sunlight
that can penetrate through the ozone layer contains ultraviolet A (UVA) and B (UVB).
The differences between both types of ultraviolet rays (UVR) are their wavelength and
penetration level through the skin. UVA, which has a longer wavelength of 320–400 nm,
can penetrate deeply into the dermal layer of the skin. On the other hand, UVB, which
has a shorter wavelength of 280–320 nm, can only penetrate up to the epidermal layer
of our skin [27]. Regardless of their characteristics, overexposure to both UVR causes
dysregulation in the skin’s circadian rhythm and activates the production of reactive
oxygen species (ROS) and reactive nitrogen species (RNS) [28–30]. The overproduction of
both ROS and RNS then quickly overwhelms the skin’s antioxidant defense system, causing
nitrosative and oxidative stress in the skin [29]. In response, the skin begins producing
pro-inflammatory cytokines, signaling the start of skin inflammation [31,32]. Following
this, neutrophils quickly infiltrate the skin and secrete neutrophil elastase, which cleaves
extracellular matrices and activates matrix metalloproteases [33–35]. Skin melanogenesis
is also activated in response to UVR exposure by the activation of p53 expression, which
goes on to initiate the transcription of the pro-opiomelanocortin (POMC) gene, eventually
beginning the conversion of tyrosine into melanin [36]. Other events, such as the migration
of Langerhans cells from the epidermis to the lymph nodes, were noted after UVR exposure.
A side effect of this is that the skin’s hypersensitivity to allergens will be lowered during the
event [37]. Direct DNA damage by UVB, through the formation of cyclobutene pyrimidine
dimers (CPD) and pyrimidine-pyrimidone (6–4) photoproducts, also causes cell death
and increases the risk of skin cancer [38–40]. A summary of the mentioned UVR-induced
damage can be observed in Figure 2. According to this evidence, it becomes even more
necessary to protect our skin against overexposure to UVR.
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Figure 2. The impact of UVR exposure on the skin and how it mediates photoaging.

Photoprotection against UVR can be achieved through either immediate “blocking”
of UVR penetration through the skin, or by reversing the activated pathways instigated
through UVR exposure. The “blocking” of UVR penetration can be achieved through the
application of either physical or chemical sunscreen. Physical sunscreens are sunscreens
that contain titanium dioxide or zinc oxide nanoparticles that reflect and scatter UVR,
whereas chemical sunscreens are made of organic molecules that absorb UVR energy
and emit them as less dangerous wavelengths [41–44]. Nevertheless, regardless of their
classification, the validation of the “blocking” ability of these sunscreens was set by ISO
and FDA to have at least a critical wavelength of 370 nm when claiming the title of being
a broad-spectrum sunscreen [45–47]. This ensures that the sunscreens on the market can
cover from 280–370 nm of the sun’s wavelength. Furthermore, despite sun protective
factor (SPF) being more commonly known to the public, it is, in fact, the measurement
of protection against UVB. Instead, UVA is recommended to be greater than one third of
the SPF value and is measured on a scale from PA+ (low) to PA++++ (high) [48,49]. As
an alternative to sunscreens, the reversal or disruption of UVR-induced photoaging can
also be achieved by interrupting the UVR-induced pathways in the skin. At the early
stages of the UVB-induced pathway, suppressing the generation of ROS and RNS, by
boosting the skin’s antioxidant defense and negating the emergence of pro-inflammatory
cytokines, can aid in reducing UVR damage [50,51]. Meanwhile, hampering the production
of unwanted pigmentation and encouraging the production of collagen repair at the later
stages will help deter premature skin aging [52,53]. Although melanin by nature in a sense
is our protector against UVR damage, through its chemical and optical filtrating properties,
uneven hyperpigmentation of the skin, such as freckles, solar lentigines or melasma, are
still undesirable [54,55].

