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Preface to "Nutra-Cosmeceuticals from Algae for
Health and Wellness”

The increase in the life expectancy of the population has led to growing interest, that of both
consumers and public administrations, in health and well-being through physical activity, a balanced
diet, and the use of functional foods and nutraceuticals. Well-being activities also include care in
thermal centers and wellness centers in general.

The Global Wellness Institute (GWS) defines wellness as “the active search of activities, options
and lifestyles that lead to a holistic state of health”. Accordingly, wellness is not a passive state,
but instead, an “active exercise”, associated with intentions, options encountered, and actions taken
as people work towards an optimum state of health and wellness. Wellness is related to holistic
health, which has many different dimensions (physical, mental, environmental, spiritual, emotional,
and social) that should work together in harmony. Within the context of an integrative and holistic
wellness, nutrition is one of the pillars of well-being, and algae and microalgae contribute to this
objective; although, this should not only be seen from the point of view of food consumed, but also
should also encompass preventive treatments through water and its derivatives, such as peloids and
marine muds (thermal spa centers and thalassotherapy centers), and the activities that take place
around them.

Algae and microalgae have been consumed for centuries by different cultures and along coasts
and lakes worldwide. Their nutritional importance lies not only in the macronutrients (proteins,
soluble and insoluble carbohydrates, polyunsaturated fatty acids) and micronutrients (vitamins,
minerals) they contain, but also in a variety of different compounds, such as fucoidans, carotenoids,
polyphenols, and phlorotannins—some of which are exclusively found in these organisms. Edible
algae are included in the diet in different forms (salads, soups, stews, as condiments, etc.),
but are also increasingly included—the algae as a whole or some of its phytochemicals—in
nutritional supplements and nutraceuticals with different purposes; these include the prevention of
cardiovascular disorders, the regulation of glucose levels, as modulators of the immune response, and
as antioxidants, among other purposes. Likewise, algae and microalgae have become an important
source of active ingredients for cosmetics and dermocosmetics because they are an abundant resource
and, in the case of microalgae, they are easy to cultivate.

Within this abundant context, this Special Issue presents the nutritional and bio-functional

contributions of microalgal and macroalgal compounds to human health and wellness.

Maria Lourdes Mourelle, Herminia Dominguez, Jose Luis Legido
Editors
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Abstract: Microalgae are known as a producer of proteins and lipids, but also of valuable compounds
for human health benefits (e.g., polyunsaturated fatty acids (PUFAs); minerals, vitamins, or other
compounds). The overall objective of this research was to prospect novel products, such as nu-
traceuticals from microalgae, for application in human health, particularly for metabolic diseases.
Chlorella vulgaris and Chlorococcum amblystomatis were grown autotrophically, and C. vulgaris was
additionally grown heterotrophically. Microalgae biomass was extracted using organic solvents
(dichloromethane, ethanol, ethanol with ultrasound-assisted extraction). Those extracts were evalu-
ated for their bioactivities, toxicity, and metabolite profile. Some of the extracts reduced the neutral
lipid content using the zebrafish larvae fat metabolism assay, reduced lipid accumulation in fatty-
acid-overloaded HepG2 liver cells, or decreased the LPS-induced inflammation reaction in RAW264.7
macrophages. Toxicity was not observed in the MTT assay in vitro or by the appearance of lethality
or malformations in zebrafish larvae in vivo. Differences in metabolite profiles of microalgae extracts
obtained by UPLC-LC-MS/MS and GNPS analyses revealed unique compounds in the active extracts,
whose majority did not have a match in mass spectrometry databases and could be potentially
novel compounds. In conclusion, microalgae extracts demonstrated anti-obesity, anti-steatosis, and
anti-inflammatory activities and could be valuable resources for developing future nutraceuticals.
In particular, the ultrasound-assisted ethanolic extract of the heterotrophic C. vulgaris significantly
enhanced the anti-obesity activity and demonstrated that the alteration of culture conditions is a
valuable approach to increase the production of high-value compounds.

Keywords: microalgae; anti-obesity; anti-inflammation; anti-steatosis; molecular networking

1. Introduction

Obesity, according to the World Health Organization (WHO), is defined as an abnormal
or excessive fat accumulation that may impair health, reduce well-being, and increase
morbidity and mortality. Nowadays, it is considered a global epidemic, leading to more

Mar. Drugs 2022, 20, 9. https:/ /doi.org/10.3390/md20010009
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than 2.8 million deaths per year. Obesity prevalence almost tripled in 40 years (1975-2016),
and in 2016, the WHO estimated that 380 million children under 19 were overweight or
obese, and up to 1.9 billion adults were overweight [1]. The excessive accumulation of fat
tissue accompanied by mild chronic inflammation of the tissue defines obese individuals [2].
Obesity is correlated with an exponential increase of metabolic syndrome (MetS) [3], leading
to type 2 diabetes, nonalcoholic fatty liver disease (NAFLD), cardiovascular diseases,
cancer, musculoskeletal diseases (e.g., arthritis), sleep apnea, respiratory conditions (such
as asthma), and others. MetS is characterized by specific pathologic conditions, including
obesity, insulin resistance, hypertension, and hyperlipidemia [4]. NAFLD presents liver
steatosis in the absence of alcohol abuse and is closely linked to metabolic syndrome [5].
Currently, NAFLD is the most important cause of chronic liver disease, ranging from
simple steatosis to severe tissue inflammation (steatohepatitis), fibrosis, cirrhosis, and
hepatocellular carcinoma [6].

Treatment options for obesity are based on lifestyle changes (healthy diet, physical
exercise, and behavioral therapies), pharmacotherapy, and bariatric surgery. Pharmacother-
apy, allied with exercise and diet, is a standard support for obesity treatment, although
some drugs have been considered non-efficacious, unsafe, and showed dangerous side
effects [7,8]. Due to the exposed facts, the development of more specific, effective, and
directed treatments and drugs against obesity and obesity-related pathologies is still in
need. Natural products are known as a source of novel molecules for treating human
diseases, and a significant portion of the approved drugs (> 60%) has origin in nature
or inspired the synthesis of pharmacophores. One of the FDA-approved drugs for the
treatment of obesity is derived from the bacterium Streptomyces (orlistat), which targets the
inhibition of gastric and pancreatic lipases [3].

Researchers have been focusing on terrestrial environments for new natural com-
pounds discovery for centuries, while research has only started looking at aquatic en-
vironments in the last few decades. Despite the apparent difficulties of isolating novel
compounds from marine organisms in a sustainable way, currently, 14 FDA-approved drugs
from marine environments exist for the treatment of cancer, pain, or hypertriglyceridemia
(https:/ /www.midwestern.edu/departments/marinepharmacology/ clinical-pipeline, ac-
cessed on 6 December 2021). Oceans comprise more than 71% of the Earth’s surface and
represent a huge potential reservoir for discovering new natural compounds [9]. Microal-
gae are known to be a source of lipids, proteins, and carbohydrates [10,11], as well as being
rich in exploitable molecules, vitamins, polyunsaturated fatty acids (PUFAs), pigments,
carotenoids, other antioxidant compounds, peptides, and toxins [12,13]. The macronutrients
produced vary depending on the microalgae species and its cultivation mode (autotrophic,
heterotrophic, and mixotrophic) [13]. As a source of high-value products and molecules,
microalgae became interesting for commercial purposes, such as biotechnological and
pharmaceutical exploitation, biodiesel production, and food and dietary supplements,
among others.

The microalgae Chlorella vulgaris, the first algae isolated and grown in pure culture
is often used for bioremediation and treatment of wastewater [14,15], and is approved
for production and commercialization as a health/food supplement. The regular dietary
supplementation of C. vulgaris can protect against specific types of cancer, oxidative stress
and help in the reduction of hyperlipidemia [16]. Recent studies have demonstrated
C. vulgaris’s ability to produce carotenoids, chlorophyll pigments, a range of fatty acids
and complex lipids (glycerophospholipids, glycolipids) [17], and vitamins (B3 and B5),
among other interesting compounds [18]. In contrast to the commonly cultivated green
algae C. vulgaris, Chlorococcum sp. is a green microalga from the family Chlorococcaceae,
which is still poorly explored in terms of its biotechnological potential. Chlorococcum sp.
is known for accumulating large amounts of lipids [19] and producing high amounts of
carotenoids [20]. Furthermore, Chlorococcum sp. has anticholinesterase and antioxidant
activity, and the presence of phenolic compounds, polysaccharides, and omega 3 polar
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lipids [21] was shown by Olasehinde et al. [22], making this microalga a possible interesting
nutraceutical producer.

The present work aimed to search for novel bioactivities from microalgae with human
health applications, particularly for metabolic diseases. This work focussed on two mi-
croalgae, Chlorococcum amblystomatis grown autotrophically and Chlorella vulgaris grown
auto- and heterotrophically, and their biomass was extracted using organic solvents. Those
extracts were evaluated in various in vivo and in vitro bioassays for their activities towards
obesity, steatosis, and inflammation. Additionally, potential toxicity was assessed, and the
first characterization of their metabolite profile by untargeted LC-MS/MS was performed
to identify putative compounds involved in the observed bioactivities. The identifica-
tion of bioactive extracts for metabolic diseases from microalgae and their responsible
metabolites will be an important step for the future development of novel nutraceuticals or
functional food.

2. Results
2.1. Lipid-Reducing Activity

Microalgae extracts were subjected to a bioactivity screening to identify their potential
lipid-reducing activities using zebrafish larvae in vivo, namely the Nile Red fat metabolism
assay. Results are represented in Figure 1. Dimethyl sulfoxide (0.1% DMSO) was used as
solvent control and resveratrol (50 pM REV) as a positive control. Figure 1a-b shows a
visualization of Nile Red staining of neutral lipid reservoirs for the solvent control and the
positive control, respectively. Results from bioactivity screening are presented in Figure 1c
and expressed as a percentage of fluorescence intensity relative to the solvent control
(DMSO). Seven of the analyzed samples reduced significant Nile Red fluorescence. In
particular, heterotrophic C. vulgaris (CH), extracted with ethanol and ultrasounds (UAE),
revealed very promising results, similar to the ones obtained from the positive control,
REV. Even though most of the results showed an elevated variability, with large standard
deviations (SD) for most samples, CH-UAE extract showed very small SD. No toxicity or
visible malformation was detected during the assays, assuming the absence of toxicity in
zebrafish larvae at the tested concentration.
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Figure 1. Lipid-reducing activity of the extracts (10 pg/mL) in the Nile Red fat metabolism assay
using zebrafish larvae. a-b: images of zebrafish larvae, with overlay of bright field picture and red
fluorescence channel; (a): solvent control with 0.1% of DMSQO; (b): positive control with 50 uM of
REV. (c): Results of the screening for lipid-reducing activity. Data are shown relative to DMSO (100%)
as box-and-whisker plots (5-95 percentiles) and were obtained from three independent assays with
6-7 individual larvae each (n = 18-21). Statistically significant different results from control (DMSO)
were marked with asterisk (* p < 0.05; **** p < 0.0001). Solvents used for preparation of the extracts:
DM: dichloromethane-methanol (2:1); E: ethanol; UAE: ultrasound-assisted extraction with ethanol.
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Comparing the heterotrophic, most active extract (CH-UAE, 75% lipid reduction) with
the equivalent autotrophic extract (CA-UAE, 20% lipid reduction), it is possible to infer
that the cultivation mode plays an essential role in the production of bioactive compounds
present in the extracts.

2.2. Anti-Inflammatory Activity

The anti-inflammatory activity was assessed using the RAW264.7 cell line exposed to
10 and 25 pg/mL extracts. Results from 10 ug/mL are presented in the Supplementary
Materials (Figure S1). Figure 2 shows the results from the extracts at 25 ug/mL. Eight of the
nine samples resulted in statistically significant nitric oxide (NO) reduction, ranging from
approximately 25% to more than a 40% reduction in NO content (Figure 2a). Analyzing
Figure 2b, which represents viability, no cytotoxicity was observed for extracts at 25 pg/mL
extracts. In contrast, one extract significantly increased viability (CA-DM; 42% average
viability increase).
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Figure 2. Anti-inflammatory and viability assays in RAW264.7 cell line exposed to 25 ug/mL of
extracts. Dark grey represents inflammation control (induced by LPS and containing the same
DMSO content as extracts); light grey represents basal NO without induction of inflammation by LPS.
(a) Results for the anti-inflammatory assay; (b) results for cell viability. Solvents used for preparation
of the extracts: DM: dichloromethane-methanol (2:1); E: ethanol; UAE: ultrasound-assisted extraction
with ethanol. The data for both assays are derived from three independent experiments in duplicates
and shown as box-and-whisker plots (5-95 percentiles). Statistical differences compared to DMSO
control are indicated by asterisks (* p < 0.05).

2.3. Anti-Steatosis Assay

The steatosis assay quantifies the lipid content through the fluorescence emitted by the
Nile Red dye, which stains neutral lipid droplets, and cell viability through the intensity of
fluorescence emitted by HO-33342 that stains the nucleus (Figure 3a). Results presented in
Figure 3b consists of a ratio between the intensity emitted by the Nile Red per cytoplasm
and the intensity emitted by the HO-33342, giving the results as the lipid content normalized
for cell density for each well. At 10 ug/mL, no significant results were obtained (Figure S2).
At 25 ug/mlL, six of the nine extracts showed slight, but significant anti-steatosis activity,
when compared to the fat-overloaded control (control + SO). Like the results obtained from
the zebrafish Nile Red assay, ultrasound-assisted extraction with ethanol in heterotrophic
C. vulgaris (CH-UAE) showed a 20% reduction in lipid content in HepG2 cells, reinforcing
this as the most promising extract. Results observed in the SrB assay (Figure 3c) discarded
significant cytotoxicity for all samples.
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Figure 3. Anti-steatosis activity assay in fatty-acid-overloaded HepG2 cells and cell viability by SrB
method, at 25 ug/mL extract. (a) HepG2 cells stained under fluorescent light; in orange, lipidic
content stained by NileRed; in blue, cell nucleus stained by HO-33342 (DAPI). (b) Nile Red and HO-
33342 fluorescence quantification ratio expressed as percentage compared to fat-overloaded control
(Control + SO); (c) HepG2 cell viability using SrB method. Light grey represents DMSO control; dark
grey represents control + SO. Solvents used for preparation of the extracts: DM: dichloromethane-
methanol (2:1); E: ethanol; UAE: ultrasound-assisted extraction with ethanol. Data were derived from
two independent experiments in triplicates and shown as box-and-whisker plots (5-95 percentiles).
Statistical differences compared to DMSO + SO control is indicated by asterisks (* p < 0.05).

2.4. Metabolite Profiling

For the untargeted metabolite profiling, the extracts were chosen and compared, form-
ing three groups: autotrophic Chlorella vulgaris (CA-DM; CA-E; CA-UAE), heterotrophic
Chlorella vulgaris (CH-DM; CH-E; CH-UAE), and Chlorococcum amblystomatis (C-DM; C-E;
C-UAE). The molecular network (Figure 4) allowed the visualization of the metabolites
present in each group or shared between groups, their precursor mass, and putative identi-
fications (http://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=9f0f25a1f005406eab16a5e5
711al9ea, accessed on 25th of October 2021). The original Cytoscape file is provided in
Supplementary Materials (Figure S3).
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Figure 4. Metabolite profiling using LC-MS/MS and GNPS. Unique mass peaks, exclusively present
in the most bioactive extract CH-UAE, are presented as octagonal nodes and highlighted by size. The
color of the nodes corresponds to their presence in the analyzed extracts: yellow: only in autotrophic
C. vulgaris; blue: only in heterotrophic C. vulgaris; red: only in C. amblystomatis; green: shared
between auto- and heterotrophic C. vulgaris; orange: shared between autotrophic C. vulgaris and
C. amblystomatis; purple: shared between heterotrophic C. vulgaris and C. amblystomatis; white: shared
by all.

Most molecules are shared between all three groups (white nodes) or between both
autotrophically grown microalgae (orange nodes). For example, although chlorophylls are
shared by all three groups, some chlorophyll metabolites are exclusive to C. amblystomatis
extracts (red nodes) or autotrophic growth (orange nodes). Betaine lipids and terpene
lactones metabolites were only detected in autotrophic growing conditions. On the other
hand, we were able to identify a cluster of triglycerides only identified in heterotrophically
grown C. vulgaris. These results suggest that culture conditions may play an important role
for the production of the metabolites present in the extracts, even more than the species
itself. Metabolites shared with both C. vulgaris groups and colored in green are scarce in
the molecular network.

Metabolites only present in CH-UAE extract, identified in the previous assays as the
most promising ones, were highlighted in Figure 4 in blue and octagonal nodes. From this
extract, 18 unique nodes in clusters were identified. Table 1 shows the results obtained for
those 18 nodes, with their putative identifications.



Mar. Drugs 2022, 20,9

Table 1. Putative identification of unique compounds in the active extract CH-UAE derived from the
molecular network at Figure 4, by GNPS tools, DNP, and NPA. Identifications were based on the MS2
fragmentation on GNPS and on m/z values +/— 0.002 against the databases DNP and NPA. Possible
matches were only considered if the calculated mass error was lower than 5ppm. From the original
18 compounds, 8 putative identifications were found. M + H*: mass + hydrogen; RT: retention time;
ppm: parts per million; DNP: Dictionary of natural products; NPA: natural products atlas.

M + H*

RT

Putative Identification ppm Formula Source

358.202

519.548

Benzanoid GNPS

409.162

549.5865

2,6-Diamino-2,6-dideoxyidose; L-form, Dibenzyl dithioacetal or
3-(4-Hydroxybenzyl)-3,6-bis(methylthio)-2,5-piperazinedione; 0.1 CyoHpgN,03S, DNP
(BR,6R)-form, O-(3-Methyl-2-butenyl), 1,4-N-di-Me

Urauchimycin C 2.2 C19Hp4N,Og DNP

333.136

749.917

Anhydrodehydrotylophorinidine; 3-O-De-Me —-15 Cy1H1gNO;3 DNP

Pandangolide 2; Me ester -3.6 C15Hp406S DNP

Xanthine; 7H-form, 1,7-Dibenzyl 25 C19H14N4Oo DNP

393.167

652.9033

7,8-Dihydroxy-1-methyl-f-carboline; 3,4-Dihydro, 07-Me,

8-O-B-D-Glucopyranoside 2.1 C19H24N,07 DNP

749.391

550.2385

Biscarpamontamine A or

Conodiparine A; 19’-Ketone or
Conodiparine B; 19’-Ketone or

Conodirinine A or

Conodirinine B or

Coryzeylamine or

Tabercorymine A or

Tabernaricatine B; 19R,20S-Epoxide or
Tabernaricatine B; 195,20R-Epoxide or
Tabernaricatine D; A1"2 -Isomer, 7’'B-hydroxy

06 CuHsN,O;  DNP

451.119

735.559

Aspergillazine B or

Aspergillazine B; 2-Epimer 33 CaoH22N2055 DNP

2,2,3,3',7,7-Hexahydroxy-1,1"-biphenanthrene or

2,2',44',7,7-Hexahydroxy-1,1"-biphenanthrene or

2,2',4,4',7,7-Hexahydroxy-1,3"-biphenanthrene or

2,4,4'55",7-Hexahydroxy-1,1"-biphenanthrene or 1.8 CpgH150¢ DNP
3,3',4,4',7,7-Hexahydroxy-1,1"-biphenanthrene or

2,4,4,7,7'-Pentahydroxy-1,2"-biphenanthrene ether or

2,4,5,7,7-Pentahydroxy-1,2"-biphenanthrene ether

Rhizoferrin; (R,R)-form, 2-Oxo —-2.3 C16H2oN,O13 DNP

Aspergillazine C or Penispirozine C ou Perispirozine D —-3.3 CoH2oN,08S NPA

729.368

732.944500

2,15-Dihydroxy-18-nor-16-kauren-19-oic acid; (ent-2c,153)-form,
2-0O-[B-D-Glucopyranosyl-(1—3)-2-O-(3-methylbutanoyl)-3-D-
glucopyranoside] or

3,5,11,14-Tetrahydroxycard-20(22)-enolide;
(3B,5B,11,14p)-form, 3-O-[3-O-Methyl-3-D-glucopyranosyl-
(1—4)-6-deoxy-a-L-glucopyranoside]

—24 Cs6Hs6015 DNP

227.075

648.9525

3-Buten-1-ol; 4-Methylbenzenesulfonyl or

3-Buten-1-ol; 4-Methylbenzenesulfonyl or
2,4-Dihydroxy-3,5,6-trimethylthiobenzoic acid; S-Me ester or
4-Phenyl-3-buten-1-ol; (Z)-form, Methanesulfonyl

36 C11H14058 DNP

1-(2’,4-dihydroxy-5"-methyl-3’-methylsulfany-

Imethylphenyl)ethanone or Mortivinacin A 34 CuaH14055 NPA
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Table 1. Cont.

M+H* RT Putative Identification ppm Formula Source
666.062  979.23
543.447  887.89275
415.142  734.2515
743.346  590.652499
402.176  711.7333
160.841  387.5715
761.357  554.2535
763.178  827.886
715.388  650.252
713.373  775.4403

3. Discussion

The use of cell lines for bioactivity screening in metabolic diseases, as obesity and
associated co-morbidities, have proved to be an essential tool; however, they do not
represent the complexity of whole organisms. Zebrafish (Danio rerio) surged as an attractive
model organism. It has high physiological and genetic homology with mammals, relatively
low-cost maintenance, larvae with optical transparency, and fast development. Similarities
between zebrafish and mammalian lipid metabolism have been recorded [23], allowing the
development of specific screening assays. The zebrafish Nile Red fat metabolism assay [23]
allows the quantification of the neutral lipidic content (in the intestine and yolk sac region)
in zebrafish larvae, enabling us to understand if certain compounds have lipid-reducing
activity. The zebrafish Nile Red assay has been successfully used for screening of new
secondary metabolites from cyanobacterial fractions [24] and for the isolation of known
and novel chlorophyll derivatives (132-hydroxypheophytine a, 132-hydroxy-farnesyle a)
from the cyanobacteria Nodosilinea sp. and Cyanobium sp. [25].

To the best of our knowledge, this assay was not yet employed in microalgae extracts,
and we report, for the first time, strong bioactivity for heterotrophic Chlorella vulgaris
extracted with ethanol and ultrasound-assisted extraction, which reduced 70% of neutral
lipids in the zebrafish larvae. In comparison, autotrophic C. vulgaris only reduced 20% of
neutral lipid levels. In concordance with these results, C. vulgaris anti-obesity activity has
long been identified and studied [26-28]. In high-fat-diet fed rats, supplementation with
C. vulgaris effectively reduced total serum lipids, liver triglycerides, and cholesterol [28].

Various authors revealed differences between autotrophic and heterotrophic cultiva-
tion. Chen et al. [29] had demonstrated that the lipid content and microalgae composition
are species- and cultivation-dependent. Heterotrophic growth is more profitable in terms
of lipid content when compared to traditional autotrophic growth conditions [30,31]. Al-
though both culture conditions were closed systems with a more controlled environment,
the heterotrophic conditions are axenic, allowing an easier manipulation and production
of more constant biomass while decreasing the probability of culture contamination [32].
Autotrophic cultivation is described to lead to a higher content of glycolipids and omega-3
polyunsaturated fatty acids, whereas heterotrophic growth increased phospholipids, sat-
urated fatty acids, and omega-6 polyunsaturated fatty acid levels [17]. Autotrophic cells
were shown to have a higher concentration of pigments (chlorophyll and carotenoid), while
heterotrophic cells have lower pigment content [33].

Molecular networking allowed further investigation of putative compounds associ-
ated with the bioactivity previously identified in the heterotrophic extract from C. vulgaris
(CH-UAE). The comparison between microalgae and growth conditions revealed unique
metabolites in this bioactive extract. Of those presented in Table 1, none was yet described
in the scientific literature for their lipid-reducing activity. Additionally, such compounds’
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production is not associated with microalgae but with bacteria, plants, or fungi, in accor-
dance with the information in the databases. The other 12 peaks with no match in the
searched databases may represent novel compounds. In accordance, many studies using
similar untargeted metabolite profiling approaches demonstrated a large percentage of
not-known compounds, which still remain to be isolated and identified [24,34-36]. In the
future, CH-UAE extract should be fractionated to reduce the complexity of the material
and identify the responsible compounds for the observed anti-obesity activity.

As obesity is characterized by chronic inflammation, it is essential to assess the anti-
inflammatory activity of the extracts. Our results showed a reduction in the production of
NO of about 30-40% for C. vulgaris and C. amblystomatis. Couto et al. [17], when comparing
both autotrophic and heterotrophic C. vulgaris, were able to conclude that both growing
conditions had high anti-inflammatory and antioxidant properties. However, results in that
study were obtained using 500 p1g/ml extracts, which is 20x higher than those used in the
present study (25 pg/mL). The production of bioactive compounds with anti-inflammatory
activity has already been reported in C. vulgaris [37] and Chlorococcum sp. [22]. A study from
Kwak et al. [38] showed anti-inflammatory and immunostimulatory effects through an
increase in natural killer cells activity and the production of cytokines in healthy people after
C. vulgaris biomass consumption for an eight-week period. The carotenoid violaxanthin
from Chlorella ellipsoidea had been associated with anti-inflammatory activity [39], capable
of inhibiting NO production in a dose-dependent way [39].

Steatosis, one of the NAFLD states, is common in obese patients [40]. The assay em-
ployed here to determine anti-steatosis activity relies on the importance of the liver in fatty
assay metabolism and used HepG2 cell lines exposed to sodium oleate, known to induce
steatosis in cells, as described by Costa et al. [24]. Although both microalgae under different
growth conditions demonstrated significant results, there are differences in these activities.
Extraction with dichloromethane-methanol 2:1 (DM) and ultrasound-assisted extraction
with ethanol (UAE) resulted in higher anti-steatosis activity compared with ethanol (E)
extracts. The effect of ultrasound-assisted extraction, when compared to extraction just
with ethanol, was also observed at the anti-inflammatory assay. Ethanol extracts from Coffea
arabica L. leaves have been characterized to be more efficient for extracting chlorophylls,
carotenoids, and higher antioxidant activity when compared to dichloromethane or hexane
extracts [41]. Solvent mixtures, compared to single solvents, were found to be more effi-
cient, with higher yields in extracts of Annona muricata L. leaves [42]. Ultrasound extraction
presents a variety of advantages, such as lower time consumption, as well as improved
extraction yield for organic compounds, compared to conventional methods [43—45].

Regarding C. amblystomatis extracts, not much research has been reported on lipid-
reducing activity in in vitro or in vivo models of obesity or steatosis. This microalga is
not accepted for human consumption, and therefore cannot be subjected to human trials,
which may explain the lack of further studies. Our results for C. amblystomatis extracts are
promising, as it shows a significant reduction in neutral lipids in fatty-acid-overloaded
liver cells compared with the ones obtained for heterotrophic Chlorella. In accordance with
the zebrafish Nile Red fat metabolism assay results, ultrasound-assisted ethanolic extract of
heterotrophic C. vulgaris demonstrated the highest bioactivity in preventing the formation
of lipid droplets in HepG2 cells. Our study allows inferring that both microalgae species
have a lipid-lowering effect that may be useful for the treatment of NAFLD.

4. Materials and Methods
4.1. Microalgae Biomass Production

Chlorella vulgaris and Chlorococcum amblystomatis are deposited at Allmicroalgae indus-
trial collection under the internal codes 0002CA and 0066CA, respectively. These microalgae
were cultivated as previously described [17,46]. Briefly, autotrophic cultivation was car-
ried using Guillard f/2-based medium. The scale-up started in 5 L flask reactors under
laboratory-controlled conditions, which were sequentially scaled up, at an approximate
proportion of 1:5 until reaching an outdoor 10 m? photobioreactor (PBR) at Allmicroalgae
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production plant facilities. The pH was kept constant by pulse injections of CO,. For
heterotrophic cultivation, a C:N ratio of 6.7:1 and glucose (Sapecquimica, Vila Nova de
Gaia, Portugal) was used as the source of organic carbon. The heterotrophic culture was
carried step-wise from 50 mL Erlenmeyer’s until reaching the industrial 5000 L fermenter.
All fermenters were operated in fed-batch under controlled temperature, pH, and dissolved
oxygen.

4.2. Microalgae Extraction

Microalgae biomass extraction was performed using 25 mg of Chlorella vulgaris (grown
autotrophically and heterotrophically) and Chlorococcum amblystomatis using ethanol 96% (E),
dichloromethane:methanol 2:1 (DM), and ultrasound-assisted extraction (UAE) with ethanol
96%. The UAE was performed using a Sonics VCX 130 sonifier (Sonics & Materials INC.,
Newtown, CT., USA, output power 130 W, output frequency 20 kHz, power density
3.56 W/cm?), with a microtip probe set to six 20 second pulses of 70% of amplitude, each
followed by one minute cool down in ice, as described in Figueiredo et al. [47]. Samples
were vortexed for 2 min and centrifuged at 2000 rpm for 10 min. The organic phases were
collected and dried under a N, stream.

Crude microalgae extracts were weighed in pre-weighed amber vials. For bioactivity
assays, dry crude extracts were diluted in DMSO at a concentration of 10 mg/mL.

4.3. Zebrafish Larvae Nile Red Fat Metabolism Assay

The lipid-reducing activity of compounds was analyzed using the zebrafish Nile
Red assay as previously described [8]. According to the EC Directive 86/609/EEC for
animal experiments, the chosen procedures are not considered animal experiments using
non-autonomous feeding stages, and no permission was necessary. Zebrafish embryos
were raised from one DPF (days post-fertilization) in egg water (60 j1g/mL marine sea salt
dissolved in distilled H,O) with 200 uM PTU (1-phenyl-2-thiourea) to inhibit pigmentation.
From three DPF to five DPF, zebrafish larvae were exposed to the samples at a final
concentration of 10 pg/mL with daily renewal of water and extracts in a 48-well plate with
a density of 6-8 larvae/well (n = 6-8). A solvent control (0.1% DMSO) and positive control
(REV, resveratrol, final concentration 50 tM) were included in the assay. Neutral lipids were
stained with Nile Red overnight at the final concentration of 10 ng/mL. For imaging, the
larvae were anesthetized with tricaine (MS-222, 0.03%) for 5 min and fluorescence analyzed
with a fluorescence microscope (Olympus, BX-41, Hamburg, Germany). Fluorescence
intensity was quantified in individual zebrafish larvae by Image] (http:/ /rsb.info.nih.gov/
ij/index.html, accessed on 1 July 2021).

4.4. Cell Assays

The murine macrophage cell line RAW 264.7 (American Type Culture Collection,
ATCC) was selected to determine the anti-inflammatory potential. RAW 264.7 were cultured
in Dulbecco’s Modified Eagle Medium (DMEM, Roti-CELL) with glutamine, without
pyruvate, supplemented with 10% (v/v) of inactivated fetal bovine serum (FBS) and 1%
(v/v) penicillin-streptomycin (penicillin 100 IU/L, streptomycin 100 pL/mL). Human-
hepatoma-derived cell line HepG2 cells (ATCC) were used for the anti-steatosis assay.
Cells were cultured in Dulbecco Modified Eagle’s Medium (DMEM) and grown in DMEM
supplemented with 10% (v/v) fetal bovine serum, 1% penicillin/streptomycin (100 TU mL~!
and 10 mg mL ™!, respectively), and 0.1% amphotericin. Both cell lines were incubated in a
humidified atmosphere with 5% CO; at 37 °C. The culture medium was renewed twice a
week, and cell passages (scraping for RAW 264.7 and trypsinization for HepG2) were made
at about 80% confluence. All samples were tested at a final concentration of 10 pg/mL.

4.4.1. Anti-Inflammatory Assay

The anti-inflammatory assay was performed as described by Lopes et al. [48]. RAW
264.7 cells were stimulated with LPS (1 pg/mL) and incubated for 22 h. After the incubation
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period, NO was measured in the culture medium through a Griess reaction. A total of 75 uL.
of Griess reagent (sulfanilamide 10 mg/mL and ethylenediamine 1 mg/mL, prepared in
2% H3POy4) was mixed with 75 uL cell supernatant and incubated in the dark for 10 min.
The absorbance of the reaction product was measured at 562 nm. Results were expressed
as the percentage of NO from the LPS control. Three independent assays were performed,
each assay in duplicate for each sample. To assess the direct effect of the extracts on basal
NO production, the assay was also performed in RAW 264.7 cells in the absence of LPS
(pro-inflammatory activity).

Cytotoxicity of the extracts was monitored through the 3-(4,5-dimethylthiazole-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay, as described by Lopes et al. [48]. The assay
consisted of the reduction in the yellow MTT to insoluble purple formazan crystals by
dehydrogenizing metabolically active cells. After the incubation period of 24 h, 100 uL of
MTT solution (0.5 mg/mL), freshly prepared in DMEM at 37 °C, was added to each well and
incubated at 37 °C for 45 min. The supernatant was removed after the incubation period,
and the resulting formazan crystals were dissolved in 100 L. DMSO. The absorbance of the
colored product was determined at 515 nm. Cytotoxicity was expressed as the percentage of
cell viability vs. the solvent control. Three independent assays were performed in duplicate
for each sample.

4.4.2. Steatosis Assay

The anti-steatosis assay was performed as described by Costa et al. [24]. Cells were
seeded at 10° cells/mL in 96-well plates and adhered overnight (24 h). The cells were
washed in PBS and changed to incomplete DMEM supplemented with 62 pM sodium
oleate. DMSO and 0.5% MeOH were used as solvent control. Cells were incubated at 37 °C
for 6 h. After, cells were changed to Hank’s Buffered Salt Solution (HBSS) (0.137 M NaCl,
5.4 mM KCl, 0.25 mM Nap,HPOy, 0.44 mM KH,POy, 1.3 mM CaCl,, 1.0 mM MgSOy, 4.2 mM
NaHCO;3, glucose-free) with HO-333424 (1:100) and Nile Red5 (1:400), and incubated for
15 min at 37 °C in the dark. Cells were then washed twice with HBSS. Fluorescence was
read at 485/572 nm excitation/emission for Nile Red and 360/460 nm for HO-33342.

Cytotoxicity of the fractions was also tested on HepG2 cell line using the SRB col-
orimetric assay. Following the anti-steatosis assay, cells were fixed for 1 h at 4 °C, in the
dark, adding 50% (w/v) ice-cold trichloroacetic acid (TCA) to the culture medium. Cells
were washed four times with deionized water and the plates air-dried. Then, 0.4% (w/v)
SRB in 1% acetic acid was added to each well for 15 min, followed by five washes with
1% acetic acid. The plates were air-dried, and 10 mmol L—1, pH 10.5 Tris-HCI was added
to each well. Absorbance was read at 492 nm with reference at 650 nm on a Synergy HT
Multi-detection microplate reader.

4.5. Metabolite Profiling

A total of 40 ul of each sample replica (DMSO, 10 mg/mL) was dried and then
resuspended to a concentration of 1 mg/mL in acetonitrile for LC-MS. Experimental
conditions are described in Ribeiro et al. [49]. The chromatographic step was carried out in
an ACE UltraCore 2.5 Super C18 column (75 mm X 2.1 mm, Advanced Chromatography
Technologies, Aberdeen, United Kingdom). Briefly, mobile phase A was a mixture of water
(H20; 95%), methanol (MeOH; 5%), and formic acid (0.1%); while mobile phase B consisted
of a mixture of isopropanol (95%), MeOH (5%) and formic acid (0.1%). The gradient flux
was 0.35 mL/min, and the program ran for 20 min. The separation temperature was
kept at 40 °C for the entire analysis. Q Exactive™ Focus Hybrid Quadrupole carried out
the LC/MS analysis—Orbitrap™ Mass Spectrometer (Thermo Scientific™, Waltham, MA,
USA) coupled to an Electrospray Ionization (ESI) source, operating in positive mode.

As described by Bellver et al. [34], molecular networking analysis was conducted with
some modifications. Raw data were converted using the software program MSConvert
to mzXML format for molecular networking and metabolomic analysis. Converted data
were uploaded to GNPS (Global Natural Products Social Molecular Networking) [50]
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(https:/ /gnps.ucsd.edu/, accessed on 25 October 2021). A molecular network was created
using the online workflow (https://ccms-ucsd.github.io/ GNPSDocumentation/, accessed
on 29 October 2021) on the GNPS website (http://gnps.ucsd.edu, accessed on 25 October
2016) [50]. The data were filtered by removing all MS/MS fragment ions within +/— 17
Da of the precursor m/z. MS/MS spectra were window filtered by choosing only the
top 6 fragment ions in the +/- 50Da window throughout the spectrum. The precursor
ion mass tolerance was set to 0.02 Da and an MS/MS fragment ion tolerance of 0.02 Da.
A network was then created where edges were filtered to have a cosine score above 0.7
and more than 6 matched peaks. Further, edges between two nodes were kept in the
network if and only if each of the nodes appeared in each other’s respective top 10 most
similar nodes. Finally, the maximum size of a molecular family was set to 100, and the
lowest-scoring edges were removed from molecular families until the molecular family
size was below this threshold. The spectra in the network were then searched against
GNPS’ spectral libraries. The library spectra were filtered in the same manner as the input
data. All matches kept between network spectra and library spectra were required to have
a score above 0.7 and at least 6 matched peaks. Bioinformatic tools of GNPS were also
used, including the Dereplicator [51], Dereplicator+ [52]. To enhance chemical structural
information within the molecular network, information from in silico structure annotations
from GNPS Library Search, Dereplicator, were incorporated into the network using the
GNPS MolNetEnhancer workflow (https://ccms-ucsd.github.io/ GNPSDocumentation /
molnetenhancer/, accessed on 29 October 2021) on the GNPS website (http://gnps.ucsd.
edu, accessed on 29 Octoner 2021) [50,51]. Chemical class annotations were performed
using the ClassyFire chemical ontology [53]. Precursor mass was searched in GNPS as
well as in other databases, such as the “Dictionary of Marine Natural Compounds” [54]
(https:/ /dnp.chemnetbase.com/, accessed on 29 October 2021) and the “Natural Products
Atlas” [55] (https:/ /www.npatlas.org/, accessed on 28 October 2021), applying a search
filter of 0.002 m/z and a deviation of <5 ppm. Bioactive peaks were manually checked in
the Xcalibur software (version 4.1, Thermo Scientific Exactive Series 2.9) for peak intensity,
H-isotopes, and Na* adducts. The MS-error was calculated in parts per million (ppm) and
restricted to <5 ppm.

The obtained results from the GNPS platform were then visualized and analyzed using
the software program Cytoscape 3.4.0 [56]. Nodes were grouped with different colors, and
the ones with significant bioactivity were highlighted in octagonal shape and bigger size.

4.6. Statistical Analysis

Data were first analyzed using normality, Shapiro-Wilk, and Kolmogorov-Smirnov
tests to check for Gaussian distribution of samples and a Bartlett’s test (p < 0.05) to determine
equal variance of the samples. If the normal distribution was confirmed, a one-way analysis
of variance (ANOVA) was used to find differences among means, followed by a multi-
comparisons Dunnett test (p < 0.05) as post hoc test. If there were no normal distribution,
Kruskal-Wallis test for nonparametric distribution of values would be used, using Dunn’s
post hoc test. Analyses were performed using GraphPad Prism 9.0.1.

5. Conclusions

In conclusion, the present study shows that microalgae species, namely, Chlorella
vulgaris and Chlorococcum amblystomatis, have significant anti-obesity, anti-steatosis, and
anti-inflammatory activities and could be valuable resources for the development of future
nutraceuticals. In particular, heterotrophic cultivation of C. vulgaris strongly increased
the lipid-reducing activity in the zebrafish assay, confirming that alteration of culture
conditions can be a valuable approach to increase the production of high-value compounds
in microalgae.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/md20010009/s1, Figure S1. Anti-inflammatory and viability assays in RAW264.7 cell line
exposed to 10 ug/mL of extracts. Figure S2. Anti-steatosis activity assay in fatty-acid-overloaded
HepG2 cells and cell viability by SrB method, at 10 ug/mL extract. Figure S3. Cytoscape file from
metabolite profiling, network created by GNPS.
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Abstract: Caulerpa racemosa (sea grapes) and Ulva lactuca (sea lettuces) are edible green seaweeds
and good sources of bioactive compounds for future foods, nutraceuticals and cosmeceutical in-
dustries. In the present study, we determined nutritional values and investigated the recovery
of bioactive compounds from C. racemosa and U. lactuca using hot water extraction (HWE) and
subcritical water extraction (SWE) at different extraction temperatures (110 to 230 °C). Besides
significantly higher extraction yield, SWE processes also give higher protein, sugar, total pheno-
lic (TPC), saponin (TSC), flavonoid contents (TFC) and antioxidant activities as compared to the
conventional HWE process. When SWE process was applied, the highest TPC, TSC and TFC val-
ues were obtained from U. lactuca hydrolyzed at reaction temperature 230 °C with the value of
39.82 + 0.32 GAE mg/g, 13.22 + 0.33 DE mg/g and 6.5 + 0.47 QE mg/g, respectively. In addition,
it also showed the highest antioxidant activity with values of 5.45 4= 0.11 ascorbic acid equivalents
(AAE) mg/g and 8.03 £ 0.06 trolox equivalents (TE) mg/g for ABTS and total antioxidant, respec-
tively. The highest phenolic acids in U. lactuca were gallic acid and vanillic acid. Cytotoxic assays
demonstrated that C. racemosa and U. lactuca hydrolysates obtained by HWE and SWE did not show
any toxic effect on RAW 264.7 cells at tested concentrations after 24 h and 48 h of treatment (p < 0.05),
suggesting that both hydrolysates were safe and non-toxic for application in foods, cosmeceuticals
and nutraceuticals products. In addition, the results of this study demonstrated the potential of SWE
for the production of high-quality seaweed hydrolysates. Collectively, this study shows the potential
of under-exploited tropical green seaweed resources as potential antioxidants in nutraceutical and
cosmeceutical products.

