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Abstract: Aging is a natural and progressive declining physiological process that is influenced
by multifactorial aspects and affects individuals” health in very different ways. The skin is one
of the major organs in which aging is more evident, as it progressively loses some of its natural
functions. With the new societal paradigms regarding youth and beauty have emerged new concerns
about appearance, encouraging millions of consumers to use cosmetic/personal care products as
part of their daily routine. Hence, cosmetics have become a global and highly competitive market
in a constant state of evolution. This industry is highly committed to finding natural sources of
functional /bioactive-rich compounds, preferably from sustainable and cheap raw materials, to deliver
innovative products and solutions that meet consumers’ expectations. Macroalgae are an excellent
example of a natural resource that can fit these requirements. The incorporation of macroalgae-derived
ingredients in cosmetics has been growing, as more and more scientific evidence reports their
skin health-promoting effects. This review provides an overview on the possible applications of
macroalgae as active ingredients for the cosmetic field, highlighting the main compounds responsible
for their bioactivity on skin.

Keywords: macroalgae; skin care; technological ingredients; antiaging; antioxidant; whitening;
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1. Introduction

The world population continues to grow, although at a slower rate than in the recent past, and is
expected to reach 9.7 billion by 2050. Globally, demographic projections indicate that life expectancy
at birth is increasing [1], which means that populations are getting older [2]. This will certainly have
wide-ranging repercussions on social, economic, and health systems.

Aging is a natural and progressive declining physiological process, influenced by multifactorial
aspects, that affects individuals’ health in very different ways [3,4]. Oxidative stress has a substantial
role in aging, and several studies have suggested different mechanisms by which free radicals can
damage biological systems, leading to the development of chronic diseases: diabetes, cognitive decline
and neurodegenerative diseases (e.g., Alzheimer’s and Parkinson’s), cardiovascular injuries, skin
damage, and certain types of cancer, among many others [2,4-9].

1.1. Cosmetics Industry

The skin has historically been used for the topical delivery of compounds, being a dynamic,
complex, integrated arrangement of cells, tissues, and matrix elements that regulates body heat and
water loss, whilst preventing the invasion of toxic substances and microorganisms. Structurally, skin is
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composed of three major regions: epidermis, dermis, and hypodermis. According to Mathes et al. [10],
the most superficial layer of the epidermis (stratum corneum) contains a cornified layer of protein-rich
dead cells embedded in a lipid matrix which, in turn, manly comprises ceramides, cholesterol, and
fatty acids (FA). Within the epidermis, melanocytes, Merkel cells, and Langerhans cells can also be
found; these are responsible for melanin production, sensorial perception, and immunological defense,
respectively [11]. The viable epidermis (50-100 um) containing the basal membrane presents laminins
(at least one type), type IV collagen, and nidogen, as well as the proteoglycan perlecan, while in the
dermis (1-2 mm) it is possible to find sweat glands and hair follicles [12]. The dermis is pervaded by
blood and lymph vessels. This skin layer matrix comprises not only arranged collagen fibers and a
reticular layer with dense collagen fibers arranged in parallel to the skin surface, but also collagen and
elastin, which provide the elastic properties of the skin [10]. Fibroblasts are the main cell type of the
dermis. Beneath the dermis lies the hypodermis, where adipocytes are the most prominent cell type.

The efficacy of cosmetic active ingredients is related to their diffusion rate through the skin barrier to
their specific targets [13]. However, small soluble molecules with simultaneous lipophilic and hydrophilic
properties have a greater ability to cross the stratum corneum than do high-molecular-weight particles,
polymers, or highly lipophilic substances [14]. Also, it should be highlighted that the skin surface has
long been recognized to be acidic, with a pH of 4.2-5.6, being described as the acid mantle [15].

During aging, skin becomes thinner, fragile, and progressively loses its natural elasticity and
ability to maintain hydration [16], and with the new society paradigms regarding youth and beauty
have emerged new concerns about appearance. The use of cosmetic/personal care products (PCP) and
their ingredients is part of the daily routine of millions of consumers. PCP can be locally applied on the
skin, lips, eyes, oral cavity, or mucosa, but systemic exposure to the ingredients cannot be neglected
and should be carefully considered. Besides this, there is the possibility of local adverse reactions, such
as irritation, sensitization, or photoreactions. Given the massive use of these products, they must be
diligently evaluated for safety prior to marketing [17].

According to Regulation European Commission (EC,) 1223/2009, a cosmetic product is defined
as “any substance or mixture intended to be placed in contact with the external parts of the human
body (epidermis, hair system, nails, lips and external genital organs) or with the teeth and the mucous
membranes of the oral cavity with a view exclusively or mainly to cleaning them, perfuming them,
changing their appearance, protecting them, keeping them in good condition or correcting body
odours” [18].

However, there is another category—the “cosmeceuticals”—which is attracting the industry’s
attention and is of interest to the most attentive consumers. The term has its origin about three decades
ago [19], but to this day it has no legal meaning, namely, under the Federal Food, Drug, and Cosmetic
Act [20]. Even so, the industry continues to use this designation, and cosmeceuticals” development and
marketing still lies between the individual benefits of cosmetics and pharmaceuticals [21]. Recently,
Kim [22] stated that some cosmetic formulations, in fact, are intended to prevent disease or to affect
human skin’s function or structure, and can be considered as drugs. These may include sunscreens
or antidandruff shampoos, but also other cosmetics containing active ingredients that promote
physiological changes in skin cells, making them appear healthier and younger [23].