Returning to the context, it has been noted that the extract from the seed has a marked
aptitude as an anti-aging and photoprotective cosmetic agent (Table 2). As a photopro-
tective agent, ethanolic extract of the seed was reported to have a critical wavelength of
347.6 nm, when tested across the UVA-UVB spectrum. Subsequently, its hexane, ethyl
acetate, and water fraction had critical wavelengths of 345, 341.6 and 362.4 nm, respec-
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tively [56]. Whilst it is not definite, the discovery proposes that the extract and fractions
of the seed may contain photoprotective properties similar to sunscreen. Following this,
in vitro treatment of epidermal skin (HaCaT) cells with S. macrophylla ethanolic extract
had successfully reversed the expression of tumor necrosis factor alpha (TNF-α) by UVB,
leading to the subsequent decrease in matrix metalloprotease (MMP)-1 (collagen degrading
metalloprotease). Next, solvent fractionation of the ethanolic extract into both hexane and
ethyl acetate fractions further enhanced its “anti-UVB” effect. The ethyl acetate fraction
additionally repressed the Bcl-2 associated X protein (Bax) and nuclear factor kappa B
(NF-κB), alongside TNF-α and MMP-1. This suggests that the phytocompounds that were
actively attenuating the UVR-induced inflammation and cell apoptosis in the ethanolic
extract can be found in the ethyl acetate fraction and, according to the solvent, is semi-polar
by nature. On another note, LCMS data of the cells treated with the hexane fraction revealed
a completely different effect compared to the ethanolic extract. Irradiated cells treated with
the hexane fraction activated various pathways, involving the redox system, transcription
to translation processes, cell growth, proliferation and migration, glycolysis, and DNA
maintenance and repair, effectively attenuating the impact UVB has on human skin [57].
This ability of the S. macrophylla seed in reversing UVB-induced damage could be due to
its antioxidant and anti-inflammatory properties. In support of these findings, several
works have demonstrated that the extract of S. macrophylla, be it via methanol, aqueous
or ethyl acetate extraction, had significant free radical scavenging and antioxidant activ-
ity [56,58–60]. With regard to anti-inflammation, pure phytocompounds that can be found
in the seed, such as swietenine, were able to inhibit the production of nitric oxide (NO),
downregulate several pro-inflammatory cytokines, and upregulate antioxidant proteins,
like nuclear factor erythroid 2-related factor 2 (NRF2), and haem-oxygenase (HO-1), in
lipopolysaccharide (LPS) stimulated RAW264.7 macrophage cells. The treatment of murine
hepatoma (Hepa-1c1c7) cells with swietenine also induces NAD(P)H quinone oxidoreduc-
tase 1 (NQO1) dose-dependently, supporting the activation of NRF2 observed in RAW264.7
cells [61]. Other limonoids, such as swietemacrophin, 3-O-tigloylswietenolide, and swi-
etemahonin E, are also potent inhibitors of inflammation. Tested against NO-generating
macrophages, these phytocompounds produced an IC50 of less than 36.32 μM, which is
suggestive of their potency in suppressing the onset of inflammation [62]. These com-
pounds, together with humilinolide F and 3,6-O,O-diacetylswietenolide, also effectively
inhibit the generation of superoxide anions in neutrophils with significant IC50 values of
less than 45.44 μM, demonstrating their anti-inflammatory ability [62]. The same was also
reported for 3-O-tigloyl-6-O-acetylswietenolide, another limonoid that is present in the
seed, whereby the phytocompound effectively inhibited the generation of superoxide anion
in neutrophils at an IC50 of 27.9 ± 2.4 μM [63,64]. Furthermore, proceranolide also showed
considerable inhibition against the generation of NO in RAW264.7 macrophage cells, with
an IC50 of 26.9 ± 0.6μg/mL, comparable to the positive control NG-methyl-L-arginine
acetate salt (IC50: 13.2 ± 0.6 μg/mL) [25]. Based on these findings, this confirms the notion
that S. macrophylla seeds contain both antioxidant and anti-inflammatory phytocompounds.
Together, both these properties then function to remedy the damaging effects of UVR.
Subsequently, a study further exploited the anti-inflammatory abilities of the seed [65,66].
By developing nanoemulsions and a nanoemulgel of S. macrophylla oil, Eid and his team
achieved an even greater anti-inflammatory effect on the carrageenan-induced paw edema
of rats, as compared to just the oil itself in raw form [65,66]. This sort of enhancement and
modification that improves extract or phytocompound delivery to the targeted area and
magnification of its bioproperties is beneficial in the cosmetic industry. It would certainly
bode well, in future studies, if the research on these seed extracts could move beyond the
discoveries of its bioproperties towards formulating efficient drug transport and active use
of its potential in cosmetic formulation for the public.