Keywords: Caulerpa racemosa; Ulva lactuca; nutritional; potential; SWE

1. Introduction

Seaweed, also known as marine macroalgae, comprises photosynthetic organisms
and includes more than 12,000 species [1,2]. Based on photosynthetic pigment, they can
be categorized into: Rhodophyceae (red seaweeds), Phaeophyceae (brown seaweeds)
and Chlorophyceae (green seaweeds) [3]. Seaweeds play an important ecological, socio-
economic role for coastal communities and are also used for many purposes such as food,
medicinal, building materials, feed and many others. Seaweeds are rich in bioactive mate-
rials such as polysaccharides, proteins, peptides, amino acids and secondary metabolites
including polyphenolic compounds and natural pigments. These bioactive materials have
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been demonstrated to possess various biological activities and medicinal and health ben-
eficial effects. In addition, many studies have found that countries where seaweeds are
consumed on a daily basis have significantly fewer diet-related diseases and longer life
expectancy [1]. Seaweeds’ bioactive compounds have become a driving factor for their
increased demand in food, nutraceutical and cosmeceutical products [4].

Seaweeds are widely distributed and can be found in all zones on the Earth from polar,
temperate to tropical regions. Indonesia is an archipelagic country with a long coastline
and lies within the heart of the Coral Triangle, the center of the highest marine biodiversity
on Earth [5]. The earliest documentation of seaweeds diversity in Indonesia is reported
by Rumphius (1750), who established the botanical foundations of the flora of Indone-
sia. Further, in 1912, van Bosse documented 782 seaweed species in Indonesia, which
consisted of 196 species of green seaweeds, 452 species of red seaweeds and 134 species
of brown seaweeds. Recently, it was reported that around 1000 seaweeds species can be
found in Indonesia [4,6]. Despite the great diversity of seaweed species in Indonesia, only
a few species have been used for foods, supplements, nutraceutical and cosmeceutical
industries. Among tropical seaweeds species, Caulerpa racemosa (known as sea grapes or
green caviar) and Ulva lactuca (known as sea lettuces) belong to the green algae (Chloro-
phyta) represent under-exploited seaweed resources in Indonesia. Sulfated polysaccharides
from Ulva spp. have beneficial effects for cancer chemoprevention, anti-hypertensive and
immune-modulating activities [7-9]. In addition, the aqueous extract of Caulerpa spp.
showed anti-photoaging activity in UVB-irradiated mice [10]. Unfortunately, bioactive
compounds, as well as biofunctionalities of C. racemosa and U. lactuca from Indonesia,
are not well characterized. In addition, fewer studies were conducted concerning the
bioactive compounds from green seaweeds and their biological activities compared to
other seaweed classes [11].

Generally, hot water extraction (HWE), organic solvents’ extraction and acid/base ex-
traction were used to extract bioactive compounds from seaweeds [4]. However, exposure
to organic solvents and strong acids/bases can lead to deleterious effects on human health
and environmental concerns. Therefore, environmentally friendly technologies such as
microwave-assisted extraction (MAE), ultrasound-assisted extraction (UAE), enzymatic
hydrolysis (EAE), ultrasound-assisted extraction (UAE) and subcritical water hydrolysis
(SWE) are gaining more attention for development in many sectors. Bioactive compounds
such as polysaccharides, carotenoids and phenolic compounds have been extracted from
seaweeds by SWE [12,13]. During the SWE process, solvents were maintained in a sub-
critical state, between boiling point (100 °C; 0.10 MPa) and critical point (374 °C; 22 MPa),
where they remain as a liquid due to the high pressure [4]. Temperature is one of the
crucial factors that affect the efficiency and selectivity in the SWE process [5]. Previous
studies have demonstrated that the seaweed hydrolysates obtained from SWE have bet-
ter biological activities as compared to hydrolysates obtained by the conventional HWE
process [14]. Considering its high productivity, effectiveness, extraction time, low cost and
environmental friendliness, the SWE process has shown many benefits over conventional
HWE and other extraction methods.

The main objective of this work was to characterize bioactive compounds in two edible
under-exploited tropical seaweeds. First, proximate compositions and fatty acid profiles
of U. lactuca and C. racemosa were analyzed. These two green seaweeds species were
further hydrolyzed by conventional HWE at 100 °C and SWE at four different temperature
conditions (110 °C, 150 °C, 190 °C and 230 °C). The hydrolysates from HWE and SWE were
further analyzed for biochemical compositions, including total protein, sugar, phenolic,
flavonoid and saponin contents. Biological activities of C. racemosa and U. lactuca were
tested using radical scavenging assays, and cytotoxic potentials were studied to gain insight
into the potential toxicity of seaweeds hydrolysates. The data obtained and presented in this
research on the chemical composition of two edible seaweeds can provide the foundations
for the explorations of under-exploited seaweeds in Indonesia and fill the gaps for future
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research in the development of functional foods, nutraceuticals and cosmeceuticals from
U. lactuca and C. racemosa.

2. Results and Discussion
2.1. Proximate and Fatty Acid Composition of C. racemosa and U. lactuca

Carbohydrates were the major component of C. racemosa and U. lactuca, accounting for
38.62 & 0.01 and 61.83 £ 0.01% of the proximate content, respectively (Table 1). Both green
seaweeds also contained protein (7.60 & 0.01 and 10.0 £ 0.01%), ash (38.41 £ 1.90 and
17.86 £ 0.87%), lipids (0.71 £ 0.01 and 0.13 + 0.01%) and moisture contents (14.66 £ 0.43
and 10.18 4 0.04%). When C. racemosa and U.lactuca were compared directly, the protein
and carbohydrates contents of U. lactuca were higher than those of C. racemosa. The car-
bohydrate contents of U. lactuca found in this study were slightly higher than reported in
other studies [15-17]. For example, Rasyid et al. (2017) reported that carbohydrate contents
of U. lactuca from Pamengpeu, and West Java—Indonesia were 58.1% [15]. The carbohy-
drates contents in seaweeds are likely to be dependent on geographic location, the season
of harvest and algal maturity [18]. Many studies have reported that seaweeds contain
high carbohydrates and/or protein but low lipid contents. High carbohydrate contents in
U. lactuca suggest that these green seaweeds could be an important source of polysaccha-
rides for industrial uses. One of the major sulfated polysaccharides found in the genera
Ulva spp. is ulvan, which may constitute 8 to 40% of the seaweed biomass [19]. Although
the industrial applications based on ulvans are still limited, these sulfated polysaccharides
have been demonstrated to possess a broad range of bioactivities such as immunomodu-
lating, antiviral, antioxidant, antihyperlipidemic and anticancer activities [20]. Ulvan has
been demonstrated to promote gastrointestinal health and has been linked to a reduction in
the incidence of non-communicable diseases (NCD) [21,22]. Ulvan has the potential to be
applied as bioactive compounds in foods, nutraceuticals and cosmeceuticals; however, the
structural and biological properties of ulvan from U. lactuca require thorough investigation.

Table 1. Proximate composition of seaweeds.

Moisture Ash Lipid Protein Carbohydrate
Caulerpa racemosa 14.66 +£043  38.41+1.90 0.71 +£0.01 7.60 +0.01 38.62 4 0.01
Ulva lactuca 10.18 £ 0.04 17.86 £ 0.87 0.13 £ 0.01 10.0 £ 0.01 61.83 = 0.01

In terms of lipid content, the values found in both species were relatively low, in-
dicating that both C. racemosa and U. lactuca are an ideal choice for people who require
a low-fat diet [23]. The differences in proximate contents of seaweeds could be attributed
to the differences in species, biological conditions, postharvest treatment and preparative
methods. The fatty acids composition (area%) of C. racemosa and U. lactuca are given
in Table 2. The Table 2 shows that 11 of 37 types of authentic standard fatty acids were
identified in U. lactuca, while 24 of 37 types of authentic standard fatty acids were identi-
fied in C. racemosa. In C. racemosa and U. lactuca, palmitic acid (C16:0) showed maximum
quantities of 50.73 + 1.41 and 46.64 & 1.12%, respectively. The proportion of PUFAs in
C. racemosa found in this study was higher compared to U. lactuca, with linolenic acid
(C18:3) found as the major omega-3 PUFAs in both species. Our results show that EPA
(C20:5n3), DHA (C22:6n3) and AA(C20:4n6) were not detected in both seaweeds, but they
contained essential fatty acids such as linoleic acid (C18:2n6) and linolenic acid (C18:3).
In contrast, previous studies reported the presence of EPA and DHA in C. racemosa and
U. lactuca [17,24]. It has been reported by Nelson et al. (2002) that variations in fatty
acid compositions are attributable to environmental and genetic differences. Ratios of
omega-6/omega-3 fatty acids found in this study were relatively low, at 2.71 and 1.18 for
C. racemosa and U. lactuca, respectively. As regards international organizations, the World
Health Organization recommends that the ratio of omega-6/omega-3 fatty acids should not
exceed 10 in the daily diet [17], since high omega-6/omega-3 fatty acids ratios will increase
risk of many diseases [25]. Hence, the low omega-6/omega-3 fatty acids ratios found in
C. racemosa and U. lactuca suggest that both seaweeds are a good source of omega-3 fatty
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acids and also an important source of supply of omega-3 fatty acids for homeostasis and
maintaining human health [26].

Table 2. Fatty acid compositions of two green seaweeds from Indonesia.

Fatty Acids C. racemosa U. lactuca
Caproic acid (C6:0) 0.40 £+ 0.01 ND
Capric acid (C10:0) ND ND
Undecanoic acid (C11:0) 0.62 +0.02 ND
Lauric acid (C12:0) 0.61 4+ 0.02 ND
Tridecanoic acid (C13:0) 0.51 4+ 0.02 ND
Mystric acid (C14:0) 3.87 £ 0.07 4.05 £ 0.42
Myristoleic acid (C14:1n5) 0.73 £ 0.02 ND
Pentadaecanoic acid (C15:0) 0.71 £ 0.02 4.05 £ 042
Palmitic acid (C16:0) 50.73 = 1.41 46.62 =1.12
cis-10-pentadecanoic acid (C15:1) 2.48 +0.07 1.92 +0.03
Palmitoleic acid (C16:1) 3.45 +0.09 2.83 +0.07
Cis-10-heptadecanoic acid (C17:0) 0.44 +0.01 ND
Stearic acid (C18:0) 3.51 £ 0.09 3.31 4+ 0.30
Linolelaidic acid (C18:2n6) 2.50 +0.28 ND
Eleic acid 3.27 £ 0.09 541 +0.17
Elaidic acid 0.37 £ 0.01 17.46 £ 0.46
Arachidic acid (C20:0) ND ND
Linoleic acid (C18:2n6) 3.69 £ 0.10 2.59 £0.19
Linolenic acid (C18:3) 2.59 £ 0.09 2.20 £ 0.08
cis-11,14-eicosadienoic acid (C20:2) 0.47 £ 0.06 ND
cis-8,11,14-eicosatrienoic acid (C20:3n3) ND ND
cis-11,14,17-eicosatrienoic acid (C20:3n3) ND ND
cis-5,8,11,14,17-eicosapentanoic acid (20:5n3, EPA) ND ND
Behenic acid (C22:0) 1.83 £ 0.05 3.40 £0.10
Erucic acid (C22:1) 2.30 4+ 0.40 ND
cis-13, 16-docosadienoic acid (C22:2) 0.37 4+ 0.00 ND
cis-4,7,10-13,16,19-docosahexanoic acid (DHA) (C22:6n3) ND ND
Arachidonic acid (C20:4n6) ND ND
Tricosanoic acid (C23:0) 0.54 +0.01 ND
Lignoceric acid (C24:0) 11.65 4+ 0.33 ND
Nervonic acid (C24:1) 2.19 £ 0.06 ND
Yw-3 PUFAs 2.59 2.20
Zw-6 PUFAs 7.03 2.59
YPUFAs 9.62 4.79
YSFAa 88.07 95.21
YMUFAs 2.30 -
YXw-3/ Zw-6 0.37 0.85
Xw-6/ Lw-3 2.71 1.18

alues are means=+tstandard deviations (1 = 3). Abbreviations: ND: not detected, w-3: omega-3; w-6: omega-6;
PUFAs: polyunsaturated fatty acids; SFAs: saturated fatty acids; MUFAs: monounsaturated fatty acids.
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2.2. Extraction Yield of C. racemosa and U. lactuca

During the hydrolysis process, HWE was maintained at 100 °C and SWE at tempera-
tures of 110 °C, 150 °C, 190 °C and 230 °C. The reaction times taken were 2 h and 10 min
for HWE and SWE, respectively. The pressure of the SWE process was monitored using
the pressure gauge and maintained at 5-7 MPa. The extraction yields ranged from 16.37
to 36.38% and 41.49 to 52.08% (dry weight) for C. racemosa and U. lactuca, respectively
(Figure 1A). Compared to the conventional HWE, the SWE process showed higher extrac-
tion yields. The temperature and SWE process directly affected the extraction yield of green
seaweed and reached the highest yield at 190 °C. It has been reported that temperature
is one of the important parameters during the SWE process. The increased extraction
yield in SWE at higher temperatures can be correlated with the change in the dielectric
constant of water. As the temperatures during SWE process increase, the dielectric constant
will also increase; hence, bioactive materials would also increase significantly. Higher
temperatures in SWE led to increases in mass transfer, rapid extraction, lower surface
tension and higher solubility of bioactive materials [27]. However, some compounds will
also be degraded at elevated temperatures. The change in pH value can be related to those
processes (Figure 1B). The solvent pH prior to hydrolysis was 7.2, and following the SWE
process, seaweed hydrolysate tended to be acidic. The pH reached the lowest value at
hydrolysis temperatures of 230 °C, with the value of 4.32 4 0.01 and 4.24 4 0.01 for C. race-
mosa and U. lactuca, respectively. The low pH value might correlate with the degradation of
sugar into organic acids, which further increased the acidity of green seaweed hydrolysates.
In accordance with the findings of our study, Park et al. (2019) found that the pH value of
red seaweeds Porphyra yezoensis hydrolysates following SWE process ware decreased from
7.15 %+ 0.01 to 4.16 £ 0.06 at hydrolysis temperatures of 210 °C [28].
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Figure 1. Chemical characteristics of C. racemosa and U. lactuca. Yield (A), pH (B), UV-absorbance
spectra of C. racemosa (C) and U. lactuca (D) obtained by subcritical water hydrolysis. Abbreviations:
HWE: hot water extractions; SWE: subcritical water extractions; UL: Ulva lactuca; CR: caulerpa racemosa.
Different letters (a—e) denote a statistically significant difference (p < 0.05).

21



Mar. Drugs 2021, 19, 578

The UV absorption spectra of C. racemosa and U. lactuca hydrolysates are shown in
Figure 1C,D. A peak observed at 235 nm was attributed to n—7* transition; the absorption
peak near 275 nm was attributed to n— o* transition for the amino groups; and the spec-
tral absorption at 300 nm was assigned to n—7t* transition for the carbonyl or carboxyl
groups [29]. When C. racemosa and U. lactuca were hydrolyzed by SWE at temperatures of
190 °C and 230 °C, the intensities of the absorption peaks significantly increased, probably
because the total protein and other bioactive compounds such as polyphenolic compounds
were higher compared to HWE and SWE at lower temperatures. In addition, C. race-
mosa and U. lactuca showed strong absorption in the ultraviolet (UV)-B region around
280 to 320 nm (Figure 1C,D) indicating that both green species were rich in UVB-absorbing
compounds. In marine environments, light variations occur on much shorter timescales,
ranging from seconds to minutes, hours and even days. As a result, seaweeds including
C. racemosa and U. lactuca must avoid the contradiction between effective light absorption
on the one hand and a quick photoprotective response to photoinhibitory light intensities
on the other [30]. In addition, Wiraguna et al. (2018) has reported UVB-protective activity of
Caulerpa sp from Indonesia [31]. The presence of UVB-absorbing compounds in C. racemosa
and U. lactuca will allow for future perspectives to understand the photoprotective mecha-
nisms in these tropical green seaweeds. Further, these UVB-absorbing compounds can be
used as UVB filters to absorb the entire spectrum of UVB radiation, and these potential
compounds can be delivered for the development in the cosmeceutical applications [4].

Analysis of the seaweed hydrolysates’ color is shown in Table 3, in which the HWE
and SWE at low extraction temperature gave the highest lightness (L*) value. One possible
reason for the lighter color observed in HWE and SWE at 110 °C is a shorter exposure to
the heat treatment as compared to the higher reaction temperatures. The L* value then
decreased when the reaction temperature increased [32]. The L* values of hydrolysates
obtained in this study ranged from 32.43 to 54.47 and 23.64 to 56.18 for C. racemosa and
U. lactuca, respectively. It can be seen that L* values were remarkably lower in hydrolysates
obtained by SWE at higher temperatures (p < 0.05), which showed the significant effect
of the temperature and hydrolysis process on L* values. Accordingly, redness (a*) and
blueness (b*) values were higher as the temperature of SWE increased, and the lowest
values were obtained from the HWE process. There was a significant difference due to the
hydrolysis process (p < 0.05). The chroma (C*) value indicates the degree of saturation of
color and is proportional to the strength of the color. In this study, we found changes in
variations in C* values between HWE and SWE. In addition, the C* values also varied at
different hydrolysis temperatures (p < 0.05). The highest C value was found for seaweed
hydrolysates obtained by HWE. In addition, hue angle (H*) is another parameter often
used to determine the color of hydrolysates. In our study, we found that H* values of
seaweed hydrolysates obtained by SWE at higher temperatures (190 °C and 230 °C) were
higher than those of HWE and SWE at lower temperatures (p < 0.05). Our results showed
that the hydrolysis process especially by SWE at higher temperatures gives greater a*, b*, C*
and H* to the seaweed hydrolysates. Pourali et al. (2010) reported that dark color following
the SWE process might be correlated with the formation of 5-hydroxymethyl-2-furfural
(HMF) and soluble polymers from the decomposition of the produced soluble sugars in
a subcritical medium [33]. In addition, the dark color observed at higher temperatures is
also attributed to the formation of undesired materials undergoing the Maillard reaction
products (MRPs). The UV absorbance at 420 nm is often used to monitor the browning
intensity caused by brown polymeric substances, such as melanoidins, which are formed at
the final phase of MRPs [34]. Temperature is an important parameter of MRPs, as increasing
the temperature could reduce the surface tension and viscosity of water, which resulted
in an enhanced solubility of the analytes in the solvent, which further increased reaction
rate. As demonstrated in Table 4, compared to the HWE, the MRPs levels were increased
under the SWE process. The MRPs product level was the highest under SWE extraction
conditions of 230 °C (p < 0.05). This subset of MRPs contributes to the coloration of many
processed products. The intensity of brown color of these extracts increased with elevation
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in temperature, supporting the occurrence of MRPs during the SWE process. The MRPs
provide a unique aroma and changes in food quality parameters. The process could be
indicated from the appearance of the extract, as the color of extracts turned dark brown
at temperatures above 150 °C. Interestingly, in our study, we noticed a burning odor in
the seaweed hydrolysates obtained by SWE at an extraction temperature above 150 °C.
Similar observations (in terms of solution color and odor) have been reported in several
studies [34,35].

Table 3. Color characteristics of green seaweed hydrolysates.

Green Conditions L* a* b* Cc* H*
Seaweed
C. racemosa HWE 5257 +£0572  —075+0.0149  1015+021°¢ 10.17 £ 0.21°¢ —420+0.04¢
SWE 110 °C 5457 +0.35P —0.87 £0.014 14.54 +0.14 14.57 +0.14 —340+0.014
SWE 150 °C 36.13 +0.374 1113 £ 0.11°¢ 3891 +0.19¢ 4046 +0.21°¢ 15.96 + 0.07 b
SWE 190 °C 3243 +0.23¢ 17.58 £ 0.012 45.60 + 0.08 P 48.86 & 0.06 ° 21.08 £ 0.032
SWE 230 °C 39.33 £ 0.40°¢ 14.49 +0.13° 51.52 +0.272 53.52 +0.302 15.70 + 0.06
U. lactuca HWE 56.18 4 0.612 —1.59 4+ 0.04°¢ 19.84 +0.82°¢ 19.90 +0.82 ¢ —457 +0.09¢
SWE 110 °C 55.81 4+ 0.26 2 —1.07+£0009  22.334+0.52¢ 22354 0.52°¢ —2.74 +0.064
SWE 150 °C 42.65 4 0.53 ¢ 0.72 £ 0.03 ¢ 215140354 21.52 40354 1.92 +0.04¢
SWE 190 °C 25.07 £ 042°¢ 24.04 +0.08° 36.73 £ 0.64 ° 43.89 4+ 0.58 ¢ 332140377
SWE 230 °C 23.64 + 0.054 27.58 -+ 0.28 7 3592 4+ 034" 4529 4+ 0.44° 37.52 £ 0.02 7

Abbreviations: HWE: hot water extraction; SWE: subcritical water extraction; L*: lightness; a*: red/green coordinate; b*: yellow /blue
coordinate; C*: chroma; H*: hue. Values correspond to mean + SD from three independent experiments. Different letters (a—d, a—d) denote
a statistically significant difference (p < 0.05).

Table 4. Maillard Reaction Products (MRPs) of green seaweed hydrolysates.

Green Seaweed Conditions 294 420 294/420

C. racemosa HWE 0.84 +0.024 0.05 +0.004 1723 40482
SWE 110 °C 0.84 + 0.06 4 0.05 4 0.00 4 16.41 +1.08°

SWE 150 °C 0.98 +0.01 ¢ 0.07 +0.00 € 13.38 + 0.12 ¢d

SWE 190 °C 1.17 £ 0.01 P 0.09 4+ 0.00 b 12.77 + 0.16 4

SWE 230 °C 1.49 +0.012 0.11 +0.002 14.05 + 0.27 €

U. lactuca HWE 0.86 4+ 0.014 0.05+0.00¢ 16.41 4+ 0.34 7
SWE 110 °C 0.86 +£0.024 0.05 £ 0.00¢ 16.43 £ 0.09 7

SWE 150 °C 0.88 £0.01°¢ 0.06 £ 0.00 ¢ 14.52 £ 035"

SWE 190 °C 1.62 +£0.02° 0.134+0.00% 12.46 +0.144

SWE 230 °C 1.99 4+ 0.01° 0.15+0.007 13.09 £ 0.08 €

Abbreviations: MRPs: Maillard Reaction Products; HWE: hot water extraction; SWE: subcritical water extraction.
Values correspond to mean =+ SD from three independent experiments. Values correspond to mean + SD from
three independent experiments. Different letters (a-d, a-d) denote a statistically significant difference (p < 0.05).

2.3. Total Protein, Sugars and Reducing Sugar Contents of C. racemosa and UL lactuca Hydrolysates

The total protein contents in C. racemosa and U. lactuca hydrolysates obtained by HWE
and SWE at various temperatures are provided in Figure 2A. In this study, we found
that the protein contents of green seaweeds were not significantly different in HWE and
SWE processes at extraction temperatures of up to 150 °C (p < 0.05). Interestingly, at
higher temperatures (above 150 °C), the protein contents were increased dramatically. The
highest protein yield (330.37 mg/g =+ 5.46) was obtained from the U. lactuca hydrolyzed
at 230 °C. Protein has low solubility at low temperature, due to robust aggregation via
hydrophobic interactions [36,37]. When the temperature rises, the water ionization constant
rises, increasing the protein yield observed in C. racemosa and U. lactuca.
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Figure 2. Total protein (A), sugar (B) and reducing sugar (C) of green seaweed hydrolysates obtained by HWE and SWE.
CR: C. racemosa; UL: U. lactuca. Values correspond to mean + SD from three independent experiments. Different letters (a—e)

denote a statistically significant difference (p < 0.05).

The total sugar values of C. racemosa and U. lactuca hydrolysates are shown in
Figure 2B. The proportions of total sugars of C. racemosa and U. lactuca ranged from
56.88 to 93.04 mg/g and 51.67 to 258.95 mg/g, respectively. Total sugar of C. racemosa
and U. lactuca with the highest content was obtained by SWE at 150 °C, with values of
93.04 +2.13 mg/g and 258.93 &+ 2.71 mg/g, respectively. Compared to C. racemosa, U.
lactuca showed higher total sugar contents. The sugar contents of U. lactuca found in this
study are comparable to the total sugar contents of U. lactuca from Tunisia and Israel, which
were 272 mg/g and 68.10 to 159.29 mg/g, respectively [38,39]. However, compared to
Arctic U. lactuca, the sugar contents found in this study were slightly lower [40]. It was
reported that the variations in total sugar contents could be affected by temporal or spatial
variations in sugar contents of particular seaweed species, and also by methodological
differences. In addition, we found that the levels of total sugars in both green seaweeds
were decreased at temperatures above 150 °C. The hydrolysis of poly- or oligosaccharides
and the degradation of monosaccharides caused by the high ionic product of solvent at
elevated temperature under SWE conditions were thought to be the cause of the decrease
in total sugar content [41]. Both C. racemosa and U. lactuca produce low amounts of reduced
sugars when hydrolyzed by HWE or SWE at temperatures of up to 150 °C. The highest
reducing sugar levels of both C. racemosa and U. lactuca were obtained by SWE at tempera-
tures of 190 °C with values of 53.06 & 3.65 mg/g 73.00 & 5.15 mg/g, respectively. It was

24



Mar. Drugs 2021, 19, 578

demonstrated that reducing sugar content from the seaweeds polysaccharides by SWE
increased up to certain reaction temperatures and then decreased [42]. The lower levels of
reducing sugar may be correlated to the decomposition of sugar into other products, such
as ketones and aldehydes, from which organic acids can be produced.

2.4. Phenolics, Saponins and Flavonoid Contents of C. racemosa and U. lactuca Hydrolysates

Polyphenols are naturally present in plants such as seaweeds, which help them to
eliminate free radicals. In this study, results for total phenolic (TPC), saponin (TSC) and
flavonoid (TFC) C. racemosa and U. lactuca hydrolysates are shown in Figure 3. The values of
TPC, TSC and TFC were represented as gallic acid equivalent (GAE), diosgenin equivalent
(DE) and quercetin equivalent (QE), respectively. The values of TPC, TSC and TFC of
C. racemosa and U. lactuca hydrolysates extracted by HWE and SWE at 110 up to 150 °C are
low. However, as temperatures increased from 190 to 230 °C, the TPC, TSC and TFC of both
C. racemosa and U. lactuca were significantly increased (p < 0.05). The highest TPC, TSC and
TFC of both green seaweeds were obtained at reaction temperatures of 230 °C. The TPC,
TSC and TFC values were obtained from U. lactuca hydrolyzed at 230 °C with the value
of 39.82 + 0.32 GAE mg/g, 13.22 4+ 0.33 DE mg/g and 6.5 &+ 0.47 QE mg/g, respectively.
It has been reported that temperature is one of the most important factors affecting TPC,
TSC and TSC in SWE process. In addition, it was reported that when the dielectric constant
SWE decreases as the temperature rises, more nonpolar phenolics are being extracted [43].
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Figure 3. Total phenolic (A), flavonoid (B) and saponin (C) contents of green seaweed hydrolysates were obtained by HWE
and SWE. CR: C. racemosa; UL: U. lactuca. Values correspond to mean =+ SD from three independent experiments Different
letters (a—e) denote a statistically significant difference (p < 0.05).
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Total phenolic contents of C. racemosa and U. lactuca hydrolysates are higher as com-
pared to the TSC and TEC. Therefore, phenolic acid constituents from both green seaweed
hydrolysates were quantified by HPLC. The contents of phenolic compounds in C. racenosa
and U. lactuca hydrolysates were estimated based on the reference phenolic acid standards
calibration curves. The main constituents of the phenolic acids present in C. racemosa and
U. lactuca are summarized in Table 5. The phenolic acids with the highest levels in U. lactuca
were gallic acid and vanillic acid. Interestingly, phenolic acids in both green seaweeds
hydrolysates obtained by SWE generally increased at elevated temperatures up to 230 °C.
However, a previous study reported a loss of phenolic acids, which were hydrolyzed using
SWE at high temperatures (above 200 °C). Decreased phenolic acid levels in the SWE
hydrolysates at elevated temperatures may be related to the conversion of phenolic acid
into decarboxylation products and other gaseous products [44]. At elevated temperatures,
phenolic compounds degraded much faster. Khuwijitjaru et al., (2014) demonstrated that
only the chlorogenic, p-hydroxybenzoic, protocatechuic and syringic acids were present
at 200 °C after 1h of SWE treatments. Notably, in this study, we found an increment in
chlorogenic, p-hydroxybenzoic and protocatechuic acid at temperatures of 190 and 230 °C.
It was reported that substituent groups on the ring structure of phenolic acids, such as
amino, hydroxyl and methoxyl, acted as an activating group in the SWE process, assisting
the thermal decarboxylation of benzoic acid derivatives [45].

Table 5. Phenolic acid constituents of green seaweed hydrolysates obtained by HWE and SWE (mg/g dry material).

goxeen  Condiions  GallicAcid  CMOOgenic Gentisic  Protocatechuic  p-Hydroxybenzoic  vanillic Acid
C. racemosa HWE 9.26 4 0.06 © ND ND ND ND ND
SWE 110 °C 7.52 40174 ND ND ND ND ND
SWE 150 °C 15.74 + 0.38 2 0.22 +0.02¢ ND ND ND ND
SWE 190 °C 16.11 £ 0.072 1.32 +£0.04° 14.62 + 032" ND 6.95 +0.08° ND
SWE 230 °C 1391 +0.11° 1.41 +0.042 27.40 4+ 0.512 ND 11.21 40212 ND
U. lactuca HWE 9.25+0.05°¢ ND ND ND ND ND
SWE 110 °C 14.47 +£ 0211 ND ND ND ND ND
SWE 150 °C 26.84 +0.19° ND ND ND ND ND

SWE 190 °C 31.27 +0.58 ¢ 3.834+0.07° 11.69 + 0.28 ¢ 1.31 +0.04° 5.03 +£0.127 47154 0.56°

SWE 230 °C 19.74 4 0.44 539 +0.15% 20.63 +0.45° 3.26 +£027° 4.05+0.09° 3242 +0.52P

Abbreviations: HWE: hot water extraction; SWE: subcritical water extraction; L: lightness; a: red/green coordinate; b: yellow/blue
coordinate; C: chroma; H: hue. Values correspond to mean + SD from three independent experiments. Different letters (a-d, a—¢) denote
a statistically significant difference (p < 0.05).

2.5. Potential of Cytotoxic and Antioxidant Activities of C. racemosa and U. lactuca Hydrolysates

Potential cytotoxic effects C. racemosa and U. lactuca hydrolysates were tested at
50 pg/mL using MTT cell viability assay in cultured macrophage (RAW 264.7 cells). As
shown in Figure 4, all green seaweed hydrolysates obtained by HWE as well as SWE did
not show any toxic effect on RAW 264.7 cells at tested concentrations after 24 h and 48 h
of treatment (p < 0.05). These results showed that C. racemosa and U. lactuca hydrolysates
were safe and non-toxic. Similar non-toxic properties of C. racemosa and U. lactuca aqueous
extracts have been reported by previous studies [46,47]. These results showed the potential
of C. racemosa and U. lactuca to be developed in nutraceutical and cosmeceutical products.

Seaweeds, including green seaweeds, have been continuously demonstrated to possess
a wide range of bioactive materials as well as biological activities [10]. In this study, the
antioxidant potential of green seaweed hydrolysates obtained by HWE and SWE was tested
using ABTS radical scavenging and total antioxidant assays, which are represented as
ascorbic acid equivalents (AAE) and trolox equivalents (TE), respectively. The antioxidant
potentials of C. racemosa and U. lactuca hydrolysates are shown in Table 6. The antioxidant
activity of both C. racemosa and U. lactuca reaches a maximum value with SWE at 230 °C.
During the subcritical process at certain temperatures, solvents could extract more bioactive
compounds that could not be extracted at lower temperatures and/or by conventional
HWE. A temperature of 230 °C was found to be the most optimal condition to obtain
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bioactive materials from C. racemosa and U. lactuca using SWE. It was reported that the
potential antioxidant activity of U. lactuca could be attributed to the higher content of
polyphenols, flavonoids, saponins and sulfated polysaccharides compounds, with a known
ability to scavenge synthetic radicals in in vitro tests (i.e ABTS) [48]. In addition, in our
previous study, we found that the antioxidant activities of seaweeds are strongly correlated
with their phenolic contents [5]. The results of the present study demonstrated that green
seaweed hydrolysates obtained by SWE could be effective and safe alternatives to fight
against radicals. In addition, green seaweed hydrolysates could be used as effective sources
for antioxidative nutraceutical and cosmeceutical ingredients. Furthermore, more attention
has been raised about the use of natural antioxidants as “natural” entities in nutraceutical
and cosmeceutical products [49,50]. These will increase the potency of seaweeds extracts
obtained by green extraction methods in various industries since it is of natural origin and
environmental friendly.
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Figure 4. Effects of C. racemosa (A) and U. lactuca (B) on the viability of RAW 264.7 cells. HWE: hot water extrac-
tion; SWE: subcritical water extraction. Results are the percentage of three independent experiments and are shown
as the percentage of viable cells compared with the viability of untreated cells. Values correspond to mean + SD from
three independent experiments.

Table 6. Antioxidant activity of green seaweed hydrolysates.

Green Seaweed Conditions ( AAA]? ITI?; /g) Tota(l]%n;l;/xé)d ant
C. racemosa HWE 0.09 +0.054 0.18 £ 0.03d
SWE 110 °C 0.11 +0.039 0.16 4+ 0.04 4
SWE 150 °C 112 +£0.05¢ 1.63 +£0.07 €
SWE 190 °C 348 +£0.10° 5.08 £0.09°
SWE 230 °C 5454 0.112 8.03 £ 0.06 2
U. lactuca HWE 0.15 £ 0.05°¢ 0.22 +0.07¢
SWE 110 °C 0.22 +0.034 0.32 £ 0.057
SWE 150 °C 0.40 £ 0.05 ¢ 3.37 £0.07°¢
SWE 190 °C 7.09 +0.00% 10.30 £ 0.00 ¥
SWE 230 °C 8.14 +£0.027 11.82 +0.02¢

Abbreviations: HWE: hot water extraction; SWE: subcritical water extraction; AAE: ascorbic acids equivalents; TE:
trolox equivalents. Values correspond to mean + SD from three independent experiments. Different letters (a—d,
a-e) denote a statistically significant difference (p < 0.05).

3. Materials and Methods
3.1. Materials

Two under-exploited green seaweed species (C. racemosa and U. lactuca) were collected
from Tual, Southeast Maluku, in June 2018. A voucher specimen was deposited in Balai
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Bioindustri Laut (BBIL), Lembaga [Imu Pengetahuan Indonesia (LIPI) West Nusa Tenggara
with the accession numbers of GSW-CR-180601 and GSW-UL-180602 for Caulerpa racemosa
and Ulva lactuca, respectively. All the chemicals utilized in this study were obtained from
Merck and Junsei Chemical Co., Ltd. (Tokyo, Japan) and were of analytical grade.

3.2. C. racemosa and U. lactuca Sample Preparation

Both C. racemosa and U. lactuca were washed with clean water; sand debris and other
dirt were gently removed. The green seaweeds were further oven-dried at 45 °C for 120 h.
In the next step, dried green seaweeds were further freeze-dried and then powderized into
a very fine particle (passed through a 0.71 mm siever). The green seaweeds were further
kept at —20 °C prior to analysis.

3.3. Proximate Analysis of C. racemosa and U. lactuca

The protein, ash, lipid, protein and moisture contents of C. racemosa and U. lactuca
were measured according to the Association of Official Analytical Chemists methods [51].
Further, total carbohydrate content was estimated by subtracting the total mass of green
seaweeds from the sum of other proximate contents.

3.4. Fatty Acid Composition Analysis of C. racemosa and U. lactuca

The fatty acid composition of C. racemosa and U. lactuca were determined using a Fatty
Acid Composition Analysis (Agilent Technologies, Wilmington, NC, USA) gas chromato-
graph with a fused silica capillary column (Supelco, Bellefonte, PA, USA). Methylation of
fatty acids (fatty acid methyl esters; FAMEs Supelco, Bellefonte, PA, USA) were prepared
according to The American Oil Chemists’ Society’s protocols. The oven temperature was
turned on at 130 °C and run for 180 s, and then the temperatures were increased up to
240 °C at a rate of 4 °C/min and then maintained at 240 °C for 600 s. Both the injector and
the detector were set to 250 °C. The FAMEs were identified by comparison of retention
time with a standard fatty acid methyl ester mixture (Supelco, Bellefonte, PA, USA).

3.5. Sample Extraction
3.5.1. Hot Water Extraction of Green Seaweeds

Fine powder of C. racemosa and U. lactuca was mixed with distilled water at normal
pH (7.2) with the sample to solvent ratios of 1:40 (w/v). The mixtures were kept at 100 °C
and agitated (200 rpm) for 2 h. The hydrolysate obtained after HWE processes was filtered
and freeze-dried.

3.5.2. Subcritical Water Extraction (SWE) of Green Seaweeds

The SWE was operated in a continuous-type subcritical water system (Phosentech,
South Korea). Fine powder of C. racemosa and U. lactuca was added into the reactor with
distilled water at normal pH (7.2) at 1:40 ratios (w/v). The chamber was sealed tightly,
purged with nitrogen gas and kept at the desired reaction temperature, pressure and
speed (200 rpm) for 10 min. Hydrolyzed green seaweeds were immediately collected after
the reaction was terminated and filtered with 0.45 um membrane filter. The hydrolysate
obtained after SWE processes was freeze-dried.

_ Whyd

Yield (%) = ~3e8= x 100 % )

where Whyd is the weight of freeze-dried hydrolysate and Wy is the initial weight of
green seaweeds.

3.6. Physical Properties of C. racemosa and U. lactuca (Color, pH and Maillard Reaction Products (MRPs))

Color properties of C. racemosa and U. lactuca hydrolysates were measured using
a chromameter (Lovibond RT Series, Amesbury (Wiltshire), UK) [5]. The color characteris-
tics of C. racemosa and U. lactuca were distinguished based on lightness value (L*), redness
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value (a*) and yellowness value (b*). Chroma meter was standardized each time with
black and white references prior to analysis. The hue angle (h*ab) and chroma (C*ab) of C.
racemosa and U. lactuca hydrolysates were calculated based on the following equations:

H°® = tan~! (Z—:) (2)

Cwab = \/(ax)* + (bx)? ®3)

Following the hydrolysis process, C. racemosa and U. lactuca were filtered and cooled
down, and then pH was measured by using a pH meter (Mettler-Toledo, Greifensee,
Switzerland). The MRPs were determined through the UV absorbance of samples, as
described previously [52]. After the hydrolysis processes, 0.2 mL of filtered C. racemosa and
U. lactuca (1 mg per mL) was measured at 294 and 420 nm.

3.7. Total Protein, Total Sugar and Reducing Sugar of C. racemosa and U. lactuca

The protein concentrations of C. racemosa and U. lactuca hydrolysates were determined
following Lowry’s method. The C. racemosa and U. lactuca hydrolysates (0.2 mL) were
mixed with CuSOy reagent at 1:10 ratios (v/v) and vortexed. After incubation for 600 s at RT,
0.2 mL of 0.2 N Folin—Ciocalteu reagent (FCR) was loaded into the mixture and incubated
for another 0.5 h. Total protein was determined through the UV absorbance of samples at
660 nm, and bovine serum albumin was used as the reference standard.

The total sugar value of C. racemosa and U. lactuca hydrolysates was measured based
on the phenol sulfuric acid method. The C. racemosa and U. lactuca (0.2 mL) were mixed
with 5% phenol (0.2 mL) and sulfuric acid (H,SOy4, 1 mL) and 0.5 h at 100 °C. The total
sugar was determined through the UV absorbance of samples at 490 nm, and C¢H;1,0¢
was used as the reference standard.

Reducing sugar analyses of C. racemosa and U. lactuca hydrolysates were measured
by using the 3,5-dinitrosalicylic (DNS) acid method with slight modifications. C. race-
mosa and U. lactuca hydrolysates (0.5 mL) were mixed with DNS reagent solution at 1:1
ratios. The mixtures were then incubated at 95 °C for 15 min. After incubation, 0.5 mL of
KNaC4H;404-4H,0 (40%) was added. Reducing sugar was determined through the UV
absorbance of samples at 575 nm, and C¢H;2Og was used as the reference standard.