Cosmetics are a global and highly competitive market worth more than €425 billion
worldwide [24]. In 2016, the European cosmetics and personal care market was the largest in the
world, valued at €77 billion in retail sales price, followed by the United States (€64 billion) and Brazil
(€24 billion) [25].

In recent decades, consumers have been drawing more and more attention not only to lifestyle
issues and their impact on health and well-being, but also to environment and sustainability matters,
questioning the origin of products, manufacturing processes, and ecological implications, along with
safety issues [23,26]. The search for natural products for a great diversity of purposes, including
food, nutraceuticals, cosmetics, and personal hygiene products, among others, somehow reflects these
concerns [27]. In part, this is due to the consumers’ perception about the safety of botanicals, which
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are derived from nature, making them desirable ingredients over synthetic ones for a diversity of
formulations [16,28]. This is strong encouragement for industry-related research to find solutions and
novel/alternative natural raw materials with additional properties that go further than their basic
functions (e.g., nutrition) [28-30]. Nevertheless, it is of huge importance to guarantee that the selected
raw materials are nontoxic and safe, and to also ensure accurate controls throughout all the production
phases of industrial batches [16].

At the end, the main challenge of this whole process is to add value to products. This
can be accomplished in several different ways, namely, by (i) finding natural raw materials that
are simultaneously rich in functional and bioactive compounds; (ii) using these resources in a
sustainable way; (iii) processing them through green processes and eco-friendly procedures, with
low environmental impact; and/or (iv) delivering products and innovative solutions that meet
consumers’ expectations.

The following sections will provide an overview about the possible application of macroalgae
as active ingredients in the cosmetic field, highlighting the main compounds responsible for their
bioactivity on skin.

1.2. Macroalgae in the World—Global Numbers

Macroalgae are an excellent example of a natural resource that can fit the above-mentioned
principles. According to the latest available statistics from FAO (Food and Agriculture Organization),
about 23.8 million tons of macroalgae ($6.4 billion) and other algae are harvested annually. The
major producing countries are China (54%) and Indonesia (27%), followed by the Philippines (7.4%),
Republic of Korea (4.3%), Japan (1.85%), and Malaysia (1.39%) [31]. In Asian countries, macroalgae are
traditionally used as food, for medicinal purposes, or as fertilizers. Besides this, they are a valuable
raw material used as an ingredient in animal feed [31-34]. However, some authors consider them to
be still underexploited and to have not yet reached their full potential of application [35].

Overall, following global trends, there is a growing demand for edible algae and algae-based
products [36]. With aquaculture, which is one of the fastest growing producing sectors, it is possible to
considerably increase the availability of that biomass [30,31,37].

The marine environment is extremely demanding, competitive, and aggressive. Consequently,
marine organisms, including macroalgae, are forced to develop an efficient metabolic response as a
self-defense mechanism, for example, by producing secondary metabolites that allow them to preserve
their survival and protect themselves against external threats [32]. Therefore, sea biodiversity presents
the opportunity to explore these molecules and find novel and natural bioactive compounds.

Macroalgae are one of the most ecologically and economically important living resources of the
oceans, being generally classified into three groups according to their pigmentation: Phaeophyceae
(brown), Rhodophyceae (red), and Chlorophyceae (green) [33,34]. Undeniably, they have huge
potential as a natural source of important nutrients, namely, fiber (15-76% dry weight, dw), protein
(1-50% dw), essential amino acids, essential minerals, and trace elements (ash: 11-55% dw) [24].
Despite having a low fat content (0.3-5% dw), they provide long-chain polyunsaturated fatty acids
from the n-3 family (n-3 LC-PUFA), such as eicosapentaenoic acid (EPA, 20:5n-3), and liposoluble
vitamins (e.g., -carotene, vitamin E) [34,36,38—40]. However, it is important to highlight that
macroalgae development and composition is affected by the species genetics and the surrounding
growth conditions, namely, light, temperature, pH, salinity, and nutrient variations [35,38,41,42].

The production of macroalgae in aquaculture is not very complex and can be performed at a
large scale. They can develop quickly and, by controlling their growth conditions, it is possible to
manipulate their chemical composition, namely, protein, polyphenol, and pigment contents [16,41].

Regardless of their origin (either from wild harvest or from controlled production), the overall
chemical composition of macroalgae makes them a very worthy bio-sustainable ingredient for a wide
range of applications. This is of particular interest for the cosmetic industry, in which the ingredients
used in the formulations—either active substances, excipients, or additives—are elements of added
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value and differentiation of a final product. The active ingredient is responsible for the cosmetic
activity of interest (moisturizing, whitening, antiaging, etc.), while the excipient constitutes the vector
for the active ingredient and, in turn, the additive is an ingredient intended to improve the product
preservation or its organoleptic properties [24].

2. Macroalgae as a Source of Functional and Technological Ingredients

For years, due to their composition, some species of macroalgae have been traditionally used as
a source of phycocolloids, namely, agar and carrageenan extracted from red algae such as Gracilaria,
Chondrus, Gelidiella, among others, and alginate from brown algae like Ascophyllum, Laminaria, or
Sargassum [30,33,43,44]. These phycocolloids are water-soluble polysaccharides, mainly used to thicken
(increase the viscosity of) aqueous solutions, to make gels of variable degrees of firmness, to produce
water-soluble films, and to stabilize some products [43]. Agar and carrageenan form thermally
reversible gels, while alginate gels do not melt on heating. These compounds are industrially extracted
and, due to their technological characteristics, further used as ingredients/additives in a wide variety
of products in agro-food, pharmaceutic and cosmetic industries [30,31,33,43]. Table 1 describes some
examples of industrial applications and technological functions of the above-mentioned phycocolloids
extracted from macroalgae, specifically in the cosmetic industry [45-47].