Apart from this, other anti-premature aging properties of the seed also lie in its ability
to impede the formation of irregular skin pigmentation and induce skin regeneration. In the
case of skin pigmentation, one way to hinder the buildup of unwanted melanin is to inhibit
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the enzymatic activity of tyrosinase. Tyrosinase is a rate-limiting enzyme that converts
L-tyrosine to L-3,4-dihydroxyphenylalanine (L-DOPA), which then continues through a
series of conversions involving tyrosinase-related protein 1 and 2 to form melanin in the
melanogenesis process [67]. Thus, the inhibition of both ethyl acetate and methanolic extract
of the seed against mushroom tyrosinase suggests it might have the ability to suppress the
formation of melanin [59]. Even though currently this is the only published research on the
whitening effect of the seed, it is a good indicator and prompts further research regarding
its anti-pigmentation properties on human tyrosinase. On another note, the wound healing
properties of the seed have been explored by the authors of both [56,68]. The treatment
with its ethanolic extract significantly promoted wound closure over 24 h, as tested in
scratched immortalized human epithelial (HaCaT) cells. Moreover, fractionation of the
ethanolic extract with water and hexane further increased its capabilities in wound closure,
while the ethyl acetate fraction showed a slightly lower healing capacity, as compared to the
ethanolic extract. This suggests that the extract has skin regenerative properties, and it is
likely that the phytocompounds responsible are either polar or non-polar compounds [56].
Subsequently, in a study conducted by Nilugal et al. [68], an in vivo approach was used
instead. Albino rats were excised on the dorsal thoracic region and ointment with ethanolic
extract of the seed was applied to the wound. Wound area reduction was then measured
for 20 days. The results demonstrate that the extract induced complete wound closure by
day 15, instead of day 20 as observed in the negative control. In the histological images, it
can be observed that the extract induced higher proliferation in the fibroblast, formed new
blood capillaries, and increased collagen fibers. In short, as photoaging brings about the
degradation of collagen fibers, the discovery of wound healing and skin re-epithelization
properties in the seeds are promising for future cosmetic development. Tying in with the
ability of the seed in inhibiting UVB-mediated production of MMP-1 (as mentioned earlier),
these positive prospects should incite an increased fervor in the search for the compounds
responsible for these properties. Finally, studies involving human skin and 3D culture will
also increase our knowledge of the deeper mechanisms involved in the process of skin
repair.

Table 2. The bioproperties and bioactivities of S. macrophylla seed that has cosmeceutical potential.

Seed Extract Bioproperties Extraction Method In Vitro/In Vivo Studies Bioactivity References

Aqueous extract Antioxidant

(A) The seeds were washed,
dried at room temperature,
powdered, and sieved
through 40 meshes.
(B) For 200 mg of powder,
1 mL of distilled water was
added, before centrifuging for
15 min at 3000 rpm.
(C) The supernatant was
filtered and collected as the
extract.

(A) Winstar rats (200–250 g)
injected intraperitoneally
with 65 mg/kg of
streptozotocin in a volume
of 1 mL/kg body weight to
induce diabetes. The rats
were fed with glucose
30 min prior to treatment
with the extract. Blood was
drawn from the tail.
(B) Antioxidant testing on
the extract itself.

(A) Antioxidant level in the blood
demonstrated dose-dependent
increase in antioxidant activity,
using modified free oxygen
radical defense (FORD) assay.
(B) Antioxidant activity of pure
aqueous extract also showed
increasing antioxidant activity
dose-dependently via modified
FORD assay.

[58]

Aqueous extract Antioxidant

(A) The seeds were washed,
dried at room temperature,
powdered, and sieved.
(B) The powdered seeds were
added to 200 mL of boiled
distilled water, before
centrifuging at 3500 rpm for 8
min and filtered.

(A) FORD assay.
(B) Free radical 2,2-diphenyl-
1-picrylhydrazyl (DPPH) +
H2 assay.
(C) Ferric-reducing
antioxidant power (FRAP)
assay.
(D) Oxidative stress test on
Saccharomyces cerevisiae
(S. cerevisiae).

(A) FORD assay: increase in
antioxidant activity over time.
(B) DPPH assay: 56.2 ± 0.97%.
(C) FRAP assay: 34.8 ± 0.13
μmol Fe + 2/g PM.
(D) Oxidative stress test: I extract
promotes the growth of S.
cerevisiae over time, even in the
presence of hydrogen peroxide
that causes oxidative stress.

