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Abstract: Bioactive peptides produced from proteinaceous red algae biomass with varied structures
have garnered much attention in biological applications and production. Unfortunately, there have
been few studies on developing approaches to feasible bioactive peptide production and purification.
Our goal with this article is to explore the latest trends in easily applicable approaches for extracting
bioactive peptides for cutaneous applications. Bibliometric statistics show that the number of scientific
publications is growing, with Asia ranking as the highest producer. Peptide purity and bioactivity
are the most important factors to consider while extracting and identifying peptides using various
separation techniques. To generate novel bioactive peptides with high yield and low cost, future
research should focus on increasing the yields and improving the separation methods. Moreover,
human clinical trials should be conducted to validate their potential health benefits. Thus, the
final objective of this literature review was to give an insight into the bioactive properties of red
algae-derived peptides, which have proven potential for dermal application with anti-melanogenic,
collagenogenic, antioxidant, antiaging, and photoprotective activities, etc. Moreover, it covers the
algal peptides’ scope for use in nutraceuticals and pharmaceuticals, and future studies for their
emerging applications.
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1. Introduction

The marine ecosystem consists of various biotic resources, including seaweeds, which
are a novel source of functional compounds, particularly peptides from algal sources.
Among all the seaweeds, red seaweeds are considered primitive in the phylogenetic tree [1],
and have been consumed for years as food supplements for healthy living. Bioactive
peptides or cryptides are present in their parent proteins in a chemically inert state. They
are released during the process of extraction as biologically active peptides. Bioactive
peptides typically contain between 3 and 40 amino acids. The sequence and composition of
these amino acids determine their activity. Industrial seaweed production has gained much
attention globally due to its turnover of millions of dollars. This has dramatically increased
after the publication of studies developing new drugs and value-added metabolites [2].
Algae have remarkable features in terms of high biomass productivity and adaptability to
stress compared to terrestrial flora. This makes them a potent and cost-effective way for
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the development of drugs for health and dermal applications [3]. As a result of population
growth, food security issues have become one of the major concerns for food and agricul-
tural industry to meet nutritional demands with high nutritional values. Algae has gained
widespread acceptance as a functional food and is emerging as a nutritional supplement to
overcome the issue [4].

Red seaweeds are abundant in protein content (max. 10—47% of dry weight). Red
seaweeds have comparable protein content to those of high-proteinaceous vegetables
such as soybeans, where proteins make up 35% of the dry mass. Red seaweed peptide’s
bioactivity is due to special sequences of amino acids [5] and other functional groups.
Thus, the development of drugs and functional food can be obtained from a natural origin
rather than a chemical origin [6]. To obtain peptides with biofunctional activity, the target
molecules must be efficiently purified and concentrated. Depending on the peptides of
interest, several separation techniques have been used to enhance and concentrate particular
fractions. Yet, some peptides with particular bioactivity can be promising for biological
processes. Hence, they can be called multifunctional peptides.

Red algal peptides have therapeutic properties, and they can be classified into various
classes: antioxidant, prebiotic, antidiabetic, anti-obesity, and immunomodulatory. Eucheuma
denticulatum, a red alga, is known for its high astaxanthin, vitamin B, vitamin E, 3-carotene,
polyunsaturated fatty acid, and polyphenol content [7]. It reduces weight, blood pressure,
treats diabetes, and facilitates the control of cholesterol metabolism [8]. Important amino
acids such as tryptophan and lysine are frequently present in most algal species. Leucine
and isoleucine are specifically present in red algae species at lower concentrations [9,10].
There has been an increase in lifestyle diseases and nutritional deficiency disorders due
to declining nutritional food quality. To ease the concern, algae have gained widespread
acceptance as a functional food and nutritional supplement [11]. This article reviews the
different analytical procedures to extract and purify algal peptides from Rhodophytes,
and assesses their application for dermal care. As bioactive peptides become increasingly
important, proteins in red algae can be targeted with advanced technology to improve
peptide yield. This will enable us to explore their health benefits [10]. In particular,
this article deals with different extraction and purification procedures to investigate the
sustainable production of peptides with anti-melanogenic and photoprotective activity for
dermatologic applications. The current review topic meets the criteria of three sustainable
development goals, including Goal 3: good health and well-being; Goal 8: decent work
and economic growth; and Goal 9: industry, innovation, and infrastructure. The ocean
covers Taiwan’s entire coast, and most coastal regions are rich in diverse macroalgae
species. Currently, our group is working on an algal biorefinery project using an integrated
approach for multi-product sequential extraction, and this review is part of that integrated
study. Red and brown algae are targeted in this project for sequential bioactive molecule
extraction. The algal biomass used for protein or peptide extraction is subsequently used for
polysaccharide extraction for bioactive oligosaccharide production. The residual biomass is
ultimately used for biofuel production. Different algal groups possess structural diversity;
hence, the various bioactive molecules extracted may have different degrees of bioactivity.
The above scheme enhances algal biomass reusability for multiple products and fits well
with sustainable development goals.