3.8. Total Flavonoid Content (TFC), Total Phenolic Content (TPC) and Total Saponin Content
(TSC) of C. racemosa and U. lactuca

The TFC of C. racemosa and U. lactuca hydrolysates were measured according to
previous methods [53]. Green seaweed hydrolysates (0.2 mL) were mixed with 0.4 mL
of HyO and 0.2 mL of 5% NaNO, and incubated at RT for 10 min. Following incubation
periods, 10% AICI3 (0.03 mL) and 1 M NaOH (0.4 mL) were added. The mixtures were
loaded onto 96-well plates, and the absorbance was measured at 510 nm using multimode
microplate readers. Quercetin (Q) was used as the reference standard for flavonoids. The
original reaction solution was used to convert the value of the diluted samples. The final
results were given in mg Q equivalent/g dry weight (mg Q/g DW).

The TPC of C. racemosa and U. lactuca hydrolysates was measured using FCR meth-
ods [54]. The C. racemosa and U. lactuca (0.5 mL) were mixed with 0.2 N FCR solution
(0.5mL) and kept in the dark at RT for 10 min. A 7.5% mixture of Na,CO3 was added
(0.5 mL) and kept in the dark at RT for 2 h. The TPC was determined through the UV
absorbance of samples at 765 nm, and the final values were expressed as mg phloroglucinol
equivalent/g dry weight (mg/g DW).

The TSC of C. racemosa and U. lactuca hydrolysates was measured using the methods
described previously with slight modifications. C. racemosa and U. lactuca were placed into
tubes, at volumes with MeOH at 80% and 0.25 mL; 0.25 mL of 8% vanillin reagent and
2.5 mL HyO4S (72%) were added. The mixtures were mixed properly and kept at 60 °C
for 10 min. After 10 min, the mixtures were transferred into ice. The TSC was determined
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through the UV absorbance of samples at 544 nm, and the final values were expressed as
mg diosgenin equivalent/g dry weight (mg/g DW).

3.9. High-Performance Liquid Chromatography (HPLC) Analysis of C. racemosa and
U. lactuca Hydrolysates

The C. racemosa and U. lactuca hydrolysates were further analyzed for phenolic acid
compositions using the HPLC system (Hitachi America Ltd., White Plains, NY, USA) on
a Nucleosil Cg column (Macherey-Nagel, Diiren, Germany) with linear gradients of solvent
A (H,0O with 0.1% CH3COOH) and solvent B (C,H3N with 0.1% CH3COOH) at a flow
rate of 1 mL per min. The elution peaks were detected at 280 nm. The HPLC peak was
confirmed with the reference phenolic acids and expressed as mg/g DW.

3.10. Antioxidant Activity
3.10.1. 2,2-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) Scavenging Assay

The 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) (7 mmol/L) and
K75,05 (2.45 mmol /L) were prepared in a separate bottle, and both solutions were kept in
the dark at RT. After 24 h, both solutions were mixed. The radical mixtures were diluted
with MeOH to obtain absorbance values of 0.72. The C. racemosa and U. lactuca hydrolysates
were mixed with ABTS radical mixture at 1:5 ratios (v/v). The ABTS scavenging activity
was determined through the UV absorbance of samples at 734 nm, and MeOH was used as
the negative control. In comparison, different concentrations of ascorbic acid were used as
standard and evaluated. The results are expressed in terms of AAE.

3.10.2. Total Antioxidant Capacity (TAC)

The C. racemosa and U. lactuca hydrolysates (0.1 mL) were mixed with 3 mL of radical
mixture consist of 0.6 M H,SO4, 28 mM Naz PO, and 4 mM (NHy)¢Mo70,4. The mixtures
were maintained at 95 °C for 180 min. The total antioxidant activity was determined
through the measurements of UV absorbance at 695 nm, and MeOH was used as negative
control. In comparison, different concentrations of trolox were used as standard and
evaluated. The results are expressed in terms of TE.

3.11. Effects of Seaweeds Hydrolysates on Cell Viability

Cytotoxic effects of C. racemosa and U. lactuca hydrolysates were determined by MTT
reduction assay [55]. First, macrophage (RAW 264.7) cells were seeded into cell culture
plates at a cell density of 2 x 10* cells/well in serum-free DMEM. The C. racemosa and
U. lactuca hydrolysates (50 ug/mL) were then loaded in the cell culture and then incubated
for 24 h. One hundred microliters of an MTT (0.5 mg/ml) solution was loaded into the
cultures, and incubation was continued for another 240 min. MTT was used as an indicator
of cell viability through its mitochondrial reduction to formazan [56]. The absorbance was
measured at 540 nm by using a microplate reader. RAW 264.7 cell viability was calculated
by comparison of the absorbance of the control group with treated groups.

3.12. Statistical Analysis

The data were presented as means + SD (1 = 3). Differences between the means of the
individual groups were assessed by one-way ANOVA with Duncan’s multiple range tests.
Differences were considered significant at p < 0.05. The statistical software package, SPSS
v.16 (SPSS Inc., Chicago, IL, USA), was used for the analysis.

4. Conclusions

Green seaweed hydrolysates, C. racemosa and U. lactuca, were prepared via HWE and
SWE. Compared to HWE, the SWE process showed higher extraction yields, bioactive com-
pounds and antioxidant activities of seaweed hydrolysates. In addition, six phenolic acids,
including gallic acids, chlorogenic acid, gentisic acid, procatechuic acid, p-hydroxybenzoic
acid and vanillic acid were identified in U. lactuca hydrolysates obtained by SWE at 230 °C.
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The SWE-enabled recovery of bioactive compounds from C. racemosa and U. lactuca with
hydrolysis temperature at 230 °C was found to be the most optimum conditions to obtain
bioactive materials with good radical scavenging activities, making it a potential candidate
for antioxidant compounds. Collectively, this study provides the foundations for exploring
under-exploited tropical green seaweeds and filling the gaps for future research in the
development of nutraceuticals and cosmeceuticals from sea grape and sea lettuces.
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Abstract: Marine ingredients are a source of new chemical entities with biological action, which
is the reason why they have gained relevance in the cosmetic industry. The facial care category is
the most relevant in this industry, and within it, the sensitive skin segment occupies a prominent
position. This work analyzed the use of marine ingredients in 88 facial cosmetics for sensitive skin
from multinational brands, as well as their composition and the scientific evidence that supports
their efficacy. Marine ingredients were used in 27% of the cosmetic products for sensitive skin and
included the species Laminaria ochroleuca, Ascophyllum nodosum (brown macroalgae), Asparagopsis
armata (red macroalgae), and Chlorella vulgaris (microalgae). Carotenoids, polysaccharides, and lipids
are the chemical classes highlighted in these preparations. Two ingredients, namely the Ascophyllum
nodosum extract and Asparagopsis armata extracts, present clinical evidence supporting their use for
sensitive skin. Overall, marine ingredients used in cosmetics for sensitive skin are proposed to
reduce skin inflammation and improve the barrier function. Marine-derived preparations constitute
promising active ingredients for sensitive skin cosmetic products. Their in-depth study, focusing on
the extracted metabolites, randomized placebo-controlled studies including volunteers with sensitive
skin, and the use of extraction methods that are more profitable may provide a great opportunity for
the cosmetic industry.

Keywords: marine ingredients; algae; sensitive skin; cosmetics

1. Introduction

The largely unexplored marine environment harbors unique biodiversity and repre-
sents the vastest resource for the discovery of novel chemical entities with novel modes
of action that cover a biologically relevant chemical space. These new scaffolds derived
from various marine organisms offer valuable bioactive properties with great relevance in
medical, pharmaceutical, and cosmetic fields [1-6]. Although synthetic strategies towards
natural products have evolved tremendously over the last years, natural marine products
are still preferred against their synthetic counterparts since they have better physicochem-
ical, biochemical, and rheological characteristics, maintaining their stability at different
pH and temperature ranges [7]. Among marine organisms, algae are recognized as one
of the richest sources of new bioactive compounds [7]. The unique diversity of bioactive
compounds contained in algae, such as vitamins, minerals, amino acids, sugars, lipids,
and other biologically active compounds, is translated into numerous attractive properties
for various industries [8], including the food, pharmaceutical, and cosmetic industries, as
evidenced by the appearance in the market of various cosmetic products derived from these
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compounds [9]. Cosmetic products are stable substances or substance mixtures intended to
clean, protect, perfume, and/or change the appearance of the external parts of the human
body, teeth, and mucous membranes of the oral cavity, keeping them in good condition
or correcting body odors [10]. They result from a formulation of raw materials which
are categorized as active ingredients, excipients, and additives [11]. Cosmetic products
may be categorized as body care, hair care, sun care, decorative cosmetics, oral care, and
skin care, which is the largest cosmetic product category worldwide [12,13]. Skin care
comprises a wide variety of products that should meet expectations of consumers with
different skin types and organoleptic preferences. Sensitive skin is a condition character-
ized by multiple symptoms such as tightness, stinging, burning, or pruritus, which affects
about 71% of the general adult population, being more frequent in the facial area [14-16].
Erythema, dryness, and desquamation are typically absent, but they may also occur [17].
Therefore, the sensitive skin segment allows meeting the needs of consumers who suffer
from this condition [18]. Sensitive skin manifests in the presence of stimuli such as cold,
heat, sun, pollution, cosmetics, or moisture which are not expected to produce unpleasant
sensations, and the pathophysiological mechanisms involved in sensitive skin remain un-
known [18]. Genetics, poor mental health, and microbiome imbalances have been proposed
as contributing factors for this condition [19-21]. There are three hypotheses appointed
in scientific literature for explaining the pathophysiology of this condition, namely the
hyperactivity of the somatosensory and vascular systems, increased stratum corneum
permeability, and an exacerbated immune response [22]. The hypothesis of an abnormal
response from the somatosensory system is gaining increasing relevance. The skin contains
sensory nerve fibers which are activated upon contact with physical and chemical stimuli
such as heat, low pH solutions, or known irritants such as capsaicin, resulting in the release
of neuropeptides, namely substance P or calcitonin gene-related peptide (CGRP). These
neuropeptides cause a burning pain sensation through the activation of keratinocytes,
mast cells, antigen-presenting cells, and T cells [23]. Neurosensory defects may lead to
abnormalities in the communication with the central nervous system, resulting in a lower
sensitivity threshold [15,16]. For example, an overexpression of transient receptor potential
vanilloid type 1 (TRPV1), which is activated by heat and capsaicin, is thought to be in-
volved in the pathophysiology of sensitive skin by increasing neuronal excitability [24,25].
Moreover, vascular hyperreactivity has been proposed in the pathophysiology of sensitive
skin despite the absence of skin erythema [26]. The immune system is also associated with
sensitive skin due to its interaction with nerve fibers, producing neurogenic inflammation.
Neuropeptides activate keratinocytes, mast cells, antigen-presenting cells, and T cells,
resulting in an inflammatory response [25]. Conversely, defects in the skin barrier function
may be due to a derangement of intercellular lipids, due to a decrease in the ceramide
content, a thinner stratum corneum with smaller corneocytes, as well as lower levels of
pyrrolidone carboxylic acid (PCA) from the natural moisturizing factor (NMF), bleomycin
hydrolase (BH), which is responsible for profilaggrin conversion, and transglutaminase
(TG), which is essential for catalyzing the cross-linking between proteins and lipids during
the corneocyte maturation process [22,27,28]. This may result in an increased permeability
of the stratum corneum, which allows for the penetration of environmental aggressors [20].
More recently, this hypothesis has been questioned due to a study which failed to find
significant differences in stratum corneum thickness, fatty acids, and the ceramide content,
transepidermal water loss, or natural moisturizing factors between individuals with or
without sensitive skin [29].

Recently, we have characterized the trends in the use of peptides in the sensitive
skin care segment, reviewing their synthetic pathways and the scientific evidence that
supports their efficacy [30]. We were able to conclude that three out of seven peptides have
a neurotransmitter-inhibiting mechanism of action, while another three are signal peptides.
As an example, palmitoyl tripeptide-8 may be a prime candidate for the development of
pharmaceuticals aimed at alleviating the signs and symptoms of rosacea [30].
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Given the variety of molecular targets involved in the sensitive skin pathophysiology,
the chemical diversity of the marine ecosystem is a promising source for cosmetic ingredi-
ents for managing its symptoms. Our group has previously analyzed the market impact of
marine ingredients in anti-aging cosmetics from multinational brands [31]. However, the
use of these active ingredients in cosmetic products for sensitive skin remains unexplored.
This study aims to unveil the state-of-the-art of marine ingredients in this segment by
documenting their prevalence, as well as the most relevant species, their composition, and
the scientific evidence that supports their efficacy for sensitive skin care.

2. Trends in the Use of Marine Ingredients in Cosmetic Formulations for Sensitive Skin

The analysis of the presence of marine ingredients in all of the studied 88 cosmetic
formulations for sensitive skin (19 multinational brands) indicated that 27% of them contain
marine-derived ingredients. Interestingly, a more detailed analysis regarding the origin
of these ingredients (Table 1) revealed that they all derive from algae, mainly macroalgae.
Although over the last decades mariculture and aquaculture techniques have been devel-
oped towards the sustainable supply of other marine organisms, such as fish, sponges,
corals, mollusks, echinoderms, Artemia, plankton, and microorganisms [5,11,32-38], their
potential is not translated in the number of cosmetic formulations for sensitive skin that
have been commercialized in the Portuguese market and contained the referred ingredients.
The constraints related to reduced biomass availability of these marine organisms and
difficulties regarding their production/cultivation at larger scales still represent a major
bottleneck in the sustainable supply of the desired natural ingredients for the cosmetic
industry [32].

Table 1. Analysis of the prevalence and categorization of marine ingredients from the analyzed
cosmetic products for sensitive skin (2019).

INCI ! Category n %
Laminaria ochroleuca extract Brown algae 11 12.5
Ascophyllum nodosum extract Brown algae 4 4.5
Asparagopsis armata extract Red algae 4 4.5
Chlorella vulgaris extract Green microalgae 3 34
Algae extract Undefined 2 2.3

1 INCI—International Nomenclature of Cosmetic Ingredients.

On the other hand, algae are emerging as one of the most promising long-term,
sustainable sources of bioactive ingredients to be used in the formulation of cosmetic and
skin care products, with a large number and wide variety of benefits associated with their
secondary metabolites [2]. Their biodiversity, easy cultivation, and growth modulation
are the main reasons for their increased use in a variety of industries [2]. Depending on
their size, they can be divided into macroalgae, which are seaweeds and other benthic
marine algae that are generally visible to the naked eye, and microalgae, which require
a microscope to be observed [39]. Additionally, macroalgae can be divided into three
groups based on their dominant pigments: Rhodophyceae (red algae), Phaeophyceae
(brown algae), and Chlorophyceae (green algae) [40]. Bioactive substances derived from
these algae have diverse functional roles as a secondary metabolite and these properties
can be applied to the development of novel cosmetic products. Brown algae account for
approximately 59% of the total macroalgae cultivated in the world, followed by red algae
at 40% and green algae at less than 1% [40]. Hence, it is interesting to notice that the
wider availability of brown and red algae is clearly translated to their use as ingredients
amongst the 88 studied cosmetic formulations for sensitive skin (Figure 1). Additionally,
red algae are represented in 17% of the cosmetic formulations, and none of them contained
green algae, probably due to their limited availability and, therefore, associated cost to
the cosmetic industry. Microalgae are also well-represented, with 13% of the studied
formulations containing these marine ingredients (Figure 1).
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Macroalgae
Microalgae 80%
13%
Red algae
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Figure 1. Categorization of the marine ingredients present in cosmetic formulations for sensitive skin
commercialized in the Portuguese market (2019).

For several years, the use of the designation “algae extract” as a marine ingredient
present in several cosmetic formulations with no specification of the species was permitted
and included in the European Commission database for information on cosmetic ingre-
dients contained in cosmetics (CosIng) [41]. Nowadays, the Commission requires that
the new name assignment should be based on the current genus and species name of the
specific alga. However, for an interim period of time, trade name assignments formerly
published with the INCI name “algae extract” were retained. In this study, 2.3% of the
88 studied cosmetic formulations contained algae extract as a marine ingredient (Table 1,
marked in Figure 1 as “undefined”); since the type of algae was not specified, a further
detailed analysis could not be performed.

3. Efficacy of Algae-Containing Formulations on Sensitive Skin

The search results are summarized below (Figure 2):

Records identified from:
£ ing:
Databases (11 = 176) » Records removed before screening
Websites (11 = 9) Duplicate records (1 = 8)
Records screened
Records excluded (1 = 104)
(n=168)
Records sought for retrieval
Records not retrieved (n =12)
(n=64)
Studies included:
(n=25)

Figure 2. Flowchart of the selected articles according to four different parts of the search process:
identification, screening, eligibility, and inclusion.
3.1. Brown Macroalgae

Brown seaweeds belonging to two different taxonomic orders, Fucales (Ascophyllum
Nodosum) and Laminariales (Laminaria ochroleica), were used as ingredients in 17% of the
studied cosmetic formulations. The brown color presented by these species results from
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the dominance of the pigment fucoxanthin (Figure 3), which masks the other pigments
(chlorophyll a and c, -carotene, and other carotenoids) and, as reserve substances, oils
and polysaccharides [31]. The main polysaccharide found in the brown seaweeds is
alginic acid, while laminarins (up to 32-35% dry weight) and fucoidans appear as sulfated
polysaccharides (Figure 3).
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Figure 3. Bioactive constituents of brown seaweeds.

Although these main constituents are common to both taxonomic orders Fucales and
Laminariales, studies focused on the discovery of other secondary metabolites of Ascophyl-
lum nodosum and Laminaria ochroleuca complemented with studies on the biological activity
of these metabolites have also been developed and are analyzed below. The scientific and
marketing evidence of the application of active ingredients from Ascophyllum nodosum
and Laminaria ochroleuca in cosmetic formulations for sensitive skin was also compiled
and analyzed.

Laminaria ochroleuca is a yellow brown digitate kelp presently distributed from Mo-
rocco to southwest England in the United Kingdom [42]. This species is highly sensitive to
temperature, which models their growth and performance, and the recent ocean warm-
ing has led to a proliferation of Laminaria ochroleuca by extension of their geographical
ranges to new habitats [43]. Due to these temperature and geographical changes, along
with other variables such as habitat, season of harvesting, and environmental conditions
(light, temperature, and salinity), this species experiences major shifts in their composition.
An interesting study on the effect of different harvesting times, depths, and growth con-
ditions of Laminaria ochroleuca revealed considerable differences in both qualitative and
quantitative pigment profiles [44]. Significant seasonal variations in the photosynthetic
pigment composition of Laminaria ochroleuca were observed which point to the occurrence
of a photoprotective mechanism in the algae that deflects energetic resources to pigment
biosynthesis. The samples collected in months with higher sun exposure (June-October)
exhibited higher amounts of zeaxanthin, f3-carotene, and chlorophyll ¢ (Figure 4), with
some species presenting nearly twice the levels of pigments, amongst which carotenoids
were the most prevalent (56.1% of the total quantified) [44]. Another study dealing with
the determination of phenolic compounds in Laminaria ochroleuca for human consumption
revealed epigallocatechin (Figure 4) as the main polyphenol (760.2 + 5.2 ng/g dry weight),
followed by epicatechin (28.7 + 2.0 ug/g dry weight), catechin gallate (21.4 + 5.7 ug/g
dry weight), epicatechin gallate (11.2 4 1.6 ug/g dry weight), and epigallocatechin gallate
(9.7 £ 1.3 pug/g dry weight) [45]. These polyphenols have been shown to provide an an-
tioxidant, anti-inflammatory, and UVB protective action [46,47]. Other phenolic derivatives
include linear phlorethols, containing either ortho, meta-, or para-oriented (or even a com-
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bination) C-O-C oxidative phenolic couplings (Figure 4) as exemplified in tetraphlorethols
A and B [48].
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Figure 4. Bioactive metabolites of Laminaria ochroleica.

A similar study was performed regarding fatty acid patterns of Laminaria ochroleuca [49].
This species exhibits a complex fatty acid profile, characterized mainly by the presence
of medium and long fatty acyl chains (14-22 carbon atoms), with different degrees of
unsaturation. The specimens from winter exhibited the lowest fatty acid concentrations
(1255-1477 mg/kg of dry algae) whereas those harvested in warmer months presented
higher fatty acid levels (1760 mg/kg of dry algae) [49].

Extracts of Laminaria ochroleuca have been incorporated in makeup, cleansers, mois-
turizers, and self-tanners, among other cosmetic products [50]. This extract is considered
a natural skin soothing ingredient on several levels since it acts as an anti-inflammatory
agent for skin irritations by boosting the skin’s immune response and protects the DNA
from UV damage [51].

One raw materials supplier performed a transcriptomic analysis by mRNA extraction
and evaluation of expression makers by RT-qPCR on reconstituted human epidermis (RHE
model, 11 days old), after a single application of a lipidic Laminaria ochroleuca extract
(Bmg/ cm?) for 24 h [52]. An increase in the expression of proteins from the innate immune
system was found, namely for toll-like receptor 4 (TLR 4), psoriasin (S 100 A7), RNAse 7,
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as well as upregulation of the enzymes linked to cellular homeostasis and oxidative
stress, metallothioneins 1 (MT-1) and extracellular superoxide dismutase (SOD). Moreover,
there was downregulation in the expression of proinflammatory cytokines IL-1cc and IL-6,
metalloproteinases 1, 3, and 9 (MMPs), as well as in plasminogen activator urokinase
(PLAU), which are involved in the dermis’ extracellular matrix degradation.

The same supplier also performed a clinical study including 10 volunteers, who
were exposed to a fixed irradiation dose of the minimal erythema dose (minimum dosage
of radiation that produces skin erythema) x 1.5. Then, a gel formulation containing 2%
Laminaria ochroleuca extract was applied to the test area, and another irradiated area was left
untreated. The test area and the amount of product which was applied are not disclosed.
Skin erythema was measured after product application and in the next 30, 60, and 120 min.
The gel reduced skin erythema by 6.07% after 30 min, presenting the greatest difference
in comparison to the control, and it kept reducing skin erythema over time. Statistical
significance was not assessed.

Another lipidic Laminaria ochroleica extract was evaluated by a distinct raw materials
supplier regarding its biological activity in in vitro studies using reconstituted skin which
was subject to epidermal trauma. After the extract application, an anti-inflammatory effect
was observed through the inhibition of IL-1« and IL-6, as previously stated [52], but also
through PGE), release by epidermal cells and corneocyte degradation reduction, improving
epidermal quality. Moreover, there was an increase in epidermal lipid content through
phosphatidylcholine deposition, which contributes to reinforcing the epidermal barrier,
thus reducing the penetration of environmental aggressors [53].

The anti-inflammatory activity of a lipidic Laminaria ochroleuca extract (Antileukine 6),
which is mainly composed of phosphatidylcholine (Figure 4) derivatives, was evaluated
in a murine model (C57BL/6 mice) [53,54]. Both ears were pretreated for 3 days twice a
day with a Laminaria ochroleuca extract (2% in acetone/olive oil (4:1)) or the vehicle alone.
Then, skin inflammation was induced by the application of 0.3% 2,4-dinitro-fluorobenzene
(DNEB, hapten) in mouse ears, and the inflammatory response in terms of ear swelling
(in pm) was scored at 0, 3, 6, 9, and 24 h in comparison with the vehicle applied at the
other ear. The Laminaria ochroleuca extract reduced the inflammatory response as early as
after 3 h, reaching the maximum effect at 6 h, with statistical significance, and showing a
lasting effect up to 24 h. This anti-inflammatory effect may be due to the reduced DNFB
penetration and/or a decrease in epidermal cytokines synthesis [54]. Having these results
in mind, a Laminaria ochroleuca extract may be useful for reducing the symptoms associated
with sensitive skin by improving the skin barrier function while modulating the neurogenic
inflammation cascade by reducing the release of proinflammatory cytokines by mast cells,
namely of IL-1 and prostaglandin E; (PGE;). The metabolites which are responsible for
these biological actions remain undisclosed.

Ascophyllum nodosum is an intertidal species characterized by its olive-brown fronds
commonly detected around the periphery of the North Atlantic Ocean [55]. This intertidal
fucoid has been extensively analyzed and studied for its chemical composition [55]. The
most important constituents are the polysaccharides alginic acid, laminarins, and fucoidans
(Figure 3), while other significant constituents like lipids, mannitol, ascophyllan, proteins,
fibers, pigments, and phenols (Figure 5) [56-58], as well as vitamins, hormones, and en-
zymes are also present [55]. Ascophyllum nodosum has been used in bath oils, tablets, salts,
as well as in skin cleansing and moisturizing cosmetics [50]. It has been shown to provide
an antioxidant and photoprotective activity while inhibiting elastase and lipase [59-62].
While alginic acid or alginates have several applications in cosmetic formulations thanks to
their thickening, gelling, emulsifying, and stabilizing abilities, fucoidans have been shown
to reduce the intensity of the inflammatory response and promote a more rapid tissue
healing, especially after wound or surgical trauma [55]. Fucoidans are fucans, sulfated
polysaccharides with a fucose backbone, originating from seaweeds [39]. They have been
shown to reduce the production of IgE by B cells which have been stimulated by allergens,
thus blocking signals mediated by NFkB-p52. Furthermore, they have a free radical scav-
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enging capacity, which may contribute to ameliorating skin inflammation [63,64]. Together,
these properties make fucoidans a promising active ingredient for cosmetics intended
to aid in the management of itching, stinging, and rashes [63]. One study evaluated the
ability of this compound to reduce the inflammatory response using BALB/c mice as the
murine model for atopic dermatitis and a DNFB solution (acetone/olive oil, 4:1) as the hap-
ten [65]. Atopic dermatitis was induced in BALB/c mice by sensitization of the pre-shaved
abdomen, with further challenge on the abdomen and ears after four, five, and nine days.
Then, the treatment group received 50 uL of 0.2% fucoidan (from Fucus vesiculosus), while
the negative control group received an acetone/olive oil vehicle, and the positive control
group was given 0.1% dexamethasone. Fucoidan has been shown to ameliorate atopic
dermatitis by decreasing inflammatory cell infiltration, splenocytes proliferation, and the
CD4+ T cell response. However, fucoidans from Ascophyllum nodosum are distinct from
those from Fucus vesiculosus, and their mechanisms of action are not expected to be effective
on sensitive skin, based on what is known regarding the pathophysiology of this condition.
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Figure 5. Bioactive metabolites of Ascophyllum nodosum.

Ascophyllan has been shown to inhibit MMP expression, reduce the production of
NO, tumor necrosis factor-o (TNF-x), and granulocyte colony-stimulating factor (G-CSF)
more markedly than fucoidan and provide an antioxidant action [66,67]. No studies were
found regarding its benefits for sensitive skin or inflammatory conditions.

One raw materials supplier evaluated the efficacy of a cosmetic formulation containing
Ascophyllum nodosum and Asparagopsis armata (red algae) extracts [68]. Keratinocytes were
exposed to phorbol myristate acetate (PMA), a tumor promoter and proinflammatory
substance, and incubated with 0.2% of the active ingredient (methods are not further
described) [69]. The incubated keratinocytes have shown a very significant reduction both
in the vascular endothelial growth factor (VEGF) and PGE, levels. VEGF stimulates the
growth and dilation of capillaries, which may result in increased skin redness [17]. This
combination also inhibited MMP-2 activity in a dose-dependent manner, reaching 37%
inhibition at the concentration of 0.5%. Additionally, a clinical study was performed by the
same supplier. Fifty-six volunteers presenting wrinkles and dry sensitive skin applied a
formulation with 0.4% of this ingredient twice a day for 28 days. Then, their perception of
the products was registered. Reduced tingling sensations, improved resiliency, immediate
relief, and skin comfort were reported by 58%, 59%, 70%, and 71% of the volunteers,
respectively. Although these results reveal a potential application of this ingredient for
sensitive skin, it is not possible to conclude that Ascophyllum nodosum can be useful for this
purpose as the tested ingredient also contains the algae Asparagopsis armata.

3.2. Red Macroalgae

Asparagopsis armata is a red seaweed which can be found in European coasts and in the
Northeast Atlantic [70]. The main photosynthetic pigments of red algae are chlorophyll 4,
carotenoids (lutein, zeaxanthin, 3-carotene) and phycobilins (phycocyanin and phycoery-
thrin), water-soluble pigments localized in the phycobilisomes, which give red algae their
distinctive color [71]. Phycocyanin has been shown to provide anti-inflammatory, antioxi-
dant, and wound-healing properties [72]. Besides photosynthetic pigments, red algae are
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also constituted of other interesting bioactive compounds (Figure 6), including agar [39],
sulfated polysaccharides (carrageenans and porphyrans) [73,74], and mycosporine-like
amino acids (MAA) [75-78].
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Figure 6. Bioactive constituents of red algae.

The wide practical uses of these polysaccharides are based on their ability to form
gels in aqueous solutions and act as a stabilizer, being generally used in creams, sticks,
soaps, shampoos, lotions, foams, and gels [79]. On the other hand, MAAs are used
in cosmetic formulations due to their photoprotective potential, antioxidant and skin
protective properties [9,80,81]. They constitute a group of low-molecular-weight water-
soluble molecules that can absorb UV radiation and disperse the absorbed energy as heat
without generating reactive oxygen species (ROS), being a natural promising UV-absorbing
alternative [82]. Examples of the most abundant MA As in red macroalgae are mycosporine-
glycine, shinorine, and porphyra-334 (Figure 6) [83]. The anti-inflammatory effects of
these MAAs on the expression of genes associated with inflammation in response to UV
irradiation was investigated using the human fibroblast cell line, HaCaT [82]. Mycosporine-
glycine was able to suppress the expression of an inflammation marker gene, COX-2,in a
concentration-dependent manner [82,83].

One raw materials supplier reported the cytostimulatory action of an Asparagopsis
armata extract on human fibroblasts (WI 38), reaching the maximum level at 0.1%. No
further details are provided [84].

Other studies including the use of an Asparagopsis armata extract in cosmetic formula-
tions for sensitive skin were already disclosed [68,69]. However, these formulations contain
not only Asparagopsis armata, but also Ascophyllum nodosum, and were previously described
in Section 3.1.
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3.3. Microalgae

Marine microalgae also constitute an innovative source of bioactive compounds such
as polyunsaturated fatty acids, tocopherols and sterols, vitamins and minerals, antioxi-
dants, and pigments (e.g., chlorophyll and carotenoids), with great relevance in medical,
pharmaceutical, and cosmetic fields [85]. Due to their unicellular or simple multicellu-
lar structure, they can grow rapidly and live under harsh conditions and environmental
stressors such as heat, cold, anaerobiosis, salinity, photooxidation, osmotic pressure, and
exposure to ultraviolet radiation [85]. The microalgae usually commercialized and used
in biotechnology belong to the green algae, Chlorophyceae (such as Chlorella vulgaris,
Haematococcus pluvialis, Dunaliella salina, and cyanobacteria) [85]. Their composition varies
according to species and culture environments such as light intensity, temperature, pH,
salinity, and medium [86]. Chlorella vulgaris is mainly constituted by proteins (43-58%),
lipids (5-58%), carbohydrates (12-55%), pigments (chlorophyll (1-2%) and carotenoids
(0.4%, astaxanthin, lutein, 3-carotene, lycopene, canthaxanthin, see Figure 7 for examples)),
vitamins (vitamins A, B, C, and E), and minerals (calcium, potassium, magnesium, and
zinc) [86].
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Figure 7. Pigments of Chlorella vulgaris.

Sulfated polysaccharides from Chlorella vulgaris exhibited a capacity to prevent the
accumulation and activity of free radicals and reactive chemical species, acting as protecting
systems against these oxidative and radical stress agents [87]; in addition, peptides have
been shown to reduce the matrix metalloproteinase-1 (MMP-1) expression in human skin
cell fibroblasts, responsible for the breakdown of collagen [88]. The fact that a Chlorella
vulgaris extract is able to stimulate collagen synthesis in the skin makes it suitable to be
used in anti-aging cosmetics, as well as in wound-healing products [89,90].

Several studies report beneficial effects of extracts of Chlorella vulgaris for skin health.
One study found that a Chlorella vulgaris extract was able to attenuate Dermatophagoides
farinae (DFE)-induced atopic dermatitis (AD) in NC/Nga mice by oral administration [91],
reducing 12-dimethylbenz[aJanthracene (DMBA)-induced tumor size and number by
upregulating the sulfhydryl (-SH) and glutathione S-transferase (GST) levels in skin tis-
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sues [92]. These findings indicate Chlorella vulgaris could be useful as a preventive and
therapeutic agent for various inflammatory skin diseases.

The evidence of the use of extracts of this microalga in cosmetic formulations for
sensitive skin is limited. One cosmetic product was tested for its angiogenic inhibiting
ability against positive and negative controls (suramide and VEGF, respectively) by using
the in vitro model AngioKit™ (TCS Cellworks), which allows following the development
of the angiogenic process [93]. The formulation contained rhamnose, shea butter, argan
oil, polyphenols, dextran sulfate, Laminaria digitata, caprapenols, Chlorella vulgaris, gly-
cosaminoglycans, and UV filters (SPF 20). The formulation presented an antiangiogenic
effect comparing to the positive control in the concentration range of 0.7-0.8 mg/mL,
thus being useful for patients presenting rosacea. In spite of these results and Chlorella
vulgaris’ potential to modulate the inflammatory response involved in sensitive skin, the
composition of this formulation does not allow drawing conclusions regarding Chlorella
vulgaris’ efficacy for treating this condition.

4. Materials and Methods
4.1. Data Collection

The composition of a pool of skin care facial cosmetic products from multinational
manufacturers marketed in Portuguese parapharmacies and pharmacies was collected
in 2019 in order to access the most used active ingredients in formulations for sensitive
skin. Skin care products were included in the study if they exhibited in the label one
of the following expressions: “sensitive skin” or “reactive skin” or “intolerant skin”. All
the information available in the product labels was collected, along with the information
available on the manufacturers’ websites.

4.2. Data Analysis

The marine ingredients contained in cosmetic products for sensitive skin were listed
according to the International Nomenclature of Cosmetic Ingredients (INCI). Afterwards,
the data were analyzed with respect to the following parameters:

4.2.1. Marine Ingredients Use

The relative amount of cosmetic products for sensitive skin containing marine ingredi-
ents was evaluated and expressed in percentage.

4.2.2. Top Marine Ingredients for Sensitive Skin

Marine ingredients were identified from INCI lists and ranked in the descending order
of occurrence to disclose the top. Their categorization was also performed based on their
marine organism species.

4.2.3. Scientific Evidence Supporting the Efficacy of Marine Ingredients in Sensitive Skin Care

The efficacy data for each marine ingredient were searched in the online databases
PubMed, Scopus, KOSMET, and SciFinder. Due to the lack of studies regarding the
applicability of active ingredients in cosmetics for sensitive skin, a broader search was
performed, using the keywords (“INCI name” OR “synonyms” when applicable) AND
(“skin” OR “topical).

5. Conclusions

Sensitive skin affects a significant proportion of the population worldwide, making
it an appealing segment for the cosmetics industry. Marine organisms possess unique
chemical pathways that are able to produce unprecedented scaffolds.

Marine ingredients were present in 27% of the analyzed cosmetic products for sensitive
skin. Noteworthy, macroalgae are the prime marine ingredient used probably due to the
easiness of cultivation allied with the development of a cutting-edge technology. These are
easily cultivated either in a pond or a photobioreactor, in nonarable lands with minimal
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use of freshwater, or even in seawater or wastewater. It is also worth highlighting that
among macroalgae, brown algae represent the main type of algae used in the analyzed
cosmetic formulations.

Two preparations from brown algae (a Laminaria ochroleuca extract and an Ascophyllum
nodosum extract), one—from red algae (an Asparagopsis armata extract), and one—from green
microalgae (an Chlorella vulgaris extract) were found. The scientific evidence regarding
the efficacy of these ingredients on sensitive skin is limited, especially due to the lack
of clinical studies including volunteers with this condition. Noteworthily, there is one
study that meets these requirements referring to a combination of an Ascophyllum nodosum
extract and an Asparagopsis armata extract, which was found to reduce a tingling sensation,
resiliency, and skin comfort in volunteers with sensitive skin. On the other hand, an
Laminaria ochroleuca extract has a potential for improving the skin barrier function due to
its lipid content and for reducing neurogenic inflammation by decreasing the release of
pro-inflammatory cytokines by mast cells while increasing the production of antioxidant
enzymes such as MT-1 and SOD. As for a Chlorella vulgaris extract, the in vivo evidence
supporting its use in inflammatory conditions is still preliminary.

It is interesting to notice that efforts amongst the scientific community towards the
identification of the active ingredient responsible for a certain property in the analyzed
cosmetic formulation are still scarce. Usually, the entire extract is applied without fur-
ther understanding of which chemical entity is associated with the bioactivity. Hence,
research and development strategies should be employed both to identify the specific
compounds responsible for the observed activities and determine their mechanisms of
action. Among the chemical substances that can be found in these ingredients, carotenoids,
sulfated polysaccharides, amino acids, and lipids are the most abundant. Of those, certain
compounds usually isolated from marine organisms could be of interest for managing the
symptoms of sensitive skin. Fucoidans from brown algae present evidence for managing
inflammatory conditions, and they have been proposed to reduce itching and stinging
symptoms. Additionally, mycosporine-like amino acids provide an antioxidant and anti-
inflammatory activity by modulating the expression of the fibroblasts” genes associated
with inflammation. New strategies to increase the profitability of the extraction process are
also needed in order to increase the cosmetic industry interest. Biotechnology may present
advantages in this regard by reducing the environmental impact from the exploitation of
these resources. The preliminary studies described herein are a major step towards the
design of more innovative target-oriented ingredients by the cosmetic industry, providing
efficacious products for sensitive skin. Overall, marine ingredients are already used in the
sensitive skin segment, and they have a great potential to keep growing. Their in-depth
study and the further investigation of other organisms, such as fish, sponges, corals, mol-
lusks, echinoderms, Artemia, plankton, and microorganisms, constitute a great opportunity
for formulators, cosmetic companies with R&D departments, and raw materials suppliers
from the cosmetic industry.
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Abstract: x-Neoagarobiose (NAB)/neoagarooligosaccharide (NAO) hydrolase plays an important
role as an exo-acting 3,6-anhydro-«-(1,3)-L-galactosidase in agarose utilization. Agarose is an abun-
dant polysaccharide found in red seaweeds, comprising 3,6-anhydro-L-galactose (AHG) and D-
galactose residues. Unlike agarose degradation, which has been reported in marine microbes, recent
metagenomic analysis of Bacteroides plebeius, a human gut bacterium, revealed the presence of genes
encoding enzymes involved in agarose degradation, including x-NAB/NAO hydrolase. Among the
agarolytic enzymes, ByGH117 has been partially characterized. Here, we characterized the exo-acting
a-NAB/NAO hydrolase BpGH117, originating from B. plebeius. The optimal temperature and pH
for His-tagged BpGH117 activity were 35 °C and 9.0, respectively, indicative of its unique origin.
His-tagged BpyGH117 was thermostable up to 35 °C, and the enzyme activity was maintained at 80%
of the initial activity at a pre-incubation temperature of 40 °C for 120 min. K, and V,x values for
NAB were 30.22 mM and 54.84 U/mg, respectively, and keu/Ky; was 2.65 s~ mM~1L. These results
suggest that His-tagged BpGH117 can be used for producing bioactive products such as AHG and
agarotriose from agarose efficiently.

Keywords: x-neoagarooligosaccharide hydrolase; exo-acting 3,6-anhydro-a-(1,3)-L-galactosidase;
BpGH117; 3,6-anhydro-L-galactose; human gut bacterium; Bacteroides plebeius; agarose

1. Introduction

Diet plays an important role in gut microbiome formation, and dietary changes show
transient but significant microbial population changes in the gut [1]. Among various
dietary components, non-digestible carbohydrates such as resistant starch and fiber cannot
be decomposed in the small intestine. Instead, when non-digestible carbohydrates reach
the large intestine, they are utilized by resident microorganisms. Therefore, diet can change
intestinal microflora and consequently affect overall host health [2—4].

Marine red macroalgae, one of the representative non-digestible diets, especially in
East Asia, has received much attention as an important food resource [5,6]. Most enzymes
required to degrade red macroalgae are known to originate from marine microorgan-
isms [7-9]. However, recent studies have revealed that human gut microbes also carry
genes encoding Carbohydrate-Active enZymes (CAZymes), which can hydrolyze marine
polysaccharides, including agarose [10-12]. Additionally, it was suggested that the genes
encoding CAZymes involved in agarose degradation have been transferred from the ma-
rine bacterium Zobellia galactanivorans to the human gut bacterium Bacteroides plebeius,
which was isolated from the microbiota of Japanese individuals [10,13]. This implies that
human gut microbes may help humans utilize red seaweeds that cannot be degraded by
the innate enzymes found in humans.