Natural plant extracts can be incorporated in a wide variety of cosmetic products, like creams and
body lotions, soaps, shampoos, hair conditioners, toothpastes, deodorants, shaving creams, perfumes,
and make-up, among others; this has been a very active area of research [28,48]. Regarding, specifically,
the use of macroalgae, some species are suitable for dermocosmetic applications [49].

Within the additives class, preservatives are one of the most representative substances. For the
industry, finding sources of natural additives as alternatives to current commercial synthetic ones
is a matter of great interest [50]. Some of the more commonly used additives are BHT (butyl
hydroxytoluene) and BHA (butyl hydroxyanisole), used as synthetic antioxidants to retard lipid
oxidation [51]. However, BHT has been associated with cancer and respiratory and behavioral issues in
children. An alternative is to use BHA instead, although, in high doses, it can also be carcinogenic [52].
Alternatively, natural antioxidants from plants and macroalgae have been demonstrating a solid
substitution potential [35,53]. Their antioxidant-rich extracts actively protect formulations against oil
oxidative processes, particularly those containing a higher amount of oily phase, while simultaneously
presenting health-promoting effects [27].

Currently, the interest of the cosmetic industry in macroalgae goes further than just using it as a
source of excipients and additives, as those previously mentioned in Table 1. Besides their functional
and technological properties, macroalgae are a source of bioactive compounds of added value, which
can also be a competitive advantage for this industry.

3. Macroalgae as a Source of Bioactive Skin Care Compounds

Over the years, many studies have been conducted about the nutritional composition, secondary
metabolites and bioactivities—as well as the potential health-promoting effects—of macroalgae.
To date, most of these marine-derived compounds were intended for food and pharmaceutical
applications [38]. Also, several researchers have been exploring the effects of macroalgae on health,
showing some progress and important positive outcomes in regards to some types of cancer; heart
diseases; thyroid and immune functions; allergy; inflammation [54]; and antioxidant, antibacterial,
and antiviral activity [55], among many others [42,56,57].

Aware of this, the cosmetic industry is interested in using macroalgae as a source of bio-sustainable
ingredients since they are extremely rich in biologically active compounds (Table 2), some of which
are already documented as functional active skin care agents [24,58]. As an additional advantage for
this industry, these ingredients can be cheap, while matching consumers’ requests for “natural” and
“healthier” products.
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Table 1. Applications and technological functions of phycocolloids extracted from macroalgae in the cosmetics industry.

Ingredient Species Technological Function Application Reference
Carrageenan Not specified Thickening and gelling agent, binder, sensory enhancer Bath and shower gel [45]
Carrageenan Not specified Thickening and suspending agent, stabilizer, sensory enhancer Skin care [45]
Carrageenan Not specified Thickening and suspending agent, stabilizer, sensory enhancer Sun care [45]
Carrageenan Not specified Thickening agent, film former, fixative agent, sensory enhancer Hair care [45]

Alginate Not specified Interface vitalization Shampoo [45]
Carrageenan Not specified Thickening and suspending agent, stabilizer, binder Oral care [45]
Alginate Not specified Form retention Dental moulds [45]
Alginate Not specified Emulsification, viscosity Lipstick [45]
Gelcarin® PC 379 Chondrus crispus Exfoliant Decorative cosmetic care applications [46]
Gelcarin® PC 812 Chondrus crispus Emulsifier and thickener Lipsticks and deodorants [46]
Wakamine 1% (peptidic extract) Undaria pinnatifida Whitening/lightening agent Skin care products [46]
Wakamine XP Undaria pinnatifida Whitening/lightening agent Skin care products [46]
EPHEMER™ Undaria pinnatifida Antioxidant and anti-aging agent Skin care products [46]
Akomarine® Fucus Fucus vesiculosus Skin softness and elasticity Slimming aI}d antl—ceflluhtls cosmetic [46]
ormulations
DENTACTIVE® Fucus serratus Protecting agent (reduces gingivorrhagia) Oral-care products [46]
Gracilaria Hydrogel Gracilaria conferta Humectant, nourishing and conditioning agent Skin care products [46]
Hijiki Extract Hizikia Fusiforme Whitening agent Whitening preparations [46]
Chlorofiltrat® Ulva HG Ulva lactuca Moisturizing and anti-inflammatory agent Skin care products [46]
AT UV PROTECTOR P Porphyra tenera Photo-protection Skin and sun care [46]
XYLISHINE ™ Pelvetia canaliculata Hair moisturizer Hair formulations [47]
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Bioactive Compounds Species Assays Health Benefits Reference
Polysaccharides
In vitro assays against the Herpes simplex virus in . . .
Sulphated oligosaccharides or .y (1) African green monkey kidney cells (Vero, ATCC Some f.ract?ons obtame.d from.Solzeijza. .
1 harid Solieria chordalis CCL-81): cell viabili chordalis with good antiherpetic activities; [59]
polysaccharides ); cell viability study by neutral red assay, no cvtotoxicity observed
using Vero cell /HSV-1 model Y y
joarti 1 is (1)
Sulphated polvsaccharides gz'gar:‘z_nu aq:%;llatrzs(l) Antioxidant activity assays—superoxide anion and High antioxidant activity and free radical
p poly igartina pist a,‘,l hydroxyl radical scavenge capacity, and in vitro stud scavenging activity, especially shown b [60]
(carrageenans) Eucheuma cottonii (M Y Y 8¢ capacity, y sNG Y, &sp y y
& Euchema spinosa in liver microsomal lipid peroxidation lambda carrageenan
In vitro assays for antioxidant capacity and
Sulphated polysaccharides Pterocladia capillacea (V) antibacterial effect against Escherichia coli and Antioxidant and antibacterial activity [61]
Staphylococcus aureus
Porphyra haitanensi )
Laminaria japonica @ . .. . . Antioxidant response is dependent on
Sulphated polysaccharides Ulva pertusa ©) Ant.1ox1dar1t act1.V1ty assays—sup er0x1.de and hydroxyl the type of polysaccharides, which differs [62]
@) radical scavenging effects, and reducing power .
Enteromorpha linza among red, brown, and green species
Bryopsis plumose
In vitro study in murine colon cancer cell line (CT-26),  Strong selective cell proliferation
Not specified Eckloni @) mouse melanoma cell line (B-16), hamster fibroblast inhibition on all cancer cell lines tested, [51]
P ciioma caoa cell line/normal cell line (V79-4) and human high antioxidant activity, and low
leukaemia cell lines (U-937 and THP-1) cell toxicity
Sulphated polysaccharides: Fucus vesiculosus @ Antioxidant a.ct1V1ty assays—sup'eromde'aru.on and High antioxidant activity and free radical
homofucans Padina gymnospora @ hydroxyl radical scavenge capacity, and in vitro study scavenging activity [60]
in liver microsomal lipid peroxidation
ip Rhizoclonium Moisturizing effect in pig skin model and in human Increased moisturizing e.ffecf, .
Not specified hieroolunhi o) Ki comparable to hyaluronic acid; no skin [63]
glyphicum skin (human volunteers) A
irritation observed
Not specified Laminaria japonica @ In vivo skin moisturizing activity Increased moisturizing skin effect [64]
In vitro assays against the Herpes simplex virus in . . .
. . . . Some fractions obtained from Solieria
Sulphated oligosaccharides or Utva sp. © African green monkey kidney cells (Vero, ATCC chordalis with good antiherpetic activities; [59]