2. Marine Peptide Research Trend

In March 2023, studies were conducted to collect bibliometric data by searching for
the term “Red algae, proteins, and peptides” on the topic of “red algae, extraction, and
purification”. In total, 291 overall publications were returned, of which 226 were peer-
reviewed scientific publications from the years 2000-2023, as shown in Figure 1. The
number of published documents per year over the period of 22 years was found to be
22 documents per year. Due to an increasing interest in marine peptides, the publication
trend has increased and is expected to rise further in the coming years. These publications
can provide insight into novel ideas in research related to marine peptides. The number of
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publications and percentages from each country were calculated. We found 291 publications
from 48 countries, of which Asian countries published the most with 119 publications,
followed by North America, Europe, Australia, and other countries. Asia contributed
40.9% of total publications, followed by North America with 17.18%, Europe with 14.43%,
and Australia (3.09%). This trend is expected to increase owing to the health benefits and
applications of marine peptides.
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Figure 1. Trends in scientific publications in two decades.

To understand the co-occurrence of certain keywords in the field of production and
purification of algal peptides, the search terms “Red algae” AND “Proteins” AND “Pep-
tides” were searched in the Scopus database. These terms were searched for in the articles’
title, keywords, and abstract (Figure 2). The data was analyzed over a period of 22 years,
ranging from 2000 to 2023. Articles, reviews, and book chapters in English at the final
publication stage were selected. A total of 291 keywords were retrieved and saved in
Comma-Separated Values (CSV) format in Excel. In order to prevent replication of data
and missing information, the data of all 291 entries was checked for duplicate entries.
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Figure 2. Co-occurrence network of keywords related to algal bioactive peptides.

Subsequently, the datasets were finalized and analyzed in VOS viewer for the co-
occurrence of related index keywords. The keywords were evaluated for co-occurrence
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analysis and counted. All 4498 of the identified keywords had a minimum threshold of
seven occurrences, with 291 of them fulfilling the requirement. The remaining words
were then evaluated, and the majority of similar keywords were manually screened and
chosen based on how closely they connected to our interests and areas of research. Overall,
168 keywords were chosen and grouped into five clusters, with clusters 1, 2, 3, 4, and 5
containing 50, 44, 33, 22, and 19 items, respectively, in descending order. Based on this
analysis, Figure 2 shows the co-occurrence network of specific keywords in the dataset. The
larger dots in Figure 2 show current terms or trends which have been significantly used
in previous work, smaller dots represent regions for future research on peptide extraction
and purification.

These data represent the expanding research preferences and consciousness towards
bioactive peptide extraction and purification from red seaweeds. Larger dots signify
the importance of various peptide-derived amino acids sequences. Moreover, research
trends show that the synthesis and health-promoting aspects of red algae are adequately
covered, and red algae group is emerging as a platform showcasing promising health
benefits among other seaweed groups reported for production of bioactive peptides. This
article specifically deals with different extraction and purification procedures to ensure the
extraction of peptides with antidiabetic, anti-melanogenic, and photoprotective activities.

3. Pretreatment of Algal Biomass for Peptide Extraction

Seaweeds, especially red seaweeds, are known to be rich in proteins, but the complex
carbohydrate content of the cell wall prevents easy access to these proteins. Therefore, the
cellular structure must be degraded during pretreatment to release the proteins. Several
techniques are employed, including mechanical, physiochemical, and biological pretreat-
ments. Moreover, pre-treatment removes impurities such as pigments, polysaccharides,
phenolic compounds, lipids, etc., from the biomass prior to peptide synthesis [12,13].

Under physical methods, different mechanical forces are used to disrupt the cells,
e.g., shear stress, ultrasonication, and microwave radiation [13]. A variety of mechanical
pre-treatments are used to reduce the biomass size and crystallinity during cell integra-
tion, including ball milling, and high pressurized and high-speed homogenization [14,15].
Recent studies have reported that ultrasonication and microwave irradiation are better
options for efficient pre-treatment [1,13,16]. Physical methods have major advantages such
as easy operation, protection of cell function during degradation, time-efficient, low cost,
and less contamination. However, long irradiation periods and high shear pressure destroy
the cells. High energy consumption, high noise levels, and vibration also limit its function.
Therefore, optimal conditions must be maintained during operation [13]. Apart from
these methods, heat treatments such as steam explosion and autoclaving are used for pre-
treatment. Chemical methods are another promising algal biomass pre-treatment method
involving acids, alkaline solutions, and organic solvents as catalysts, such as CH30ONa,
CH;0K, NaOH, KOH [13]. Chemical methods are often blended with physical methods
for better results. Biological methods use various microbes and enzymes as pre-treatment
agents. Biological methods have many advantages over physiochemical and mechanical
methods, such as less time requirement, specificity, mild operating conditions, reduced
energy consumption, low cost, low temperature requirement, and less aggression against
cells than physiochemical and mechanical methods, which aid in releasing proteins and
peptides with less cell structural damage. However, the composition, dosing, and operating
conditions must be altered based on the biomass type and composition [12,13].

4. Synthesis/Extraction of Bioactive Peptides

Algae-derived bioactive peptides are synthesized by protein extraction. There is a sig-
nificant polysaccharide fraction in the macroalgal cell wall, which is rigid in structure. For
efficient extraction, cell rupturing, and removal of non-protein compounds are imperative.
The techniques that have been used for algal protein extraction are summarized in Table 1,
along with the standard operating conditions.
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Table 1. Algal protein extraction and purification methods used for bioactive peptide production.