Agar, a major polysaccharide in the cell wall of marine red macroalgae, comprises
agarose and porphyran [13,14]. Agarose, which occupies 70-80% of agar, is a neutral
and linear polysaccharide composed of alternating 3,6-anhydro-L-galactose (AHG) and
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D-galactose by «-1,3- and f3-1,4-glycosidic linkages [15]. Agarases have been extensively
studied for the cleavage of the 3-1,4 bonds in agarose [16,17]. However, little is known
about the biochemical characteristics of 3,6-anhydro-«-(1,3)-L-galactosidases, including «-
neoagarobiose hydrolase (x-NABH) and x-neoagarooligosaccharide hydrolase (x-NAOH)
belonging to the glycoside hydrolase 117 family (GH117), compared to agarases [18]. Since
all agarolytic bacteria contain at least one conserved GH117 enzyme, GH117 appears to be
the major evolutionary solution for cleaving «-1,3 glycosidic bonds in agarose [19]. This
suggests that GH117 enzymes are important for polysaccharide utilization in agarolytic bacteria.

B. plebeius was shown to have an exo-acting 3,6-anhydro-o-(1,3)-L-galactosidase,
BpGH117, which belongs to GH117 and removes AHG from the non-reducing end of
neoagarooligosaccharide (NAO) of agarose [19]. BpGH117 decomposes neoagarotetraose
(NeoDP4) into AHG and agarotriose (AgaDP3), and also neoagarobiose (NeoDP2) into
AHG and galactose [19]. Lately, AgaDP3 has been found to have various health-benefiting
effects. AgaDP3 is suggested to be a prebiotic since it is utilized by probiotic strains
Bifidobacterium infantis and Bifidobacterium adolescentis [11]. Additionally, in vitro anti-colon
cancer activity of AgaDP3 has been revealed recently [20]. In addition, AHG has been
shown to have skin whitening, anticariogenic, and anti-inflammatory effects [21,22]. Al-
though BpGH117 has the potential to be used to produce high value-added products from
agarose, it has only been partially characterized. Enzymatic properties such as optimal pH
and temperature, and kinetic parameters of His-tagged BpGH117, remain unknown.

In this study, we characterized His-tagged BpGH117 originating from a human gut
bacterium, B. plebeius. The characteristics of His-tagged BpGH117 were comparatively
studied with those of previously characterized 3,6-anhydro-o-(1,3)-L-galactosidases, and
His-tagged BpGH117 was investigated to determine whether this enzyme is optimal for
the human gut environment. The results of this study can be used to utilize His-tagged
BpGH117 for industrial use.

2. Results
2.1. Analysis of the Enzymatic Reaction Products by Thin-Layer Chromatography (TLC) and
High-Performance Liquid Chromatography (HPLC)

To reveal the mode of enzymatic action of ByGH117, the purified His-tagged BpGH117
was prepared to react with NeoDP2 and NeoDP4. The His-tagged BpGH117 overexpressed
without a signal sequence was identified by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) using a theoretical molar mass of 44.5 kDa (Figure 1). The
reaction products formed after the treatment of NeoDP2 or NeoDP4 with His-tagged
BpGH117 were analyzed by TLC and HPLC (Figure 2). First, the products formed after
the treatment of NAOs, NeoDP2 and NeoDP4, with His-tagged BpGH117, were visualized
by TLC. According to the TLC analysis results, NeoDP2 was hydrolyzed into AHG and
galactose, and NeoDP4 was hydrolyzed into AgaDP3 and AHG by enzymatic reactions
with His-tagged BpGH117, respectively, while NeoDP2 and NeoDP4 remained due to the
negative control reaction (Figure 2A,B).

In addition, the enzymatic reaction mixtures of His-tagged BpGH117 were analyzed
using HPLC. When NeoDP2 was used as the substrate, a peak corresponding to NeoDP2
disappeared, while a peak corresponding to galactose and AHG appeared after 2 h reaction
with His-tagged BpGH117 (Figure 2C). Similarly, when using NeoDP4 as the substrate, a
peak corresponding to NeoDP4 disappeared, and peaks corresponding to AgaDP3 and
AHG appeared after the His-tagged ByGH117 enzymatic reaction (Figure 2D). These results
confirmed that ByGH117 is an «-NAOH that can cleave «-1,3-glycosidic bonds in both
NeoDP2 and NeoDP4.
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Figure 1. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of purified
His-tagged BpGH117. Lanes: M, protein marker; Lane 1, purified His-tagged BpGH117.
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Figure 2. Product analyses of His-tagged BpGH117 with neoagarobiose (NeoDP2) and neoagarotetraose (NeoDP4) by (A,B)
thin-layer chromatography and (C,D) overlaid high-performance liquid chromatography. All reactions were carried out
with 2 mg/mL NeoDP2 or NeoDP4 in 50 mM Tris-HCl (pH 9.0) buffer at 35 °C. Control: negative control containing the
same volume of 50 mM Tris-HClI buffer (pH 9.0) instead of BpGH117. AgaDP3, agarotriose; AHG, 3,6-anhydro-L-galactose;
Std, standard.
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2.2. Optimal pH and Temperature of BprGH117

To determine the optimal pH and temperature for the enzymatic reaction of His-tagged
BpGH117, the enzymatic reactions were performed at various pH values and temperatures.
First, the effect of pH on His-tagged BpGH117 activity was evaluated by performing
enzymatic reactions at pH 4.0-10.0 (Figure 3). His-tagged BpGH117 showed the highest
enzymatic activity at pH 9.0. Additionally, 50% of the maximum activity was maintained
at pH 8.0, and 44, 41, and 36% of the maximum activity was maintained at pH 6.5, 7.5, and
10.0, respectively.

100 1
_ 80 1
X
> +
s«
©
©
'a2> 40
k)
&) 20 A —@— Sodium phosphate
—(O— Tris-HCI
0 —'— Glycine-NaOH
5 6 7 8 9 10
pH

Figure 3. Effect of pH on His-tagged BpGH117 activity. To assess the effect of pH, the reactions
were performed at 35 °C for 10 min in different buffers: 50 mM sodium citrate buffer (pH 4.0),
50 mM sodium phosphate buffer (pH 5.0-7.0), 50 mM Tris-HCI buffer (pH 7.0-9.0), and 50 mM
glycine-NaOH buffer (pH 9.0-10.0).

Similarly, the effect of temperature on His-tagged BpGH117 activity was determined
by measuring the enzyme activities at 10-70 °C (Figure 4). The highest activity of His-
tagged BpGH117 was observed at 35 °C. In addition, 97, 70, and 48% of the maximal
activity were maintained at 30, 40, and 45 °C, respectively. However, the relative activity of
His-tagged BpGH117 decreased below 33% at <25 °C, and also decreased below 20% at
>50 °C.
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Figure 4. Effect of temperature on His-tagged BpGH117 activity. To determine the optimal tempera-
ture of His-tagged BpGH117, the reactions were performed at 10-70 °C in 50 mM Tris-HCI buffer at
pH 9.0 for 10 min.
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2.3. Thermostability of BprGH117

To determine the thermostability of His-tagged BpGH117, the enzyme was pre-
incubated at 35-60 °C for 0-120 min (Figure 5) before reacting with 2 mg/mL NeoDP4
in 50 mM Tris-HCl buffer (pH 9.0) at 35 °C for 10 min. His-tagged BpGH117 maintained
100% of its initial activity for up to 120 min at 35 °C. Even though the residual relative
activity of His-tagged BpGH117 slightly decreased, more than 80% of its initial activity was
maintained after pre-incubating for 120 min at 40 °C. However, the enzymatic activity after
pre-incubating for 120 min at 45 °C or higher was only about 25% of the initial activity.

100

80
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Figure 5. Thermostability of His-tagged BpGH117. To determine the thermostability of His-tagged
BpGH117, His-tagged BpGH117 was pre-incubated at 35-60 °C for 0-120 min before the enzymatic
reaction at 35 °C for 10 min.

2.4. Effect of Metal Ions and EDTA on the Activity of BpGH117

The effect of various metal ions and a chelating agent, EDTA, on the enzymatic activity
of His-tagged BpGH117, was tested by measuring the enzyme activity in reaction mixtures
containing 1 mM of the metal ions in the form of chloride salts or EDTA. The results
revealed that His-tagged BpGH117 activity was not affected by any metal ions tested in
this study or EDTA (Table 1).

Table 1. Effect of metal ions and EDTA on His-tagged ByGH117 activity. The enzyme activity was
determined with various metal ions in the form of chloride salts or EDTA at the final concentration
of 1 mM. The enzyme activity without metal ions or EDTA was considered as 100%.

Relative Activity (%)

Control 100.0 + 4.3
Metal ion in the form of chloride salt

KCl1 92.6 +11.6

NaCl 102.7 + 8.7
NH,Cl 98.8 + 5.6
LiCl 95.5 +12.7
CaCl, 80.0 4.2
MgCl, 1003 +£7.4
RbCl, 1009 £ 7.9
MnCl, 98.6 7.9

Chelating agent

EDTA 98.1 £0.7
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2.5. Kinetic Parameters of BpGH117

The kinetic parameters of His-tagged BpyGH117 toward NeoDP2 and NeoDP4 were
determined from the Lineweaver—-Burk plot. The K, Viuax, and kea values of His-tagged
BpGH117 toward NeoDP2 were 30.22 mM, 54.84 U/mg, and 80.1 s L respectively, while
those toward NeoDP4 were 14.16 mM, 26.98 U/mg, and 40 s respectively. Therefore,
His-tagged BpGH117 showed a lower K;; value toward NeoDP4 than NeoDP2, which
implies that His-tagged BpGH117 may exhibit a higher substrate affinity toward NeoDP4
than toward NeoDP2.

The kinetic parameters, K;; and Vy;qx values of His-tagged BpyGH117, were also com-
pared with those of previously characterized x-NABH and x-NAOH toward NeoDP2
(Table 2). His-tagged BpGH117 had the highest K;;, value among the characterized a-NABH
and a-NAOH enzymes. In addition, His-tagged BpGH117 had the fourth highest Vx
value among the 14 enzymes listed in Table 2.

2.6. Amino Acid Sequence Analysis of BGH117

The BACPLE_01671 gene has 1206 base pairs and is translated into a 402-amino acid
protein, BpGH117. A BLAST search for available sequence databases suggested that the
amino acid sequence of ByGH117 was quite similar to that of several GH117 enzymes
known to exhibit x-NABH or «-NAOH activity [25]. Protein sequence alignment of
BpGH117 showed several domains that were highly conserved with other known GH117
enzymes (Figure 6). ByGH117 carries the SxAxxR motif, the signature motif of the GH117
family, which represents the basal requirement for the multimerization of GH117 enzymes
and is known to be present in several GH117 enzymes [25,29,30]. The acidic amino acids
Asp-90, Asp-245, and Glu-303 are probably involved in the coordination with an NAO
substrate [19]. The conserved residues Trp-128, Thr-165, GIn-180, His-244, and His-302 are
assumed to act as the catalytic sites of GH117 enzymes [29,30].
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Figure 6. Amino acid alignment of BpyGH117 with other GH117 family members. Stars (%) denote
catalytic residues and squares () indicate residues involved in substrate binding.
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3. Discussion

«-NAOH has been suggested to play an important role in breaking down agar, a
non-digestible carbohydrate [19]. Most agarolytic microorganisms are known to be marine
microorganisms [7-9]. However, a human gut bacterium, B. plebeius, was recently found to
have enzymes that can hydrolyze agar [10-12]. Agarooligosaccharides have been shown
to promote the growth of beneficial strains in the intestine, suggesting their possibility
as prebiotics [11]. Thus, by studying enzymes derived from the human gut bacterium,
it becomes possible to further understand the processes or enzymes which decompose
agarose in the intestine, and how prebiotics would be produced from agarose. Additionally,
through this information, the GH117 enzyme BpGH117, could be applied to a wider variety
of fields, such as producing prebiotics derived from marine macroalgae. Therefore, it
is important to study B. plebeius-derived enzymes to understand how agarose, which
is usually not degraded by innate enzymes in humans, is metabolized in the intestine.
However, only crystallographic studies have been performed on the ByGH117 enzyme
and its biochemical characteristics have been partially studied to date [19]. Thus, we
characterized the enzymatic properties of His-tagged BpGH117, an -NAOH isolated from
B. plebeius.

In this study, His-tagged BpyGH117 was found to be alkaline x--NAOH and «-NABH,
which showed the highest activity at pH 9.0 (Figure 3). It is noteworthy that His-tagged
BpGH117 has optimal activity in an alkaline environment, unlike most 3,6-anhydro-«-(1,3)-
L-galactosidases which showed optimal activity in a neutral environment (pH 6.0-8.0)
(Table 2). The highest activity of His-tagged BpGH117 was observed at 35 °C, which is
similar to human body temperature, while most GH117 enzymes except SNABH exhibited
the maximum activity below 30 °C (Figure 4 and Table 2). These results are attributed to
the origin of His-tagged BpGH117, which is B. plebeius isolated from the human gut.

Regarding cofactors, x-NAOH and «-NABH enzymes do not have a common metal
ion requirement (Table 2). For example, ScJC117, Ahg786, SINABH, and neoagarobiose
hydrolase from Cytophaga flevensis were inhibited by Zn?* [18,23,29,33]. Ahg558, Ahg786,
a-NAOH from Cellvibrio sp. WU-0601, SINABH, and «-NAOH from Bacillus sp. MK03
were inhibited by Cu?* [18,24,26,29,31]. Crystallographic data for BPGH117 showed that
the protein binds to Mg?* ions [19]. However, it was revealed that metal ions do not affect
His-tagged BpGH117 activity in vitro.

To date, the kcu/K;, values of x-NABH and «-NAOH toward NeoDP2 have been
reported for only four enzymes, most of them, except Ahg558, being less than 1s~! mM~1,
whereas keqi/Kyy, of His-tagged BpGH117 was 2.65 s~1/mM [23,24,26,27]. The high keat/Kin
value of BpGH117 suggests that the enzyme has high catalytic efficiency. This implies
that His-tagged ByGH117 may hydrolyze NAOs, including NeoDP4 and NeoDP2, more
efficiently than most other GH117 enzymes.

In this study, His-tagged BpGH117 was found to cleave the «-1,3-glycosidic linkage
from the non-reducing ends of NAOs, including NeoDP2 and NeoDP4. More specifically,
when His-tagged BpGH117 hydrolyzes NeoDP4, AgaDP3 and AHG are produced. Odd-
numbered agarooligosaccharides have been reported to have prebiotic effects by showing
that probiotic strains, B. infantis and B. adolescentis, decompose AgaDP3 and grow with
AgaDP3 as the sole carbon source [11]. In addition, AHG has been known to have various
physiological activities such as anti-inflammatory, skin whitening, and anticariogenic activ-
ities [21,22]. Therefore, His-tagged BpGH117 enzyme would be advantageous in producing
high value-added products such as AHG and AgaDP3 from agarose, owing to its higher
keat/Ky, value than most other x-NABH and «-NAOH enzymes. In conclusion, BpyGH117
originating from B. plebeius was characterized as a GH117 enzyme from human gut bac-
terium in this study. In particular, His-tagged ByGH117 derived from human gut bacterium
has unique optimal conditions for enzymatic activity at 35 °C and pH 9.0. Furthermore,
His-tagged BpGH117 showed the second highest k.;/K;; value toward NeoDP2 among the
characterized GH117 enzymes. Notably, His-tagged BpGH117 can produce value-added
products including AgaDP3 and AHG when NAOs such as NeoDP2 and NeoDP4 are
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given as a substrate. Therefore, BpGH117 can be used to produce bioactive agar-derived
products, and information about its optimal enzymatic reaction conditions revealed in this
study can also be utilized for its industrial processes.

4. Materials and Methods
4.1. Overexpression and Purification of Recombinant BpGH117

The gene BACPLE_01671 encoding BpGH117 without a signal sequence (1-54 bp) was
cloned into the pET-21x(+) vector (Novagen, Madison, WI, USA), and the recombinant
plasmid was transformed into Escherichia coli BL21(DE3) (Novagen). To produce recombi-
nant His-tagged BpGH117, recombinant E. coli BL21(DE3) harboring the ByGH117 gene
was incubated in Luria—Bertani (LB; BD; San Jose, CA, USA) broth medium containing
100 pg/mL of ampicillin (Sigma-Aldrich, St. Louis, MO, USA) at 37 °C until the culture
reached the mid-exponential phase of growth.

When the optical density at 600 nm (ODgq) reached 0.5, 0.5 mM isopropyl-3-D-1-
thiogalactopyranoside (IPTG; Sigma-Aldrich, St. Louis, MO, USA) was added to the culture
medium to induce recombinant His-tagged BpGH117. After incubation for 16 h at 16 °C,
the cells were harvested by centrifugation at 10,000 x g for 30 min at 4 °C. The cell pellet
was resuspended in ice-cold lysis buffer (20 mM Tris-HCI, pH 7.4) and the cell suspension
was disrupted using a sonicator (Branson, Gunpo, Korea). The supernatant containing
the soluble protein was collected by centrifugation at 15,000 x g for 40 min at 4 °C. The
recombinant His-tagged BpGH117 was purified by affinity chromatography using a His-
Trap column (GE Healthcare, Piscataway, NJ, USA) and the eluent buffer containing 0.5 M
NaCl and 0.1 M imidazole in 20 mM sodium phosphate buffer (pH 7.4). The purified
His-tagged BpGH117 was concentrated using an Amicon ultrafiltration membrane (MW
cutoff 30 kDa; Millipore, Billerica, MA, USA). The protein concentration was determined
using a bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific, Waltham,
MA, USA).

4.2. Enzyme Activity Measurement Using 3,5-Dinitrosalicylic Acid (DNS) Assay

The enzyme activity of His-tagged BpGH117 was determined by measuring the
amount of released reducing sugar in the reaction mixture using the DNS method with
D-galactose as a monomeric sugar standard [35]. To prepare NeoDP2 and NeoDP4 as the
substrates for reactions by His-tagged BpGH117, we carried out the enzymatic degradation
of agarose, followed by purification. For the degradation of agarose, two in-house recombi-
nant enzymes were used: an endo-type 3-agarase, BpGH16A, which produces NeoDP4 as
the major product from agarose [36], and an exo-type 3-agarase, Aga50D, which produces
NeoDP2 from agarose. NeoDP2 and NeoDP4 were purified from each reaction product by
gel filtration chromatography using Bio-Gel P-2 Gel polyacrylamide (Bio-Rad, Hercules,
CA, USA) and distilled water as an eluent. The enzymatic reaction mixture containing
0.05 mg/mL recombinant His-tagged BpGH117 and 2 mg/mL NeoDP2 or NeoDP4 in
50 mM Tris-HCl buffer (pH 9.0) was incubated at 35 °C for 10 min. As a negative control,
the same volume of 50 mM Tris-HCl buffer (pH 9.0) was incubated instead of the enzyme.
The reaction mixture was incubated in boiling water for 5 min to terminate the enzymatic
reaction. To determine the amount of total reducing sugar produced, 60 uL of the DNS
solution was added to 60 puL of the enzymatic reaction mixture. The mixture was incubated
at 95 °C for 5 min and cooled at 4 °C for 5 min. The absorbance at 540 nm was recorded
using a microplate spectrophotometer (xMark; Bio-Rad, Hercules, CA, USA) to measure
the concentration of reducing sugars. One unit (U) of BpGH117 activity was defined as
the amount of enzyme required to release 1 umol of reducing sugar per minute under the
above reaction conditions.

4.3. TLC and HPLC Analyses of Enzymatic Reaction Products

For analyzing the products generated after the substrate was completely reacted,
the enzymatic reaction was performed for 2 h under the same conditions as when the
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DNS analysis was performed. First, the products formed by treating NeoDP2 or NeoDP4
with His-tagged BpyGH117 were analyzed by TLC. An aliquot of 1 uL from each reaction
sample was spotted on silica gel 60 TLC plates (Merck, Darmstadt, Germany), which were
developed with water: ethanol: n-butanol (1:1: 3, v/v). The plates loaded with samples were
visualized by spraying 10% (v/v) HSOy in ethanol and 0.2% (w/v) naphthoresorcinol in
ethanol [21]. The reaction products were also analyzed by HPLC (Agilent Technologies,
Santa Clara, CA, USA) system with an Aminex HPX-87H column (Bio-Rad) and a refractive
index detector (Agilent Technologies). HPLC analysis was performed at 65 °C using
0.005 N HSOj as the mobile phase at a flow rate of 0.5 mL/min.

4.4. Biochemical Characterization of BpGH117

The optimal pH of His-tagged BpGH117 activity was determined by incubating
0.05 mg/mL His-tagged ByGH117 with 2 mg/mL NeoDP4 at 35 °C for 10 min at pH 4.0-10.0
using different buffers, depending on the pH: 50 mM sodium citrate buffer for pH 4.0,
50 mM sodium phosphate buffer for pH 5.0-7.0, 50 mM Tris-HCl buffer for pH 7.0-9.0,
and 50 mM glycine-NaOH buffer for pH 9.0-10.0. To determine the optimal temperature
of His-tagged BpGH117 activity, 0.05 mg/mL His-tagged BpGH117 was incubated with
2 mg/mL NeoDP4 in 50 mM Tris-HCI buffer (pH 9.0) for 10 min at 10-70 °C.

To measure the thermostability of His-tagged BpGH117, prior to the enzymatic re-
action, 0.05 mg/mL His-tagged BpGH117 in 50 mM Tris-HCI buffer (pH 9.0) was pre-
incubated at 30-70 °C for 0-120 min. After pre-incubation, the enzymatic reaction was
performed by adding 2 mg/mL NeoDP4 to the pre-incubated mixture and incubating at
35 °C for 10 min. After pre-incubation, residual enzyme activity was determined, and
His-tagged BpGH117 activity without pre-incubation was considered as 100%.

To study the effect of metal ions and a chelating agent, EDTA, on His-tagged BpyGH117
activity, various metal ions in the form of chloride salts, Na*, K*, NH,*, Li*, Ca?, Mg2+,
Mn?2*, and Rb%*, and EDTA were used. The enzymatic reaction was performed by incubat-
ing 0.05 mg/mL His-tagged BpGH117 with 2 mg/mL NeoDP4 in 50 mM Tris-HCl buffer
(pH 9.0) containing 1 mM of each ion or EDTA at 35 °C for 10 min. BpGH117 activity
measured in the absence of metal ions or EDTA was considered to be 100%.

4.5. Determination of the Kinetic Parameters of BpGH117

The kinetic parameters of His-tagged ByGH117 were determined by the enzymatic
reactions of 0.05 mg/mL His-tagged BpGH117 with 0.5-4 mg/mL NeoDP2 or NeoDP4
at 35 °C in 50 mM Tris-HCI buffer (pH 9.0) for 10 min. The Vyyux, Ky, and ke values
were calculated from the Lineweaver-Burk plot based on the Michaelis-Menten kinetics
(Figure S1 in the Supplementary Materials) [37].

4.6. Amino Acid Sequence Analysis of ByGH117 for Comparison with other GH117 Enzymes

The amino acid sequence of ByGH117 was compared using the BLAST program of
the National Center for Biotechnology Information (NCBI; https://blast.ncbi.nlm.nih.gov/
Blast.cgi, accessed on 12 June 2020) and UniProt (http://www.uniprot.org/blast/, accessed
on: 12 June 2020). Espript and Clustal omega were used for multiple sequence alignment
of the BpGH117 amino acid sequence [38,39].

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/md19050271/s1, Figure S1: Lineweaver-Burk plot of BpGH117.
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Abstract: Numerous health benefits of diets containing red seaweeds or agar-derived sugar mixtures
produced by enzymatic or acid hydrolysis of agar have been reported. However, among various
agar-derived sugars, the key components that confer health-beneficial effects, such as prebiotic and
anti-colon cancer activities, remain unclear. Here, we prepared various agar-derived sugars by
multiple enzymatic reactions using an endo-type and an exo-type of 3-agarase and a neoagarobiose
hydrolase and tested their in vitro prebiotic and anti-colon cancer activities. Among various agar-
derived sugars, agarotriose exhibited prebiotic activity that was verified based on the fermentability
of agarotriose by probiotic bifidobacteria. Furthermore, we demonstrated the anti-colon cancer
activity of 3,6-anhydro-L-galactose, which significantly inhibited the proliferation of human colon
cancer cells and induced their apoptosis. Our results provide crucial information regarding the key
compounds derived from red seaweeds that confer beneficial health effects, including prebiotic and
anti-colon cancer activities, to the host.

Keywords: red seaweeds; agarose; agarotriose; 3,6-anhydro-L-galactose; prebiotics; anti-colon can-
cer activity

1. Introduction

Modern lifestyles have caused social and economic concerns regarding health disor-
ders such as chronic diseases and metabolic dysfunction on a global level [1,2]. The human
gut microbiome is known to play crucial roles in various human diseases, including chronic
disorders and metabolic disease [3]. Additionally, diet, considered to be one of the major
factors causing such diseases, has been hypothesized to modulate the functionality of the
human microbiome [4]. Thus, there is increasing interest in dietary fiber as prebiotics that
can selectively stimulate the growth of probiotics, conferring health benefits.

Marine macroalgae are considered to be good sources of prebiotics owing to their
abundance in carbohydrates [1,5]. Red macroalgae are known to have higher carbohydrate
content and lower amounts of recalcitrant substrates to saccharification, such as insoluble
fiber, compared to other types of marine macroalgae [6]. Agarose—the major component of
red macroalgae cell walls—consists of alternating units of D-galactose and 3,6-anhydro-L-
galactose (AHG), which are linked alternately with «-1,3- and (3-1,4-glycosidic linkages [7].
Agarose is distinct among red macroalgal polysaccharides since it can reach the large
intestine, where it is degraded, fermented, and metabolized by gut microorganisms after
consumption [8].
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Agarose and oligosaccharides from agarose, including agarooligosaccharides (AOSs)
and neoagarooligosaccharides (NAOSs), have been reported to have prebiotic effects that
can promote the growth of beneficial gut bacteria and increase levels of short-chain fatty
acids (SCFAs) [9,10]. However, most previous studies used agarose extracts containing
heterogeneous components with various degrees of polymerization (DPs). Therefore, it is
difficult to specify the exact source and cause of such prebiotic effects.

In addition to prebiotic effects, red macroalgae are known to possess various biological
functions, including anti-inflammatory and antioxidant activities [11,12]. Additionally,
clinical trials suggested that daily intake of seaweeds, including brown and red seaweeds,
is associated with a lower risk of colon, colorectal, and breast cancers in Asian people who
frequently consume red or brown seaweeds [13-15]. Fucoidan has been reported to be a
key component for the anticancer activity of brown macroalgae and can induce apoptosis
of cancer cells [16-18]. However, very little is known regarding which components are
responsible for the anticancer effects of red macroalgae.

In this study, we produced agarose-derived sugars with various DPs by multiple
enzymatic reactions and investigated the prebiotic effect of each agar-derived sugar. We
also tested the in vitro anti-colon cancer activity of agar-derived sugars, which could be
released from red seaweeds diets. This study can provide basic information about the
health benefits, such as prebiotic and anti-colon cancer effects, that can be obtained from
dietary red seaweed.

2. Results and Discussion
2.1. Enzymatic Production of Agar-Derived Sugars with Various DPs

Various agar-derived sugars were prepared by multiple enzymatic reactions using
the purified recombinant enzymes Agal6B, Aga50D, and SINABH acting as an endo-type
[-agarase, an exo-type -agarase, and a neoagarobiose hydrolase, respectively (Figure 1A
and Supplementary Materials Figure S1) [19-21]. Initially, the enzymatic liquefaction of
agarose was performed using a thermostable endo-type -agarase, Agal6B. Agal6B hy-
drolyzed agarose into NeoDP4 and NeoDP6 as the major reaction products, as described
previously (Figure 1B) [21]. Then, the reaction products of Agal6B—which mainly com-
prised neoagarotetraose (NeoDP4) and neoagarohexaose (NeoDP6)—were hydrolyzed to
AHG, agarotriose (AgaDP3), and agaropentaose (AgaDP5) by SdNABH (Figure 1B) [19].
To produce neoagarobiose (NeoDP2), the reaction products of Agal6B—which mainly com-
prised NeoDP4 and NeoDP6—were further hydrolyzed to NeoDP2 by Aga50D (Figure 1B).
After enzymatic production of agar-derived sugars from agarose, each sugar was purified
by gel-permeation chromatography using a G-10 column (Figure 1C). Then, each purified
sugar was used for testing in vitro prebiotic activity.

2.2. In Vitro Prebiotic Activity of Agar-Derived Sugars

A probiotic strain, Bifidobacterium longum ssp. infantis ATCC 15697, is known as a
champion colonizer of the infant gut due to an extensive repertoire of bacterial genes that
encode an array of glycosidases and oligosaccharide transporters not found in other gut
bacteria [22]. The prebiotic effects of agar-derived sugars prepared in this study, AHG,
NeoDP2, AgaDP3, NeoDP4, AgaDP5, and NeoDP6, were tested by examining their effects
on the growth of B. infantis ATCC 15697 (Figure 2). Of the six agar-derived sugars tested
in the present study, only AgaDP3 was utilized by B. infantis ATCC 15697 (Figure 2C).
However, under AgaDP3, the cell growth of B. infantis ATCC 15697 was lower than that
obtained under glucose, galactose, or 2’-fucosyllactose conditions (Figure 2G-I).

For the utilization of AgaDP3 by B. infantis ATCC 15697, it is presumed that B. infantis
ATCC 15697 initially cleaves AgaDP3 into galactose and NeoDP2 by its 3-galactosidase
activity [23]. Galactose is utilized for the cell growth of B. infantis ATCC 15697. However,
NeoDP2 is not utilized by B. infantis ATCC 15697 (Figure 2B). Therefore, incomplete
utilization of AgaDP3 by B. infantis ATCC 15697 may cause the lower cell growth of
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B. infantis ATCC 15697 under the AgaDP3 condition (Figure 2C) compared to glucose,
galactose, or 2-fucosyllactose conditions (Figure 2G-1).
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Figure 1. Enzymatic production of various agarose-derived sugars. (A) Schematic diagram illustrating the production of
agar-derived sugars (i.e., AHG, NeoDP2, NeoDP4, NeoDP6, AgaDP3, and AgaDP5) by the enzymatic reactions of Agal6B,
Aga50D, and SANABH. First, Agal6B produces NeoDP4 and NeoDP6 from agarose by the endolytic cleavage of agarose.
SANABH subsequently produces AHG, AgaDP3, and AgaDP5 from the reaction products of Agal6B (mainly NeoDP4
and NeoDP6). Finally, Aga50D produces NeoDP2 from the reaction products of Agal6B. (B) Thin-layer chromatography
analysis of the reaction products of Agal6B, Aga50D, and SdNABH. (C) Purification of agar-derived sugars AHG, NeoDP2,
NeoDP4, NeoDP6, AgaDP3, and AgaDP5 by gel-permeation chromatography of the reaction products of Agal6B, Aga50D,
and SANABH.

Meanwhile, the cell growth of B. infantis ATCC 15697 was not observed under the
AgaDP5 condition (Figure 2E); this may be because although B. infantis ATCC 15697 can
cleave AgaDP5 into galactose and NeoDP4 by its (3-galactosidase activity, NeoDP4 is
not utilized by B. infantis ATCC 15697 (Figure 2D). Therefore, galactose released from
AgaDP5 may not be enough to support the cell growth of B. infantis ATCC 15697 as much
as AgaDP3.

2.3. Fermentation of AgaDP3 by Bifidobacteria

Interestingly, it was reported that B. infantis ATCC 15697 possesses (3-galactosidases
(i.e., Bga42A and Bga2A), which are active on various human milk oligosaccharides (HMOs)
belonging to type-1 and -2 isomers of HMOs [23]. These two enzymes are expected to be
associated with the degradation of AgaDP3 by B. infantis ATCC 15697. This implies that
not only B. infantis ATCC 15697, but also other HMO-utilizing Bifidobacterium strains might
utilize AgaDP3. To verify this, the fermentation profiles of other probiotic HMO-utilizing
Bifidobacterium strains—B. infantis ATCC 17930 [24], B. infantis ATCC 15702 [24], Bifidobac-
terium kashiwanohense DSM 21854 [25], and Bifidobacterium bifidum DSM 20082 [24]—were
evaluated under the AgaDP3 condition. We found that among the four different probiotic
HMO-utilizing Bifidobacterium strains, B. infantis ATCC 17930, B. infantis ATCC 15702, and B.
kashiwanohense DSM 21854 metabolized AgaDP3 as a carbon source (Figure 3A-H). These
results indicated the possible high potential of AgaDP3 from red seaweeds as a prebiotic
due to the utilization of AgaDP3, not only by B. infantis ATCC 15697, but also by other
Bifidobacterium strains tested in this study.
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Figure 2. Screening of in vitro prebiotic effects of agar-derived sugars: (A) AHG, (B) NeoDP2, (C) AgaDP3, (D) NeoDP4,
(E) AgaDP5, and (F) NeoDP6. Bifidobacterium longum ssp. infantis ATCC 15697 cells were cultured in synthetic de Man,
Rogosa, and Sharpe broth supplemented with 5 g/L of each agar-derived sugar as a carbon source at 37 °C under anaerobic
conditions. The positive control was 5 g/L (G) glucose, (H) galactose, or (I) 2'-fucosyllactose, which is a common prebiotic
human milk oligosaccharide. During fermentation, the cell density was monitored by measuring optical absorbance at

600 nm using the Bioscreen C system.

The modes of action for the degradation of AgaDP3 exhibited by B. infantis ATCC
17930, B. infantis ATCC 15702, and B. kashiwanohense DSM 21854 can be explained as
follows: AgaDP3 is initially transported into the cytosol of cells, and the intracellular
[-galactosidases belonging to GH42 or GH2 cleave AgaDP3 into galactose and NeoDP2.
Then, non-fermentable NeoDP2 is exported from the cells (Figure 3A-F).

In contrast, the degradation of AgaDP3 by B. bifidum DSM 20082 on AgaDP3 was dif-
ferent from that of the other strains (Figure 3G). B. bifidum DSM 20082 hydrolyzed AgaDP3
into galactose and NeoDP2 extracellularly, probably using secreted 3-galactosidases [26].
However, B. bifidum DSM 20082 did not consume galactose (Figure 3G), which is fer-
mentable by this strain [27]. Therefore, it was presumed that NeoDP2 accumulated in the
culture medium might have inhibited the consumption of galactose (Figure 3G).

Next, the stability of AgaDP3 in simulated gastric fluid was tested because oral ad-
ministration of AgaDP3 might lead to its decomposition in the stomach before reaching the
intestine. As the incubation time increased, AgaDP3 was partially degraded to agarobiose
and galactose due to the cleavage of the «1,3-glycosidic bond of AgaDP3 under low pH
conditions (Supplementary Materials Figure S2) [28]. However, it was found that more
than 80% of AgaDP3 was stably maintained in simulated gastric fluid at 37 °C for 3 h
(Supplementary Materials Figure S2).
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Figure 3. Fermentation of AgaDP3 by human milk oligosaccharide-utilizing Bifidobacterium strains. Fermentation profiles
of AgaDP3 from various Bifidobacterium strains, namely, (A,B) B. longum ssp. infantis ATCC 17930, (C,D) B. infantis ATCC
15702, (E,F) B. bifidum DSM 20082, and (G,H) B. kashiwanohense DSM 21854. The Bifidobacterium strains were cultured in
synthetic de Man, Rogosa and Sharpe broth supplemented with 5 g/L AgaDP3 as a carbon source at 37 °C under anaerobic
conditions. During fermentation, cell density and the concentrations of AgaDP3, NeoDP2, galactose, glucose, acetate, and
lactate were monitored.
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2.4. In Vitro Anti-Colon Cancer Activity of AHG

We investigated the in vitro anti-colon cancer activity of monomeric and dimeric
sugars, AHG, galactose, and NeoDP2, which can be released from agarose or AOSs by the
actions of agarolytic marine or gut bacteria [29,30]. Our results showed that among the
three different sugars, only AHG significantly inhibited the growth of HCT-116 human
colon cancer cells (Figure 4A) and reduced their viability (Figure 4E). NeoDP2 and galactose
neither inhibited cell growth (Figure 4A) nor reduced HCT-116 cell viability (Figure 4C,D).
Intriguingly, AHG did not reduce the viability of CCD-18Co cells (human colon normal
fibroblasts) (Figure 4B). Therefore, among the three different monomeric and dimeric
sugars generated from agarose degradation (i.e., AHG, NeoDP2, and galactose), only AHG
exhibited in vitro anti-colon cancer activity. Notably, AHG selectively inhibits the growth
of HCT-116 human colon cancer cells but does not inhibit the growth of CCD-18Co cells,
suggesting that AHG has a high potential for the development of anti-colon cancer agents.
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Figure 4. In vitro anti-colon cancer activity of AHG. (A) Inhibitory effects of NeoDP2, galactose, and AHG on the formation
of HCT-116 human colon cancer cell colonies. (B) Effects of AHG on the viability of CCD-18Co cells, human colon normal
fibroblasts. Error bars represent means =+ SD. (C-E) Effects of NeoDP2 (C), galactose (D), and AHG (E) on the viability of
HCT-116 cells. Error bars represent means 4 SD.

DAPI staining results showed that upon HCT-116 cell treatment with AHG, apoptotic
bodies typically observed in apoptosis were formed in the colon cancer cells (Figure 5A).
Apoptosis is a form of programmed cell death (PCD) that is controlled by numerous apop-
totic proteins [31]. Apoptosis is an energy-dependent process that requires the activation of
a group of cysteine proteases (caspases). Initiator caspases-8, -9, or -10 activate executioner
caspase-3. In AHG-treated HCT-116 cells, the expression levels of the active forms of
caspase-3 and caspase-9 were both elevated (Figure 5B). Once caspases are activated, the
execution phase of apoptosis is triggered. As expected, one of the execution pathway
proteins, poly (ADP-ribose) polymerase (PARP), was cleaved and activated (Figure 5B).
Apoptosis is a complex process that is controlled and regulated by B-cell lymphoma (Bcl)-2
family proteins. Accordingly, AHG reduced the expression levels of anti-apoptotic proteins
Bcl-2 and Bcl-xL and enhanced the expression of the pro-apoptotic protein Bax in HCT-116
cells (Figure 5C,D). Interestingly, the tumor suppressor protein P53, which is involved in
apoptosis, was also induced by AHG (Figure 5E).
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Figure 5. Induction of apoptosis in HCT-116 human colon cancer cells by AHG. (A) 4',6-Diamidino-2-phenylindole (DAPI)
staining of HCT-116 cells treated with AHG. (B-E) Western blot results showing the effects of AHG on expression of
apoptosis-related proteins in cancer cells: procaspase-3 (B), caspase-3 (B), procaspase-9 (B), caspase-9 (B), poly(ADP-ribose)
polymerase (PARP) (B), cleaved PARP (B), Bcl-2 (C), Bel-xL (D), Bax (D), and p53 (E). 3-actin was used as a control for all
Western blot experiments. The relative intensities were quantified using an Image J program and normalized by the intensity
of B-actin. Data are mean =+ SD relative to the untreated group. *, p < 0.05; **, p < 0.01; ***, p < 0.001 vs. untreated control.

Taken together, we prepared agar-derived sugars with various DPs by multiple enzy-
matic reactions to investigate the physiological activities, especially prebiotic and anti-colon
cancer activities, of each agar-derived sugar. We demonstrated in vitro prebiotic activ-
ity of AgaDP3 and in vitro anti-colon cancer activity of AHG. Our results suggest that
marine macroalgae-derived oligosaccharides can be utilized as prebiotics. Moreover, the
monosaccharides constituting marine macroalgae such as AHG can be utilized as potential
anti-cancer agents.

3. Materials and Methods
3.1. Preparation of Agar-Derived Sugars by Enzymatic Hydrolysis of Agarose

Various agar-derived sugars were produced by multiple enzymatic reactions using
Agal6B, Aga50D, and SdNABH. The recombinant purified enzymes were prepared fol-
lowing the previously described methods [19-21]. To produce NAOSs, including NeoDP4
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and NeoDP6, 100 mL of a reaction mixture comprising 1 mg of a thermostable endo-type
[-agarase, Agal6B [21], and 1% (w/v) agarose in 20 mM Tris-HCI (pH 7.0) was incubated at
50 °C and 200 rpm for 12 h. To produce AHG, AgaDP3, and AgaDP5, 2.5 mg of neoagaro-
biose hydrolase, SINABH [19], was added to 100 mL of the reaction products of Agal6B
containing NeoDP4 and NeoDP6. The reaction mixture was then incubated at 30 °C and
200 rpm for 12 h. To produce NeoDP2, 10 mg of an exo-type [3-agarase, Aga50D [20],
was added to 100 mL of the reaction products of Agal6B, and the reaction mixture was
incubated at 30 °C and 200 rpm for 12 h. All enzymatic reactions were terminated by
heating the reaction samples in boiling water for 3 min. After terminating enzymatic
reactions, the reaction products obtained from each sample were identified by thin-layer
chromatography (TLC).

3.2. Purification of Agar-Derived Sugars by Size-Exclusion Chromatography

To purify the agar-derived sugars—that is, AHG, NeoDP2, NeoDP4, NeoDP6, AgaDP3,
and AgaDP5—by gel-permeation chromatography, the reaction products obtained from the
enzymatic reactions using Agal6B, Aga50D, and SANABH were loaded onto a Sephadex
G-10 column (Sigma-Aldrich, St. Louis, MO, USA) equilibrated with water. Each 1.5 mL
fraction was obtained by elution with water as the mobile phase, and only the fractions
containing each sugar were collected; this was confirmed by TLC.