polysaccharides

CCL-81); cell viability study by neutral red assay,
using Vero cell /HSV-1 model

no cytotoxicity observed

Legend: M, Rhodophyta; ?, Ochrophyra; ), Chlorophyta.
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Some of the bioactive compounds associated with skin care include polysaccharides, proteins,
(especially peptides and amino acids), lipids (including PUFA, sterols, and squalene), minerals, and
vitamins, but also the secondary metabolites such as phenolic compounds, terpenoids, and halogenated
compounds, among others [22,24,32,42,65]. Depending on their physicochemical properties, molecular
size, and solubility, bioactive compounds can be extracted, isolated, and purified by several different
methods [65]. However, in order to be used as ingredients in cosmetics, solvents used in the whole
process of extraction must be GRAS-grade (Generally Recognized As Safe), which excludes all of
those listed as substances prohibited in cosmetic products, described in Annex II of Regulation (EC)
No 1223/2009 of the European Parliament and of the Council of 18 December 2006, concerning
cosmetic products [18]. Table 2 summarizes some health benefits associated with macroalgae-derived
bioactive compounds.

3.1. Polysaccharides

The biological activity of several macroalgae-derived sulphated polysaccharides (SPs) has been
often reported [65,660]. The chemical structure of these macromolecules varies according to the
species: brown species present mainly laminarans (up to 32%-35% dw) and fucoidans; red algae
are mainly rich in carrageenans and porphyrans; and green algae are typically rich in ulvans [50,55,67].
Anti-proliferative activity in cancer cell lines as well as inhibitory activity against tumors has been
described for fucoidans [66]. The genus Porphyra contains mainly porphyrans, an agar-like sulphated
galactan disaccharide, which accounts for up to 48% of thallus (dw) [35]. It has been reported that
red macroalgae SPs, namely, xylomannan, galactans, and carrageenans, exhibit antiviral activity [59].
When accessing the antioxidant activity of different SPs—carrageenans (lambda, kappa, and iota),
fucoidans, and fucans—de Souza and colleagues [60] found that fucoidan and lambda carrageenan
exhibited the highest antioxidant activity and free radical scavenging activity against superoxide
anions and hydroxyl radicals. Ulvans, in turn, designated a water-soluble group typically found in
green macroalgae, which are mainly composed of glucuronic acid and iduronic acid units together
with thamnose and xylose sulphates [55]. It has been reported that these compounds present a high
antioxidant capacity against some reactive oxygen species (ROS), namely, superoxide and hydroxyl
radicals [62].

3.2. Proteins, Peptides, and Amino Acids

In macroalgae, proteins are a structural part of cell walls, enzymes, and bioactive molecules, such
as glycoproteins and pigments [68].

3.2.1. Protein

Protein content is one important parameter when determining the value of biomass, and may
be the starting point for selecting species that may be more profitable from which to obtain bioactive
peptides and amino acids through selected enzymes. The interest in enzymes in the field of cosmetics
has increased. Enzymes are highly specific and selective, easy to process, and can be applied in a wide
range of substrates and organic transformations in diverse reaction media [69].

Besides presenting substantial amounts of protein (up to 47% dw), most species present a complete
profile of essential amino acids [70]. Even so, protein content varies according to species, being
generally higher in Rhodophyceae (87%-50% dw), compared with Chlorophyceae and Phaeophyceae
(7%-32% and 6%—24% dw, respectively) [29]. Geographical origin and seasonality also affect their
protein composition, especially because nitrogen availability may fluctuate due to water temperature
and salinity variations, light irradiation, and wave force, thereby affecting their nutrient supply [29,71].