Algal Source

Pretreatment

Extraction Method

Protein Yield
(% Dry Weight)

Purification Method

Reference

Porphyra umbilicalis
Chondrus crispus
Gracilaria sp.
Chondracanthus chamissoi
Palmaria palmata
Eucheuma cottonii

Galdieria sulphuraria

Plocamium cartilagineum
Palmaria palmata and
Porphyra umbilicalis

Jania rubens

DI water stirring

Alkali/acid (Temp—8 °C, pH—12-2) 22.60 NA [17]
S . . Sonication (Temp—22 °C and
Sonication with salting down (NH,),S0; precipitation (80% w/v) 35.5 NA [18]
Itrasonic-assis o icati
extr acljﬁé;a/ﬁslnls;lif:lsiﬁja ction 10% (v/v) NaOH and sonication (2 h) 86 Ion exchange chromatography [19]
. . Enzyme/substrate ratio 1:10 at
Enzyme-assisted extraction (pH 4.5, Temp—50 °C for 12 h) 36.10 NA [20]
Temperature/pressure- Autoclaved (Temp—124 °C) 215 NA [18]
assisted extraction )
Ultrasonic-assisted extraction Stirred (TempA_% 9 10.77 £ 0.42 RP-HPLC [21]
and ultrasonicated
Bead milling for . s
effective cell disruption Freezing thawing in liquid nitrogen 66.8 NA [22]
Homogenization and filtration Homogenization in water 23.18 NA [14]
Ball milling /homogenization and o . -
protéin precipitation 6% TCA in water (w/v), (Temp—4 °C) 3.19-22.41 LC-MS/MS [15]
Hot water extraction and Water (Temp—40 °C), precipitation 113 NA [23]

Pprecipitation using ZnSO, and Ba(OH),

4.1. Solvent Extraction

The extraction technique for protein from seaweed is liable for polarity and pep-
tide solubility. It uses liquid reagents such as DI water, buffers, acid/base solutions,
lysis/surfactant-containing solutions, etc. [24]. Protein extraction for health applications
should be carried out using non-toxic reagents. Purified water blending to permit algal cell
autolysis prior to facilitating protein extraction is a form of green extraction. However, pro-
tein recovery is quite low for water-insoluble proteins compared to other liquid extraction
techniques. It is notable that the sequential treatment of seaweeds with acid and alkaline
solutions improves protein extraction efficiency [17]. However, in some cases, treatment
with acid solutions only showed higher protein retrieval when using various solvents
such as methanol, acetone, ethanol, hexane-ethyl acetate, and butanol [25]. Among other
solvents, methanol was found to be effective in peptide separation with anti-microbial
properties against 13 distinct pathogenic bacteria. A deep eutectic solvent (DES) was also
found to be promising for peptide extraction in green technology and biological appli-
cations [26,27]. Based on the sample data, this approach is ineffective, and alternative
technologies are required.

4.2. Chemical Hydrolysis

Chemical hydrolysis of proteins into peptides is achieved by breaking peptide bonds
between different protein groups using an acidic or alkaline solution. It is carried out at
high temperatures (121-138 °C) and pressures (220-310 mPa) for 2-8 h, followed by sample
neutralization. A range of salts, especially calcium, sodium, or potassium hydroxides, are
hydrolyzed at 27-54 °C under alkali conditions. Most reports on marine peptides focus on
chemical hydrolysis utilizing sulfuric acid, nitric acid, acetic acid, phosphoric acid, maleic
acid, and oxalic acid [28]. However, hydrochloric acid is the most common method for
chemically hydrolyzing marine peptides. The use of acid followed by solubilization with
alkaline solution releases polysaccharides and proteins from the cell wall matrix. This
method improves protein recovery by facilitating protein solubilization via subsequent
alkaline extraction [29]. Porphyra umbilicalis yielded a protein recovery of 22.60% (w/w),
and this method was found to be more effective for red seaweeds [17]. O’connor et al. [18]
described a method for peptide extraction with a protein recovery of 35.1% (1 h at 42 Hz)
and was supported by salting out with 80% ammonium sulfate (w/v), followed by dialysis
with a 3.5 kDa MWCO membrane. Acid hydrolysis is used more often than alkali hydrolysis.
However, it has several disadvantages, which include higher sodium concentration, the
and loss of essential amino acids such as tryptophan during the process. Despite this, HCL
and NaOH are extensively employed in the industry for protein hydrolysis due to their
ease of use and low cost. Thus, using chemical agents to hydrolyze proteins is inherently
unfavorable due to its prolonged reaction time, fluctuating amino acid composition, usage
of harsh chemicals, and alteration of chemical and functional characteristics [28].
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4.3. Enzymatic Hydrolysis

The most popular technique for efficiently extracting bioactive peptides with the de-
sired functionality is enzymatic hydrolysis. It is commonly used in the chemical, food, and
pharmaceutical industries. Various polysaccharide-dissolving food-grade enzymes, e.g.,
cellulases, hemicellulases, glucanases, xylanases, and proteases, are used for macroalgae
cell wall and polysaccharide disintegration [20,30]. It is a generally regarded as safe (GRAS)
method of stabilizing peptides. To maximize protein/peptide extraction, it is important
to determine the appropriate cell wall composition, specific enzyme, and their operating
parameters (temperature, pH, and E:S ratio) based on species. The protein yield from
red seaweed, Chondracanthus chamissoi was significantly higher when cellulase-assisted
extraction was used, resulting in a 74.60% protein yield [20]. Protease-assisted extraction
is more suitable than unmodified protein extraction for the direct synthesis of seaweed-
derived BAPs since it releases proteins, peptides, and amino acids. In recent years, there
has been a focus on improving peptide bioactivity by combining multiple proteases into
multi-step hydrolysis and membrane-bioreactor technology, as well as pretreatment with
enzymatic hydrolysis [31]. Low energy and by-product generation are major advantages of
the enzymatic extraction of marine peptides. However, bottlenecks associated with enzy-
matic extraction, such as poor reaction rates and high monomer synthesis, must be solved.
Combining enzymatic hydrolysis with additional techniques may result in high peptide
yields with increased biological activities. Table 2 summarizes algal peptide production
and bioactivity.