[60]

238



Antioxidants 2022, 11, 913

Table 2. Cont.

Seed Extract Bioproperties Extraction Method In Vitro/In Vivo Studies Bioactivity References

Ethyl acetate
extract;

methanol extract

Antioxidant and
anti-

pigmentation

(A) The seeds were dried and
then ground to powder, before
being subjected to extraction.
(B) The powdered seeds were
extracted with ethyl acetate
and methanol in increasing
order of their polarity.
(C) Each extract was
concentrated using a rotary
evaporator at 40–50 ◦C.

(A) DPPH assay.
(B) Tyrosinase inhibitory
activity.

(A) DPPH radical scavenging
capacity (500 μg/mL):
(i) Ethyl acetate extract:
30.30 ± 1.63%; IC50
detected;
(ii) Methanol extract:
56.82 ± 2.67%; IC50: 200 μg/mL.
(B) Percentage of inhibition on
tyrosinase activity:
(i) Ethyl acetate extract:
14.44 ± 2.45%;
(ii) Methanol extract:
15.95 ± 1.27%.

[59]

Ethanol extract
(SMCE);

hexane fraction
(SMHF);

ethyl acetate
fraction (SMEAF);
aqueous fraction

(SMWF)

Photoprotection,
antioxidant,

wound healing

(A) The seeds (3 kg) were
finely grounded and soaked
in ethanol for 72 h at room
temperature.
(B) The extract was filtered
and concentrated with a
rotary evaporator at 40 ◦C to
obtain SMCE.
(C) SMCE was then dissolved
in hexane to obtain the hexane
fraction. The supernatant was
dried with anhydrous sodium
sulphate, before concentrating
with a rotary vacuum
evaporator to obtain SMHF.
(D) The insoluble residues of
hexane were subjected to
ethyl acetate and water
portioning in a 1:1 ratio.
(E) The ethyl acetate fraction
was dried via rotary
evaporation to obtain SMEAF,
while the water fraction was
freeze-dried to obtain SMWF.

(A) DPPH radical
scavenging assay.
(B) 2′azino-bis (3,
-ethylbenzothaizoline-6-
sulfonic acid). (ABTS)
radical scavenging assay.
(C) Ferrous ion chelating
assay.
(D) Critical wavelength
measurement.
(E) Scratch wound assay on
HaCaT cells.

(A) Antioxidant assays:
(i) SMCE: not significant for
DPPH, ABTS and ion chelating
activity;
(ii) SMHF: significant only for
iron chelating activity at
2000 μg/mL with 14.073 ± 0.18%
activity. Not significant for DPPH
and ABTS assays;
(iii) SMEAF: not significant for
DPPH, ABTS and ion chelating
activity;
(iv) SMWF:
(a) Significant for DPPH activity:
6.332 ± 0.80% at 2000 μg/mL;
(b) Significant and
dose-dependent increase for
ABTS activity: 12.796 ± 2.01% at
125 μg/mL;
(c) Significant and
dose-dependent increase for iron
chelating activity: 8.014 ± 2.51%
at 125 μg/mL.
(B) Critical wavelength of SMCE,
SMHF, SMEAF, and SMWF are
347.6, 345, 341.6, and 362.4 nm,
respectively.
(C) Percentage of wound closure
after 24 h of treatment:
(i) SMCE (6.25 μg/mL):
54.10 ± 2.59%;
(ii) SMHF (100 μg/mL):
59.45 ± 5.72%;
(iii) SMEAF (12.5 μg/mL): 41.48
± 3.91%;
(iv) SMWF (50 μg/mL):
74.68 ± 5.16%.

[56]
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Table 2. Cont.

Seed Extract Bioproperties Extraction Method In Vitro/In Vivo Studies Bioactivity References

SMCE, SMHF,
SMEAF, SMWF

Photoprotection
against UVB
irradiation

(A) The seeds (3 kg) were
finely ground and soaked in
ethanol for 72 h at room
temperature.
(B) The extract was filtered
and concentrated with a
rotary evaporator at 40 ◦C to
obtain SMCE.
(C) SMCE was then dissolved
in hexane to obtain the hexane
fraction. The supernatant was
dried with anhydrous sodium
sulphate, before concentrating
with a rotary vacuum
evaporator to obtain SMHF.
(D) The insoluble residues of
hexane were subjected to
ethyl acetate and water
portioning in a 1:1 ratio.
(E) The ethyl acetate fraction
was dried via rotary
evaporation to obtain SMEAF,
while the water fraction was
freeze-dried to obtain SMWF.