3.3. TLC Analysis

TLC analysis of the enzymatic reaction products was conducted on a silica gel 60 plate
(Merck, Burlington, MA, USA), and the plate was developed with an n-butanol-ethanol-
water mixture (3:1:1, v/v/v) for 1 h. The plate was then dried and visualized using a
solution comprising 10% (v/v) sulfuric acid and 0.2% (w/v) 1,3-dihydroxynaphthalene
(Sigma-Aldrich) in ethanol at 90 °C for 1 min.

3.4. Screening of In Vitro Prebiotic Effects of Agar-Derived Sugars

To screen for in vitro prebiotic effects of the agar-derived sugars—that is, AHG,
NeoDP2, NeoDP4, NeoDP6, AgaDP3, and AgaDP5—we cultured one of the most common
probiotic bacteria, B. infantis ATCC 15697 in 200 pL of synthetic de Man, Rogosa, and
Sharpe (sMRS) broth supplemented with 5 g/L of each agar-derived sugar as a carbon
source. The sMRS broth was composed of 10 g/L peptone, 5 g/L yeast extract, 2 g/L anhy-
drous dipotassium phosphate, 5 g/L anhydrous sodium acetate, 2 g/L tribasic ammonium
citrate, 0.2 g/L magnesium sulfate heptahydrate, 0.05 g/L manganese (II) sulfate, 1 mL/L
polysorbate 80, 0.5 g/L cysteine, and 5 g/L of a carbon source [32]. The positive control was
5 g/L glucose, galactose, or 2/-fucosyllactose, which is a common prebiotic human milk
oligosaccharide. During fermentation, cell growth was monitored by measuring optical
density at 600 nm (ODgp) using a Bioscreen C system (Labsystems, Helsinki, Finland).

3.5. Fermentation of AgaDP3 by Bifidobacteria

Five Bifidobacterium strains—namely, B. infantis ATCC 15697, B. infantis ATCC 17930,
B. infantis ATCC 15702, B. bifidum DSM 20082, and B. kashiwanohense DSM 21854—were
cultured in de Man, Rogosa and Sharpe (MRS; Sigma-Aldrich) or sMRS broth. The Bifi-
dobacterium strains were cultured in a chamber with an anaerobic atmosphere comprising
90% N3 and 10% COy, or 90% Ny, 5% Hy, and 5% CO, (Airgas, Radnor, PA, USA) at 37 °C.
During fermentation, cell growth was monitored by measuring ODgp.

3.6. High-Performance Liquid Chromatography Analysis

A high-performance liquid chromatography (HPLC) system (1200 Series, Agilent
Technologies, Santa Clara, CA, USA) equipped with an H* (8%) column (Rezex ROA-
Organic Acid; Phenomenex, Torrance, CA, USA) and a refractive index (RI) detector
were used for HPLC analysis. The flow rate of the 0.005 N H,SO, mobile phase was
set at 0.6 mL/min, and the column and RI detector temperatures were set at 50 °C.
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For the quantitative analysis of AHG, NeoDP2, and AgaDP3, authentic standards of
D-AHG, NeoDP2, and AgaDP3 were purchased from Carbosynth (Compton, Berkshire,
UK) (Supplementary Materials Figure S3).

3.7. High-Performance Anion-Exchange Chromatography with Pulsed Amperometric
Detection Analysis

A high-performance anion-exchange chromatography with pulsed amperometric detec-
tion (HPAEC-PAD) on a Dionex ICS-5000 system (Thermo Fisher Scientific, Waltham, MA,
USA) equipped with a Dionex CarboPac PA100 column (250 mm x 2 mm; Thermo Fisher
Scientific) was used for the quantitative analysis of NeoDP4, NeoDP6, and AgaDP5 [33]. At
a flow rate of 0.25 mL/min, a gradient comprising the following mobile phases at 25 °C
were used: (A) double-distilled water, (B) 0.1 M sodium hydroxide, (C) 0.1 M sodium
hydroxide with 0.2 M sodium acetate, and (D) 0.25 M sodium hydroxide with 1 M sodium
acetate. Before running samples, the column was washed with 100% D for 15 min, a linear
gradient to 100% C for 10 min, and subsequently to 90% A and 10% B. Then, the column
was equilibrated with 90% A and 10% B for 20 min. After sample injection, the following
gradient was applied: 0 to 10 min, isocratic 90% A and 10% B; 10 to 20 min, linear to
100% B; 20 to 65 min, linear to 50% B and 50% C; 65 to 80 min, linear to 100% C; and 80 to
90 min, linear to 100% D. Cellotetraose (Sigma-Aldrich), cellopentaose (Sigma-Aldrich),
and cellohexaose (Sigma-Aldrich) were used as standards for the quantitative analysis of
NeoDP4, AgaDP5, and NeoDP6, respectively (Supplementary Materials Figure S3).

3.8. Stability Test of AgaDP3 on Simulated Gastric Fluid

To test the stability of AgaDP3 in gastric fluid, 1 g/L (w/v) AgaDP3 was incubated in a
simulated gastric fluid comprising 0.2% (w/v) sodium chloride in 0.7% (v/v) hydrochloric
acid (pH 1.11) at 37 °C for 4 h. Residual amounts of AgaDP3 were measured by HPLC
every hour.

3.9. In Vitro Anti-Colon Cancer Activity Test of AHG Using Soft Agar Assay

To evaluate the inhibitory effects of NeoDP2, galactose, and AHG on colony formation
by human colon cancer cells, HCT-116 cells (Korean Cell Line Bank, Seoul, Republic of
Korea) were used. The HCT-116 cells were cultured on a 6-well soft agar plate for two weeks
at 37 °C in the presence of various concentrations of NeoDP2, galactose, and AHG. Cell
colonies were observed under a Nikon phase-contrast microscope (Nikon, Tokyo, Japan).

3.10. In Vitro Anti-Colon Cancer Activity Test of AHG by Using Cell Viability Assay

To estimate the effects of NeoDP2, galactose, and AHG on the viability of HCT-116 cells,
cell proliferation was determined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay [34]. One hundred microliters of Roswell Park Memorial Institute
(RPMI) 1640 medium supplemented with 10% fetal bovine serum (FBS) was inoculated with
3 x 10* cells/mL of HCT-116 cells in each well of a 96-well plate. NeoDP2, galactose, and
AHG were added to the culture medium at a final concentration of 10, 50, or 100 pg/mL.
After culturing for 72 h, 20 uL of the MTT solution was added to each well. The cells were
then incubated for 2 h at 37 °C in a 5% CO, incubator, and the optical absorbance of the
cell culture was measured at 570 nm. CCD-18Co cells (American Type Culture Collection,
Manassas, VA, USA) at 5 x 10* cell/mL in Eagle’s Minimum Essential Medium (EMEM)
with 10% FBS were cultured at 100 uL per well in a 96-well plate.

3.11. In Vitro Anti-Colon Cancer Activity Test of AHG by 4’ ,6-Diamidino-2-Phenylindole Staining
Apoptotic cell death was determined morphologically using the fluorescent nuclear
dye 4/,6-diamidino-2-phenylindole (DAPI). HCT-116 cells (3 x 10*/mL) were cultured
in a 6 cm dish for 24 h, treated with AHG (0-100 pg/mL) for 72 h, and then fixed with
100% ethanol for 30 min. The fixed cells were washed with PBS and stained with the
DNA-specific fluorochrome DAPI (1 mg/mL). After 10 min of incubation, the cells were
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washed with PBS, deposited onto microscope slides, and observed under a fluorescent
microscope (Nikon) to detect apoptotic characteristics.

3.12. In Vitro Anti-Colon Cancer Activity Test of AHG by Western Blot

To investigate the possible mechanism by which AHG inhibits the growth of HCT-116
cells, Western blot analysis of changes in expression of genes involved in apoptosis was
carried out.

To measure the expression levels of certain apoptosis-related proteins—that is, procaspase-
3, caspase-3, procaspase-9, caspase-9, PARP, cleaved PARP, Bcl-2, p53, Bcl-xL, and Bax—
HCT-116 cells were seeded in a 60 mm dish and incubated at 37 °C and 5% CO, for 24 h
using RPMI 1640 medium supplemented with 10% FBS. After 24 h, the medium was
replaced, but this time AHG at concentrations of 25, 50, and 100 ug/mL was included.
The cells were then incubated under the same conditions described above, until at least
approximately 80% of the bottom of each well was confluent with cells.

Western blot analysis was performed after incubation for 5 days. The cells were
washed twice with phosphate-buffered saline, and the cells attached to the bottom of the
well were collected using a lysis buffer comprising 20 mM Tris-HCI (pH 7.5), 150 mM
NaCl, 1 mM ethylenediaminetetraacetic acid disodium salt (Na,EDTA), 1 mM ethylene
glycol-bis(B-aminoethyl ether)-N,N’,N’,N-tetraacetic acid (EGTA), 1% Triton X-100, 2.5 mM
sodium pyrophosphate, 1 mM (3-glycerophosphate, 1 mM NazVOy, 1 ug/mL leupeptin,
1 mM phenylmethylsulfonyl fluoride (PMSF), and a protease inhibitor cocktail. The
resuspended solution containing the cells was then centrifuged at 18,407 x ¢ for 10 min at
4 °C. After obtaining each supernatant, the protein concentration was quantified using a
protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA).

Each protein prepared (2040 ng) was degenerated and separated by SDS-PAGE, then
transferred to a polyvinylidene difluoride (PVDF) membrane presoaked in methanol at
100 V for 2 h. The PVDF membrane was then immersed for 2 h in TBST solution (a mixture
of Tris-buffered saline (TBS) and polysorbate 20) containing 5% skim milk to block non-
specific protein binding sites. Next, the following antibodies purchased from Cell Signaling
Technology (Danvers, MA, USA) were used to determine expression levels of the indicated
proteins: rabbit polyclonal anti-human caspase-3, rabbit polyclonal anti-human caspase-9,
rabbit polyclonal anti-human PARP, rabbit polyclonal anti-human Bcl-2, rabbit polyclonal
anti-human Bcl-xL, rabbit polyclonal anti-human Bax, rabbit monoclonal anti-human p53,
and mouse monoclonal anti-3-actin. The antibodies described above were diluted in TBST
containing 5% skim milk at a ratio of 1:1000, and the reaction was carried out at 4 °C
overnight. Anti-rabbit IgG (Santa Cruz Biotechnology, Dallas, TX, USA) and anti-mouse
IgG (Santa Cruz Biotechnology) were used as secondary antibodies at a dilution of 1:5000,
and the reactions were performed at 25 °C for 2 h. The PVDF membranes were then
washed 4 times with TBST and reacted for 1-3 min with an enhanced chemiluminescence
(ECL) substrate (Amersham, Little Chalfont, BM, UK). The membranes were pre-sensitized
to X-ray film in a dark room to determine expression levels of apoptosis-related proteins
present in each sample. The band intensities were quantified using an Image ] from NIH
(Bethesda, MD, USA) and normalized by the intensity of the 3-actin, a loading control.
The protein expression levels were expressed as relative intensities (fold change) for the
untreated group. Single statistical comparisons were performed using a Student’s ¢-test.
The data represented three independent experiments that gave similar results.

4. Conclusions

We prepared various agar-derived sugars through multiple enzymatic reactions and
demonstrated the in vitro prebiotic and anti-colon cancer activities of agar-derived sugars.
Specifically, AgaDP3 was consumed by HMO-utilizing probiotic bifidobacteria such as
B. infantis and B. kashiwanohense. We also elucidated for the first time that AHG exhibits
in vitro anti-colon cancer activity. Specifically, AHG significantly inhibited the proliferation
of colon cancer cells, and induced apoptosis of such cells. Therefore, we conclude that
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AgaDP3 and AHG are key compounds that confer various health benefits, especially
prebiotic and anti-colon cancer effects, to the host. Our results provide crucial information
regarding potential key compounds derived from red seaweeds that confer health-beneficial
effects, such as prebiotic and anti-colon cancer activities in humans; it can be applied to
discover new functional food ingredients derived from dietary fibers.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/md19040213/s1, Figure S1. Sodium dodecyl sulfate—polyacrylamide gel electrophoresis
analysis of the purified recombinant proteins of Agal6B, Aga50D, and SINABH. Lanes: M, protein
markers; 1-3, (1) Agal6B, (2) Aga50D, and (3) SdNABH purified by His-tag affinity chromatography.
Figure S2. Stability test of AgaDP3 in the presence of simulated gastric fluid. (A) AgaDP3 was incu-
bated with simulated gastric fluid comprising 0.2% (w/v) sodium chloride in 0.7% (v/v) hydrochloric
acid at 37 °C for 3 h. The concentration of AgaDP3 was monitored using HPLC. (B) Overlaid HPLC
chromatograms profiling the partial degradation of AgaDP3 during incubation. Figure S3. Calibra-
tion curves of purified agar-derived sugars produced from agarose by the enzymatic reactions of
Agal6B, Aga50D, and SANABH. (A-C) Calibration curves of AHG, NeoDP2, and AgaDP3 for quanti-
tative analyses by HPLC. (D-F) Calibration curves for cellotetraose, cellopentaose, and cellohexaose
for quantitative analyses of NeoDP4, AgaDP5, and NeoDP6, respectively, by HPAEC-PAD.
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Abstract: To exploit the nutraceutical and biomedical potential of selected seaweed-derived polymers
in an economically viable way, it is necessary to analyze and understand their quality and yield
fluctuations throughout the seasons. In this study, the seasonal polysaccharide yield and respective
quality were evaluated in three selected seaweeds, namely the agarophyte Gracilaria gracilis, the
carrageenophyte Calliblepharis jubata (both red seaweeds) and the alginophyte Sargassum muticum
(brown seaweed). It was found that the agar synthesis of G. gracilis did not significantly differ with the
seasons (27.04% seaweed dry weight (DW)). In contrast, the carrageenan content in C. jubata varied
seasonally, being synthesized in higher concentrations during the summer (18.73% DW). Meanwhile,
the alginate synthesis of S. muticum exhibited a higher concentration (36.88% DW) during the winter.
Therefore, there is a need to assess the threshold at which seaweed-derived polymers may have
positive effects or negative impacts on human nutrition. Furthermore, this study highlights the three
polymers, along with their known thresholds, at which they can have positive and /or negative health
impacts. Such knowledge is key to recognizing the paradigm governing their successful deployment
and related beneficial applications in humans.

Keywords: polysaccharides; health benefits; health risks; biomedical; polymer seasonal variation

1. Introduction

The growing demand for seaweed feedstock is noteworthy, particularly since 1990,
reaching its peak in 2018, when 31.5 million tons fresh weight (FW) of seaweeds were
sustainably cultivated (this is the latest year for which reliable data are available), while
around 1 million tons FW of seaweeds were exploited from wild stocks [1]. Seaweeds’ rich
nutritional profile (including phenolic compounds (e.g., phlorotannins), protein (e.g., phy-
cobiliproteins), carbohydrates (e.g., alginates, fucoidans, ulvans, agars, and carrageenans),
lipids (especially, w-3 fatty acids), vitamins (in particular, A, B, C, D, E, and K and their pre-
cursors) and essential minerals (e.g., calcium, iron, iodine, magnesium, and potassium)) has
led to their incorporation in the daily diet of several Asian and European countries [2-8].
Furthermore, a significant amount of the total annual seaweeds feedstock is used by the
global phycocolloid industry [1]. The main phycocolloids (i.e., algal-derived) or polysaccha-
rides for these industries are agars and carrageenans (i.e., extracted from red seaweeds) and
alginates (i.e., extracted from brown seaweeds) [7,9,10]. Polysaccharides (sugars) are highly
valuable macronutrients, which are indeed abundant in seaweeds, as they act as structural
components of the varied morphologies of the thalli. In fact, these molecules can represent
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up to half of thallus dry weight [11-13]. Seaweeds are a polyphyletic group, and across the
>12,000 species, a wide range of polysaccharides are synthesized, differing within species
(even at the level of alternation of generations (i.e., n vs. 2n) of the same species) and may
vary due to biotic and abiotic stimuli [12-16]. Moreover, the selection of the methods of
extraction and purification may also directly affect their yield and purity [17].

Such biomolecules are receiving a high degree of economic interest from several
industries, including the feed, food, cosmetics and pharmaceuticals industries, due to their
rheological (i.e., gelling/thickening) and increasingly wide range of biological activities.
In particular, interest has blossomed in the food and pharmaceutical industries, because
of many research studies on their bioactive properties, which include: antitumor [18],
anticoagulant [19,20], anti-thrombotic [21,22], antiviral [23-25], immunomodulatory [26,27]
and anti-fungal [28,29] activities, presented collectively and/or individually by these
phycocolloids [30].

Currently, many seaweed polysaccharides are widely used in the food industry as
stabilizers or emulsifiers for their gelling properties [31]. In fact, agar (E 406) [32,33],
carrageenan (E 407), processed carrageenan (E 407a) [34,35] and alginate (E 401) [36,37]
are authorized food additives and are generally recognized as safe (GRAS) for human
consumption. Therefore, when food products with these seaweed polysaccharides (as
additives) are ingested, they present properties similar to a dietary fiber, not least since
humans do not have the required enzymes to break the glycosidic bonds of the long-chain
carbohydrates [38]. Indubitably, humans need to metabolize sugars in order to fuel the
body and the nervous system [39]. Hence, the inclusion of polysaccharides such as agar,
carrageenan and alginate play important roles in human nutrition, since they promote sati-
ety and intestinal function regulation, and enhance intestinal flora, consequently achieving
higher nutrient absorption rates [11,16,40-42]. The consumption of algal polysaccharides
provides several additional health benefits, such as regulation of glycemic index values
and reduction of low-density lipoprotein (LDL) cholesterol [11,41,43,44].

Despite the many health benefits that seaweeds and their compounds provide, there
are some concerns hampering some consumers from including them in their daily diet.
Among these are iodine, metals, pesticides, antibiotics and or other noxious compounds
(e.g., radionuclides), which some seaweeds may accumulate from coastal seawater [45-47].
Thus, the European Food Safety Authority (EFSA) and the competent North American
authorities, e.g., the Food and Drug Administration (FDA), have established a threshold
for the consumption of certain seaweeds and their components, through several health risk
assessment studies [48-50]. It is key to note that only specific seaweeds are on these lists,
while other species that are not in those lists are considered “novel food” and require a
considerable amount of generational data and clinical trial evidence before being allowed
in food supply chains.

The carrageenophyte Calliblepharis jubata is widely distributed through the European
coastline, while the agarophyte Gracilaria gracilis and the alginophyte Sargassum muticum
are widespread throughout the globe, and all are considered edible seaweeds [2]. All the
forementioned species are perennial species in Portugal, meaning that they are present
throughout the year [51]. Thus, they are species with potential for industrial exploitation.

Herein, this study aimed to analyze the seasonal variation of the polysaccharide
content of three different seaweed species of agarophyte, carrageenophyte and alginophyte.
It was further assessed whether the polysaccharide content met the threshold established
by the competent authorities, thereby guaranteeing the safety for human consumption of
the wild seaweeds. Additionally, the literature was reviewed in order to understand the
positive and potentially negative effects of seaweed polysaccharides on human health.

2. Results

Throughout the seasons evaluated, the carrageenophyte Callibepharis jubata (Figure 1a)
produced the lowest polysaccharide content, as compared to the agarophyte Gracilaria
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gracilis (Figure 1b) and the alginophyte Sargassum muticum (Figure 1c). Furthermore,
different seasonal patterns were observed with respect to their polysaccharide profiles.

5, s
e
o~

L

Figure 1. Three seaweeds studied at the collection site (Figueira da Foz, Portugal): (a) Calliblepharis
jubata (Rhodophyta—carrageenan-bearing); (b) Gracilaria gracilis (Rhodophyta—agar bearing); (c)
Sargassum muticum (Phaeophyta—alginate-bearing).

2.1. Red Seaweed Polymers
2.1.1. Carrageenan Content and Identification

Regarding the red seaweed C. jubata (Figure 2), this species presented the lowest
content during the autumn, with a concentration of 10.37 = 0.416% DW. However, during
the summer it was possible to extract 18.73 & 2.382% DW carrageenan, which was the
highest value during the observation period.
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Figure 2. Carrageenan content analyzed seasonally. The extraction yields are expressed as mean +
standard deviation (1 = 3). * The same letters indicate no significant differences at the p-value < 0.05 level.

The FTIR-ATR spectrum (Figure 3) of the phycocolloids extracted from C. jubata
showed bands at approximately 930 and 845 cm~!. However, an additional well-defined
feature was visible at around 805 cm~!, indicating the presence of two sulfate ester

groups on the anhydro-D-galactose residues, a characteristic band of the iota-carrageenan
(Table 1) [52,53].
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Figure 3. FTIR-ATR spectrum of the carrageenan extracted from Calliblepharis jubata.

Table 1. FTIR-ATR band identification and characterization of the red seaweed Calliblepharis jubata
polysaccharides (carrageenan), based on the literature [53,54].

Wave Number (cm—1) Chemical Group Letter Code
805 C-0-503 on C2 of 3,6-anhydrogalactose DA2S
845 D-galactose-4-sulfate G4S
905 C-0O-50;3 on C2 of 3,6-anhydrogalactose DA2S
930 C-O of 3,6-anhydrogalactose (agar/carrageenan) (DA)
970-975 Galactose G/D
1025 Sulfate esters 5=0
1070 C-O of 3,6-anhydrogalactose DA
1240-1260 Sulfate esters 5=0

2.1.2. Agar Content and Identification

The red seaweed G. gracilis produced the highest agar concentration (Figure 4) during
the autumn, with 27.04 + 2.684% DW. However, this did not differ greatly seasonally. Thus,
its production was not statistically significantly different over the study period.

35
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Figure 4. Agar content analyzed seasonally. The extraction yield results are expressed as mean +
standard deviation (1 = 3). ® The letters indicate no significant differences at the p-value < 0.05 level.

Agars differ from carrageenans, as they have an L-configuration for the 4-linked
galactose residue; nevertheless, they have some structural similarities with carrageenans
(Table 2). The characteristic broad band of sulfate esters, generally between 1210 and
1260 cm ! (Figure 5), was much stronger in carrageenans than agars [54].
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Table 2. FTIR-ATR band identification and characterization of the red seaweed Gracilaria gracilis
polysaccharides (agar), based on [53,54].

Wave Number

(em-1) Chemical Group Letter Code
690 3,6-anhydro-L-galactose (agar) Agar
741 C-S/C-O-C bending mode in glycosidic linkages of agars Agar
790 Characteristic of agar-type in second derivative spectra Agar
805 C-0-503 on C2 of 3,6-anhydrogalactose DA2S
845 D-galactose-4-sulfate G4s
890-900 Unsulfated b-D-galactose G/D
930 C-O of 3,6-anhydrogalactose (agar/carrageenan) (DA)
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Figure 5. FTIR-ATR spectrum of the agar extracted from Gracilaria gracilis.

2.2. Brown Seaweed Polymers
Alginate Content and Identification

Regarding the non-indigenous seaweed S. muticum (Figure 6), the highest alginate
concentration was observed during winter (e.g., 36.88 £ 2.953% DW).

Alginate Yield (%)
5

a
b b b
15
10
5
0
Winter / March / 2020 Spring / May / 2020 Summer /July /2020 Autumn / October / 2020

Seasons

Figure 6. Alginate content analyzed seasonally. The extraction yields are expressed as mean =+ standard
deviation (1 = 3). *P Similar letters indicate no significant differences at the p-value < 0.05 level.

The main polysaccharide found in the brown alga (S. muticum) was alginic acid, a
linear copolymer of mannuronic (M) and guluronic acid (G). Different types of alginic
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acid present different proportions and/or alternating patterns of different guluronic (G)
and mannuronic (M) units. The presence of these acids can be identified from their
characteristic bands in the vibrational spectrum (Figure 7). The extracted colloid showed
two characteristic bands: 806 cm™?, assigned to M units, and 788 cm 1, assigned to G
units, suggesting the presence of similar amounts of mannuronate and guluronate residues
(Table 3) [54,55].

788 806 926 950 1030 1220

T T T T T T T T 1
700 800 900 1000 1100 1200 1300 1400 1500

Wavenumber (cm™)

Figure 7. FTIR-ATR spectrum of the alginate extracted from Sargassum muticum.

Table 3. FTIR-ATR band identification and characterization of the brown seaweed Sargassum muticum
polysaccharides (alginate), based on [54].

Wave Number (cm—1) Chemical Group
788 Mannuronic acids residues
806 Guluronic acids residues
1020 Alginic acid
1232 Fucoidan
930-950 C-O stretching vibration of uronic acids

3. Discussion

Seasonal variation in the concentration of different polysaccharides such as car-
rageenan, agar and alginate was investigated in order to better understand the impact
of the season on the polysaccharide yield and quality, due to their economic value and
applications. From an industrial management point of view, it is pivotal to assess the
extraction yield and the costs associated with the production of these seaweed polysac-
charides. The FTIR-ATR is a known method for characterizing and evaluating the overall
quality and composition of the seaweed polymers, mainly on the basis of the concentration
or modifications in the sulfate esters groups, which are among those groups that can
vary seasonally [56-59]. The results of FTIR-ATR evaluation demonstrated similar spectra
between seasons, thus revealing that the quality of the polysaccharide extracted differed
only in terms of their yield in the C. jubata and S. muticum.

With respect to the carrageenophyte C. jubata, the optimum season to harvest this
seaweed for the highest yield of carrageenan was mid-spring to the beginning of the sum-
mer. This red seaweed synthesizes lower carrageenan concentrations during the autumn
and winter [59]. This observation was supported by other reports assessing seasonal yield
variation in carrageenan on the Normandy (France) and Portuguese coasts [59,60]. It was
found that in Normandy, carrageenan yields fluctuated from 15% (in winter) to 45% DW (at
the end of the spring/beginning of the summer) [60]. On the Portuguese coast, the lowest
carrageenan content was found during winter (i.e., 4% DW), but with a maximum yield
during the spring (i.e., 40.4% DW, a 10 fold increase) [59]. Previous research has shown
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that C. jubata collected during spring 2020, at the same sampling site as the present study,
produced a carrageenan yield of 28% DW [61]. The FTIR-ATR analysis of carrageenan
from C. jubata was in concordance with the analysis of Pereira et al. [53], which detected
iota-carrageenan with a low /residual content of kappa-carrageenan.

The increased accumulation of this biological reserve by C. jubata could be explained
by the fact that the seaweed is typically from cold-temperate waters, so the increase of the
surface seawater temperatures (SST) during the summer could be a stressor enhancing
carrageenan biosynthesis [60].

The agarophyte G. gracilis is an opportunistic seaweed that is present in temperate-
warm waters, and is already an important commercial source of agar, of which there is
currently a global supply shortage [62-64]. Previous research has highlighted seasonal
differences in the yield of agar from this species [65-67]. In agreement with the results of
this study, G. gracilis collected on the Patagonian coast (Argentina) recorded the highest
agar production during the summer and spring seasons (i.e., 41 and 30% DW, respec-
tively) [65,66]. Using materials collected from the Venice Lagoon (Italy), an average agar
yield of 25% DW was reported [67]. The lower agar yield during the spring/summer, can
be attributed to the increased nutrient concentrations and lower turbidity and planktonic
blooms that often characterize these seasons [67]. The FTIR-ATR analysis of the agar from
G. gracilis demonstrated the presence of typical bonds for agar, with sulfate esters being
evident. The observations are similar to the results obtained by Pereira et al. [54] with other
agarophyte species (e.g., Gelidium spp.).

The alginophyte S. muticum is a brown seaweed introduced and well established in
European and North American waters [62,68-71]. This seaweed can be used as a feedstock
for alginate extraction, e.g., S. muticum harvested in Morocco produced a 25.6% DW yield
at the beginning of spring [55,72]. The FTIR-ATR spectra of the alginate from S. muticum
presented alginate peaks, but sulfate esters were also revealed, which could have been
derived from sulfated polysaccharides such as fucoidan and laminarin [54].

The FTIR-ATR spectra were very similar between the seasons, demonstrating that the
main factor was the quantity and not the quality. These results are in concordance with
literature reports [54,59,64].

Seaweed polysaccharides, with a high molecular weight, are generally considered
to be good dietary fibers. Specific applications of these are recognized as key players in
human health and disease prevention [73]. These benefits are especially enhanced because
there is an interplay with the gut microbiome at intestinal, as well as systemic, levels,
resulting in homeostasis between the host and the microflora. Food intake can modify the
microflora equilibrium positively or negatively, resulting in immunological, physiological,
metabolic and even psychological effects. Consequently, the human diet can modulate
health status: indubitably, we are what we eat [74-76].

In addition to their biological properties, seaweed polysaccharides also have innate
properties that are very important for intestinal health; these include mainly the viscosity
and the high potential for water-binding activity, which adjusts the transit time of food
through the gut. Such properties are demonstrated to promote satiety and weight loss; ad-
ditionally, they delay gastric emptying, thereby promoting glycemic control (i.e., reducing
the incidence of diabetes). In the intestinal tract, all seaweed-derived polysaccharides are
reported to enhance gut transit, maintaining regular stool bulking, and promoting benefi-
cial alterations to the composition of the microbiome. Taken together, these benefits result
in improved metabolization of volatile fatty acids (VFAs), which are also considered to be
short chain fatty acids (SCFAs) by members of the microflora, promoting positive impacts
in the gastrointestinal system, and thus resulting in the improved status of cardiometabolic,
immune, bone, and mental health conditions [3,77-80].

It is now clear that various seaweeds have an interesting dietary fiber content, which
can have a positive impact on the health status of production and companion animals, as
well as on the health status of humans. Furthermore, this source is natural and uniquely
different from crop and fruit plants. However, from this study and others, it is patently
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clear that not all seaweed polymers are “the same”. They have a structural function in the
seaweed thalli and can be expected to vary seasonally. Hence, there is considerable need to
quantify them, in order to ensure good intake without passing the intake limits. It has been
shown that excessive consumption of dietary fiber can lead to negative impacts on human
(and animal) health, e.g., recurrent symptoms of soft stools or diarrhea [3,77-79,81,82]. All
good things should be taken in moderation. For instance, the study of Calvante et al. [83]
demonstrated that a commercial powder of Crassiphycus birdiae at a low dosage, which is
the recommend dosage intake of seaweed dried biomass supplement daily (5%) can induce
reproductive toxicity and cellular damage when ingested with other chemicals. Thus, the
full analysis of seaweed is required to fully understand the impact of seaweed compounds
in the food industry and, more importantly, in the seaweed for direct intake [84,85], mainly
with respect to metals (arsenic, cadmium, mercury, and lead) and other contaminants. In
our study, the polymers were seasonally stable and the major differences in C. jubata and S.
muticum were related to the yield.

The diversity of seaweed polysaccharides (and particularly their lower-molecular-
weight oligomers) needs to be quantified, due to the negative effects that can arise if their
cumulative dosage exceeds the limit of 25 g/day [82,86]. In this case, the consumption of
wild harvested seaweeds would need to be limited according to their season of harvest
(Table 1). Taking just three examples in the present study, C. jubata had the highest values
in autumn; G. gracilis was the seaweed with the most consistent levels across the seasons;
and S. muticum had the highest polymer levels during the winter. These observations are
important in order to maximize the benefits of ingestion of particular types of seaweeds.
This is because if the seaweed intake exceeds the recommended levels, the constituent
polysaccharides, such as dietary fibers, can de-regulate the intestinal system, inducing
bloating, abdominal pain, flatulence, loose stools or diarrhea, etc., as well as a reduction of
blood glycemic values, which for diabetic patients, in particular, is a serious health risk [87].

However, due to the considerable diversity of seaweeds and their composition, the
recommended daily intake for a generic “seaweed” is normally only 5 g DW/day, due
to its high mineral/metal content; this was demonstrated by Milinovic et al. [88] as a
result of the iodine content in seaweeds collected at Figueira da Foz, Portugal, which is a
limiting factor in the seaweed intake. Due to the advice presented in the Recommended
Dietary Allowance [89,90], it is necessary to standardize of the analyses applied to seaweed,
especially for applications in the food industry [91]. Considering the examples in this study,
the three species represent between 2 and 7% of the recommended daily intake (Table
4) [82,86].

Table 4. Thresholds of daily consumption of seaweeds based on their polysaccharide content.

G. gracilis S. muticum (g

C. jubata (gof  C.jubata (g of G. gracilis . S. muticum .
Dried Seaweed = Dietary Fiber (g of Dried (.g of Dietary (g of Dried . of Dietary
Season . Fiber for 5 g of Fiber for 5 g of
for 25 g of for5gof Dried Seaweed for25g . Seaweed for25g .
Dietary Fiber) Seaweed) of Dietary Fiber) Dried of Dietary Fiber) Dried
Y 4 Seaweed) Y Seaweed)
Winter 163.04 0.77 100.11 1.25 67.79 1.84
Spring 142.93 0.86 114.07 1.10 179.14 0.70
Summer 133.48 0.94 105.70 1.18 159.57 0.78
Autumn 241.15 0.52 92.45 1.35 163.29 0.77

Table 4 demonstrates that, overall, each of the seaweeds analyzed had a good dietary
fiber content, which could be exploited commercially. In particular, G. gracilis did not
exhibit a great deal of seasonal variability. However, C. jubata and S. muticum showed
significant, although different, seasonal variations. From a commercial point of view, for the
greatest benefit to the consumer, the seaweed raw materials need to be harvested in specific
seasons in order that the level of polysaccharide content does not exceed the threshold
of consumption. However, there is the need for a complete biochemical profile if the
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specific seaweed is to be consumed whole [90]. In particular, the macro- and trace elements
present in the seaweeds need to be known due to their potential accumulation from the
surrounding environment [88,92]. However, the effects due to the intake of whole seaweeds
appear to be less when compared with the purified seaweed polysaccharide associated
with water, milk, or prepared in a juice [93-95]. Consequently, ongoing research in this
area is targeting applications of seaweed polysaccharides in novel foods with nutraceutical
properties [6,96,97].

Anti-obesity effects have been described as being among the most beneficial attributes
of seaweed polysaccharides for human consumption due to their fermentation in the in-
testinal tract, thereby reducing the microfloral/bile salt hydrolase activity, which is one
theory behind this observed effect [96,98-101]. In this case, the microbiome composition
was found to change to an augmented state, including populations of Bifidobacterium,
Bacteroides, Lactobacillus, Roseburia, Parasutterella, Fusicatenibacter, Coprococcus, and Fecalibac-
terium colonies in in vitro experiments [96,98-101]. The nutritional values of the targeted
seaweeds demonstrate a general fluctuation on the basis of the location at which the
seaweed was collected, as demonstrated by Pacheco et al. [69]. Thus, the harvest site
greatly influences the nutritional value, with carbohydrate yield being one of the principal
variations (see Table 5). There is a lack of studies regarding the nutritional profile of C.
jubata; however, there is a study by Araujo et al. [61] that characterizes its carbohydrate
and lipidic profile.

Table 5. Range of nutritional values of selected seaweeds analyzed around the world (% DW).

Seaweed Species Protein Lipid Carbohydrate Ash Ref.
G. gracilis 5.83-20.2 low 9.52-68.13 6.78-24.78 [102-105]
S. muticum 4.64-22 0.12-32 27.9-69 13.2-26.4 [69]

However, as a food supplement, the safety of the dietary inclusion of seaweeds also
needs to have various biochemical constituents checked before the alga can be made
commercially available for regular human consumption [6,106]. Studies thus far have
demonstrated that some wild harvested seaweeds, without thorough analysis of their
nutrient and metal concentrations, can provoke negative impacts on health. However,
there is little information available on this, relative to the more adverse pathologies (i.e.,
compared to those described above). This important topic is well described in the reviews
of Cherry et al. [96] and Weiner [81], as well as Wierner and McKim [107], who demon-
strated that within the daily recommend intake, there are indeed relatively low health risks
to consumption. Nonetheless, major concerns have been expressed over seaweed polysac-
charides present at low molecular weights, and poligeenan in particular. This has also been
referred to as “degraded carrageenan”, and is not the natural chemical structure of the
polysaccharide. Indeed, it can provoke harmful impacts, such as the powerful induction of
inflammation. Intake of degraded carrageenan can happen when the legislation regarding
polysaccharide preparation and usage in the food industry is not followed. Because of
this, seaweed polysaccharide applications in the food industry are regulated, in order to
guarantee the safety of the final product [6,32,34,36,81]. Aside from the general consider-
ations regarding the safety of seaweed polysaccharides, there is ongoing debate arising
from several in vitro and in vivo assay reports [108-115]. Unfortunately, there is still a
lack of standard methods, and there are only a few in vivo assays with fully characterized
seaweed polysaccharides [3,96]. This was demonstrated by Kumar and Sharma [116],
where several deaths and illnesses that had been attributed to consumption of seaweeds
were found to be mainly due to wild harvesting at unsuitable (polluted) sites, unreasonably
high consumption, and the noted presence of highly potent secondary metabolites/toxins
(some microalgal bloom related).

However, despite these negative reports, which occur only rarely, judicial (i.e., in
moderation) consumption of seaweed polysaccharides have overall positive effects on sev-
eral aspects of human health. These polymers work as nutraceutical compounds, thereby

87



Mar. Drugs 2021, 19, 164

promoting human welfare and health. Indeed cautious and responsible consumption of
seaweeds is no different from that of other terrestrial and marine food sources [117]. Taken
alone, isolated seaweed polysaccharides have demonstrated numerous interesting prop-
erties for use in pharmaceutical and medical applications. In this regard, several specific
seaweeds and their components are already in use commercially, while others are still in
the research and development stage [117]. As commercial examples, the use of alginate
in wound dressings, carrageenans in antiviral solutions, and agar in encapsulation of
pharmacological drugs are all impressive [118-122]. In experimental development, selected
seaweed polymers are being targeted mainly for the development of new hydrogel-based
models for various human conditions, such as tumor or cardiovascular diseases, in order to
provide more comprehensive models with which to understand drug and human cell inter-
actions without using in vivo animal models, thereby providing more accurate/predictable
responses [123]. This approach also enhances the development of new hydrogels for tissue
engineering, where seaweed polymers have demonstrated good results in the early stage
of development [124-126].

Seaweed polysaccharides can be applied as cosmetic ingredients, being used as gelling
agents, thickeners, protective colloid emulsifier and stabilizer agents in hand lotions and lig-
uid soap, deodorants, makeup, exfoliant, cleanser, shaving cream, facial moisturizer/lotion
or in creams for acne and anti-aging care [127]. Similarly polysaccharide formulations
can also be used in skin protection cosmetics to combat dermatitis, psoriasis, eczema, and
dryness [128].

Carrageenans are one of the most bioactive polysaccharides from seaweeds; their
chemical structure allows the formation of hydrogels, thereby allowing them to be used
in anti-viral and anti-bacterial ingredients in various formulae [128,129]. There are com-
pelling reasons for the use of these compounds, given the high levels of safety, efficacy and
biocompatibility reported, in addition to their being biodegradable and non-toxic [118,130].
Furthermore, ancient records show that carrageenan has been used as a traditional medicine
to ameliorate coughs and the common cold. These “old wives’ tales” have been supported
more recently by in vitro and in vivo assays using animal models. This functionality is
mainly derived from the actions of carrageenans in inhibiting the aggregation of blood
platelets (i.e., anticoagulant activity) [74,131]. Various carrageenans have other demonstra-
ble bioactivities such as anti-tumor, anti-viral and immunomodulation activities [116,132],
which are already being exploited commercially. The anti-viral mechanism is based on
blocking the entrance of viral particles into the cell. Good results have been demon-
strated against the herpes simplex virus type 1 and type 2, HIV-1, and the human rhi-
novirus [133,134]. These anti-viral activities have mainly been observed in iota-carrageenan
(which is the carrageenan type produced by C. jubata) [53,59,133]. However, in pharmaco-
dynamics, carrageenans that are harmful for human consumption (specifically, in the form
of oligo-carrageenans or poligeenans) are regularly used as a pro-inflammatory factor in
diverse in vitro and in vivo assays, due to the high inherent bioactivity when degraded to a
low molecular weight [117]. Oligo-carrageenans can also be used to induce pleurisy, paw
edema and ulceration in animal models, and as such, they are used as tools for medical
research [135].

In contrast to carrageenans, agars and alginates are not recognized as bioactive
molecules—instead they are seen as excellent polymers with reduced bioactivities (i.e.,
they are biologically inert) that can be inserted and used as a barrier/encapsulation to
stabilize active ingredients and develop new biomedical and pharmaceutical methods and
techniques [129,136]. Agar is used in pharmaceutical products such as a bulking and sus-
pension ingredients for medical solutions, anti-coagulant agents, and laxatives in capsules
and tablets [132,137]. Alginates are perhaps the most used seaweed polysaccharides in
medical and pharmaceutical products already on the market, namely in wound and battle
dressings, and also in wound-healing products in the form of hydrogels [34]. Alginates,
when used in the biomedical and pharmaceutical areas, are linked to cations, such calcium,
sodium or magnesium, to produce a biopolymer with no bioactivity and low toxicity that is

88



Mar. Drugs 2021, 19, 164

easy to manipulate so as to permit the development of hydrogels for tissue regeneration, as
well as application in other areas such as in burn or diabetic wound-healing dressings [118].