Table 2. Extraction and purification of bioactive peptides obtained from various red algae species
and their bioactivities and potential application.

Source Extraction Method Purification Method Bioactivity Reference
. . Proteolysis without RP-HPLC and . .
Mazzaella japonica water extraction MALDI-TOF/MS/MS Cardio protective [32]
Eucheuma cottonii Ultra sonication and precipitation RP-HPLC Antioxidant peptides [21]
Gracilariopsis chorda Thermolysin hydrolysis RP-HPLC ACE inhibitory activity [33]
Bangia fusco-purpurea Enzymatic hydrolysis Gel permeation and RP-HPLC ACE inhibitory activity [34]

Pyropia yezoensis

Pyropia pseudolinearis
(Palmaria sp.) Dulse
Gracilariopsis lemaneiformis
Solieria filiformis

Grateloupia asiatica

Antitumor, anti-fatigue, and

Industrial production anti-inflammatory activities,

(peptron korea) (HPLO) protect against (3]
UVA-induced photo-aging

Cold water extraction HPLC and MS ACE inhibitory activity [36]
. . ACE inhibitory activity,

Enzymatic hydrolysis RP-HPLC antihypertension [37]

. . Gel chromatography .
Enzymatic hydrolysis and AKTA pure system Dietary supplement [38]
Antinociceptive and

Alkaline precipitation HPLC and MS anti-inflammatory, effects, [39]
anti-cancerous activity

Enzymatic hydrolysis RP-HPLC ACE inhibitory activity [40]

4.4. Microbial Fermentation

Peptide synthesis using microbial fermentation is another a promising approach with
high yield and GRAS status. The process involves a complex interplay between microbial
strains, protein sources, and fermentation conditions. These can impact the yield and
quality of the resulting peptides [41]. Further research is needed to optimize these factors
and develop efficient and scalable methods for producing marine peptides with specific
functional properties. Combining bacteria and yeast in a fermentation broth can result in
the production of bioactive peptides that differ from those produced in a single microbe
culture system. The co-culture of marine Streptomyces sp. and marine Bacillus sp. led
to the identification of two novel piperazic acid-containing cyclic peptides [42]. Addi-
tionally, fermentation conditions can significantly influence marine peptides production.
Fermentation duration may impact peptide antioxidant activities. As a result, variation in
protein hydrolysates functioning can be influenced by changes in fermentation systems and
peptide manufacturing procedures. Various contemporary fermentation methodologies are
used to produce multifunctional peptides [42,43]. Recently lactic acid bacteria application
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in raw material fermentation has been studied and reported [44]. Fermentation strategies
are key approaches for advancement in isolating potential variants capable of creating
novel bioactive peptides. This process has several advantages, including lower energy con-
sumption, ecological sustainability, and economic reliability. The fundamental drawback of
this approach is the sensitivity of the microbial fermentation system to contamination.

5. Purification of Peptides

Bioactive peptides are categorized by origin. Most of them are endogenous, rather than
exogenous (acquired from diet) [45]. Several peptides have been discovered from complex
macroalgal protein hydrolysates, which makes it difficult to identify their amino acid
sequences. Aqueous, acidic, and alkaline extraction processes are employed for extracting
peptides from their hydrolysates, which are separated and characterized utilizing several
technologies [28]. Some of the most employed technologies are as follows.

5.1. Membrane Separation

Membrane separation is the most commonly used method for the separation of bioac-
tive peptides from food sources using various micro-, membrane nano-, and ultra-filtration
techniques. In membrane filtration, the sample is forced under pressure across a membrane
with a predetermined molecular weight cut-off (MWCO), which retains the sample’s non-
hydrolyzed proteins while only allowing peptides to pass through. These fractionation
methods are affordable and up-front. Membrane filtration systems face challenges related to
their interaction with hydrophobic peptides, filtration of large molecules, membrane fouling
and clogging, purity of peptides, and significant sample volumes [46]. Therefore, in addi-
tion to membrane filtration, other methods can be combined to address these limitations.

5.2. Chromatography

Chromatography is a crucial physiochemical technique used for peptide purification.
Some of the most widely used methods include ion exchange, size exclusion, liquid-
solid adsorption, and liquid-liquid partition chromatography coupled with UV diode
array, fluorescence, and mass detectors. Specifically, peptides analyzed in the UV region
between 210-220 nm are detected by silica-based columns (pH 2-8). Similarly, peptide
separation with HPLC utilizes reverse-phase columns comprising hydrophobic packings,
where the binding intensity of peptide changes with respect to net surface hydrophobicity.
Acetonitrile (stronger) and methanol (weaker) are the two commonly used eluting solvents.
Comparative analysis of peptides based on hydrophobicity is possible with this kind of
peptide separation [47]. Even though these methods are time-consuming and expensive,
because of their selectivity and resolution, they can be used to isolate and purify a wide
range of complex elements, including marine algal peptides [48].