3.2.2. Peptides

Peptides are formed of short chains of 2 to 20 amino acids. Their biofunctional properties
depend on their amino acid composition and sequence in the parent protein, which needs to undergo
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a hydrolysis, commonly with digestive enzymes, so that peptides can be released and become
active [29]. The biofunctional and bioactive properties of peptides are based on their physiological
behavior, which resembles hormones or druglike activities. Besides this, they have the capacity to
modify physiological functions, even in the skin, due to their ability to interact with target cells,
binding to specific cell receptors or inhibiting enzymatic reactions [72,73]. Marine peptides, including
macroalgae-derived ones, have been considered safer than synthetic molecules due to their high
bioactivity and biospecificity to targets, with rare adverse effects and reduced risk of unwanted side
effects [74]. In fact, lately, peptides have been considered a captivating topic in the field of cosmetics
and skin applications [75].

3.2.3. Amino Acids

Macroalgae are an excellent source of amino acids and amino acid derivatives, which constitute
the natural moisturizing factor (NMF) in the stratum corneum and promote collagen production in the
skin [65]. Some species of red macroalgae like Palmaria and Porphyra have been reported to present
high amounts of arginine in their composition. Arginine is a precursor of urea, which is a component
of NMF, used in cosmetic formulations [65].

Mycosporine-like amino acids are a family of secondary water-soluble metabolites with low
molecular weight [29]. They are characterized by a cyclohexenone or cyclohexenimine chromophore
conjugated with a nitrogen substituent of an amino acid, amino alcohol, or amino group, with
maximum absorption wavelengths ranging from 310 to 360 nm [76]. Mycosporine-like amino
acids protect macroalgae from UV radiation, and have been described as important antioxidant
compounds in red algae with reports that they are very efficient photoprotector agents [29,65,77].
Hence, these metabolites have great potential to be used as natural skin protection ingredients in
photo-protective formulations.

3.3. Lipids

Macroalgae are known as a low-energy food, and, although their total lipid contribution is
generally very low (<4.5% dw), their PUFA contents are comparable to or even higher than those
found in terrestrial plants [38,78]. Still, the main classes of lipids are present in their composition and
include essential FA, triglycerides, phospholipids, glycolipids, sterols, liposoluble vitamins (A, D, E,
and K), and carotenoids [65].

Long-chain PUFAs (LC-PUFAs) have 20 or more carbons with two or more double bonds from
the methyl (omega) terminus. Marine lipids contain substantial amounts of LC-PUFAs, among
which eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic acid (DHA; 22:61-3) are the most
important (Figure 1), along with the precursors o-linolenic acid (ALA; 18:31n-3) and docosapentaenoic
acid (22:5n-3) [38]. Beneficial clinical and nutraceutical applications have been described for these
compounds [78].

HO

EPA; C20:5 n-3 DHA; C226 n-3

Figure 1. Chemical structure of eicosapentaenoic acid (EPA; C20:51-3) and docosahexaenoic acid (DHA;
C22:6n-3).

LC-PUFAs are essential components of all cell membranes and eicosanoid precursors, and are
critical bioregulators of many cellular processes [79]. As mediators of many different biochemical
pathways, they play an important role in health [80]. In several macroalgae species, EPA (C20:5n-3) is
frequently the most representative PUFA—in some cases, reaching 50% of the total FA content [78].
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A study performed by Kumari and colleagues [78] reported interesting features when comparing
several macroalgae species: Chlorophyta species presented higher C18-PUFAs amounts than did
C20-PUFAs, while the analyzed Rhodophyta species showed the opposite trend. In turn, Phaeophyta
samples exhibited a C18-PUFAs profile comparable to that of Chlorophyta and a C20-PUFAs profile
similar to that of Rhodophyta. Both brown and red species were richer in arachidonic acid and EPA,
while the green ones contained higher amounts of DHA.

As stated by several authors, variations in the lipid content and FA composition are often found,
and it is generally accepted that such disparities, besides the already mentioned environmental
conditions, could be due to different sample treatments and extraction methods [81,82].

3.4. Vitamins and Minerals

Macroalgae are a good source of both fat-soluble vitamins (e.g., vitamin E) and water-soluble
vitamins, namely, Bl (thiamine), B2 (riboflavin), B3 (niacin), BS (pantothenic acid), B6 (pyridoxine),
B12 (cobalamin), B8 (biotin), B9 (folic acid), and C (ascorbic acid) [40]. Interestingly, macroalgae are
also one of the few vegetable sources of vitamin B12—Its presence is likely due to the bacteria living
on their surface or in the proximate waters [35].

Besides this, macroalgae are important sources of minerals and trace elements, namely, calcium,
sodium, potassium, magnesium, iron, copper, iodine, and zinc [40].

3.5. Pigments and Phenolic Compounds

Macroalgae contain a wide variety of pigments that absorb light for photosynthesis, many of
which are not found in terrestrial plants. Species are characterized by specific sets of pigments. Three
major classes of photosynthetic pigments are found in algae: chlorophylls, carotenoids (carotenes and
xanthophylls), and phycobiliproteins [68]. These compounds are responsible for macroalgae color
variations during their growth and reproduction cycles, which depend on the amounts of pigments
present (chlorophylls, carotenoids, and their breakdown metabolites) [83].