However, seaweed polysaccharides have been further explored in drug delivery
systems, where the polymers have demonstrated features such as natural biocompatibil-
ity, variation of viscosity and gelation conditions, low toxicity, low-cost polymers, and
biodegradability, with easy adaptation and manipulation for the assembly of polymer-
derivatives with new physical characteristics [117,118,138]. Seaweed-derived polysaccha-
rides have adaptable swelling properties that respond to temperature modifications, which
is important for on-demand and time-dependent modulation of drug release [139]. In the
post-rheology, pharmaceutical and medical arenas, seaweed polysaccharides must have a
high level of purity in order to reduce the impact of potential inclusion of impurities in the
application of polymers in products and solutions, permitting clean application without
any associated health risks or hazards [140].

4. Materials and Methods
4.1. Reagents

The reagents used for carrageenan extraction, i.e., methanol, acetone, ethanol and
sodium hydroxide, were acquired from the suppliers José Manuel Gomes dos Santos,
Lda., Odivelas, Portugal; Ceamed, Lda., Funchal, Portugal; Valente e Ribeiro. Lda., Belas,
Portugal and Sigma-Aldrich GmbH, Steinheim, Germany, respectively.

The reagents used for alginate extraction, i.e., sodium carbonate and hydrochloric
acid, were purchased from Fisher Chemical, Leicestershire, United Kingdom.

4.2. Seaweed Collection

Seaweeds belonging to the Rhodophyta, i.e., Gracilaria gracilis (Stackhouse) Steentoft,
L.M. Irvine & Farnham 1995, and Calliblepharis jubata (Goodenough & Woodward) Kiitzing
1843 and the Ochrophyta, i.e., Sargassum muticum (Yendo) Fensholt, were collected during
low-low tide the intertidal of Buarcos Bay, located in Figueira da Foz, Portugal (40°10'18.6"/
N, 8°53/44.4"" W), Portugal. The seasonal sampling was conducted during 2020 (see Table 6)
from sites with well-established seaweed populations without epiphytes or degradation
visible to the eye. The specimens were collected from three different tidal pools at the same
height on the shore. Approximately 100 g FW of C. jubata, 300 g FW of G. gracilis, 200 g FW
of S. muticum were collected. After harvesting, each species was kept separately in plastic
bags, inside a cool box, and transported to the laboratory (50 min from the harvest location).
Firstly, the thalli were washed with filtered seawater to remove sand and other detritus.
Thereafter, the samples were washed with distilled water, aiming for the removal of excess
salts caused by the previous washing process and then placed on plastic trays and placed
into an air-forced oven (Raypa DAF-135, R. Espinar S.L., Barcelona, Spain) at 60 °C, for 48 h.
The dried algae were finely ground to make uniform (<1 mm) samples with a commercial
mill (Taurus aromatic, Oliana, Spain) and then stored in a box with silica gel to reduce
humidity, in the dark, at room temperature (24 °C).

Table 6. Seaweed collection data.

Water . Conductivity
Season Date Temperature (°C) pH Salinity (ppm) (uS/cm) ORP (mV) 0, (%)
Winter 9 March 2020 14.13 4 0.08 7.8 £0.09 3512 £0.17 42146 £ 130.07 111.07 £5.27 1132+ 6.12
Spring 27 May 2020 17.15 4 0.07 8.55 & 0.06 35.60 £ 0.10 44149 £ 53.68 53.68 +27.33 94.775 + 6.41
Summer 20 July 2020 17.94 4 0.62 8.24 4+ 0.19 36.20 + 0.05 54595 +184.33 184.33 & 16.87 35.16 + 3.68
Autumn 19 October 2020 14.49 4 0.08 8.06 &+ 0.10 35.78 £0.12 54065 =+ 83.56 83.56 + 7.62 88.77 £ 4.00

4.3. Polysaccharide Extraction
4.3.1. Agar

Agar extraction was based on the technique reported by Li et al. [141], with adapta-
tions. The extraction was performed in triplicate, using 20 g of dried seaweed and 600 mL
of distilled water. Afterwards, the solution was placed in an electric pressure cooker
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(Aigostar 300008IAU, Aigostar, Madrid, Spain) at a temperature of 115 °C with an air
pressure of 80 Kpa, for 2 h. The solution was hot filtered, under vacuum, in a Buchner
funnel, through a cloth filter. The extract was then vacuum filtered with a Goosh funnel
(porosity G2). At room temperature, the filtrate was allowed to gel, frozen overnight
and thawed. The thawed gel was finally dried (60 °C, 48 h) in an air-forced oven (Raypa
DAF-135, R. Espinar S.L., Barcelona, Spain).

4.3.2. Carrageenan

The extraction of carrageenan was carried out in triplicate, according to the method
defined by Pereira and van de Velde [142]. To remove the organic-soluble fraction, 1
g of milled seaweed was pre-treated with an acetone:methanol (1:1) solution at a final
concentration of 1% (m/v) for 16 h, at 4 °C. The liquid solution was decanted, and the
seaweed residues were collected and dried at 60 °C in an air-forced oven (Raypa DAF-135,
R. Espinar S.L., Barcelona, Spain).

Dried samples were immersed in 150 mL of NaOH (1 M) in a hot water bath (GFL 1003,
GFL, Burgwedel, Germany), at 85-90 °C, for 3 h. The solutions were hot filtered, under
vacuum, in a Buchner funnel with a cloth filter. The extract was vacuum filtered with a
Goosh funnel (porosity G2). Under vacuum, the extract was evaporated (rotary evaporator
model: 2600000, Witeg, Germany) to one-third of the initial volume. The carrageenan was
precipitated by adding twice the final volume of 96% ethanol. The polysaccharide was
washed with 96% ethanol for 48 h at 4 °C and dried in an air forced oven (60 °C, 48 h).

4.3.3. Alginate

The extraction of alginic acid was performed in triplicate, employing the adjusted
method of Sivagnanavelmurugan et al. [143]. Milled seaweed was added to a solution of
HCl at 1.23% (1:30 v:v) and kept at room temperature for 48 h. The solution was filtered
under vacuum with a Goosh funnel (porosity G2). The residue was rinsed with distilled
water two to three times. The residue was submitted to an alkali extraction in 2% sodium
carbonate for 48 h. The solution was filtered under vacuum through a cloth filter supported
in a Goosh funnel (porosity G2), to remove any residues from the alginate solution. This
process was followed by the addition of a solution of 37% HCI to the filtrate, producing the
alginic acid precipitation (1 mL of 37% of HCl: 30 mL of the final solution). The precipitate
was separated by centrifugation (4000 rpm, for 15 min) and then dried in an air forced oven
(60 °C, 48 h).

4.4. Carbohydrate Characterization
Polysaccharide Analysis

For Fourier-Transform Infrared Spectroscopy—Attenuated Total Reflection (FTIR-ATR)
analyses, the dried polysaccharides were powdered using a commercial mill, and then
subjected to direct analysis. FTIR-ATR spectra were recorded on a Perkin Elmer Spectrum
400 spectrometer (Waltham, MA, USA), with no need for sample preparation, since these
assays only require dried samples [52-54]. All spectra presented are the average of two
independent measurements from 650-1500 cm~! with 128 scans, each at a resolution of
2 cm~!. The FTIR-ATR spectra in the manuscript were performed with the polymers
extracted in the autumn.

4.5. Statistical Analyses

The statistical analyses were performed using Sigma Plot v.14. This included an
ANOVA analysis to assess statistically differences between the extraction yields. Holms-
Sidak multiple comparison analysis was used after the rejection of the ANOVA null
hypothesis, to discriminate any differences. The analyses were considered statistically
different when p-value < 0.05. Error bars are the standard deviation of the mean.
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5. Conclusions

The seaweeds analyzed in this study demonstrated that wild harvested materials can
indeed vary in terms of polysaccharide yield. Such variance could significantly change the
nutritional value/properties on a seasonal basis. Therefore, the direct intake of seaweeds
should be carefully analyzed.

Seaweed-derived polymers (polysaccharides) as food sources/ingredients are com-
pared to dietary fiber due to their high molecular weight and because algal polysaccharides
are not digestible compounds, being an important nutraceutical for good gastrointesti-
nal functioning. However, if the polysaccharide is degraded (by over hydrolysis), the
low-molecular-weight fractions can have negative impacts on human health. Likewise,
over-dosage/consumption may be an issue, and thus moderation in all things is a key.

However, for the commodity food sector, there is a need to guarantee similar nutri-
tional values in all supplies, independent of the season. In this context, seaweed cultivation
can present a solution for controlling seaweed food safety; this is something in which Asian
countries are already well practiced [144-148], and which Western countries need to learn
and adapt to.

In the future, long-term assays should be conducted in different years to understand
any fluctuations that may occur. Thus, seaweed cultivation (on land or in the sea) may
provide more homogenous raw materials. In the nutraceutical /biomedical field, there is a
need to understand the digestive part of the polymers in order to provide greater security
for the consumption of seaweed polymers. As demonstrated, there is a need to understand
the ecological factors affecting seaweed biomass in order to obtain safe and high-quality
polymers to support their many applications in the food industry.
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Abstract: Peloids have been used for therapeutic purposes since time immemorial, mainly in the
treatment of locomotor system pathologies and dermatology. Their effects are attributed to their
components, i.e., to the properties and action of mineral waters, clays, and their biological fraction,
which may be made up of microalgae, cyanobacteria, and other organisms present in water and
clays. There are many studies on the therapeutic use of peloids made with microalgae/cyanobacteria,
but very little research has been done on dermocosmetic applications. Such research demonstrates
their potential as soothing, regenerating, antioxidant, anti-inflammatory, and antimicrobial agents.
In this work, a method for the manufacture of a dermocosmetic peloid is presented based on the
experience of the authors and existing publications, with indications for its characterization and
study of its efficacy.

Keywords: peloids; microalgae; cyanobacteria; cosmetics; dermocosmetics; mineral water; seawater

1. Introduction

Peloids are therapeutic agents used in spas and thalassotherapy centers since time
immemorial, mainly for treatment of osteo-articular and dermatological disorders, sports
injuries, and generally in rehabilitation programs. Their use in cosmetics also dates back a
long time, especially the ones made from clays, which are used in wellness programs and
thermal spa centres nowadays [1].

Peloids are comprised of a solid fraction that includes various sediments, clays and
peat, and a liquid fraction that can be either mineral-medicinal water (mineral water),
seawater, or salt/brackish lake water. A biological fraction, consisting of microbiota
present in mineral-medicinal water, clays, peat or sediments, and the microorganisms that
thrive in the mixture during the peloid maturation processes, can also be present [2]. It is
precisely during this maturation process (prolonged contact between solid substrate and
liquid) that the different biological action compounds, partly responsible for the therapeutic
actions, are formed [3].

Peloids either form “in situ” through contact between the mineral-medicinal water
and the sediments surrounding it or are prepared artificially by mixing the above com-
ponents [4]. When preparing peloids artificially, the biological fraction (microalgae and
cyanobacteria) is usually from the natural mineral-medicinal water, while in the case of ma-
rine silt peloids, it is from cultivated microalgae; maturation times vary from 1-18 months
but usually do not exceed 3 months [5]. According to Gomes et al. (2013), peloids can
be classified regarding their origin, composition, and applications into “natural peloid”
or “peloid sensu strictu”; “inorganic,” “organic,” or “mixed peloids”; and “medical” or
“cosmetic” peloids (Figure 1) [4]. During the 3rd Symposium on Thermal Mud, held in
2004 in Dax, it was agreed to distinguish between the two main types of peloids: (i) muds
or clays that are just mixed with mineral water with no maturation process—the extem-
poraneous or prepared ad hoc peloids—and (ii) muds or clays mixed with mineral water,
including naturally or artificially matured peloids. Figures 2-5 show two different types of
natural-maturation and artificial-maturation peloids [4].
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In order to evaluate peloid suitability for therapeutic and cosmetic purposes, the
thermal properties of the mixtures like density, specific heat, thermal conductivity, and
retention capacity are studied, as well as other properties related to applicability such as
viscosity and pH [6].

Applicability, spreadability, user, and efficacy tests should be performed when used
in dermocosmetics and/or wellness programs in thermal spas and thalassotherapy cen-
tres. Marketing of cosmetic peloids must comply with national legislation, which usually
includes safety reports, user and efficacy tests, etc.

Thermal spas and wellness centers seldom use microalgae peloids in dermocosmetics,
which is why this study reviewed such peloids and proposed a method for their manufac-
ture. Therefore, the intention was to encourage spas to manufacture their own products for
use in cosmetic and wellness applications through the required research and experience.

MEDICAL PELOID
Peloid to which

NATURAL PELOID

Healing mud
maturated in the
natural sedimentary
environmental site
where it occurs

strictu)
Healing mud dressed
and maturated in
tanks with mineral
water

PELOID
Maturated mud or
suspension with healing

organic compounds from
biological metabolic activity

Composition

specific therapeutic
properties have been
recognized by the
national authorities
who approve

medicines and drugs
\ and/or cosmetic properties, /
. composed of a complex Application
Origin mixture of fine-grained PP
materials, mineral water or \
PELOID ss (sensu / sea water and commonly MEDICAL PELOID

Peloid to which
specific cosmetic
properties have been
recognized by the
Laboratories

specialized and
certified in
dermocosmetics

INORGANIC PELOID
ORGANIC PELOID
MIXED PELOID

Figure 1. Peloid classification with regard to origin, composition, and applications (from Gomes
etal. 2013).

Figure 2. Natural maturation peloid (saline mud from Secovlje salt pans, Secovlje Nature Park, Slovenia).
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Figure 4. Tanks for artificial peloid maturation (Dax, France).
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Figure 5. Thermal mud maturation (Dax, France).

2. Peloids for Dermocosmetics and Wellness

For this review, SciFinder, Pubmed, Web of Science, and Scopus databases were
reviewed up to September 2021. Search terms included “pelotherapy,” “mud therapy,”
“peloids and skin,” “thermal mud,” “microalgae and thermal water,” “cyanobacteria and
thermal water,” mud and cosmetics,” “mud and dermocosmetics,” “mineral water and
skin,” and “seawater and skin”.

Although frequently used empirically, peloids have important cosmetic actions, which
are linked to the improvement of skin hydration, the removal of flaking cells, and the
prevention of aging [7-9]. Traditionally, the types of peloids most used in cosmetics are
volcanic, sulphurous, and chlorinated bromo-iodics, but this also includes peat due to its
content of fulvic and ulmic acids [7].

There is also evidence of their action in treating dermatological diseases such as pso-
riasis and other skin disorders, an example being that of Dead Sea peloids [10], in which
it has been observed to reduce all skin symptoms of this disease (PASI index) [11] when
combined with Dead Sea water and phototherapy. This water is furthermore observed to
have antimicrobial action [12], an aspect of interest in the treatment of related dermatologi-
cal alterations such as dermatitis. Other studies have shown that these muds can improve
wound healing [13]. The effects of biogleas in thermal muds from Guardia Piemontese-
Acquappesa were studied and found to significantly reduce desquamation, erythema, and
itching in psoriasis [14].

Similar muds used in skin disorder applications are the Peruibe muds [15] for psoria-
sis, dermatitis, acne, and seborrhoea. Peloids from Balaruc-les-Bains have been recently
used for their anti-inflammatory, antioxidant, and healing properties [16]. Additionally,
Spilioti et al. (2017) investigated the anti-inflammatory properties of 13 mud samples from
Greek spa resorts by assessing their effect on the expression of the adhesion molecules
ICAM-1 and VCAM-1 by endothelial cells as well as their effects on monocyte adhesion to
activated endothelial cells. Most of the mud extracts used in the study inhibited TNF-a-
induced expression of VCAM-1 by endothelial cells but showed little alteration on ICAM1
expression. Interestingly, the majority of the examined mud extracts markedly reduced
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monocyte adhesion to activated endothelial cells indicating a potent anti-inflammatory
activity [17].

In terms of peloid composition for cosmetic and welfare purposes, many studies
attribute their curative properties to their clay (less frequently peat or sapropels), mineral
and trace elements content, and to the presence of microalgae and cyanobacteria.

2.1. Clays and Dermocosmetic Peloids

The use of clays in the preparation of peloids and dermocosmetic products have been
studied by a great number of authors [1,3,18-27]. The main phyllosilicates present in most
peloids are smectites, kaolinite, illite, illite—smectite mixed layers, and chlorite in different
proportions [21].

Although there are fewer studies published on the composition of sapropels from
Lake Techirghiol in Romania [28] and from lakes in Latvia, there are some studies that
evaluate their potential medicinal and cosmetic use [29].

A comparative physico-chemical composition study of muds from different areas
in the Homogeneous Euganean Hills Hydromineral Basin (B.I.O.C.E.) (Italy) reported
the composition of peloids as “clayey-silt” (65.42% silt and 24.62% clay) and “silty-clay”
(64.37% clay and 34.41% silt). Their heavy metal content was studied by comparison with
commercial cosmetic mud and was found to be higher than in commercial mud; however,
no allergic reactions were detected. A proposal to establish a protocol for effective control
of these types of natural products has been put forward [30].

2.2. Minerals and Trace Elements in Dermocosmetic Peloids

Peloids for dermocosmetic and wellness applications are characterised by their varied
composition in minerals and trace elements. The moisturising, soothing, and regenerating
properties of the Dead Sea mud are attributed to a high magnesium content [31], which
is well known for its anti-inflammatory and antiphlogistic effects and for its capacity to
inhibit the polyamines involved in psoriasis pathogenesis [7]. Dead Sea mud also exhibits
antimicrobial action, which is attributed to the high salt and sulphide concentrations plus
its low pH, and it is therefore used in the treatment of acne [31].

In the case of the above-mentioned Peruibe peloids, Da Silva-Cardoso et al. (2015)
noted that the mud is enriched with Br, Cr, Sb, SE, and Zn ions during the maturation
process and that these may be responsible for their anti-inflammatory properties [15,32].

2.3. Microalgae and Cyanobacteria in Dermocosmetic Peloids

One of the most outstanding and studied characteristics of peloids is their content in
microalgae and cyanobacteria, which seem to exert a great influence on their cosmetic prop-
erties, since they have been proven to generate biologically active substances (especially
during the maturation process), which in turn are responsible for the beneficial effects and
actions on the skin [33].

There is abundant recent scientific literature on the biological fraction of peloids, and
worth highlighting among them are studies on Euganea basin muds in the Spa area of
Abano Terme (Italy). Thus, Ceschi-Berrini et al. in 2004 [34] described the presence of the
genus Phormidium in thermal waters of the Euganea basin and subsequently identified
the presence of acylglycerolipids produced by the aforementioned cyanobacteria, which
appeared to confer therapeutic and cosmetic properties to the mud [35]. In a study of
microbial diversity in the same area, Moro et al. (2007) [36] described a new species
of Cyanoprokaryote called Cyanobacterium aponinum in the microbial mats of Euganean
thermal springs. Subsequently, Poli et al. (2009) [37] described a thermophilic bacterium in
the mud from this thermal basin that they called Anoxybacillus thermarum, which provides
an idea of the special characteristics of the biological composition of these muds. Additional
studies by Moro et al. (2010) expanded the biodiversity of these muds to species of the
genus Leptolyngbya and Spirulina (now Arthrospira), suggesting that the cyanobacterial
composition of phototrophic mats in the rather unusual environment of the Euganean
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Thermal District is variable, depending on the physico-chemical features of the different
thermal spa waters. In fact, surveys carried out on 90 thermal spas suggest that the
cyanobacterial diversity might be related to thermal mud processing in the different
maturation tanks with thermal waters at different temperatures [38].

Research on the biological composition and organic matter present in the different
maturation stages of Abano muds showed the presence of saturated and unsaturated
fatty acids, hydroxyl acids, dicarboxylic acids, ketoacids, and alcohols and an increase in
the lipid profile during the maturation process that peaked at six months. The presence
of diatoms from clays was observed at the start of maturation; however, cyanobacteria
belonging to the Oscillatoriales subsection progressively colonized the mud throughout
maturation [39].

Centini et al. [40] recently analyzed the composition and antioxidant capacity of
biogleas present in the Satunia Terme mud and confirmed earlier findings on the increased
lipid profile during the maturation process and analyzed the hydrophilic fraction. Studies
on antioxidant power revealed that bottom mud extracts are more active than surface
extracts and that hydrophilic extracts are more active than lipid extracts.

A comprehensive study using more than 650 mud samples from 29 places in the
Abano area compared mineralogical and geological parameter variations with chlorophyll
A in sludge during the mud maturation and recycling process. The conclusion was that
chlorophyll A is converted into its derivatives and generates molecules that pass to the
matured mud. Such a decrease in the chlorophyll A amount warrants maturation to take
place in open tanks in order to maintain the photosynthetic process and to ensure that the
amount of chlorophyll A and its derivatives continue to be sensitive to the supply of fresh
mud [41]. Subsequent research by Gris et al. (2020) on the same muds (Euganean Thermal
Muds) confirmed that the predominant species is Phormidium sp. and that diversity is
greater when the temperature is 37-47 °C. At lower and higher temperatures, populations
lose stability, thus exhibiting a significant change in species composition, low biodiversity,
and low cyanobacterial abundance [42]. Zampieri et al. (2020) likewise noted the anti-
inflammatory activity of exopolyssacharides from Phormidium sp present in the Abano
muds [43].

Studies carried out on mud from Pausilya Therme di Donn’Anna (Italy) revealed
antimicrobial capacity and identified seven taxa of green algae, two taxa of cyanobacteria,
and even diatom taxa. In terms of the microalgae community, mud samples ripened for
6 months (6-month mud) presented a higher biodiversity compared to mud allowed to
ripen for 1 month (1-month mud). The most abundant benthic microalgae taxa, identified
in both samples and isolated exclusively from ripened mud, are Chlorella sp., Coccomyxa sp.,
Scenedesmus sp., Leptolyngbya sp., Anabaena sp., Cocconeis placentula, Rhoicosphenia abbreviata
and Navicula cincta. Nostoc sp., Scenedesmus sp., Chlamydomonas sp., Pseudococcomyxa simplex,
Monodus sp., Gomphonema acuminatum, Amphora ovalis, and Nitzschia palea [44].

In a like manner, the microbiological diversity of waters and muds from Sirmione
Terme was characterised (using next-generation sequencing technology) by studying the
different mud maturation stages: young (2-month old), intermediate (4-month old), and
mature (6-month old). The results showed that three genera predominate: Pelobacter, Desul-
fomonile, and Thiobacillus and that Pelobacter levels increase during maturation while those
of Desulfomonile and Thiobacillus decrease. The increase in phospholipid and sulpho- glycol-
ipid fraction of mature muds reported by other authors [45] was attributed to Pelobacter by
these authors.

Muds from Balaruc-les-Bains (France) have also been analyzed to study the molecules
responsible for their antioxidant, anti-inflammatory, and healing properties. Nine strains
were analyzed and although no antioxidant activity was detected, a strong anti-inflammatory
potential was observed for Planktothricoides raciborskii, Nostoc sp., and Pseudo-chroococcus
couteii, and a slight wound-healing function was detected in extracts from Aliinostoc sp. [46],
which is an activity of great interest in dermocosmetic and well-being treatments. Recent
studies using morphological, ultrastructural, and molecular methods clearly identified the
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nine cyanobacterial isolates from the Thermes de Balaruc-Les-Bains muds as belonging to
the orders Chroococcales: Pseudochroococcus coutei; Synechococcales: Leptolyngbya boryana;
Oscillatoriales: Planktothricoides raciborskii, Laspinema sp., Microcoleus vaginatus, and Lyngbya
martensiana; and Nostocales: Nostoc sp., Aliinostoc sp., and Dulcicalothrix sp. [47 48].

Dead Sea muds are well known for their use in the treatment of psoriasis [49]. They
are high-salinity muds in which nine extremely halotolerant Bacillus species have been
identified, one of them being B. Paralicheniformis, which confer a high antimicrobial ac-
tion [50]. Subsequent studies have confirmed the antimicrobial property of Bacillus persicusi
against different Gram+ and Gram— pathogens [51].

Organic fractions of mud from other environments have also been studied. Dolmaa et al.
(2017) studied silty mud containing sulphide from Noggon Lake (Mongolia) and found that
soluble organic matter contains a high percentage of hydrocarbons and their derivatives
(33.68%) and that the lipid group contains fat-soluble vitamins including vitamins A, D, E,
and their derivatives, plus steroids, which the authors relate to therapeutic and cosmetic
properties [52].

Bigovic et al. (2019) examined the organic composition of Igalo Bay peloids (Montene-
gro), and they found them to mostly contain (saturated and unsaturated) fatty acids as
well as essential amino acids, many of which have significant physiological, medical, and
pharmaceutical properties [53].

Research carried out on the mineral peloids from Marianské Lazne (Czech Republic)
reported a new species of the genus Aquitalea (previously identified in humic lakes and peat
marshes), which they called Aquitalea pelogenes (“derived or generated from mud”). They
also found a profile of quinones and fatty acids upon analyzing the dry biomass. The polar
lipids detected were diphosphatidylglycerol, phosphatidylethanolamine, phosphatidyl-
glycerol, two unidentified phospholipids, and one unidentified aminophospholipid, to
which the authors attributed the therapeutic properties [54].

Other studies reported changes in the microbial community composition of the peloid
throughout maturation, wherein main changes take place in the early stages, with there
being hardly any change between 3 and 6 months [55].

2.4. Safety of Peloids for Application in Dermocosmetics

Given that peloids are applied topically and in many cases on skin with dermatological
disorders, their safety must be monitored for the possible presence of trace toxic metals
and pathogenic microorganisms.

Ma’or et al. (2015) studied the safety of Dead Sea muds used in cosmetics, by evalu-
ating traces of nickel and chrome, and concluded that nickel and chrome concentrations
measured in the mud are safe for human health insofar as systemic toxicity is concerned.
They also observed that skin exposure to nickel and chrome is much lower since both
metals mainly attach to the clay components in mud and are not easily released into the
aquatic solution. The use of Dead Sea mud is not recommended for Ni™- or Cr~-sensitive
persons [56].

Recently, Pavlovska et al. (2017) recommended testing in natural peloids (to be used
as a raw material for pharmaceutical applications) not only heavy metals but also pesti-
cides such as chlororganics, which are widely used as effective help to combat unwanted
plant pests and pathogens and which have bioaccumulation and bioconcentration capabili-
ties [29].

To ensure the quality and safety of the peloids, some properties should be determined;
the most common are granulometry, plasticity, CEC and exchangeable cations, water con-
tent, pH, specific surface area, swelling power and swelling index, abrasiveness, density,
rheological properties (viscosity), and thermal properties such as: specific heat capacity,
thermal conductivity, thermal diffusivity, and thermal retentivity. For cosmetic uses could
be also of interest to determine the parameters of hardness, springiness, adhesiveness,
and cohesiveness, which are related to their visco-elastic properties [3]. From the micro-
biological quality and hygiene perspective, microbiological analyses such as total viable
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count (TVC), total coliforms, E. coli, enterococci, S. aureus, P. aeruginosa, and sulfite-reducing
clostridia and dermatophytes fungi, must also be carried out [57].

3. Proposal for a Procedure to Manufacture Microalgae Peloids

This work puts forward a method that uses clays, microalgae/cyanobacteria, and
mineral-medicinal water or seawater to manufacture peloids for use in cosmetics and in
health and wellness programs at wellness centers.

Such peloids can be manufactured in the thermal spa itself for use with patients on
the premises. Some examples of use in Europe are Abano Terme and Montecatini Terme
(Italy), Dax Thermes, Eugenie-les-Bains or Bareges (France), Bad Bayersoien (Germany),
and the thermal spas of Archena, Bohi, and El Raposo in Spain, these being mainly used
to treat theumatology and locomotor system disorders. Worth highlighting in Spain
are the spas at Isla de la Toja and Balneario de Compostela that manufacture their own
peloids for use in dermatology and dermocosmetics, with interesting results in psoriasis
and dermatitis [58,59]. In such cases, the peloid is considered as a spa product derived
from mineral-medicinal water and is governed by the spa legislation of each country. An
example is shown in Figure 6.

However, if the product is destined for marketing as a cosmetic product, it is gov-
erned by cosmetic regulations. REGULATION (EC) No 1223/2009 OF THE EUROPEAN
PARLIAMENT AND OF THE COUNCIL of 30 November 2009 on cosmetic products
(https:/ /eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:02009R1223-20190813 ac-
cessed on 21 October 2021) defines the stages involved in the manufacture and marketing
of a cosmetic product in Europe, including the lifecycle of a cosmetic product, from its
conception in R&D laboratories to the monitoring of its effects and effectiveness after marketing.

Figure 6. Manufactured peloid; application for psoriasis and dermatological conditions (La Toja
thermal spa, Pontevedra, Spain).

3.1. Composition of a Peloid

A peloid is comprised of a solid fraction or substrate made of clays, sediments, or
peat and a liquid fraction made of mineral-medicinal water, seawater, or brackish/salt-lake
water, and it may contain a biological fraction from the water or the solid substrate [2,8].
When manufacturing peloids for dermocosmetic purposes, one should use high-quality
clays to guarantee safety and effectiveness on skins, which in many cases are damaged.
Their composition is shown in Figure 7.
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Figure 7. Composition of a peloid (MM: mineral-medicinal).

3.1.1. Solid Substrate: Clays

As indicated earlier, the solid component of a peloid can be diverse. In order to
achieve good thermo-physical characteristics and applicability, we propose the use of
clays containing smectite (bentonite) and kaolinite, since the former have very good plas-
tic properties [21] and the latter help regulate skin secretions and the final pH of the
mixtures [8].

3.1.2. Solid Substrate: Mineral-Medicinal Water and Seawater

Each mineral-medicinal water is unique and thus the first step is gaining knowledge
of its chemical composition, including the majority and trace elements, as well as physico-
chemical characteristics such as pH, electrical conductivity, and the possible presence of
dissolved gases.

All mineral-medicinal waters must be analyzed periodically to guarantee quality
before and during their application in spas, as provided for in the legislation of the different
countries. This is why all of them are analyzed and quality is guaranteed. However, given
that often only the major elements are analyzed, it is of utmost importance to analyze
the trace elements when developing peloids for cosmetic us since their dermocosmetic
potential lies in them [60]. Table 1 summarizes the principal majority and trace elements in
mineral-medicinal waters of interest for the manufacture of cosmetic products.

Table 1. Majority and trace elements in mineral-medicinal waters that have an effect on the skin (Mourelle & Gémez, 2015).

Chemical Element

Effect on the Skin

Calcium

Effect on proteins that regulate cell divisions: calmodulin and cellular retinoic-acid-binding
protein (CRAB)
Catalysing action of differentiation enzymes: transglutaminase, protease, and phospholipases
Indispensable for regulating permeability of cell membranes
Regulation of proliferation and differentiation of keratinocytes

Sulphur

Cell regenerator, keratolytic/keratoplastic (dose-dependent)
Antibacterial, antifungal

Magnesium

Inhibits synthesis of some polyamines involved in psoriasis pathogenesis at concentrations of
5 x 107#, and its reduction by magnesium improves disease condition
Anti-inflammatory, antiphlogistic
Catalyses synthesis of nucleic acids and proteins
Catalyses ATP production
Produces sedation in the central nervous system

Chloride

Fluid balance of tissues

Sodium

Fluid balance of tissues
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Table 1. Cont.

Copper Anti-inflammatory, immune system maintenance
Chromium Enzymatic activator
Fluorine Energy supply in keratinocytes
Manganese Immune system modulator
Nickel Stimulates cell development in tissues
Zinc Antioxidant; prevents ageing; healing and regeneration of skin tissues
Involved in collagen and elastin synthesis and cell metabolism
Silicon

Present in colloidal silica form in many mineral waters used in dermatology
Has a dermoabrasive and emollient effect on psoriatic plaques

3.1.3. Microalgae and Cyanobacteria

They are one of the differential components in a peloid; and given that each mineral-
medicinal water is unique, one needs to study the type of microalgae/cyanobacteria
present therein. The plankton composition in seawater differs through latitudes unlike the
composition of seawater, which is similar at all latitudes, and hence one needs to study the
type of microalgae present in a particular environment.

We therefore propose that microalgae/cyanobacteria cultures be sourced from the
mineral-medicinal waters or seawater, by means of a process adapted to the characteristics
of each species or genus predominant therein. The culture process includes growth in an
appropriate medium (mineral-medicinal or seawater) with the necessary nutrients and
light stimulation depending on the type of species (Figure 8).
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Figure 8. Photobioreactor with microalgae (cultivation at FA2 lab; Applied Physics Department;
University of Vigo).

3.2. Preparation of a Dermocosmetic Peloid with Microalgae

The process of preparing a peloid with microalgae or cyanobacteria involves a few
prior stages in which raw materials are first studied before carrying out tests on the mixtures.
The stages are summarised in Figure 9 and in the following subsections: (i) selection of raw
materials (clays, thermal waters, and microalgae cyanobacteria); (ii) characterization of raw
materials (different test and determinations to asess its suitability and optimal properties);
(iii) preparation and testing mixtures (using different proportions of the raw materials);
(iv) characterization of the peloid sample (including maturation process if necessary); and
(v) use and effectiveness test.
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Figure 9. Peloid manufacture: procedure and test.

3.2.1. Selection of Raw Materials

Raw materials or initial materials (clays, microalgae, and waters) are selected for the
intended purposes. Given that the peloid is intended for dermocosmetic and/or welfare
uses, the clays selected must be of a high quality and have an affinity for the skin (kaolinites,
bentonites, etc.). The water used is the one present at the spa: mineral-medicinal water (or
seawater), and the microalgae/cyanobacteria can either be those present at the thermal spa
or the thalassotherapy center, but others acquired lyophilized or frozen can also be used.

3.2.2. Characterization of Raw Materials

All raw materials must be properly characterised. The most frequent tests performed
on clays are mineralogical analysis; chemical composition; granulometry; SEM study;
swelling; cation exchange capacity and exchangeable cations; percentage of water, solids,
and ash; and differential thermal analysis and thermogravimetry [6,21,61-63].

The spa water or seawater must also be analyzed to study the majority and trace
elements, in addition to other physico-chemical analyses. The most important parameters
are temperature, electrical conductivity, dry residue, turbidity, cations and anions, dissolved
gases, radioactivity, hardness, and alkalinity. One also needs to study properties such as
density, thermal conductivity, specific heat, viscosity, and thermal diffusivity [63-65].

It is furthermore important to characterize microalgae or cyanobacteria and undertake
studies to isolate and obtain a mono-specific and clonal culture. The sample is characterized
through a chemical analysis, determination of crystalline phases, and by studying its
composition (proteins, lipids, carbohydrates, vitamins, etc.) [66].

3.2.3. Preparation and Testing of Mixtures

Mixtures are prepared using different proportions of the three raw materials and
tested for texture, spreadability, ease of application, etc.

The mixtures are then selected, characterized, and subject to use and efficacy tests.

3.2.4. Characterization of the Peloid Sample

The most common analyses carried out on the sample of the selected peloid or mixture
are density, thermal conductivity, specific heat, viscosity, rheological behavior, and thermal
diffusivity [62,65,67,68]. For a peloid to be suitable for pelotherapy uses, it should have
several properties, such as a low cooling rate, a high absorption capacity, a high cationic
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exchange capacity, good adhesiveness, handling easiness, and a pleasant feeling when
applied to the skin. Among all the above properties, the cooling rate is one of the most
critical ones, since the heat contributed by the peloid also plays a role as a therapeutic
agent. In many therapeutic applications, therefore, the peloid must be kept at a higher
temperature than that of the patient’s body during application [6].

If peloids need maturing, then one must also establish the temperature, light, agitation,
etc. conditions. In any case, the characterization analyses are the same, and samples need
to be taken after 15 days, 1 month, 2 months, etc. until the maturation process is complete
and no further changes in the physico-chemical parameters are observed [39,55,61,69,70].

3.2.5. Use and Effectiveness Tests

Different analyses and tests are carried out on volunteers to evaluate user acceptance
of the peloid and its effectiveness. Inclusion and exclusion criteria for both tests must be
established, taking into account that these preliminary studies are carried out on healthy
persons. Additional controlled clinical trials must be done if the peloid is finally destined
to treat skin conditions such as psoriasis, dermatitis, etc.

The use test consists of a set of questions related to texture, ease of application,
sensations during and after application, skin condition after product removal, etc. In
Figure 10, an example of a microalgal peloid is shown.

Figure 10. Application of microalgal peloid (Talaso Atlantico, Baiona, Pontevedra, Spain).

Efficacy studies are usually objective determinations done through skin biometrology
techniques, such as hydration (by corneometry), grade of sebum (with sebumeter), skin
elasticity (cutometry or elastometry), and, sometimes, transepidermal water loss [71-73].

4. Conclusions

Peloids have been used for therapeutic purposes since time immemorial, mainly
in the treatment of locomotor-system pathologies and dermatology. Their effects are
attributed to their components, i.e., to the properties and action of mineral waters, clays,
and their biological fraction, which may be made up of microalgae, cyanobacteria, and
other organisms present in water and clays. Different studies show that the biological
fraction and the maturation process (in which components remain in contact for a certain
length of time) contribute to the formation of biologically active compounds.

Even though there are many studies on the therapeutic use of peloids made with
microalgae/cyanobacteria, very little research has been done on dermocosmetic applica-
tions. Such research demonstrates their potential as soothing, regenerating, antioxidant,
anti-inflammatory, and antimicrobial agents. Their effect is related to the presence of
unsaturated fatty acids, acylglycerolipids, sulfoglucolipids, vitamins, alcohols, phenols,
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etc., as well as sulphur derivatives, minerals (Ca, Mg, etc.), and trace elements (Zn, Se,
Si, etc.).

Each thermal spa has a unique natural mineral water with specific physico-chemical
characteristics, which are the basis of their therapeutic actions (along with other mech-
anisms related to the application technique). Moreover, specific microbiota consisting
mainly of microalgae and/or cyanobacteria are often found in it. This is why thermal spas,
thalassotherapy centres, and wellness centres in general should progress towards making
their own dermocosmetic products using their natural mineral water or seawater; a solid
substrate, preferably clay; and the microalgae/cyanobacteria. Hence, a method for the man-
ufacture of a dermocosmetic peloid was presented based on the experience of the authors
and existing publications, with indications for its characterization and efficacy study.
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Abstract: The interest in seaweeds for cosmetic, cosmeceutics, and nutricosmetics is increasing based
on the demand for natural ingredients. Seaweeds offer advantages in relation to their renewable
character, wide distribution, and the richness and versatility of their valuable bioactive compounds,
which can be used as ingredients, as additives, and as active agents in the formulation of skin care
products. Bioactive compounds, such as polyphenols, polysaccharides, proteins, peptides, amino
acids, lipids, vitamins, and minerals, are responsible for the biological properties associated with
seaweeds. Seaweed fractions can also offer technical features, such as thickening, gelling, emulsifying,
texturizing, or moistening to develop cohesive matrices. Furthermore, the possibility of valorizing
industrial waste streams and algal blooms makes them an attractive, low cost, raw and renewable
material. This review presents an updated summary of the activities of different seaweed compounds
and fractions based on scientific and patent literature.

Keywords: marine macroalgae; ingredients; additives; bioactives; nutricosmetics

1. Introduction

Consumer preferences towards green and eco-friendly products have increased in the
last few years [1,2]. This trend is also found in cosmetics, which represent a competitive
and rapidly changing global market demanding natural, safe, and efficient ingredients
for the development of novel skin care products [3-5]. Other relatively new products
are cosmeceuticals and nutricosmetics. The term cosmeceutical is used to define active
and safe products developed and tested by the cosmetics industry to provide benefits
to skin appearance and are effective for preventing and treating different dermatologic
conditions [6] by offering a variety of functions [6-8]. A number of active ingredients,
including vitamins, phytochemicals, enzymes, antioxidants, and essential oils, are also
considered [9], and can be used for the formulation of creams, lotions, ointments, or masks.
The use of cosmeceuticals has drastically risen in the last few years [10], in a market that also
incorporates other less-traditional population segments, such as men and children [11-13].
Both cosmetics and cosmeceuticals have to be safe, efficient, and have good sensorial
quality features [6,14]; nutricosmetics also require optimal characteristics. For the optimal
development of these products, cooperation in areas such as biotechnology, chemistry, food
technology, pharmaceutical technology, and toxicology is needed [15].

Marine resources represent a widely available and promising source of unique and
active compounds with the potential to produce cosmetics, cosmeceuticals, and nutricos-
metics. Among them, seaweeds represent a sustainable and renewable resource, gaining
increasing attention for these applications [16,17]. Furthermore, valorization of waste
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seaweeds, such as beach-casts, which are disposed of in landfills without commercial value,
could represent an attractive low-cost source for cosmeceutical industries [18]. Similarly,
the valorization of invasive species could contribute to the creation of natural and eco-
friendly ingredients for the cosmetic industry [19] while also contributing to the restoration
of affected environments. Regardless the origin and type of seaweed, the development
of environmentally-friendly sustainable extraction methods, allowing a low extraction
time, minimum usage of solvents, higher extraction yields, and quality, are increasingly
demanded [5,19-22].