5.3. Capillary Electrophoresis

Capillary electrophoresis is an investigative method for analyzing peptides based
on charge-to-mass ratios, affinity, sizes, hydrophobicity /hydrophilicity. There are a va-
riety of preferred methods of protein separation with different background electrolyte
migration mobilities. These methods include isoelectric focusing, isotachophoresis, and
displacement electrophoresis. The ionic strength and pH of the background electrolyte
affect protein migration, which determines the speed and resolution of proteins [49]. A
simplistic conjoined glass capillary tube 100 cm x 100 um is used. The method offers lower
organic solvent utilization, high time efficiency, lower operating costs, high selectivity, and
higher resolution [50]. In conclusion, capillary electrophoresis technology is widely used
for peptide isolation due to its high efficiency, resolution, and selectivity. Nevertheless, the
disadvantages of this method include limited susceptibility and low sensing limits.
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6. Potential Cutaneous Bioactivities and Applications
6.1. Dermal Protective Properties

Skin acts as a primary barrier against the detrimental effects of the environment and
prevents dehydration. Aging occurs internally and externally due to extreme exposure to
the outside environment. External skin aging primarily arises from continuous vulnerability
to heat, smoking, pollution, radiations (photoaging), stress, and an unhealthy lifestyle,
whereas internal or chronological skin aging includes irreversible natural aging while
growing or owing to hereditary causes [51]. Coarse wrinkles, dry skin, decreased elasticity,
suppleness, and the appearance of a rough texture are typically caused by the cumulative
effects of exposure to external elements on skin. Seaweeds are gaining increasing attention
due to their diverse bioactive substances vital for skin health. These substances are minerals,
proteins, vitamins, and carbohydrates [52], which are comparable to human plasma, and
their nutrients are readily absorbed by the skin. Some algal extracts are used in skin
care products, e.g., moisturizers, facial cleansing, masks, makeup removers, and bathing
products because of their high mineral content [53] which refers to skin suppleness while
reducing the effect of irritation, blemishes, and UV damage.

These extracts elicit a response by UV absorbers to harmful radiations (A and B)
via bioactive phenolic compounds, mycosporine, amino acids, and carotenoids [54]. Red
seaweed extracts from Asparagopsis armata, Gelidium corneum, and Corallina officinalis ex-
hibit skin softening, complexion brightening, enhancing elasticity and anti-aging qualities,
making them suitable for use in skincare products such as creams, oils, soap, masks, and lo-
tions [2]. Agarose is derived from Gracilaria sp. It has anti-melanogenic action by lowering
the production of melanin, making it useful for skin-whitening treatments [55]. Palmitic
acid and its derivative ascorbyl palmitate, an algal fatty acid, are exploited as emulsifying
and antioxidant agents in cosmetics for anti-wrinkle and anti-aging properties [56]. My-
cosporine from several Rhodophytes has antioxidant effects and serves as a photoprotective
ingredient in skin care products.

By 2025, the cosmetics market is projected to reach USD 69 billion, making it extremely
competitive. Organic, herbal, and ayurvedic substances are used in cosmetic formulations
by several manufacturers globally due to growing interest in wellbeing. The skin-whitening
product market has expanded significantly as consumer demands increase. It was worth
roughly USD 4075 million in 2017 and is projected to be worth approx. USD 8895 million by
2024, according to Zion Market Research (2019). Depigmentation markets exist in Europe,
North America, Asia—Pacific, Latin America, the Middle East, and Africa. In 2017, due to
rising demand in China, India, Japan, and Korea, the Asia—Pacific region accounted for the
greatest market share for whitening skin care products [57].

6.2. Photo Protective Activity

UVA (315-400 nm) and UVB (280-315 nm) radiation is emitted by the sun, with UVA
accounting for 95% of total radiation and UVB accounting for the remaining 5%. UVA and
UVB both cause DNA damage, tissue swelling, and eventually cancer [58]. UV radiation
increases the accumulation of ROS, resulting in oxidative stress which is closely related to
the development of cancer and photoaging [59]. Although the skin has evolved to provide a
defense mechanism, it should not be overlooked that these strategies are initially triggered
in response to cell damage. Therefore, the photoprotective mechanism does not cure the
damage caused to the cells, but instead stops additional damage. As a result, researchers
and dermatologists have suggested using topical photoprotective compounds to prevent
UVR-induced skin cell damage and hyperpigmentation at the same time. The production
of photosynthetic compounds by red algae in response to the detrimental effects of UV
radiation, such as reduced growth and reproduction, helps them survive in the harsh-UVR
environment. Due to the production of many secondary metabolites such as phlorotannin,
carotenoids (xanthophyll), and MAAs (mycosporine-like amino acids), red algae show
photoprotective activity [60]. MAAs are considered nature’s best UVA stabilizers, and some
may also have antioxidant properties [61]. There are more MAAs in red seaweed species
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than brown and green ones. Researchers have focused on analyzing the effectiveness of
red algae as a photo-shielding compound, and various studies have determined DNA
damage to cultured cells upon exposure. Most of the red algal species exhibited effective
photo-protection against UVB radiation.

The commercially available algae extract used as a cosmetic ingredient in Helioguard
365%, derived from Porphyra umbilicalis, is used for skin care. It primarily contains porphyra-
334 and shinorine (2:1). To the best of our knowledge, no data on phototoxicity or eye
problems caused by red algae extracts exist. These extracts are considered while devel-
oping skin care products, even though photoprotective compounds identified in marine
extracts, such as MAAs, are used in cosmetic formulations. Recent research has shown that
C. racovitzae extract decreased ROS generation by 20-30% and showed higher efficacy than
quercetin and Helioguard 365° at 3% in a photoprotection assay against UVA-induced
ROS. At the tested concentrations, red algae extracts are regarded as non-cytotoxic, non-
phototoxic, and non-irritating. C. racovitzae extract demonstrated photoprotective ability in
combating ROS and increasing UVB absorption of UV filters, which may have applications
in anti-aging and sunscreen products [62].