Chlorophylls and carotenoids are liposoluble molecules. Chlorophylls, the greenish pigments,
are a group of cyclic tetrapyrrolic pigments, with a porphyrin ring with a central magnesium ion
and usually a long hydrophobic chain. Generally, chlorophyll a is the most abundant photosynthetic
pigment, while others are considered accessory pigments [68].

In turn, carotenoids are polyene hydrocarbons biosynthesized from eight isoprene units
(tetraterpenes) [84], usually presenting red, orange, or yellow colorations and remarkable antioxidant
properties [68]. Within the carotenes group, (3-carotene is the most representative one and is present in
all classes of macroalgae [68].

Xanthophylls contain oxygen in the form of hydroxy, epoxy, or oxo groups [84]. The foremost
representative marine xanthophylls include astaxanthin and fucoxanthin (Figure 2), which have also
been recognized to have excellent antioxidant potential [50].

0 0+
e ///K/\)\/\/M\‘QOH
| ﬁc
o
N o OH
I oH )\0

Fucoxanthin

o
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Figure 2. Chemical structure of the most representative marine xanthophylls—astaxanthin
and fucoxanthin.

Astaxanthin is a lipophilic carotenoid, structurally similar to 3-carotene but with an additional
hydroxyl and ketone group on each ionone ring [50]. Some studies have reported that astaxanthin
can be more effective than p-carotene in preventing lipid peroxidation in solution and various
biomembrane systems [85]. In turn, fucoxanthin is one of the major xanthophyll pigments in brown
algae and is found in edible brown algae, such as Undaria sp., Sargassum sp., Laminaria sp., and
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Hizikia sp. [35]. This molecule presents a unique structure including allenic, conjugated carbonyl,
epoxide, and acetyl groups, and was recently identified as the major bioactive antioxidant carotenoid
in 30 Hawaiian macroalgae species [86].

Phycobiliproteins (PBP) are a water-soluble group of photosynthetic pigments comprising
different compounds, like phycoerythrins with a red pigment linked to the protein molecule,
or phycocianins with a blue pigment instead. These different molecules absorb at different wavelengths
of the spectrum, which makes them very colorful and highly fluorescent in vivo and in vitro. This is of
special interest for biotechnological applications, where they are useful in diverse biomedical diagnostic
systems (e.g., immunochemical methods) [87]. Some have been used as natural food colorants, as well
as pink and purple dyes in lipsticks, eyeliner, and other cosmetic formulations [65,88,89]. Being
water-soluble molecules, it is possible to extract PBP from algal tissues using green extraction solvents,
like water or buffers [68].

In macroalgae, phenolic compounds are secondary metabolites, which means that they
do not directly intervene in primary metabolic processes such as photosynthesis, cell division,
or reproduction [65]. Instead, it is believed that this class of compounds is mainly responsible for
protection mechanisms, namely, against oxidative stress or UV cytotoxic effects [35,65,68].

Phlorotannins, a subgroup of tannins mainly found in brown macroalgae and, to a lesser extent,
in red species, are derived from phloroglucinol units (1,3,5-trihydroxybenzene), whereas in plants
polyphenols are derived from gallic and ellagic acids [22,35]. Phlorotannins are highly hydrophilic
compounds with a wide range of molecular sizes (from 126 Da to 650 kDa), and are of interest for
different applications (e.g., nutritional supplements, cosmetic and cosmeceutical products) [22].

4. Skin Benefits

Many external factors, including UV radiation, climate conditions, and air/environmental
pollutants (e.g., tobacco smoke) can affect the protective ability of skin and promote its premature
aging [90]. Commonly, this continuous exposure leads to oxidative stress caused by the imbalance
between oxidants and antioxidants, which affects skin health [90]. Skin aging produces several changes:
it becomes thinner, more fragile, and progressively loses its natural elasticity and ability to maintain
hydration [16].

In cosmetic formulations, the primary functions of natural ingredients may be antioxidant,
collagen boosting, or even anti-inflammatory [91]. The incorporation of macroalgae-derived bioactive
compounds in cosmetics has been growing as more and more scientific evidence is documented in
regards to their health-promoting and anti-pollution effects [55,62,82]. The foremost interesting classes
of bioactive compounds include those intended for antiaging care, including protection against free
radicals, prevention of skin flaccidity and wrinkles, anti-photoaging, photoprotection against UV
radiation, moisturizing, and skin whitening [16,27,65].

4.1. Antiaging and Antioxidant Effects

In biological systems, oxygen is the most common generator of free radicals—highly reactive
molecules with harmful potential. ROS and reactive nitrogen species (RNS, such as nitric oxide, NO*®)
are products of normal cellular metabolism. They act as secondary messengers by regulating several
normal physiological functions. However, they can play a dual role, as they can act as both damaging
and beneficial species. Oxidative stress, caused by an overproduction of ROS, can induce serious
damages in several cell structures (lipids and membranes, proteins, and DNA). At the same time, ROS
and RNS also participate in several redox regulatory mechanisms of cells in order to protect them
against oxidative stress and maintain their “redox homeostasis” [9].

A great diversity of bioactive compounds, namely vitamin E, vitamin C, superoxide dismutase,
coenzyme Q10, zinc sulphate, ferulic acid, polyphenols, and carotenoids, among others, have been
successfully used, for a long time, in cosmetic products as free-radical-scavenging molecules [23].
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An in vitro study showed that an algal extract containing astaxanthin presented a protective effect
in the reduction of DNA damage and maintenance of cellular antioxidant status in lines of human skin
fibroblasts (1BR-3), human melanocytes (HEMACc), and human intestinal Caco-2 cells, irradiated with
UVA [85].