HaCaT cells treated with
SMCE (6.25 μg/mL), SMHF
(100 μg/mL), SMEAF (12.5
μg/mL), and SMWF
(50 μg/mL) in PBS, while
being exposed to 50 mJ/cm2

UVB. Cells were then rinsed
and incubated for 24 h at 37◦C, 5% CO2. Protein and
gene expression changes
were taken 24 h post
exposure.
Negative control:
non-irradiated cells.
Inducer control: irradiated
but non-treated cells.

Comparison of treatment with
negative and inducer controls:
(A) SMCE:
(i) Gene expression changes:
downregulation of TNF-α and
MMP-1 (vs inducer control);
(ii) Protein expression changes:
downregulation of ribosomes
and Filamin Bβ (vs negative
control).
(B) SMHF:
(i) Gene expression changes:
downregulation of NF-κB and
cyclin D1 (vs inducer control);
(ii) Protein expression changes:
multiple changes across the
redox system, RNA to protein
processing, DNA maintenance
and repair, glycolysis process,
and cell growth, proliferation
and migration. All changes
demonstrated reversal against
UVB induced damage.
(C) SMEAF:
(i) Gene expression changes:
downregulation of TNF-α,
NF-κB, MMP-1 and Bax;
(ii) Protein expression changes:
downregulation of PRDX-3,
PDI-A3, and fascin (vs negative
control).
(D) SMWF:
(i) Gene expression changes: no
significant changes in TNF-α,
NF-κB, COX-2, MMP-1, cyclin
D1 and Bax;
(ii) Protein expression changes:
multiple changes across the
redox system, RNA to protein
processing, DNA maintenance
and repair, glycolysis process,
and cell growth, proliferation
and migration, in which majority
are opposite to SMHF.

[57]

Pure compounds
(i)

swietemacrophin
(ii) humilinolide F

(iii) 3,6-O,O-
diacetylswietenolide

(iv) 3-O-
tigloylswietenolide
(v) swietemahonin

E;
(vi) swietenine

Anti-
inflammation

(A) Dried seeds (380 g) were
pulverized and extracted with
methanol for 3 days at room
temperature.
(B) The extract was
concentrated at 35 ◦C with
reduced pressure, before
being partitioned between
ethyl acetate and water in a
1:1 ratio.
(C) The water fraction was
further extracted with
n-butanol to produce a
butanol soluble fraction and
water fraction.
(D) The ethyl acetate fraction
was further fractionated and
purified to produce six pure
compounds.

(A) Human neutrophils
obtained from the venous
blood of healthy, adult
volunteers aged
20–30 years old.
(B) RAW264.7 (murine
macrophage) cells.

(A) Suppression of superoxide
anion generation by human
neutrophils (IC50):
(i) Swietemacrophin:
45.44 ± 3.76 μM
(p < 0.05);
(ii) Humilinolide F:
27.13 ± 1.82 μM
(p < 0.01);
(iii) 3,6-O,O-diacetylswietenolide:
29.36 ± 1.75 μM (p < 0.05);
(iv) 3-O-tigloylswietenolide:
35.58 ± 2.12 μM;
(v) Swietemahonin E:
33.64 ± 2.05 μM
(p < 0.05);
(vi) Swietenine: >100.

(B) Inhibition of NO generation
by RAW264.7 cells:
(i) Swietemacrophin:
33.45 ± 1.88 μM
(p < 0.01);
(ii) Humilinolide F:
49.36 ± 4.01 μM;
(iii) 3,6-O,O-diacetylswietenolide:
64.21 ± 5.67 μM;
(iv) 3-O-tigloylswietenolide:
32.62 ± 3.27μM (p < 0.01);
(v) Swietemahonin E:
29.70 ± 2.11μM
(p < 0.05);
(vi) Swietenine: 36.32 ± 2.84.

[62]
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Table 2. Cont.