6.3. Anti-Melanogenic Activity

Studies have aimed to find melanogenesis inhibitors from natural sources possessing
stable efficacy and safety to treat cutaneous hyperpigmentation. The cellular melanin
formation process is catalyzed by tyrosinase (Cu-containing enzyme), which combines
with cysteine to produce a cysteinyl-dopa called melanin, and catalase inhibition helps
melanin synthesis regression. Depigmentation agents or tyrosinase inhibitors such as
e.g., ascorbic acid, sulphates, flavonoids, kojic acid, arbutin, hydroquinone, and licorice
extracts, as well as synthetic inhibitors, can inhibit tyrosinase activity via acting as a
potential replacement substrate, inhibiting in a competitive or non-competitive manner,
or chelating properties [5]. Various depigmenting compounds, such as hydroquinone,
are used as benchmarks in skin-whitening treatments and pigmentation deficiency, e.g.,
melasma, age spots, and pigmentation post-inflammation. It acts as a poor substrate and
natural competitor for tyrosinase in the absence and presence of dopaquinone, as well as
a potent melanogenesis process inhibitor by forming 1,2,4-trihydroxybenzene. Although
hydroquinone has demonstrated excellent results in hyperpigmentation treatment, its use
has also been linked to undesirable side effects, including exogenous chronosis and contact
dermatitis. Therefore, its use is not advised, and it is prohibited to be used in cosmetics and
drugs [63]. Besides hydroquinone, kojic acid is also a popular skin-brightening agent. It
works by eliminating the Cu atoms of the tyrosinase enzyme, hindering its normal function.
However, it showed less stability in cosmetic formulations and UV radiation exposure. Due
to noticeable side effects from depigmenting compounds such as hydroquinone and kojic
acid, depigmenting agents from natural sources have been explored, such as red algae. This
indicates more investigation into red algae’s potential as a potent alternative to a chemical
that lightens the skin by suppressing tyrosinase [63]. In an in vitro investigation utilizing
P. yezoensis extracts, collagen-degrading enzymes matrix metalloproteinase (MMP)-2 and
MMP-9 were inhibited, while procollagen synthesis enzymes tyrosinase-related protein
(TRP)-1 and TRP-2 were increased. Because of the enhanced collagen formation and
decreased pigmentation caused by regulated melanogenesis, it assisted in the reduction of
skin pigmentation and anti-aging process [57].

6.4. Collagenogenic Activity

The skin comprises a keratinized stratified epidermis and a collagen-rich dermal con-
nective tissue layer. Due to exposure to environmental stress, reactive oxygen species are
produced. This leads to a reduction in collagen production and the activity of enzymes such
as matrix metalloproteinases and tissue inhibitor of metalloproteinases. Additionally, UVR
and pollution can activate keratinocyte and fibroblast cell surface receptors. This can result
in the breakdown of existing collagen and inhibition of new collagen synthesis. According
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to Berthon et al. [11], marine algae peptides and amino acids that resemble mycosporine,
polysaccharides, sulphated polysaccharides, glucosyl glycerols, pigments, and polyphe-
nols help protect the skin from damage and oxidative stress. Various studies have been
conducted to examine the collagenogenic effect of marine peptides. The P. yezoensis peptide
PYP1-5 was investigated for collagen synthesis in the human dermal fibroblast cell line
Hs27. This confirmed the presence of type 1 collagen expression by using enzyme-linked
immunosorbent assay (ELISA), Western blot analysis, and quantitative PCR. Addition-
ally, alteration in the number of enzymes as well as an increase in the levels of TIMP-1
and TIMP-2 (tissue inhibitor of metalloproteinases) protein and mRNA which inhibit the
action of metalloproteins [35]. Several biotech firms are creating cutting-edge platforms
to produce recombinant collagen without animal sources. One of these firms, CollPlant,
has created a plant-based platform that efficiently produces human collagen. Spirulina
peptides have been employed in various skin formulations (0.1-10%) for maintaining skin
health by improving gloss and moisture content [64]. In red algae, such as Jania rubens
and Meristotheca dakarensis, compounds called glycosaminoglycans are present, which can
help improve skin hydration and firmness. These algae are abundant in type-1 and type-3
collagen, which maintain skin structure and elasticity [65]. More research is needed to
fully understand the mechanisms of action and potential side effects of algal extracts for
dermal applications.