In the last few years, other classes of macroalgae compounds have been showing potential as
bioactive ingredients for cosmetics. In a study performed with Ecklonia cava, crude polysaccharide
and polyphenolic fractions obtained by a former enzymatic hydrolysis were evaluated, showing a
suppressive effect on tumor cell growth, and antioxidant and radical scavenging activities in different
cell lines, with low toxicity [51]. In another study, Zhang and colleagues [62] evaluated the antioxidant
activity of SPs extracted from five macroalgae—one brown (Laminaria japonica), one red (Porphyra
haitanensis), and three green species (Ulva pertusa, Enteromorpha linza and Bryopsis plumose)—reporting
that their antioxidant behavior depended on the type of polysaccharides of each extract, which was
shown to be different among the species [62].

Likewise, protein hydrolysates, peptides, or amino acids from macroalgae can play a substantial
antioxidant role in a diverse range of oxidative processes [72].

4.2. Moisturizing/Hydration Action

Moisturizing and hydration are crucial for skin care and are essential to maintaining its healthy
appearance and elasticity, while also strengthening its role as a barrier to harmful environmental
factors [65]. Approximately 60% of the epidermis is water which is fixed by hygroscopic substances
known by the generic name of NMF (natural moisturizing factor). NMF constitution includes amino
acids (40%), including serine (20-30%), lactic acid (12%), pyrrolidone carboxylic acid (12%), urea
(8%), sugars, minerals, and a fraction that still remains undetermined [24]. Topical application of the
above-mentioned components, which can act as humectants, can improve the skin moisturizing ability
and relieve a dry skin condition [92].

Polysaccharides play a very important role in cosmetic formulations as humectants and
moisturizers. These macromolecules have a high capacity for water storage and can be linked to
keratin through hydrogen bonds, thus improving skin moisturization [63,65]. According to Wang
and colleagues [93], polysaccharides extracted from Saccharina japonica revealed better moisturizing
properties than hyaluronic acid, suggesting that these polysaccharides could be an interesting
ingredient for cosmetics. The authors also found that the sulphated group was a main active
site for moisture absorption and moisture retention ability, and that the lower-molecular-weight
polysaccharides presented the highest moisture absorption and moisture retention abilities [93].
A cosmetic formulation containing 5-10% extract of Laminaria japonica improved skin moisture in a
group of volunteers. Authors suggest that two mechanisms might be responsible for these promising
results: on the one hand, the hydroscopic substances of the extract (e.g., free amino acids, sugars, and
minerals) may contribute to reinforcing the NMF in skin, helping to retain appropriate moisture levels
in the epidermis; on the other hand, phycocolloids, like alginate, and protein in extracts attach to skin
proteins to form a protective barrier for moisture loss regulation [64].

4.3. Collagen-Boosting Effects

With aging, the extracellular tissue matrix (ETM) components—collagen, hyaluronic acid, and
elastin, among others—decrease, leading to thinner skin with a weakened structure [94]. However,
some active ingredients have been showing promising results in reverting these signs. For instance,
some peptides have been used as cosmeceutical ingredients showing interesting antiaging effects,
namely in wrinkle and fine line reduction, and in skin firming and skin whitening [73]. Different types
of peptides and mechanisms of action are responsible for those effects. Signal peptides, for instance,
stimulate ETM production by specifically increasing neocollagenesis [73]. Besides this, they can also
promote fibronectin and elastin synthesis, as well as cell-cell cohesion, with results in skin firming and
wrinkle and fine line reduction [73]. Therefore, the use of formulations containing these compounds
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can promote the replacement of the lost extracellular tissue matrix, reducing, then, the appearance of
wrinkles [23].

Marine-derived phlorotannins, extracted from Eisenia bicyclis and Ecklonia kurome, presented a
strong hyaluronidase inhibitory effect in in vitro assays [95], showing potential as a bioactive ingredient
to recover ETM functions.

4.4. Photo-Protective Action

Sunlight UV radiation is still the most powerful environmental risk factor in skin cancer
pathogenesis [85]. The use of photoprotective products with UV filters is extensively recommended
to prevent (and protect the skin from) several types of damage, like sunburn, photo-aging,
photodermatoses, or even skin cancer [27]. Within this type of product, formulations containing
sun-screening agents combined with antioxidants are considered to be safer and more effective [23].

Bioactive compounds able to absorb UV radiation can protect human fibroblast cells from
UV-induced cell death and suppress UV-induced aging in human skin [65].

As previously mentioned, macroalgae have developed mechanisms to prevent damage from UVB
and UVA radiations, either by producing screen pigments, like carotenoids, or by phenolics.

4.5. UV-Absorbing Compounds

Heo and Jeon [96] reported that fucoxantin from Sargassum siliquastrum presented a great
in vitro ability to protect human fibroblasts against oxidative stress induced by UVB radiation.
Another study with Halidrys siliqguosa (Phaeophyta) showed that the tested extracts presented strong
antioxidant activity and a good sunscreen potential, associated with the presence of phlorotannins like
diphlorethols, triphlorethols, trifuhalols, and tetrafuhalols [57].

4.6. Whitening/Melanin-Inhibiting Effects

Melanin, which is the main determinant of skin color, absorbs UV radiation and prevents
free radical generation, protecting skin from sun damage and aging [97]. However, the abnormal
production of melanin can be a dermatological condition and a serious cosmetic issue.