The use of seaweed-derived ingredients in cosmetic products has increased in recent
years as a result of the many scientific studies that have proved the potential skincare
properties of seaweed bioactives [23,24]. Among those biologically active molecules,
carotenoids, fatty acids, polysaccharides, phlorotannins, vitamins, sterols, tocopherol,
phycobilins, and phycocyanins have attracted attention [9,25-29]. Such rich compositions
have converted seaweed into potential ingredients in classical cosmetics, such as solid
soaps, to replace sodium lauryl sulfate/sodium laureth sulfate [22], but many algal extracts
have also been used in nutritional supplements, cosmetics, and alternative medicines
recommended for skin-related diseases [30]. In this latter case, they are added as the active
ingredient, because they can provide a variety of activities, including photoprotective,
moisturizing, antioxidant, anti-melanogenic, anti-allergic, anti-inflammatory, anti-acne,
anti-wrinkling, antimicrobial, antiaging, whitening, etc. [16,31-33]. Furthermore, they
exhibit low cytotoxicity and low allergen contents [34].

Excellent comprehensive reviews on the subject have recently been published, in-
cluding on the chemical diversity and unique properties of algal bioactive molecules or
extracts for cosmetic uses [5,16,28,33,35-37] and the progress made in the application of
bioactives from marine organisms as cosmeceuticals [27,38,39]. Most of these have em-
phasized the importance and scientific evidence of algae-derived compounds and their
benefits, as well as current application in the cosmetic industry and their challenges and
limitations in the development of cosmeceuticals [3,23,24,29,34,40]. Others have reported
on particular components, such as carbohydrates [41,42], or the specific beneficial actions
on hyperpigmentation, photoaging, and acne [2,23,24], as well as on perspectives for the
development of greener extraction methods [35], particularly those using safe solvents [3].

The present review tries to update the advances in this field, presenting an initial
section summarizing the activities of algal components of particular relevance for cosmetic
and cosmeceutical formulations and then by trying to offer the multiple and faceted benefits
and functions that these seaweed components can provide to products where they can
be incorporated as ingredients and additives, conferring other textural, functional, and
sensorial properties. The potential applications are presented based on information in the
scientific literature, but also using patents claiming the use of algae and algal components.

2. Seaweed Components and Bioactivity
2.1. Polysaccharides

Seaweeds contain an important carbohydrate fraction forming part of their cell walls
and these polysaccharides are specific to each type of algae: in brown alginate, laminaran
and fucoidan; in green ulvan and in red agar, carrageenan is the most important. Polysac-
charides are receiving increasing attention for their biofunctional and physicochemical
characteristics [43]. Sulfated polysaccharides are highly interesting due to their health ben-
efits and biological activities [32,44-50]. A key aspect of these polysaccharides is the close
relationship between the activity and their composition and structure, particularly, their
molecular weight. Therefore, depolymerization is usually proposed to enhance the activ-
ity [51], but other structural modifications can also be performed. Simple hydrophobization
reactions, such as esterification, acylation, alkylation, amidation, or cross-linking reactions
on native hydroxyl-, amine, or carboxylic acid functions can also enhance bioactivity [52].
Examples of these activities are summarized in Table 1.
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Table 1. Some activities and properties of seaweeds polysaccharides of interest in cosmeceutical formulations.

Component Properties/Activities Seaweed References
Agar Thickener; antioxidant Pterocladia, Pterocladiella, Gelidium amansii, Gracilaria [28,46,53-55]
Alginate High stability, thickening agent, gelling agent Brown seaweeds [34,56,57]
Carrageenans Antioxidant, ar'mtumc')r, fmtlagmg, fhlckeners Red seaweeds, Porphy‘ra I‘11/77tanenszs‘C Gracilaria chouae, [16,49,58-62]
properties, radiation protection Gracilaria blodgettii
Photoaging inhibition; minimized elastase Fucoidan (Sigma), Ascophyllum nodosum, Chnoospora
. activity; antioxidant, anti-inflammatory minima, Ecklonia maxima, Hizikia fusiforme, Saccharina [2,23,24,43,44,46,
Fucoidans R . . . .
collagenase and elastase inhibition, japonica, Sargassum hemiphyllum, Sargassum horneri, 48,63-67]
skin-whitening Sargassum polycystum, Sargassum vachellianum
Laminaran Rec.o .nsmmted c.lermlS; 3 kl}" cell Saccharina longicruris, Laminarin (Sigma) [68,69]
anti-inflammation; antioxidant
Polysaccharides Hydration Saccharina japonica, Chondrus crispus, Codium [25]
tomentosum
Ulvan Antiaging, antiherpetic Ulva pertusa, Ulva sp. [51,70]

Alginates composed of chains of D-mannuronic acid and L-guluronic acid are found in
brown seaweeds. These compounds show other properties in relation to cosmetics and well-
being products, particularly anti-allergic properties [32,71], an action that is also observed
in formulations of hydrogels with alginate [72], and can also prevent obesity [73,74].
Laminarin does not form viscous solutions and has prebiotic [75,76], antioxidant [77-79],
and anti-photoaging and regenerative [69] properties. Based on the wound healing [80]
properties of laminarin sulfate, novel hydrogel systems have been developed [81-83]. In
addition, promising outcomes have been exhibited in several biomedical applications, such
as tissue engineering, cancer therapies, antioxidant, and anti-inflammatory properties [84].
Degradation by irradiation can enhance the radical scavenging capacity and inhibitory
activity against melanin synthesis in melanoma cells [2,59].

Fucoidans are heteropolysaccharides with fucose and other monosaccharides, such
as xylose, galactose, mannose, and glucuronic acid, as well as other components, mainly
sulfate, uronic acids, and acetyl groups. Fucoidans offer promising potential as cosmetic
ingredient [34,85,86] since they are non-toxic, biodegradable, and biocompatible [87,88],
and they present a wide variety of biological properties [23,24,49,61,89-91]; they also reduce
antioxidant and antiradical properties [23,24,34,67,92], depending on the molecular weight
and sulfate content [93,94]. Fucoidans have shown confirmed benefits for preventing
and treating skin photoaging and have in vitro inhibition of UVB-induced collagenase
and gelatinase activities, ex vivo inhibition on elastase activity in human skin [2,64,66,95],
inhibition of wrinkle-related enzymes and enhanced collagen synthesis in human dermal
fibroblasts [67], and anti-inflammatory action in relation to extracellular matrix degradation
by matrix metalloproteinases [27,32,42,65,96].

Sulfated polysaccharides from green algae (rhamnans, arabinogalactans, galactans
and mannans) present variable compositions and structures and some properties are
highly influenced by the molecular weight in terms of antiradical and chelating prop-
erties [97-100]. Ulvans are highly complex and variable sulfated polysaccharides from
ulvales, composed mainly of rhamnose, xylose, glucose, glucuronic acid, iduronic acid, and
sulfate [34,89,101,102]. Ulvans exhibit a variety of activities, including gelling [101,103],
anti-aging [51], anti-hyperlipidemic and antiherpetic properties [71,104].

Agar is mainly composed of 3-D-galactopyranose and 3,6-anhydro-«-L-galactopyranose
units with variable amounts of sulfate, pyruvate, and uronate substituents. Agar has
pharmaceutical and industrial cosmetic applications, including its use as a thickener
and as an ingredient for tablets or capsules to carry and release drugs [105,106]. Car-
rageenans are generally recognized as safe (GRAS) and are approved for food applica-
tions, and are high-molecular-weight sulfated linear polysaccharides with a backbone
of alternating 3- x-D-galactopyranose and 4-(3-D-galactopyranose with anhydrogalactose
residues [54,55,107,108]. Porphyran is a complex sulfated galactan found in Porphyra
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sp. with interesting therapeutic properties. These polysaccharides have uses as gelling
agent, nutritional supplement, with antioxidants [109-112], and are antiallergic [32,113],
show tyrosinase inhibitory activity [62], protection against ultraviolet B radiation [59],
anti-inflammatory and antitumoral activity, and can promote the growth of beneficial
bacteria in intestinal microbiota [76,113] without toxicity in mice models [114,115]. Agaro-
oligosaccharides (AOS) and carrageenan-oligosaccharides (COS) present enhanced biologi-
cal properties compared to native ones, in relation to prebiotic, antitumoral, and antioxidant
actions, related to their chemical structure, molecular weight, degree of polymerization,
and the flexibility of the glycosidic linkages [116].

2.2. Proteins, Peptides and Aminoacids

Some seaweeds are a rich source of proteins, their cultivation offers a higher protein
yield per unit area (2.5-7.5 tons/Ha/year) compared to terrestrial crops, but their successful
extraction is largely influenced by the presence of polysaccharides, such as alginates in
brown seaweed or carrageenans in red seaweed [117]. Seasonal variations and habitat
affect the proteins, peptides, and amino acids contents in seaweed; generally, red algae
(Rhodophyceae) have higher contents (up to 47%) than green (Chlorophyceae) (between
9-26%), whereas brown (Phaeophyceae) have a lower concentration (3-15%) [73,118-120].
The proteins in the three groups of macroalgae contain all essential amino acids, and
non-essential amino acids are also present [25,121-123]. Protein and bioactive peptides
from seaweed show many health benefits and have high antioxidant properties, mainly
in molecules with low molecular weights, which are also considered safer than synthetic
molecules and have reduced side effects [3,124-127].

Bioactive peptides usually contain 3-20 amino acid residues and both their amino
acid composition and the sequence influences their activities, such as antioxidant and
antimicrobial activities, among others of pharmacological interest [128-131]. Carnosine,
glutathione, and taurine are peptides with antioxidant and chelating properties [132].
Due to the lack of a carboxyl group, taurine is not a “true” amino acid but has a number
of health-promoting properties, being accumulated in the thalli of several red algae, such
as Ahnfeltia plicata, Euthora cristata, and Ceramium virgatum [133]. The peptide, PPY1,
is composed of five amino acids and is obtained by enzymatic hydrolysis from Pyropia
yezoensis, and it shows anti-inflammatory effects through the suppression of inflammatory
cytokines [134]. The peptides, PYP1-5 and Porphyra 334, extracted from Porphyra yezoensis
f. coreana Ueda showed an increase in elastin and collagen production and a decrease in
the expression of matrix metalloproteinases (MMP) [135]. Ultrasound-assisted enzymatic
hydrolysis has also been proposed for the successful extraction of iodinated amino acids
from Palmaria palmata and Porphyra umbilicalis (red seaweeds) [136].

Mycosporine-like amino acids (MAAs) are secondary metabolites synthesized for
protection against solar radiation [28,137,138]. They consist of cyclohexenone or cyclohex-
enimine chromophore with various amino acids, mainly glycine or iminoalcohol groups,
as substituents and show antioxidant and photoprotective properties [3,137,139-144].
Among the most abundant compounds, mainly in Rhodophyceae shinorine, porphyra-
334, palythine, asterina-330, mycosporine-glycine, palythinol, and palythene have been
described [145,146], and their contents are dependent on the geographic, seasonal and
bathymetric conditions, increasing during summer and decreasing with water depth [147].
A multifunctional cosmetic liposome formulation containing UV filters, vitamins (A, C, and
E), Ginkgo biloba extract (rich on quercetin), and Phorphyra umbilicalis extract (rich in pro-
teins, vitamins, minerals and mainly in MAA'’s porphyra-334 and shinorine) was efficient
against signs of aging [148] by increasing hydration and reducing wrinkles and skin rough-
ness. Leandro et al. [149] incorporated an extract of Asparagopsis armata (ASPAR’AGE™)
containing MAA molecules in lotions with anti-aging properties, a hydrolyzed extract
Aosaine® (three-quarters of aosaine consists of amino acids that are very similar those
responsible for skin elasticity) extracted from Ulva lactuca, which present anti-aging, anti-
wrinkle and stimulation of collagen properties. An extract (rich in minerals, trace elements
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and amino acids) from Gelidium corneum improves skin softness and restores elasticity.
Therefore, MAAs have different properties, such as serving as natural sunscreens, possess
antioxidants, anti-inflammatory, and anti-aging, and are stimulators of skin renewal, activa-
tors of cells proliferation, etc., making them a promising and safe option for pharmaceutical

and cosmetic industries [150] (Table 2).

Table 2. Some activities and properties of seaweeds protein, peptides, and amino acids of interest in the cosmeceutical

formulations.
Extract/Compound Activity Seaweed Reference
Eleven mycosporine-like amino acids UV-protective effect, antioxidant ‘Agurophy ton ch?lense, Pyropia . [147]
plicata and Champia novae-zelandiae
Mycosporine-like amino acids extract (with L , oo
porphyra-334 and shinorine in a ratio of 2:1) Anti-aging Phorphyra umbilicalis [151]
Mycosporme—hlfe amino ac145 extract (mainly Antioxidant, UAV-p.rotectlve effect, Curdieara covitzae, Iridaea cordata [152]
palythine and asterina-330) anti-aging
Mycosporine-like amino acids extract (mainly Antioxidant; UV-protective effect Gracilaria vermiculophylla [153]
porphyra-334, shinorine, palythine and asterina-330) ’ P Py N
Mycosporine-like amino acids extract (mainly Chondrus crispus, Mastocarpis
palythine, asterina-330, shinorine, palythinol, Antioxidant, antiproliferative pus, P [154]
- stellatus, Palmaria palmata
porphyra-334 and usujirene)
Mycosporine-like amino acids extract (mainly - .
deoxygadusol, palythene and ustjirenc) Antioxidant Rhodymenia pseudopalmata [155]
Aqueous extract from freshwater macroalga . S . . . .
(mainly polysaccharides and amino acids) Skin moisturizing effect Rhizoclonium hieroglyphicum [156]
Peptide PPY1 Anti-inflammatory Pyropia yezoensis [134]
. Increase production of elastin »
Peptides PYP1-5 and porphyra 334 and collagen Porphyra yezoensis f. coreana Ueda [135]
Methanol extract rich in proteins, vitamins, minerals, Hydration, skin protective, , e
porphyra-334 and shinorine anti-wrinkle, anti-roughness Phorphyra umbilicalis [148]
Phycobiliproteins (R-phycoerythrm allophycocyanin Antioxidant Gracilaria gracilis [157]
and phycocyanin)
Hydrolyzed extract Antitumor Porphyra haitanesis [158]
Algae extract Decrease of progerin production, Alaria esculenta [159]

anti-elastase, anti-collagenase

Due to the toxic effect of several synthetic dyes and the high consumer demand for
natural colors in food, pharmaceuticals, cosmetics, and textile industries there has been
increasing interest in the use of phycobiliproteins in the food (C-phycocyanin) and cosmetic
fields (C-phycocyanin and R-phycoerythrin). Phycobiliproteins are a class of water-soluble
compounds composed of proteins that are covalently bound to linear tetrapyrroles, known
as phycobilins, with fluorescent properties and high molecular weights and can be used
for reddish colorings [28,118,160-163]. B-phycoerythrin resists changes in pH, possesses
antioxidant properties [164], and can be used as a pink or purple dye in cosmetics [165].
Phycobilins can be red (phycoerythrins) or blue (phycocyanins and allophycocyanins)
and phycocyanin is usually the major pigment microalgae (Spirulina spp.), whereas the
characteristic red color of Rhodophyta phyla is due to both the phycoerythrin and phy-
cocyanin pigments. Phycobiliproteins (concretely, R-phycoerythrin, phycocyanin, and
allophycocyanin) extracted from Gracilaria gracilis presented high antioxidant and radical
scavenging activities, primarily when harvested in winter [157], and the extraction can
yield up to 46.5% of R-phycoerythtin using an aqueous solution of ionic liquids (cholinium
chloride) to remove it from fresh algal biomass [166]. Saluri et al. [167] studied Furcel-
laria lumbricalis and Coccotylus truncatus and found an exponential correlation between
R-phycoerythrin and allophycocyanin concentrations and collection depth. The contents
of phycoerythrin and phycocyanin were slightly higher and lower, respectively, for dried
commercial Porphyra spp. extracts in comparison to Spirulina spp. [168].
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2.3. Phenolics and Terpenoids

Phenolic compounds are secondary plant metabolites with a basic structure with one
or more aromatic rings, presenting one or more attached -OH groups. They are synthesized
as part of the defense mechanisms in plants. Phlorotannins are secondary metabolites
of phloroglucinol (1,3,5-trihydroxybenzene), are structurally less complex than terrestrial
tannins, and are found in polymerized structures with ether, phenyl or 1,4-dibenzodioxin
linkages [169,170].

Phlorotanins are increasingly considered for cosmeceutical applications, based on
their antioxidative [171-175], anti-allergic [27,176-179], anti-inflammatory [27,180,181],
tyrosinase inhibitory [182-186], and antidiabetic [175] activities. Skin protection against UV
irradiation was confirmed in mouse skin models [187,188]. Phlorotannins also attenuated
the expression of MMP-1 (an interstitial collagenase mainly responsible for the degradation
of dermal collagen in human skin aging process) [27,28,189]. Dioxinodehydroeckol from
Ecklonia cava proved to be an effective repair agent for skin damage against UVB [190]. On
the other hand, fucofuroeckol-A derived from the brown seaweed Ecklonia stolonifera Oka-
mura, exhibited protective activity against UVB radiation [191]; other studies also exhibited
similar results for eckol and dieckol [192,193]. A correlation between the antioxidant activ-
ity and the hyaluronidase inhibitory capacity with higher molecular weight phlorotannins
was observed [172], a behavior that was also observed in other works [194-196]. Some
properties of brown algal phlorotannins are summarized in Table 3.

Table 3. Examples of recent studies confirming the phlorotannin activities of interest for cosmeceutical products.

Compound Activity Seaweed References
s Preventive activity against .
Dioxinodehydroeckol UVB-induced apoptosis Ecklonia cava [190]
Dieckol Adipogenesis inhibitory effect Ecklonia cava [197]
Eckol Anti-inflammatory, anti-tyrosinase Eisenia bicyclis, Ecklonia stolonifera [192,193,198]
Eckol, 6,6'-bieckol, 8,8'-bieckol, . . ) .
dieckol, and phlorofucofuroeckol-A Antiallergic Ecklonia cava, E. stolonifera [179]
Fucofuroeckol-A Protective against UVB Ecklonia stolonifera Okamura [191]
Fuhalol Antioxidant Cystoseira compressa [175]
Fucophloroethol (isomer) Antioxidant Fucus vesiculosus [199]
Eckstolonol Antioxidant enzymat}c actlv1t1es of Ecklonia cava [200]
catalase and superoxide dismutase
Octaphlorethol A Antioxidative effects Ishige foliacea [201]
Hepatoprotective effect against o
Phlorofucofuroeckol A oxidative stress Eisenia bicyclis %31
Tyrosinase inhibitory activity Ecklonia stolonifera [182]
2-phloroeckol and 2-O-(2,4,6- . . L. .
trihydroxyphenyl)-6,60-bieckol Tyrosinase inhibitory activity Ecklonia cava [185]
Phlorofucofuroeckol B Antiallergic Eisenia arborea [202]

Phlorotannins

Antioxidant, anticoagulant,
antiinflammatory, antibacterial,
antiviral, antitumor; antidiabetic,
photoprotective

Brown algae, Ascophyllum nodosum,
Fucus serratus, Himanthalia elongata,
Halidrys siliquosa

[45,172,175,198,203,204]

Meroterpenoids exhibited antioxidant properties and can prevent skin photoaging
without the risk of cytotoxicity [205]. Other meroterpenoid derivatives have also shown
interesting properties in relation to protection from cell damage caused by UVA irra-
diation [206] and photodamage attenuation on irradiated cells [207]. In addition, the
hypopigmenting effect of meroterpenoids has been associated with brown algae [208].
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2.4. Lipids

Seaweed present a low lipidic content (usually under 5%), but they are highly un-
saturated and the w3:w-6 fatty acids ratio is highly favorable [73,209,210]. Among the
most abundant fatty acids are y-linolenic acid, arachidonic acid, eicosapentanoic acid,
and docosahexanoic acid, but other lipid types, such as sterols and phospholipids, are
also found [211,212]. The main sterols found are fucosterol, isofucosterol, and clionas-
terol [213,214]. Several biological properties have been associated with lipids [211,215].
Polyunsaturated fatty acids (PUFA) can benefit skin barrier protection and other bio-
logical functions can be enhanced; nutricosmetics could contribute an anti-obesity ef-
fect [211,216,217] and the regulation of inflammatory responses [25,218]. Being structural
components of cell membranes, sterols regulate membrane fluidity and permeability and
other properties, such as antioxidant, antiproliferative, and anti-photodamage, and anti-
inflammatory effects have been reported for fucosterol [28,188,219-221]. An effect against
the malarial parasite Plasmodium falciparum has been exhibited [222]. The viability of hu-
man keratinocytes irradiated with UVB was not affected when cells were incubated with
fucosterol, and a marked decrease in UV-irradiated MMPs and increased type-I procollagen
production were observed [28,206]; other authors obtained results consistent with these
observations [49,61]. Phospholipids, mainly made up of fatty acids containing a phos-
phate group and a simple organic molecule, have been reported to help with carotenoid
absorption [223]; in other work, authors showed a reduction of body weight and fat mass
in mice drinking water with lipid capsules prepared using phospholipids [224]. In ad-
dition, seaweed essential oil has been evaluated, and Rexliene and Sridhar reported the
antimicrobial and anti-dandruff properties of red seaweed Portieria hornemannii essential
oil [225]. Subsequently, an antibacterial film was created with a carrageenan biopolymer
blended with extracted seaweed essential oil, showing adequate bio-physical, mechani-
cal, and anti-microbial properties. Table 4 summarizes the biological activities associated
with lipids.

Table 4. Activities of seaweed lipids of interest in the formulation of cosmeceuticals.

Compound Activity Seaweed References

E-10-oxooctadec-8-enoic acid,
E-9-oxooctadec-10- enoic acid
Essential oil (tetradeconoic acid,
hexadecanoic acid, (9Z,
127)-9,12-octadecadienoic acid,
(9Z)-hexadec-9-enoic acid)

Anti-inflammatory Gracilaria verrucosa [226]

Antibacterial activity against Staphylococcus aureus and
Bacillus cereus Laminaria japonica [227]
Antioxidant: radical scavenging (DPPH, superoxide, ABTS)

Antioxidant: increased antioxidative enzymes (superoxide
dismutase, catalase, glutathione peroxidase)

Anti-photodamage: decreased UVB-induced MMPs and
Fucosterol increased procollagen Hizikia fusiformis [60,188]
Anti-inflammatory

Fucosterol Pelvetia siliquosa [219,228]

Phytosterol Antitumoral Commercial (Sigma) [229]

Lipidic profile Antioxidant, enzyme inhibition UZU{I rigida, anctlarfa SP .F”.C”S [211]
vesiculosus, Saccharina latissima

Unsaturated fatty acids Antioxidant Brown algae [230]

Fatty acid profiling Bioindicator of chemical stress Pterocladia capillacea, Sargassum [231]

hornschuchii, Ulva lactuca

2.5. Vitamins

Vitamins obtained from diet and through topical application are essential for many
functions of human skin. Supplementation is considered for protection against dehydra-
tion and premature aging of the skin, cosmetic prevention of damage by sun exposure,
regulation of the secretory activity of the sebaceous glands, and the preservation of the
anatomical integrity of adnexial structures [232]. Vitamins are popular ingredients in many
cosmeceuticals and skin care products. Vitamins A, C, E, K and vitamin complex B are the
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most important and clinically validated for skin photoaging prevention and treatment [233]
and the common vitamins in algae are vitamins A, B, C, and E [3,16,25,234].

Vitamin A or the retinol form shows antioxidant and antiwrinkle capacity [37,235,236]
and is topically used in cosmetics to reduce facial hyperpigmentation and fine wrin-
kles [237]. The concentration of vitamin complex B (By, By, B3 or niacine, Bg, By or folic acid,
B1p) is generally higher in green and red seaweeds [3,238]. Vitamin Bs active forms added
to skin care products include: niacinamide, nicotinic acid nicotinate esters. Niacinamide is
an antioxidant, reduces hyperpigmentation (also due to blue light-induced), and improves
aspects of the epidermis by reducing the trans-epidermal water loss [7,239]. Red algae and
other species are good sources of vitamin By, for vegetarians; this vitamin shows anti-aging
properties and is essential for hair and nail growth and health [25,240-242].

Vitamin C is used in the cosmeceutical industry as it is an L-ascorbic acid of which the
biologically active form is most known [236]. The red algae Ceramium rubrum and Porphyra
leucosticta show high vitamin C or ascorbate content. This vitamin, topically applied,
has antioxidant, detoxifying, antiviral, anti-inflammatory, antimicrobial, and anti-stress
effects, and can be used for enhancing tissue cell growth, repairing blood vessels, teeth,
and bones [7,243]. Many studies reported skin improvements in fine lines and reduction of
pigmentation and inflammation if present in an appropriate concentration in a cosmetic
formula [7,244]. Several works confer tyrosinase inhibition to vitamin C due to it interacting
with copper ions, which reduces melanogenesis [236].

Vitamin E («, &, & tocopherol), the most abundant fat-soluble vitamin of non-saponifiable
lipids in many algae, can be extracted from different green, red, or/and brown sea-
weeds [245], and is effective against UV damage, photoaging, and skin cancer when
is in a high concentration and in a non-esterified form [209,246]. Cosmetic formulations
usually include vitamin C since it regenerates oxidized vitamin E [7]. Vitamin K, found in
high concentrations in some seaweeds, has well-known blood clotting properties (wound,
bruises, marks, and scar healing) [247-249].

2.6. Minerals

Seaweeds have a high mineral content, about 8-40% [250-252], and this wide range is
dependent on seaweed phylum and species, seaweed oceanic residence time, geographical
locations, wave exposure, and seasonal and annual environmental factors [234]. Seaweeds
possess most of the mineral elements from the sea, and their content depends on the pH,
temperature, and the concentration of the minerals in seawater. Seaweeds have been
described as an ideal safe natural source of minerals. Inorganic ions play important
roles in different functions of the skin, whereas others can be considered dangerous as
a consequence of dermal exposure [253]. Table 5 shows the average mineral content in
different type of seaweeds.

Seaweeds contain a variety of mineral elements, macro-elements, and trace elements,
which are an excellent mineral source for cosmeceutical benefits for humans. Several
minerals (e.g., Ca, Fe, Mg, P, Na, Zn, Cu, and Se) are recognized as necessary for health
and well-being. All seaweeds contain high amounts of both macro minerals (Ca, Mg, Na,
K, and P) and trace elements (Fe, Zn, I, Cu, Se, and Mn) [234,250,255]. High potassium con-
tents were reported in red macroalgal Gracilaria species and the brown macroalgal species
Laminaria digitata; nevertheless, seaweeds have low Na/K ratios (<1.5) [250]. Caulerpa
veravelensis, Ulva lactuca, and Sargassum polycystum contain higher amounts of calcium.
Seaweeds have been described as a good source of iodine, which is present in several
chemical forms, and brown algae contains greater amounts, up to over 1% wet weight;
its accumulation in seaweed tissues could be 30,000 times its concentration in sea wa-
ter [254,255]. According to Pefialver and coauthors, seaweeds are a primary source of
iodine, allowing to achieve daily iodine requirements [234], as it is an essential element in
order to maintain thyroid function and health [234,251].

Polefka et al. summarized the scientific evidence available on the benefits and risks
of topical application of mineral salts [256]. Seaweeds are, in general, a better source of
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minerals than sea salts, because the proportion of minerals are closer to those in human
skin and body’s plasm and the penetration of nutrients is better [39]. Due to this high
affinity to human skin, mineral sea salts used in cosmetics are rapidly absorbed, and
refresh and replenish or hydrate the skin [39,257]. Several skin care and cosmetic products
contain various nutrients and minerals from seaweed, seawater, or sea mud, especially
for their therapeutic properties fir psoriasis and other skin-related disorders, and for their
beneficial effects on skin (they help to retain water for a longer time, restores skin pH, help
in blood circulation, acne repair, and prevention, and have anti-aging effects) [39,257,258].
Alves et al. reported that high concentrated forms of marine minerals and trace elements
provide a protective effect against UV radiation [259].

Table 5. Minimum and maximum values (g/100 g or mg/kg dry weight) for macro and micro
elements found in edible European macroalgae [234,254].

Element (Concentration) Brown Algae Green Algae Red Algae
Ca (%) 0.89-1.32 0.21-1.87 0.39-45.0
Mg (%) 0.22-1.2 0.12-2.8 0.20-167

P (%) 0.15-0.98 0.21-500 0.10-1.40

K (%) 3.8-11.5 1.1-8.1 0.33-10.2
Na (%) 13-7.1 0.52-8.9 1.1-4.3
S (%) 1.33-1.5 0.23-8.5 1.5-4.0

Cu (ppm) 1.1-11.0 1.6-12.1 <0.4-35.0

I (ppm) 0.20-500 20-1000 0.24-1200
Fe (ppm) 15.8-270 17.7-2890 16-1820
Mn (ppm) <1-52.7 <2-347 <1-748

Zn (ppm) 2.5-52.3 1.98-84 7.2-714.4

2.7. Pigments

Regarding the concentration of pigments, seaweeds are classified into three groups:
green (chlorophylls a, b and c), brown (carotenoids), and red (phycobilins as phycoerythrin).
In addition, free radical scavenging, inhibiting melanogenesis, and photoprotection are
some of the properties of these compounds that make them suitable for skin care [260].
Carotenoids are isoprenoid molecules produced by photosynthetic plants, fungi, and algae.
These lipophilic compounds can be chemically classified as carotenes, such as x-carotene,
[-carotene, and lycopene, and xanthophylls. Carotenoids are used as colors in foods and
as natural color enhancers, in the food, pharmaceutical, and cosmetic industries. Some
act as provitamin A, and recently they have attracted considerable interest due to their
antioxidant and anti-inflammatory properties [261]. 3-Carotene helps to counteract free
radicals involved in various diseases and premature aging [28]. In this context, the extracts
obtained from three brown seaweeds were assessed to study antioxidant capacities, where
fucoxanthin, violaxanthin, a-carotene, cyanidin-3-O-glucoside, and other carotenoid and
chlorophyll derivatives were also characterized. The results suggest that these compounds
are responsible for antioxidant properties [262].

Fucoxanthin is the main carotenoid in brown algae, this xanthophyll can counteract
oxidative stress caused by UV radiation [171] and suppresses tyrosinase activity in UVB-
irradiated guinea pig and melanogenesis in UVB-irradiated mice [27]; anti-melanogenic,
anti-aging and antioxidant activities were also associated with this compound [40]. Fucox-
anthin enhanced the fat burning rate of fat cells in adipose tissue and might be used to treat
obesity and reduce the risk of certain disorders, such as type 2 diabetes [26,28,261,263,264].
Some reported actions are summarized in Table 6.
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Table 6. Biological activities of algal pigments of interest in cosmeceuticals.

Extract/Compound Activity Seaweed Reference
97% fucoxanthin extract Antioxidant (DPPH scavenging capacity, reducing power) Himanthalia elongata [265]
Antioxidant, anti-melanogenesis Brown seaweeds [266,267]
Antiobesity Undaria pinnatifida [263]
Skin protective (antiphotodamage, anti-pigmentary, .
Fucoxanthin antiphotoaging, anti-wrinkling Sargassum siliquastrum [268]
Anti-inflammatory Muyagropsis myagroides [269]
Tyrosinase activity Laminaria japonica [266]
Photoprotective Undaria pinnatifida [270]
Antioxidant Sargassum fusiforme, [271]
Lutein Whitening; visual disorders and cognition diseases Rhodophyta spp. [28,272]

3. Technological Functions

According to their functions, cosmetic ingredients are classified as (i) additives;
(ii) stabilizing or excipient agents; and (iii) bioactive compounds, with real cosmetic func-
tions [28,35]. Algal components can be used as technical ingredients to improve texture,
color or stability of cosmetics, but also as bioactive agents, since they can confer a variety of
biological desirable actions, which are applicable in the manufacturing of cosmeceuticals
and skin care products [38,273]. Macroalgal components can be included in cosmetics
as thickening or gelling agents, antioxidant, and colorants, or as active ingredients in
hydrating, antiaging, skin-whitening, and pigmentation reduction products. These dual
potentialities are summarized in Figure 1.

Algal molecules
Polysaccharides Proteins, peptides and aminoacids
0GCo
Phenolics and terpenoids Lipids

Vitamins Minerals Pigments

Healthy activities

>

Antioxidant Antiaging Antimelanogenic

Antiallergic Antiwrinkle Antiinflamatory

Antiacne Antimicrobial Whitening

Technological functions

3 -' Antioxidant Antimicrobial
Sensorial properties Colouring Aroma
Agents Thickening Gelling Texturizing
@ Bioactive functions
Antioxidant Pore shrinking Antiaging
Mar]ne macroalgae (gf\ ? Photoprotection Antiinflamatory Skin whitening
. Antiperspirant Skin regeneration Moisturizing

Figure 1. Cosmeceutical potential of algae components.

The incorporation of seaweed components was successful in different physical forms,
and are commercially available in soaps, shampoos, sprays, hydrogels, or creams [274,275].
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Their efficiency and stability can be enhanced with suitable carrier systems or vesicles, such
as liposomes, nano/microparticles, emulsions, hydrogels, etc., designed to carry active
agents in commercial products to achieve promoted effects [276-278].

3.1. Antimicrobial Agents

The antimicrobial properties of seaweed components are well known, in particular
for food and pharmaceutical industries [279-281]. Extracts from macroalga have shown
antibacterial and antifungal activities, the most active components being terpenoids and
phlorotannins [27,281], which can avoid the side effects and allergic reactions associated
with synthetic drugs [282]. Extracts from brown and green seaweeds proved effective
against acne vulgaris [201,283], brown algal extracts against common skin pathogenic bacte-
ria, such as methicillin-resistant Staphylococcus aureus, Staphylococcus aureus and Staphylococ-
cus epidermidis [284-286], green algal extracts showed activity against oral bacteria [78,206],
and red algae are active against Staphylococcus and Candida sp. [28,287-290]. In order to
have products with a wider spectrum of protection, mixtures could be a valid approach.
Widowati et al. formulated a moisturizer cream with adequate color and odor, using an an-
tibacterial extract obtained from mixtures of Sargassum duplicatum, Sargassum echinocarpum,
and S. polycystum extracts, which inhibited the development of bacteria for a longer period
of time [291]. All seaweeds contained steroids, quinones, flavonoids, and alkaloids, and
saponins were only found in S. duplicatum.

3.2. Antioxidants

Since many cosmetic and cosmeceutical formulations contain a lipidic component,
they are highly susceptible to lipid peroxidation. The addition of antioxidants is needed to
protect from oxidative deterioration, which also maintains the sensorial properties of the
cosmetic products, in the context of appearance and odor. The contradictory data on the
safety of synthetic chemical antioxidants have incentivized the search and use of natural
compounds with antioxidant properties. Seaweeds represent an abundant and widespread
source of compounds with confirmed antiradical and reducing properties [173,284-286,292].
Furthermore, they showed the potential to protect and/or retard oxidation of cosmetic
products [20] and have a wide range of biological properties. The most efficient algal
compounds are phlorotannin-derived fractions, but peptides and polysaccharide fractions
also display reducing properties and antiradical capacity [97,293]; the phenolic compounds
found in red seaweed can also scavenge free radicals and also show other properties, such
as the inhibition of tyrosinase [294].

3.3. Sensorial Properties

The incorporation of different seaweed ingredients has to be evaluated in relation to
organoleptic, spreadability, and hedonic tests [295,296]. Seaweed can provide different
compounds with coloring compounds as an alternative to synthetic, mineral, and plant
dyes, and show lower allergenic properties. Among the major compounds with this
property are phycobilins and carotenoids, which cover a wide range of blue, yellow, orange,
and red colors [29], as well as other biologically interesting properties [264].

Aroma is a key feature in cosmetics and cosmeceuticals, and the potential of seaweeds
to produce terpenoids, carotenoids, fatty acid derivatives, and sulfur compounds is well
known [29,297].

3.4. Texturizing

Thickening, gelling, and texturizing agents are used to control viscoelasticity and to
form a cohesive internal structure in cosmetic products. Alginate, has been traditionally
used in the cosmetic industry as a stabilizer for emulsions and suspensions due to its high
stability, and for its thickening and gelling properties [56,57,171,298]. Later, authors indi-
cated that it could be used as a hydrogel for the encapsulation of bioactives, drug delivery
systems, and tissue engineering. The use of extreme pH values is not recommended and
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the concentration of polyvalent metal ions must be controlled in cosmetic formulations
using alginates by means of adding sequestrants to avoid altering the viscosity and al-
ginic acid precipitation [28,299]. Agar, a polysaccharide from red algae, can be applied
to control both the viscosity and emollience of cosmetic products. Dita et al. confirmed
that agar from Gracilaria sp. has a gelling agent capable of having a thickening effect on
certain products, such as liquid bath soap, as a cocamide DEA (diethanolamine) substi-
tute [300]. Carrageenans are commonly used in cosmetics as stabilizing, thickening, and
gelling agents due to their excellent properties, such as gel-forming ability and chemical
stability [27,30,58,301]. The rheological behavior of carrageenan and hybrid carrageenans
is temperature sensitive and also depends on the structure, sulfate content, or molecu-
lar weight [28,302,303]. Carrageenans can be degraded by carrageenases to produce a
number of even-numbered carrageenan oligosaccharides, which exhibit different attrac-
tive functions, such as anti-inflammation, anti-tumor, anticoagulation, or antithrombosis
effects [304].

Bagal-Kestwal et al. summarized the use of carrageenans (k, A, and t with sodium)
as binder and emulsion stabilizers, preventing constituent separation in toothpastes in a
recent comprehensive review [274]. In a previous work, these carrageenans were proposed
as bodying, emulsion stabilizer, thickeners, dispersion media for shampoos, body lotion,
and other cosmetic creams, and as an ingredient binder for personal lubricants [305].
Some comprehensive works [278,306] discussed the most recent breakthroughs in the
field of skin care and rejuvenation using cosmeceutical facial masks developed using
biopolymer-based hydrogels, which are commonly used for sensitive skins with cooling
and soothing effects. Tiwari and co-workers explained the potential of biopolymers in
the development of topical matrices (cream, ointment, and gel) employed as dosage
forms for burn treatments [298]. Later, authors detailed the potential of carrageenans
for drugs delivery or alginates for wound dressings due to their hemostatic potential.
Wasupalli et al. pointed out the ability of carrageenans to form unique thermoreversible
gels that are very useful to encapsulate active compounds in the cosmetic field [302].
Graham et al. corroborated the potential of thermoresponsive polymers, including agarose
or carrageenan, to be used in cosmetics [307]. Hu et al. proposed a simple method to
prepare hydrophilic—hydrophobic core—shell microparticles using seaweed polymers
(alginates, k-carrageenan, or agarose) with great prospective applications in the protection
of unstable compounds and delivery and controlled release of drugs or bioactives in
cosmetics [301].

4. Bioactive Functions
4.1. Moisturization

Moisturizer agents help to maintain skin appearance and elasticity, improving its
barrier role against harmful environmental factors [28]. Polysaccharides in cosmetics
are efficient at maintaining hydration, and algal extracts that are rich in polysaccharides
would be an alternative to hydroxy acids [38] and are also promising for their various
properties that are beneficial to skin, including antioxidant, anti-melanogenic, and skin
anti-aging properties [23,24,41]. Water:propylene glycol (1:1) extracts of Laminaria japonica
showed skin moisturizing properties in in vivo tests with human skin [28,308]. Wang et al.
reported that polysaccharides from this seaweed absorbed and retained more moisture
than polysaccharides from both the red algae Chondrus cripus, which provides hydrating,
moisturizing, and therapeutic effects, and from the green algae Codium tomentosum, which
can regulate water distribution in skin [28]. Agar is used as a moisturizer for skin and
hair [46]. Mineral-rich seaweed extracts may be found in skin moisturizing agents, facial
cleansing products, masks, make-up removers, bath additives, and in products to prevent
cellulites. Fatty acids, either in the diet or topically applied, are efficient at preventing
trans-epidermal water loss [37].
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4.2. Skin Whitening

Skin whitening, particularly demanded in Asia, is also desired to achieve fair and
flawless skin. Tyrosinase catalyzes two distinct significant reactions in melanin synthesis:
the hydroxylation of l-tyrosine to 3,4-dihydroxy-L-phenylalanine, which is oxidized to
dopaquinone, and further converted to melanin. Sun exposure increases the synthesis of
both tyrosinase and melanosomes. Different seaweed components can be active tyrosinase
inhibitors and are commonly proposed for skin whitening [27,192,193,309]; and brown
algal extracts are as effective as kojic acid [284-286,310,311]. Similarly, Park et al. reported
that P. yezoensis extracts could be proposed as a safe and effective agent to enhance skin
whitening and prevention or alleviation of skin wrinkle formation. The extracts exhibited
a significant decrease in tyrosinase activity, but was less marked than arbutin. However,
arbutin could have secondary undesirable effects, whereas these aqueous seaweed extracts
promoted collagen production and, in a study with 23 volunteers, they also enhanced skin
brightness [312].