Seed Extract Bioproperties Extraction Method In Vitro/In Vivo Studies Bioactivity References

Swietenine
Antioxidant and

anti-
inflammation

(A) The seeds were dried for
24 h in a drying oven at 30 ◦C.
(B) Oil from the seeds were
removed using an oil press
machine.
(C) The pressed seed was then
sequentially extracted with
hexane, ethyl acetate and
methanol via a Soxhlet
extractor.
(D) The ethyl acetate extract
was concentrated with a
rotary evaporator and dried in
a vacuum dryer, before
further purification to isolate
swietenine.

(A) RAW264.7 cells induced
by lipopolysaccharide.
(B) Hepa1c1c7 (murine
hepatoma) cells.

(A) Swietenine dose-dependently
inhibited NO production in
induced RAW264.7 cells with
65.97 ± 0.7% at 0.78 μM and
21.03 ± 1.4% at 25 μM.
(B) Swietenine dose-dependently
significantly inhibited production
of pro-inflammatory cytokine
IL-1β, IFN-γ, TNF-α, and IL-6
in induced RAW264.7 cells. At 25
μM, RAW264.7 experienced a
reduction in fold change in IL-1β
by 1.3 ± 0.13, IFN-γ by 3.40 ±
0.07, TNF-α by 1.45 ± 0.06, and
IL-6 by 1.60 ± 0.20.
(C) Swietenine dose-dependently
inhibited the expression of
COX-2 and NF-κB of induced
RAW264.7 cells. At 25μM,
RAW264.7 experienced a
reduction in fold change in
COX-2 by 1.73 ± 0.06 and NF-κB
by 2.90 ± 0.09.
(D) Swietenine dose-dependently
upregulated NRF2 and HO-1 in
induced RAW264.7 cells. At
25μM, RAW264.7 experienced an
increase in fold change in NRF2
by 2.57 ± 0.02 μM and HO-1 by
2.46 ± 0.03.
(E) Swietenine induced NQO1
activity in Hepa1c1c7 cells. The
CD value of swietenine was 15.8
± 0.23 μM.

[61]

(A) Swietenia oil
extracted from

Swietenia
macrophylla

(B) Nanoemulsion
Swietenia oil

(C) Nanoemulgel
of Swietenia oil

Anti-
inflammation Not available

Male Sprague–Dawley rats
(180–200 g) with induced
edema in the right hind paw.
The rats were treated with
the Swietenia oil, before
being induced to have an
edema.

(A) Significant dose-dependent
inhibition of inflammation in the
paw of the rats across 4 h of
Swietenia oil treatment.
(B) Nanoemulsion of Swietenia oil
improved the percentage of
inflammation inhibition from
54% to 76.4%, at
4 h of 4 mg/kg treatment.
(C) Nanoemulgel of Swietenia oil
improved the percentage of
inflammation inhibition from
27% to 69.6%, at
4 h of 20% concentration
treatment.

[65]

Ethanol extract in
the form of

ointment (10%
w/w)

Wound healing

(A) The seeds were dried and
homogenized before
extracting with 95% ethanol at
room temperature for 6 days.
(B) The extract was filtered
and concentrated.

Adult male
Sprague–Dawley albino rats
(200–250 g) were excised on
the shaved dorsal thoracic
region. The wound size was
200 mm and 2 mm deep.
The wound was then blotted
with a cotton swab soaked
in normal saline to achieve
hemostasis, before leaving it
open.

(A) The wound area was closed
by the ethanolic ointment by day
15 as compared to the control,
which took 21 days.
(B) The ethanolic ointment
demonstrated higher fibroblast
proliferation and increased
formation of blood capillaries.
There was also presence of
collagen fibers and collagen
deposition. As compared to the
control, the control sample had
disorganized fibroblasts, fewer
blood capillaries and reduced
collagen deposition.

[68]

4. Conclusions

In summary, the potential of S. macrophylla seeds as a cosmeceutical product is positive.
Its natural antioxidant, anti-inflammatory, antibacterial, skin whitening, and wound healing
phytocompounds make it an ideal active ingredient to be present in a cosmetic product.
Nonetheless, there is still a large research gap that entails the transformation of the seed
extract into usable cosmetic products. Besides this, studies on skin whitening and wound
healing properties of S. macrophylla are still in their rudimentary form. Furthermore,
analyses on purer fractions and the phytocompounds have also not been carried out yet.
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On that account, additional in vivo or clinical study research to validate its effects would
certainly boost its potential and development as a cosmeceutical agent.
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