Tyrosinase catalyzes melanin synthesis in two different pathways: the hydroxylation of L-tyrosine
to 3,4-dihydroxy-l-phenylalanine (L-dopa) and the oxidation of L-dopa to dopaquinone, followed by
further conversion to melanin [24]. It is possible to regulate melanin biosynthesis, for instance, by
protecting skin and avoiding UV exposure, or by inhibiting tyrosinase action or melanocyte metabolism
and proliferation [22].

The demand for natural products that inhibit/control or prevent melanogenesis and, consequently,
skin pigmentation, is growing all over the world [98], especially for melanin hyperpigmentation
dermatological diseases, as well as for cosmetic formulations for depigmentation [22]. Recently,
macroalgae extracts showed profound inhibitory effects against tyrosinase and melanin synthesis in
both in vitro cell experiments [98,99] and an in vivo zebrafish animal model [99].

4.7. Anti-Inflammatory Effect

An inflammatory process causes oxidative stress and reduces cellular antioxidant capacity. The
large amount of produced free radicals react with FA and proteins of cell membranes, permanently
damaging their normal functions [4].

Senevirathne and colleagues [100] evaluated antioxidant and anticholinesterase (AChE) activities,
as well as the protective effects of enzymatic extracts from Porphyra tenera against lipopolysaccharides
(LPS)-induced nitrite production in RAW264.7 macrophage cells. The authors concluded that
all enzymatic extracts showed no cell cytotoxicity (cell viabilities greater than 90% in all cases),
and all enzymatic extracts effectively inhibited LPS-induced nitric oxide production in RAW264.7
macrophages [100]. These results indicate that Porphyra tenera could be a valuable source of natural
antioxidants and anti-inflammatory ingredients for cosmetic purposes.
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4.8. Anti-Cellulite and Slimming Effects

Although cellulite is not a pathological condition, it remains a matter of cosmetic concern,
especially for postadolescent women [101]. Many efforts have been made to find treatments that
improve symptoms and signs of cellulite, as well as the visual appearance of skin.

Some species of macroalgae (e.g., Fucus vesiculosus L., Laminaria digitata (Huds.) Lamouroux,
among others) are used in cosmetic formulations for cellulite reduction [65].

Al-Bader and colleagues [102] tested a formulation containing aqueous extracts of Furcellaria
lumbricalis and Fucus vesiculosus to assess in vitro lipolysis in mature adipocytes and measured
pro-collagen I in human primary fibroblasts, finding that there was an improvement of lipolysis-related
mechanisms and pro-collagen I production. Subsequently, they evaluated cellulite by dermatological
grading and ultrasound measurements and could observe a clinical improvement in the cellulite.

Macroalgae extracts may also be of interest for slimming purposes, as evidence demonstrates
that they significantly decrease the body weight gain, fat-pad weight, and serum and hepatic lipid
levels in high-fat-diet-induced Sprague Dawley male obese rats, and showed a protective effect
against these factors through the regulation of gene and protein expression involved in lipolysis and
lipogenesis [103].

Iodine is essential for thyroid metabolism. Thyroid hormones are involved in mechanisms
that increase the synthesis of carnitine palmitoyl transferase which, in turn, promote lipolysis by
increasing the penetration of fatty acids in the mitochondria [24]. Diet is the major contributor of
iodine, but breathing gaseous iodine in the air and placing it on the skin are other possible paths [104].
Fucus serratus L. is a rich source of iodine. A recent in vivo study reported that bath thalassotherapy
with this macroalgae had the potential to increase the urinary iodide concentration of the bather,
indicating inhalation of volatile iodine as the predominant route of uptake [104]. Another in vivo
study also showed the effectiveness of a cosmetic product containing extracts of Gelidium cartilagineum,
Pelvetia canaliculata, and Laminaria digitata, as well as other active ingredients, in exerting a slimming
effect, compared with a placebo [105].

4.9. Antiviral and Antibacterial Effects

An enzyme-assisted extraction enabled a more effective obtention of proteins, neutral sugars,
uronic acids, and sulphate groups in three species of macroalgae: the red Solieria chordalis, the green
Ulva sp., and the brown Sargassum muticum. In this study, although no cytotoxicity was observed for
all extracts, only S. chordalis presented good antiherpetic activities, mainly attributed to its richness in
sulphate groups [59].

An O/W (oil in water) emulsion prepared with a phlorotannin-enriched fraction obtained from the
brown macroalgae Halidrys siliquosa presented antibacterial capacity against Pseudomonas aeruginosa,
Staphylococcus aureus, and Escherichia coli [57]. Another study with a red macroalgae (Pterocladia
capillacea) revealed that using carbohydrate degrading enzymes prior to in vitro assays produced
extracts with higher antioxidant capacity and stronger antibacterial effect against Escherichia coli
and Staphylococcus aureus [61]. This could be of particular interest for the development of natural
preservatives to be used in cosmetic formulations.

5. Final Remarks

Macroalgae-derived ingredients have been used in cosmetic formulations due to their
technological properties. However, it is well established that the interest of the cosmetic industry
in macroalgae goes further than just using it as a source of excipients and technological additives.
Macroalgae are a source of added-value compounds, with scientific evidence showing their benefits
for human health and wellbeing. This can be a competitive advantage for this industry, namely in
terms of finding and using novel molecules and agents that apparently have biological effects on
skin, such as antiaging, antioxidant, moisturizing, collagen-boosting, photo-protective, whitening and
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melanin-inhibiting, anti-inflammatory, anti-cellulite and slimming, and antiviral and antibacterial
activities. This review has summarized some of the possible applications of macroalgae as active
ingredients in the cosmetic field, highlighting the main compounds responsible for their bioactivity
on skin.
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