6.5. Antioxidant Activity

The process of melanin formation in the dermis produces H,O; as a byproduct. This
involves the hydroxylation of tyrosine to L-dihydroxyphenylalanine (L-DOPA), oxidation
of L-DOPA to dopachrome, and spontaneous conversion of indoles to eumelanin. When
H,0; is generated, melanocytes are subject to oxidative stress, which can eventually result
in cell death. The presence of natural antioxidants such as catalase and glutathione helps
lower HyO, and keep the melanogenesis pathway redox reaction in balance. In response
to UVR exposure, endogenous antioxidant levels may decline, and ROS accumulate in
the cells. This event leads to the activation of melanogenesis pathway [63]. Antioxidants
reduce the harmful amount of H,O; in the cells, decreasing peroxidase activity and sig-
nificantly reducing melanogenesis. One study showed that antioxidants could inhibit
melanogenesis. Ascorbic acid, a well-known antioxidant, was used to support the study
and it showed a reduction in melanogenic activity by scavenging o-quinone products
and inhibiting their polymerization into eumelanin [66]. Red algae constitute bioactive
substances such as carotenoids, polyphenols, fucoxanthin, and sulfated polysaccharides
with significant antioxidant characteristics. Red algae antioxidant activity has been studied
using DPPH, ABTS, Trolox equivalent antioxidant, ferric reducing antioxidant potential
or FRAP assay, Phosphomolybdenum assay, and metal-chelating assay to find scaveng-
ing of reactive oxygen species. Various studies have indicated the antioxidant activity
of red algae; however, the amount of efficacy varies within species [67]. Red algae such
as Hypnea muscformis, Rhodomela confervoides, Galaxaura rugosa, and Gracilaria verrucosa,
have demonstrated higher antioxidant activity comparable to that of known antioxidants,
such as butylated hydroxytoluene (BHT), butylated hydroxyanisole (BHA), and ascorbic
acid [68]. Therefore, they can be used as antioxidants and skin-whitening agents instead
of BHA, BHT, and ascorbic acid, which have been linked to carcinogenicity. Tolypiocladia
glomerulata ceramiales, Bonnemaisoniales gigartinales, Rhodymeniales Gracilariales Halymeniales,
Asparagopsis taxiformis [69], Kappaphycus alvarezii [70], and Gromphadorhina oblongata [71]
are examples of red algae that have demonstrated antioxidant potential using various
extraction solvents such as methanol and ethanol. Among these solvents, the ethyl acetate
extract demonstrated significantly higher antioxidant activity than other fractions. This
conclusion was supported by findings from other studies [72]. It also showed that com-
pounds extracted with medium polarity had the highest antioxidant activity. Additionally,
ascorbic acid is known to be unstable when added to cosmetics. As a result, red algae could
work well in place of other antioxidants.
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6.6. Anti-Aging Activity

Ageing of skin is characterized by wrinkles, dark spots, loss of elasticity, dullness, and
roughness of skin. Senescent cells express genes that initiate production of inflammatory
cytokines, growth factors, and degradative enzymes. Exogenous causes including smoking,
pollution, sunlight exposure, repeated motions of the muscles, and drugs can result in
premature aging. Generation of ROS during cellular respiration and energy consumption
makes cells inviable to control ROS effects leading to oxidative stress. This leads to a
decrease in Keratinocytes, melanocytes, and fibroblast proliferation and migration, as well
as cellular activity and protein production in the epidermis and dermis. Red algae are rich
in sulphates, polysaccharides, carrageenan, mycosporine-like amino acids, and phenolic
compounds that can act as free radical scavengers and antioxidants to prevent oxidative
damage in humans [73]. Moisturizing agents, sunscreen components, antioxidants, vitamins,
hydroxy acids, and skin-lightening agents are a few of the several types of natural antiaging
substances [74]. The increasing interest in application of marine compounds over the past
few decades has led to over 40 companies incorporating these substances into 293 anti-aging
cosmetic formulations. The “topmost three” marine components are extracted from the red
seaweeds Kappaphycus alvarezii and Chondrus crispus. Since 2011, Chondrus crispus has been
utilized, and Kappaphycus alvarezii application has grown remarkably [75].

In the cosmetic industry, extracts from Acanthophora spicifera and Kappaphycus alvarezii
have been employed in textile face masks for antiaging purposes [76]. Carrageenan helps
moisturize skin by enhancing the suppleness and appearance of the skin thereby prevent-
ing antiaging. The extracts from Palmaria palmata, Porphyra purpurea, Chondrus crispus,
Mastocarpus stellatus, Gracilaria vermiculophylla, and Polysiphonia fucoides contain the main
phenolic acids useful as antiaging agents. These acids include gallic acids, protocate-
chuic acids, chlorogenic acids, and gentisic acids. Trolox equivalent antioxidant capacity
(TEAC) and ferric reducing antioxidant power (FRAP) tests were used to assess the antiox-
idant properties of an extract of Halymenia durvillaei. The FRAP and TEAC tests yielded
results of 182.29 + 13.35 pM/mg dry extract and 1.67 £ 0.04 mM/mg dry extract, respec-
tively [6]. Protocatechuic acid has also shown potential anti-aging effects by promoting
type-1 collagen [77]. Chlorogenic acid’s resilience against oxidative stress is well recog-
nized. Chlorogenic acid has the potential to be used as an anti-aging agent by lowering
ROS levels. Due to their antioxidant and antiaging characteristics, flavonoids are employed
in antiaging therapies. Flavonoids improve skin hydration, skin elasticity, and collagen
content [78]. Malonylshisonin and 4’-demalonylsalvianin, two of the anthocyanins that
fall under flavonoids, are found in Jania rubens extract. Anthocyanins may provide UV
radiation protection, slow down skin aging, and stop inflammation and lipid peroxida-
tion [79]. Figure 3 illustrates the peptide extraction technologies for red algae and their
dermal application, as reported in recent studies. Table 3 summarizes various bioactivities
of red algae biomass-derived peptides from recent studies.

Table 3. Various bioactivities of red-algae-derived peptides from recent studies.

Source Peptide Sequence Activity Reference
Gracilariopsis chorda IDHY and LVVER ACE inhibitory activity [33]
Polysiphonia urceolata ALLAGDPSVLEDR and o .
Bazgizfuscopurpureu VVGGTGPVDEWGIAGAR ACE inhibitory activity (341
YRD, VSEGLD, TIMPHPR, GGPAT, SSNDYPI,
Mazzaella japonica SRIYNVKSNG, VDAHY, CPYDWYV, YGDPDHY, ACE inhibitory activity [32]
NLGN and DFGVPGHEP
Palmaria palmata SDITRPGGNM Antioxidant activity [80]
Palmaria palmata IRLIIVLMPILMA Renin inhibitory activity [32]
Porphyra yezoensis NMEKGSSSVVSSRMKQ Antithrombotic activity [32]
Palmaria palmata LRY ACE inhibitory activity [81]
Porphyra spp. GGSK and ELS «-Amylase inhibitory activity [82]
Pyropia haitanensis QTDDNHSNVLWAGFSR Antiproliferative activity [83]
Palmaria palmata SDITRPGGNM Antioxidant activity [84]
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Table 3. Cont.
Source Peptide Sequence Activity Reference
Renin inhibitory activity,
Palmaria palmata IRLIIVLMPILMA Anti-hypertensive activity in [85]
spontaneously hypertensive rats
Palmaria palmata SDITRPGGNM Antioxidant activity [84]
Pyropia (Nori) NMEKGSSSVVSSRM (+15.99) KQ Anticoagulant activity [86]
bt &
e
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Figure 3. Schematic process of peptide extraction for dermal applications [34,39,54,57,74].

7. Future Perspectives and Challenges

As marine peptides have gained attention from the food, pharmaceutical, and cos-
metic industries, it is necessary to exercise a thorough examination for toxicity and allergic
reactions. Nevertheless, the toxicity of isolated chemicals from marine algae has not been
identified in most research [87]. The authors of [88] analyzed the 86 novel peptides from
ulva lactula for allergic and toxic effects, and 28 of them were found to be allergic. To ensure
safe utilization and quality for commercialization, peptides and polysaccharides extracted
from seaweeds must be examined for their physiological activity [1]. Some algal extracts
and polysaccharides are already being used in commercial products for dermal applica-
tion; however, well characterized peptides have yet to be developed for precise dermal
application. For example, macroalgae extract reduced redness and blemishes, brightening,
and sun damage, re-mineralizing, hydrating and firming the skin [89]. Their anti-UV
properties are enhanced by the delivery of phenolic compounds, mycosporine, amino acids,
and carotenoids, which provide UV absorption against UV-A and UV-B effects [54]. Red
seaweed extracts from Asparagopsis armata, Gelidium corneum, and Corallina officinalis have
skin-softening, whitening, and elasticity-restoring anti-aging properties when applied as
creams, oils, soaps, masks, and lotions [2]. The anti-melanogenic activity of agarose from
Gracilaria cornea and G. lemaneiformis makes it useful for skin whitening because it inhibits
melanin synthesis [90,91]. Some anti-aging lotions are infused with amino acids derived
from Asparagopsis armata [92]. Several Rhodophyta species contain mycosporine, which has
antioxidant properties in skin care products [93].

Other health-promoting applications of algal peptides should also be considered, for
expanding their scope. Recent findings suggest that naturally occurring polysaccharides
from red seaweeds can serve as prebiotics by enhancing energy metabolism and affecting
gut microbial balance. However, toxic oligosaccharides are produced by gut microbiota,
which must be studied further for their potential to promote health through disease pre-
vention [94]. Many edible products use bioactive peptides as functional components. The



Sustainability 2023, 15, 8506

13 of 17

References

two peptides Ile-Pro-Pro and Val-Pro-Pro have been utilized in the Japanese Calpis A meal-
S drink, and Evolus, manufactured by Valio Ltd. They are derived from fermented milk
protein and possess ACE-I-inhibiting characteristics and work as a vasodilator, reducing
blood pressure in SHR models and human clinical trials. Further research is underway
to extract similar peptides from algae. Moreover, studies aim to explore the influence of
abiotic factors during food processing on the bioactivity of these peptides. However, for
sustainable use, these peptides should be preserved at 23 °C.

8. Conclusions

Due to the growing demand for nutrition and health, algal peptides are gaining
significant interest from the cosmeceutical industries. Algal peptides are a major source
of skin care products due to their versatile and abundant existence. The presence of
sulphated polysaccharides, mycosporine-like amino acids, carrageenan, flavonoids, and
phenolic compounds in red algae makes them a viable component for sunscreens and
cosmetics products from natural sources compared to chemically synthesized bioactive
compounds. The cost-effective extraction and purification of bioactive peptides from
red algae will be promising for the broader application of algal oligopeptides. Enzymatic
hydrolysis, in combination with other extraction methods, provides peptides with relatively
high yield, and bioactivity. Moreover, further research on seaweed sustainable growth
and optimization for extraction and purification is needed to improve the commercial
production of efficient bioactive compounds for dermal application. With promising
cutaneous properties, bioactive peptides are being used in skin health promotion even
though their mechanisms are yet to be defined fully. Additional peptide characterization,
including proteomics, as well as human clinical trials are required to validate functional
peptide cosmeceutical /nutraceutical claims. To maintain the algal peptide products for
effective dermal application, adequate clinical trials are needed to determine skin irritation,
absorption, allergens, genetic and phototoxicity, etc.
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