Due to the variety of activities, different fractions of seaweeds have been combined to
achieve complementary actions, i.e., between phenolics and polysaccharides [313]. In addi-
tion, seaweed mixtures can be explored for their dermo-cosmetic potential [195,291,314,315],
i.e., a cream mask from a mixture of seaweeds showing antibacterial, cell proliferation,
moisture retention, and tyrosinase inhibitory activities, and also high spread and adhesive
abilities, being a nonirritant and safe [314]. In addition, combination with other marine
ingredients, such as nanomelanin from Halomonas venusta, isolated from a marine sponge
Callyspongia sp., incorporated in a cream fortified with concentrates of seaweed Gelidium
spinosum showed antioxidant, antimicrobial, and wound healing activity in addition to
improved texture [316].

4.3. UV Protection, Antioxidant and Antiaging

Skin aging, causing thinning, dryness, laxity, fragility, enlarged pores, fine lines, and
wrinkles, is a complex process of intrinsic and extrinsic aging. Intrinsic aging refers to
the natural degradation of the skin, whereas extrinsic aging results from reactive oxygen
species (ROS) generated during exposure to UV radiation [28]. Although the human body
possesses an endogenous antioxidant system able to block reactive oxygen species, under
conditions of oxidative stress, these defenses can be insufficient and may lead to free
radical cell damage to proteins, lipids, and DNA. ROS accumulation may be responsible for
photoaging complications, such as cutaneous inflammation, erythema, premature aging,
melanoma, and skin cancer [317]. UVB-induced decreased cell viability could be restored
by eckstolonol treatment through the enzymatic activities of catalase and superoxide dis-
mutase [200]. Ultraviolet B irradiation induces the production of matrix metalloproteinases,
and is structurally and functionally related to zinc endopeptidases, capable of digest-
ing extracellular matrix components, such as collagens, proteoglycans, fibronectin, and
laminin [64,90]. Sun-damaged skin shows significantly elevated levels of active gelatinases
than intrinsically aged skin, since prolonged exposure to UV radiation causes the enzymatic
breakage of collagen and elastin fibers, which are responsible for maintaining the elasticity
and integrity of skin [6]. Bioactive compounds derived from marine sources [29] and
from algae, especially phlorotannins, have potential anti-photoaging agents, preventing
UV-induced oxidative stress, and also inhibit the expressions of MMPs in human dermal
fibroblasts [27,176,318]. Riani et al. reported antioxidant and anti-collagenase activity of
a Sargassum plagyophyllum extract as active pharmaceutical ingredient for anti-wrinkle
cosmetics [319]. The potential of fucoxanthin was also confirmed, and its incorporation
was compatible with other components in homogeneous water creams [295].

Since these compounds are preferentially extracted in organic solvents, different exam-
ples of macerated extracts with potential photoprotective action can be found [4,204,320,321].
Since other compounds, such as mycosporine-like amino acids, sulfated polysaccharides,
carotenoids, and polyphenols, exhibit photoprotective action though a wide range of bio-
logical activities, including ultraviolet absorbing, antioxidant, matrix-metalloproteinase
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inhibitors and anti-aging activities, crude extracts with complex composition can be promis-
ing [322]. Gager et al. reported that the phlorotannin-enriched fractions, extracted by
maceration and further purified by a liquid-liquid extraction showed antioxidant and
photoprotective activities comparable to those of commercial molecules and the anti-aging
activity of the obtained fraction was higher than that of epigallocatechin gallate [204]. The
efficiency of mixtures of components has been described. Hameury et al. [323] confirmed
that an association of ingredients from marine origin revealed activity on the epidermis
and the dermis, by regulation of proteins involved in gene expression, cell survival and
metabolism, inflammatory processes, dermal extracellular matrix synthesis, melanogenesis
and keratinocyte proliferation, migration, and differentiation, thus helping to prevent the
visible signs of skin aging.

5. Patents

Seaweeds and their components have been claimed as functional, sensorial, and
biological agents in the formulation of cosmetics, cosmeceuticals, and nutricosmetics. Some
representative examples on their utilization in the formulation of products with different

claimed actions are summarized in Table 7.

Table 7. Examples of patents claiming the use of seaweed and seaweed components in cosmetic, cosmeceutical, and

nutricosmetics formulations to confer different properties.

Activity Applicant Company References
Functional and sensorial

Emiying e rnon seling 5o o Koo Kl G L himar B esknio 57
Film forming Kowa Techno Search Kk [328]

Improved water solub?lity and imparting Artnature Co. Ltd.; Kanebc? Ltd.; Koosee Klf; Kyoei Kagaku Kogyo Kk; Natura [329-333]

excellent feeling of use Cosmeticos Sa; Toyo Shinyaku Co. Ltd.;
Stabilization system Yantai New Era Health Industry Daily Chemical Co. Ltd. [334]
Biological
Givenchy Parfums; Hanbul Cosmetics Co. Ltd.; Hainan Hairun Biolog
Anti-aging and antistress Technology Co. Ltd. [335-339]
Shengfeng Yantai Agricultural Tech Co. Ltd.

Anti-inflammatory Explzn Inc; Yantai Yucheng Enterprise Man Consulting Co. Ltd. [340,341]
Antimicrobial Nippon Enu Yuu Esu Kk [342]

Antioxidant Gelyma; Jeollanamdo [343,344]
Antiperspirant, desodorant Japan Natural Lab Co. Ltd. [345]
Anti-wrinkle Mamachi Co. Ltd. [346]
Bood circulation Kowa Techno Search Kk [328]

Hair and scalp care and treatment, hair growth Clean Sea Co. Ltd.; Henkel Ag & Co Kgaa; Kose Corp; Nantong Snakebite [347-354]

Therapy Res Inst; Pinebio Co. Ltd.; Sako Kk; Shirako Co. Ltd.; Lion Corp

Moisturizing

Amazonebio Co. Ltd.; Clarins; Jingmen Nuoweiying
New Material Tech Co Ltd.; Kracie Home Products Ltd.;
Qingdao Better Biolog Science & Technology Co Ltd.

[308,355-358]

Qil control, acne prevention and removal of

Yantai New Era Health Ind Daily Chemical Co. Ltd.; Guangzhou
Yuanmeisheng Cosmetic Co. Ltd.; Shanghai Bonaquan Cosmetics Co. Ltd.;

acne marks Suzhou Cosmetic Materials Co. Ltd.; Tubio; Yantai New Era Health Ind Daily [359-363]
Chemical Co. Ltd.
Pore shrinking, cleaning and minimizing Foshan Aai Cosmetic Health Care Product Co. Ltd.; South China Sea Inst [364-366]

Oceanology; Rongding Guangdong Biotechnology Co. Ltd.; Kose Corp

Prevention and amelioration of aged and
rough skin

Anhui Shuanglu Flour Co. Ltd.; Dzintars As; Explzn Inc; Guangzhou Saliai
Stemcell Science & Technology Co. Ltd.; Kyoei Chemical Ind; Nox Bellcow Zs
Nonwoven Chemical Ltd.; Shanghai Bonaquan Cosmetics Co. Ltd.; Wuhu
Chuanshi Information Tech Co. Ltd.

[360,367-373]
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Table 7. Cont.

Activity Applicant Company References
Protecting from pollution Codif International Sa [374]
Safe melanin production and whitenning Ichimaru Pharcos Inc; Shenzhen Sanda Cosmetics Co. Ltd. [375,376]
Beihai Yuanlong Pearl Company Ltd.; Jeonnam Bioindustry Found; Hexie
Skin regeneration and epidermal cell repair Tech Co. Ltd.; Mokpo Marin Food Industry Res Center; Yantai New Era [334,377-379]
Health Industry Daily Chemical Co. Ltd.
Sunscreen and anti-sun tan Lg Household & Health Care Ltd.; Mikimoto Seiyaku Kk; Miin [380-382]
Weight-reduction and slimming Kanebo Ltd.; Sekisui Plastics [383,384]
Whitening Ichimaru Pharcos Inc; Lion Corp; Mikimoto Seiyaku Kk; [385-389]

World Costec Co. Ltd.

Mixed Effects, More Than One Of The Following Actions

Antiaging, anti-allergic, anti-inflammatory,
antioxidant, anti-wrinkle; cleaning,
moisturizing, repairing, sunscreen, whitenning

Amorepacific Corp; Baiyun Lianjia Fine Chemical Factory; Ecomine Co. Ltd.;
Foshan Chancheng Relakongjian Biotechnology Co. Ltd.; Guangdong Danz
Group Co. Ltd.; Guangzhou Baiyun Lianjia Fine Chemical Factory;
Guangzhou Keneng Cosmetic Res Co. Ltd.; Guangzhou Xibao Daily Chemical
Co. Ltd.; Hainan Shiboli Biotechnology Co. Ltd.; I12b Co. Ltd.; Jeollanamdo;
Kaiso Shigen Kenkyusho Kk; Pola Chem Ind Inc.

[344,390-398]

Seaweeds can be used either fresh or fermented [349,363,399], and are usually incor-
porated as extracts, but also a pure single compounds, such as P-334 and DP-334 from
Porphyra dentata [378], can be found. Both single species and seaweed mixtures have been
found [359,386,387,400]. In addition, seaweed extracts can be combined with extracts from
terrestrial plants, medicinal herbs, mushroom, microalgae, and fish [401-406], as well as
with conventional ingredients [332,350,351,407-410] or even gold [372]. These mixtures of
species and combination with other raw materials during manufacturing of cosmetics can
be adopted to generate synergistic effects [335,359,375,411].

A variety of formulations has been found, including liposomes [335] and nano-
liposome emulsions for improving the stability of extracts and its compatibility in the
cosmetic system, reaching a deep layer of skin and minimizing sensitization responses by
direct contact with epidemic cells [334]. Not only have creams been the object of patents,
but other specific products, such as masks [412], disposable glove-shaped hand films [357],
or mist compositions with fine particles that are widely dispersed when sprayed [413].

Seaweed fractions can confer functional properties or technical properties, such as
thickening [346] and emulsifying properties of the polysaccharides, alginate, agar, and
carrageenan [324], which also can impart water retention ability, conferring a smooth
or moist humectant feeling without imparting stickiness [325,329]. Particularly, in hair
cosmetics, they can provide a glossy and elastic feeling for hair and a moist feeling for the
scalp [333,350]. Sensorial properties, such as suppressing the stickiness or stiffness of hair,
facilitating hairdressing, the extensibility and spread on hair and producing a good feeling
in its use, which are desirable for these types of products [330]. Seaweed components can
also replace different additives, such as antimicrobials [342] or conventional ultraviolet ray
blockers [382].

Seaweed components are interesting in the formulation of different hygienic prod-
ucts, including deodorants, shampoos [330,349,414,415], and cleaning supplies [328,416],
especially water washing-free cleaning agents without surfactants. Other proposed for-
mulations of cosmetics were aimed at skin condition [417] and moisturizing [403,410] im-
provements. Cosmeceuticals containing seaweeds are non-irritants [376], and can perform
different functions, such as improving psoriasis and preventing skin problems, especially
atopic dermatitis [393], hyperpigmentation [375,401,402,408], acne [410], wrinkles [406],
and hair loss [351,401,402]. Many products formulated claims of a plurality of skin care ef-
fects, i.e., moisturizing, repair, and anti-aging [338,339,418] or melanin-formation inhibitory
action, alleviation of skin stains and freckles, amelioration of roughened and dry skins, and
conferring skins gloss and tension [387].
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A number of nutricosmetics have been designed to be used in common foods and
beverages to improve skin appearance and firmness [386,387], but also claim to improve
immunity, strengthening the body’s constitution and improving skin antioxidant capac-
ity [368], losing weight, and beautifying skin [419].

Other patents have claimed pollution-free, safe, sanitary, ecological, environmentally
friendly and energy-saving preparation processes [338,339,374,377,419] and also purifica-
tion and deodorization stages [380,419-423].

6. Conclusions and Future Trends

Cosmetics, cosmeceuticals, and nutricosmetics are daily-use products that are gaining
increasing commercial importance for improving the appearance of skin and for treating
various dermatologic conditions. Seaweeds are a source of valuable components for the
formulation of products due to the variety of functional, sensorial and biological properties
they can confer. A diverse group of biologically active compounds, including vitamins,
minerals, amino acids, carbohydrates, and lipids, can be extracted from seaweeds to
develop conventional and novel cosmeceutical products. The possibility of offering a vast
array of activities makes seaweeds a highly attractive renewable and versatile resource, and
the importance of extraction and purification processes should also be considered. Other
important aspects requiring study are in relation to greener extraction of bioactives, their
chemical and biological characterization, as well as stabilization and delivery into novel
products. As with other ingredients and applications, quality control and standardization
are required for the commercial use of seaweed bioactives.
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Abstract: Seaweeds are industrially exploited for obtaining pigments, polysaccharides, or phenolic
compounds with application in diverse fields. Nevertheless, their rich composition in fiber, minerals,
and proteins, has pointed them as a useful source of these components. Seaweed proteins are
nutritionally valuable and include several specific enzymes, glycoproteins, cell wall-attached proteins,
phycobiliproteins, lectins, or peptides. Extraction of seaweed proteins requires the application of
disruptive methods due to the heterogeneous cell wall composition of each macroalgae group.
Hence, non-protein molecules like phenolics or polysaccharides may also be co-extracted, affecting
the extraction yield. Therefore, depending on the macroalgae and target protein characteristics,
the sample pretreatment, extraction and purification techniques must be carefully chosen. Traditional
methods like solid-liquid or enzyme-assisted extraction (SLE or EAE) have proven successful.
However, alternative techniques as ultrasound- or microwave-assisted extraction (UAE or MAE)
can be more efficient. To obtain protein hydrolysates, these proteins are subjected to hydrolyzation
reactions, whether with proteases or physical or chemical treatments that disrupt the proteins
native folding. These hydrolysates and derived peptides are accounted for bioactive properties, like
antioxidant, anti-inflammatory, antimicrobial, or antihypertensive activities, which can be applied to
different sectors. In this work, current methods and challenges for protein extraction and purification
from seaweeds are addressed, focusing on their potential industrial applications in the food, cosmetic,
and pharmaceutical industries.

Keywords: seaweed; protein; extraction; bioactive peptides; industrial application

1. Introduction

Seaweeds are considered an important source of macronutrients, especially proteins
and lipids, and micronutrients, represented by vitamins and minerals, together with di-
etary fiber and other minoritarian constituents, as it is the case of polyphenols. This rich
variety of biomolecules turns macroalgae into a well appreciated resource for the extrac-
tion of natural ingredients aimed to the development of nutraceuticals, functional food,
cosmetics, pharmaceutical products, or animal feeding, among others [1]. Furthermore,
the estimated rise of the global population for 2050 is an international concern since it
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is expected a parallel increase of protein demand. In this sense, seaweed may stand for
a potential source of proteins [2]. Indeed, macroalgae have been reported to annually pro-
duce higher protein yield per surface area (2.5-7.5 annual tons per hectare) than terrestrial
plants (around 1 to 2 tons per hectare for soybean, legumes, or wheat) [3]. The protein
content in seaweeds is variable among red (Rhodophyta), brown (Ochrophyta), and green
(Chlorophyta) seaweeds. For instance, red seaweeds are considered the most prominent
source of proteins, with protein content representing between 19 and 44% of dry weight
(dw), while the green and brown ones exhibit lower protein amounts, around 20% or 10%
of dry weight, respectively [4]. These values are comparable and even slightly higher than
those of legumes (20-30%), cereals (10-15%), or nuts (20-30%) [5].

As previously reported, the protein concentration in algal sources depends on several
factors, including interspecific variations, geographical location, environmental conditions,
and seasonal variations [6]. The maximal protein contents have been described between
winter and the beginning of spring, while minimal levels were reported by summer
and early fall [7]. Besides, macroalgae, as it occurs with terrestrial plants, are highly
susceptible to the presence of different biotic and abiotic stress signals, which contribute to
the regulation of protein expression and the biosynthesis of specialized metabolites.

Regarding the variability of the protein profile of macroalgae, they show a rich source
of several types of seaweed protein (SP) and derivatives—such as peptides, enzymes,
glycoproteins, lectins, and mycosporine-like amino acids (MAAs), as well as phycobilipro-
teins, characteristic of red seaweeds [4]. Understanding the quality of proteins, in terms of
amino acid composition and digestibility, is a fundamental step facing their use for human
consumption. Thus, concerning amino acid composition, proteins of high quality are those
holding high proportions of essential amino acids (EAAs), due to the impossibility of being
synthesized by the human body. In the case of SP, the most abundant amino acids are
glycine, alanine, arginine, proline, glutamic, and aspartic acids, while tryptophan, cysteine
and lysine are present in a lower extent. The sum of aspartic and glutamic acids content
in macroalgae may stand for about 30% of the total amino acids (Table 1). Consequently,
the combination of macroalgae ingest with other protein-enriched foods is regarded as
an optimal approach for a high-quality intake of proteins [8]. On the other hand, protein
quality depends on their digestibility. Indeed, the higher proportion of poorly digestible
amino acids the lower nutritional value of SP. Besides, digestibility can be altered by dis-
tinct factors, such as the presence of anti-nutritional molecules like some polysaccharides
or tannin derivates, among others [3,8]. In recent years, scientific works have analyzed
both the amino acids profile and the digestibility of macroalgal proteins to accurately
predict their nutritional quality (Table 1). In general terms, algal proteins display a rich free
amino acid profile and remarkable digestibility rates, mostly higher than 70% and thus,
comparable to those of grains (69-84%), legumes (72-92%), fruits (72-92%), and vegetables
(68-80%) [3].

Therefore, macroalgae stand for a sustainable source of proteins that can be applied as
ingredients for human and animal consumption. In fact, ssaweed have been consumed
since ancient times, mostly in Asian countries, and nowadays, they may be used for
fortifying food or feed matrixes either with low protein content or poor amino acidic
profile. They can be also used as natural food preservatives or additives to improve
the organoleptic properties of food products while minimizing the side effects associated to
their synthetic analogues [9]. Indeed, food grade phycobiliproteins are generally recognized
as safe (GRAS), which point them as target compounds for their direct application in
food industry.
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Table 1. Average protein content, essential amino acidic composition, and digestibility of few representative sea-

weed sources.

. Protein EAA Composition EAA . .
Species (% dw) (% TAA) (% prot) Digestibility Reference
Rhodophyta
R13,H02,K16,T1.7,123,L19,V31,M0.2,
Gracilaria gracilis 31-45% F17,C04,P10,A19,Y13,D26,E24,G11, 14% 68% (in vivo) [8,10]
S1.6
T41,V54,M20,143,L72,K57,F47, W09,
Palmaria palmata 55% H17,562,Q+E149,P79,G5.8, A88,C25 36% 56% (pancreatin) [8,11]
D+N9.7,Y27 R56
D85,T53,549,E102,G5.1,A62,V52,133, 57% (pepsin),
Porphyra sp. 31% L59,Y34,F35H26,K52,R59,P36,C13, 51% 56% (pancreatin), [8,12]
M1.8,WO0.7 78% (pronase)
Clorophyta
Cladophora A55R65N153,E153,G6.7, H14,13.6,L
po 12% 7.0, K74,M18,F45,P57,543,T51,Y43, 13.9% N.A. [13]
rupestris
V538
. . o D08,E11,505H0.1,G0.5 T0.6,R04,A0.6, o
Codium fragile 11% Y04,V 14,M09,C01,104,L07, F05L05 5.4% N.A. [14]
17% (pepsin),
o D15E15508 H0.1,G0.8,T0.8R0.5 A11, o o :
Ulva sp. 27% Y04, V03, M07,105,L 1.0, F12,K 0.7 12% 67% (pancreatin), [8,15]
95% (pronase)
Ochrophyta
A 6.8 R44,N14.0,E159%,G5.8 H17,140,L
Fucus serratus 4% 6.8,K55M19,F50,P4.0,556,T55,Y3.7, 4.6% N.A. [13]
V5.6
Sareassum D9.1,T4.1,556,E18.7, G4.8, A4.3,V 49,140,
fus?fm’mis 12% L6.7,Y28 F46,H26,K31,R45,P38,C09, 10.9% N.A. [12]
M1l6, W04
Undaria D87,T44,540,E145 G5.1,A47,V52,141, 24% (pepsin),
pinnatifida 19.8% L74,Y29,F47,H25XK56,R52,P3.6,C09, 35.5% 48% (pancreatin), [8,12]

M1.7,WO0.7 87% (pronase)

Abbreviations: dw: Dry weight, N.A: Not analyzed, prot: Protein, EAA: Essential amino acids, TAA: Total amino acids.

For instance, phycobiliproteins from Neoporphyra haitanensis (formerly Porphyra hai-
tanensis) were investigated for their further inclusion in liposome-meat systems. They
have a high EAA content (43%) and significant antioxidant capacity, able to reduce lipid
peroxidation [16]. In the same way, SP have been involved in the development of func-
tional products, as reported for the protein hydrolysates from Palmaria palmata, which were
incorporated into bread to keep its renin inhibitory activity after baking, thus preserving
its cardiovascular protective properties. Hence, the fortification of commonly consumed
products makes SP excellent carriers of bioactive compounds, showing a wide range of
health benefits [17].

In this sense, several biological activities have been associated to SP, hydrolysates, or
peptides that are of great interest for other industrial sectors, such as pharmacology or
cosmetics. SP can be found inside cell cytoplasm and/or attached to macroalgae cell wall
polysaccharides (e.g., ulvan, alginate, carrageenan ... ) forming diverse complexes. These
polymers are mostly composed of glucans of different nature depending on the species, and
preeminently xylan-based polysaccharides, which are highly resistant to hydrolysis [18].
Hence, disrupting these cell wall polysaccharides is an essential process that must be
conducted to obtain and further process SP. To obtain SP hydrolysates, these proteins must
be degraded either by physical (energy) or chemical methods (e.g., endoproteases, pH-
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induced degradation). For example, P. palmata, was used to obtain a protein hydrolysate
with the ability of improving glycemia and insulin production when assessed in vivo, as
the specific Alcalase/Flavourzyme protein hydrolysate enhanced the glucose tolerance and
satiety. Thus, these P. palmata protein hydrolysates were suggested as potential molecules
for managing two chronic diseases with a worldwide increasing prevalence: obesity and
type-2 diabetes mellitus [19]. Another work based on proteins extracted from the same
species proved their antiproliferative capacity against five human cancer cell lines derived
from breast (MCF-7), liver (HepG-2), gastric (SGC-7901), lung (A549), and colon cancers
(HT-29), with half inhibitory concentrations (ICs) ranging between 192 and 317 ug/mL [20].
In the field of cosmetics, MAAs are of great interest for the formulation of sunscreens,
thanks to their low molecular weight, hydrosolubility, and chemical stability towards light
and heat. Arginine, which can be found at higher concentrations in Palmaria and Porphyra
species, is also a highly appreciated amino acid in cosmetics for being a precursor of urea,
a widely used cosmetic ingredient [21].

Therefore, macroalgae represent a sustainable and natural source of high-quality
proteins and protein-derived molecules. Their multiple applications as food, nutraceutical
or drug ingredients revealed them as cost-effective and profitable molecules for their
use in various industries. Moreover, SP hydrolysates have displayed increased bioactive
properties in comparison to whole proteins. Herein, available methods of SP extraction,
purification, and hydrolysate production will be discussed in the following sections.

2. Extraction Technologies

Prior to hydrolysate or peptide production, SP must be released and isolated from
the rest of biomass components, which requires disruption of the seaweed cell wall polysac-
charides. This implies that macroalgae biomass must be subjected to a pretreatment stage
prior extraction, involving different disruptive techniques, that would aid to improve
the extraction yield. A combinatorial approach including a coordinate pretreatment and
extraction technique increases protein recovery [22]. Pretreatment methods aim at breaking
cell walls to release the intracellular fraction of biological samples, including free and cell
wall-attached proteins, depending on the system of choice. Extensively used pretreat-
ment methods thus include mechanical grinding, osmotic shock (OS), alkaline treatment,
freeze-thaw, or ultrasonic sonication [4]. Since seaweeds are marine organisms, they are
susceptible to strong osmotic pressures, and their cell walls may be broken by allowing
the seaweed biomass to be transferred into hypotonic solutions. This may be achieved
using ultrapure or de-ionized water to induce OS [23]. In the same manner, a combina-
tion of sonication and OS has been proven to increase SP yield and extractability [24].
Nonetheless, one of the most valuable pretreatment methods involves the application of
glucanases to the extraction mix to maximize SP yield [25]. Using fresh, dried or freeze-
dried seaweed samples may also influence the resulting SP yield, although yield variations
are not significant. Drying tests on several Sargassum species revealed that freeze-dried
seaweeds subjected to classical SLE yielded slightly more extractable protein in comparison
to oven-dried [26]. However, Angell et al. found out that using fresh pulped Ulva ohnoi
blades yielded as much as by two-fold the extractable proteins, applying the same SLE
method, but following a sample management closer to that of terrestrial plants [27]. In
the same manner, heat treatment exerts a differential effect on SP extractability depending
on the algal biomass. For example, in the study carried out by O’ Connor et al., autoclave
treatment (>121 °C) resulted in higher SP yields for P. palmata but not for F. vesiculosus or
Alaria esculenta [24]. In summary, diverse pretreatment and extraction options must be
specifically studied and assessed for each seaweed species, reaching meaningful rates of
SP yield, stability, or digestibility.

Extraction methods currently available for protein extraction include solid-liquid ex-
traction (SLE), enzyme-assisted extraction (EAE), pulse-electric field (PEF), high hydrostatic
pressure extraction (HHPE), ultrasound-assisted extraction (UAE), and microwave-assisted
extraction (MAE). In general terms, solubilization is a paramount factor that modulates
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protein extraction, which depends on different physicochemical conditions. In fact, proteins
can be extracted by their solubilization at different pH values, involving the sequential use
of differently buffered solutions. Nevertheless, proteins are generally co-extracted with
other interferents, such as sugar or phenolic compounds [25,28], forcing the application of
protein precipitation to achieve the isolation and purification of the extracted SP. Moreover,
except for EAE, extraction methods promote an unspecific protein hydrolysis, which is also
accompanied by the liberation of intracellular proteases from cell walls that may further
degrade protein structures. Protein integrity is also affected by the precipitation method of
choice, aimed at reaching the protein isoelectric point (IP) by acidifying the medium pH
and causing the ‘salting-out’ effect, improving protein solubility using salts like ammonium
sulphate, (NHy)>5O4 [29]. Yet, protein stability is not a top priority feature for hydrolysate
production. Thereafter, more disruptive methods may be used to that aim, such as MAE,
PFE, or UAE.

2.1. Solid—Liquid Extraction

SLE is the most traditional method used for SP extraction, involving the use of dif-
ferent solvents, such as distilled water, buffered solutions, and lysis surfactant-containing
solutions [30]. Nonetheless, about food applications, the use of either non-toxic or easy-to-
remove reagents must be employed for SP extraction. Thus, demineralized and de-ionized
water are the most extensively used solvents for the application of SLE methods, as they
lead to performance of OS, helping protein extraction in a cost-effective and easy man-
ner [31]. However, this method should be optimized to improve its efficiency, modulating
different factors, such as the algal biomass/solvent ratio (w:v), temperature, or time.

Temperature is a key parameter in SP extraction, as it influences protein integrity,
enzymatic activity, and solubility of other cellular constituents, such as cell wall polysaccha-
rides [24]. Indeed, hot water has been classically selected to extract algal polysaccharides
by SLE, also promoting the co-extraction of proteins. Therefore, SP aqueous extraction
requires low temperatures (around 4 °C) to ensure protein integrity, whereas higher tem-
peratures can be applied for protein hydrolysate production, thus involving heat-assisted
extraction (HAE) or a combination with enzymatic pretreatments [32]. Due to the heteroge-
neous protein composition of algal extracts, SLE procedures are generally based on two
sequential extraction procedures to meet the solubility requirements of different acidic
and alkaline proteins, which includes an initial OS stage followed by the application of
an alkaline NaOH solution [16,27]. The process is considered food-grade, as NaOH is
used for protein extraction from various food matrices [28]. A reducing agent, normally
2-mercaptoethanol, is usually added to the alkaline solution to minimize potential protein
degradation, although it has been reported as a toxic compound and has been increasingly
replaced by N-acetyl-L-cysteine (NAC) for food purposes [22]. That shift on pH extraction
has shown beneficial results on protein extraction, obtaining enhanced extraction yields,
as it was seen on the combination of acidic SLE followed by alkaline SP extraction from
Ascophyllum nodosum [33]. Moreover, the application of pH-shift combined with IP precipi-
tation, reaching pH values between 2 and 4 ensures a maximum yield with this extraction
method [29]. Combining these methods, a 14% protein yield (w/w) was obtained from
Porphyra dioica [34]. Besides the combination of OS and an SLE extraction of alkaline-soluble
proteins with NaOH, the use of a lysis solution holding urea, detergent and other reactants,
allowed for extracting 11.8% (w/w) of protein from Ulva sp. [31]. While SP extraction
yields by SLE may be near the total protein content of seaweed species, it is also a very
time-consuming method [32].

2.2. Enzyme-Assisted Extraction

EAE is one of the most studied techniques used to disrupt macroalgal cell walls.
The application of targeted polysaccharide-digesting enzymes, such as cellulases, hemi-
cellulases, 3-glucanases, and xylanases has been described as a food-grade approach to
breakdown the macroalgae cell wall. Thus, commercial enzyme cocktails have been proven
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to be successful for this purpose [25]. However, seaweed cell wall composition can vary
among phyla and species and, therefore, a right choice of carbohydrase(s), together with
the optimization of operating conditions (enzyme:substrate ratio (E:S), temperature, pH) of
individual enzymes or cocktails must be proved prior to large-scale extraction to maximize
protein recovery. In general, EAE has been mostly studied on red and green seaweeds, be-
cause of their simpler composition with respect to brown seaweeds. A greater protein yield
has been reported on Solieria chordalis, Ulva sp. and Sargassum muticum seaweeds when
using EAE and traditional SLE [35]. In accordance with a study comparing EAE using cellu-
lase, hemicellulose, and a mixture of both to P. palmata and S. chordalis while testing HHPE,
showed that cellulase alone was generally more effective and further enhanced SP yield in
combination with HHPE [36]. In other study, the use of cellulase-assisted extraction (using
commercially available CellicCTec3®) on brown and red seaweeds, Macrocystis pyrifera and
Chondracanthus chamissoi, led to significantly higher protein yields compared to SLE, 36.10%
and 74.60% respectively (Table 2), as a result of the optimization of the extraction process
through a central composite experimental design [37]. Other authors reported that a higher
yield of alkaline soluble protein was recovered from P. palmata following treatment with
a combination of commercial glucanase cocktails (Shearzyme and Celluclast) [22]. This
resulted in a total protein recovery of 8.39% when compared to that obtained following
OS and mechanical shear (6.77% and 6.92%, respectively). Therefore, EAE employing
glucanases may achieve high protein yield, although the co-extraction of other components
(i.e., phenolics) may also occur [25].

Table 2. Source, protein yield, pre-treatment, extraction, and purification methods described. Protein yields are indicated as

% of algal biomass dw.

. Precipitation Yield
Source Pretreatment Extraction Method and Purification (% dw) Reference
Rhodophyta
Freeze-dried
OS, (1: 20),16 h,4°C //
EPr, Celluclast + SLE ak, 0.12 M NaOH + 0.1 mg/L  Pr: IP, pH 4, IN 11.57% [22]
Shearzyme (E:S NAGC, 1h,25°C HCl e
4.8 x 103U/100 g), pH 5,
. 24 h, 40 °C
Palmaria
palmata EAE (E:S 0.5) Celluclast 0.2% +
. Alcalase 0.2%, pH 4.5, 14 h, 50 °C Pr: IP, pH 3, 5M o
Freeze dried // SLE ak, 0.1 M NaOH + 1 g/L HCl 13.7% 28]
NAC, 1.5h,25°C
Dried, milled EAE-HHPE, Hemicellulase (E:S
Hydrated (6%) Tris-HCl, 0.05), pH 4.5, 400 MPa, 20 min - 6.3% [36]
pH5,16h,4°C 40 °C
Dried, milled EAE-HHPE, Hemicellulase (E:S
Soliera chordalis Hydrated (6%) Tris-HCl, 0.05), pH 4.5, 400 MPa, 20 min, - 3.4% [36]
pH5,16h,4°C 40 °C
.. Freeze dried o Pr: IP, pH 4.5 IM o
Porphyra dioica 08, (1: 20), 16 h, 4 °C SLE ak, NaOH 0.12M, 1 h, 25 °C HCl 14.28% [34]
Neoporphyra . UAE ak, 400 W, 40 kHz, 0.01% Pr: (NH,),SOy, o
haitanensis Freeze dried NaOH, 20 min, 35 °C 40%, 4 h, 4°C 3.8% (381
Pr: (NH4)2504,
Freeze dried UAE, 4W (1:20),42Hz, 1 h, 4 °C 80%,1h,4°C ~6.7%
Chondrus Pu: DI, 3.5 kDa
} [24]
crispuis

Freeze dried

Pu: Filtered,
100 pm nylon ~3.1%
bag

HHPE, 4W (1:20) 600 MPa, 4 min,
4°C
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Table 2. Cont.

. Precipitation Yield
Source Pretreatment Extraction Method and Purification (% dw) Reference
Condracanthus 0 l(l)\/‘[]T\ITIanX}gb(z(f)fercLH EAE Cellic CTec3 (E:S 0.1, Pr: Cold acetone 6.35% [37]
chamissoi 45,10 min, 50 °C 1.64 U/mg), pH 4.5, 16 h, 50 °C (1:4),2h
Clorophyta
Pu: Filtered
) . UAE ak (2x), (1:10), IM NaOH,  (0.45 um) // DI,
Oven ?rllei(?glnc i{ freeze sonication (Hz non specified), 2 h, 2kDa // IEC, 5.4% [39]
ed, € 25°C Tris buffer, pH
9.5 // DI2kDa
Uloa sp. SLE (1:20), lysis solution (8 M Pu: DI 6-8 kDa
Freeze dried, milled urea, 2% Tween, 1% PVP, 30 mM : 40 é 16h ! 11.88% [31]
DTT), 16 h, 4 °C ’
PFE aq, 4W, 50 kV, 50 pulses, Pr: DI, o
Untreated 0.5Hz, 34 K] // Mechanical press 100-500 kDa 7% 23]
) . ) SLE aq, gW (1: 20),16h,30°C //  Pr: TP, pH 2.25, .
Oven dried (55 °C), milled g} ¢ \1'NaOH, pH 12,30°C, 2h  10% o/0 HCI 12.28%
SLE aq, gW (1:20), 16 h, 30 °C // [27]
. Filtration (100 um) // SLE 1M Pr: IP, pH 2.25, o
Ulva ohno Fresh, pulped NaOH, pH 12,30 °C, 2h // 10% 0/ HCI 17.13%
Filtration (100 pum)
OS (1:10), 30 min, 40 °C // . . o Pr: IP, pH 2.25, o
0.05M HCL, 1 h, 85 °C MAE aq, ¢W (1:34), 5 min., 123 °C 10% /v HCI 11.3% [40]
Oven dried (60 °C), milled  SLE ak, IM NaOH, pH 12 + 05% (NH4);SO,
Ulva compressa 0S (1: 20), 16 h, 35 °C 5. toethanol. 2 h. 25 °C 80% 6.48% [41]
i ’ mercaptoethanol, = h, Pu: DI (kDa n.s.)
Ochrophyta
Ascophyllum Oven dried (40 °C) SLE ak (1:15) 0.4M NaOH 1 h, 4°C Pu: HPSEC,
m’;o Syu " UPr, 4W (1: 20), 750 W, // SLE ac (1:15) 0.4M HCl 1 h, 150-300 A, 4.23% [33]
20kHz, 10 min, 4 °C 4°C 15 min, 40 °C
Pu: Filtered
. . . HAE aq Autoclave, 4W (1:20), ! 549
Alaria esculenta Freeze dried, milled 0.101 MPa, 2 x 15 min, 124 °C 100 ur;argnushn 2.4% [24]
Sargassum Freeze dried SLE ak, 1M NaOH, pH 12 + 0.5% Pr: (1\;1;;)2504 8.9 [26]
patens 0OS, (1:20), 16 h, 35 °C 2-mercaptoethanol, 2 h, 25 °C Pu: DI (kDa n.s.)
Macrocystis 0 1?\/‘[,?:5:3}:)(3?%5) H EAE Cellic CTec3 (E:S 0.1, Pr: Cold acetone 739 [37]
pyrifera ' 45,10 min, 50 OC’p 1.64 U/mg), pH4.5,16 h, 50 °C (1:4),2h T
Pu: HPLC,
Undaria Develosil ODS-5
innatifida Dried, powdered SLE aq, ¢W (1:3), 20 min, 93 °C column, 25% 12% [42]
p CH;CN + 0.05%
CF;COOH
R Pr: (NH4)2504,
F,“CI“S Freeze dried, milled UAEaq, dwfo‘zco)' 42Hz, 1h,  gh0. 1 h4°C ~1.8% [24]
vesiculosus Pu: DI 3.5 kDa

Abbreviations: OS: Osmotic shock, EPr: Enzymatic pretreatment, Upr: Ultrasonic treatment, //: sequential procedures, SLE: Solid-liquid
extraction, aq: Aquose, ak: Alkaline, ac: Acid, Pr: Precipitation, Pu: Purification, §W: Deionized water, DI: Dialysis, NAC: N-acetyl-
L-cysteine, EAE: Enzyme-assisted extraction, UAE: Ultrasound-assisted extraction, HHPE: High hydrostatic pressure extraction, PEF:
Pulse-electric field, PBS: Sodium phosphate buffer, PVP: polyvinyl propylene, DTT: dithiothretol, IEC: Ionic exchange chromatography,
HPSEC: High performance size exclusion chromatography, IP: Isoelectric precipitation. n.s.: Not stated.
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Besides glucanases, proteases are also used in EAE of SP, to achieve the release of
proteins, peptides, and amino acids present in the supernatant of extracted samples [28].

2.3. Pulse-Electric Field Assisted Extraction

The use of electric pulses to break cell membranes and walls down has been growingly
investigated to aid biomolecules’ extraction. The application of PEFs can help in protein
extraction from macroalgae by generating high voltage (kV) electric pulses of different
length, ranging between micro and milliseconds, which result in reversible or irreversible
electroporation of cell wall and membrane [43]. PEF is considered as a rapid and effective
green technology that should cope with the own limitations, since conductivity and elec-
trode gap may limit the widespread application of PEF at a larger scale [44]. PEF has been
extensively applied to improve protein extraction from green seaweed species. For exam-
ple, protein extraction from Ulva sp. was optimized using OS combined with PEF followed
by hydraulic press treatment, increased protein extraction from 2.25% to 5.38% (w/v) [45].
Similar protein yields were reported in the same genus when using PEF combined with
hydraulic pressure. Another study reported the application of PEF with a custom-made in-
sulated gate bipolar transistor-pulsed generator coupled with a gravitation press-electrode
to aid protein extraction from U. ohnoi, improving protein yield from 3.16% to 14.94% [23].
PEF coupled with mechanical pressing was employed for protein extraction from Ulva sp.
An optimized protocol resulted in a seven-fold increase in total protein yield (~20% protein
in the extract) when compared to an extract obtained using an OS [23]. Moreover, PEF has
been regarded as a workable method for SP extraction and simultaneous hydrolyzation,
as extracted proteins by this method display higher antioxidant activity than non-PFE
extracted ones.

2.4. High Hydrostatyc Pressure Extraction

High hydrostatic pressure (HHP) improves extraction efficiency because of the ap-
plication of pressurized conditions (up to 1000 bar) to induce cellular disruption [43].
Factors affecting HHPE efficiency include the choice of solvent along with the operating
pressure, temperature, and duration. HHPE is considered as an effective green extraction
technology due to its short processing time, mild operating temperature, and high recovery
yields. Therefore, this technique may be suitable for heat sensitive compounds, although
pressure-induced conformation changes/denaturation of proteins may need to be taken
into consideration. The application of HHP (600 MPa for 4 min) to aid protein extrac-
tion from two brown seaweeds, F. vesiculosus and Alaria esculenta, and two red seaweeds,
P. palmata and C. crispus was investigated [24]. HHP treatment appeared to be the most
effective for protein extraction from F. vesiculosus (23.70% of total protein). On the con-
trary, autoclave treatment yielded higher protein content (21.50%) than the HHP treatment
(14.90%) in the case of P. palmata [24]. However, in the case of S. chordalis, HPP treatment
(400 MPa for 20 min) only resulted in a 2.60% increase in protein yield [24]. The use of
HHPE in combination with other extraction techniques has also been investigated, par-
ticularly HHP-assisted enzyme extraction. Interestingly, it has been reported that lower
temperatures and higher pressures could yield lower proportion of undesirable artifacts,
such as polyphenols, and higher protein yields [36]. HHP treatment (400 MPa for 20 min)
alone did not increase protein yield from dried ground P. palmata, while HHP-assisted
hydrolysis with cellulase and hemicellulase resulted in a 17% increase in protein yield
compared to the control. Managing extraction parameters to lower polyphenol extrac-
tion would contribute to the optimization and enhancement of SP yield, although further
research is still needed to assess HHPE as a workable, specific SP extraction method.

2.5. Ultrasound-Assisted Extraction

The use of UAE whether as sonication pretreatment or central component of the ex-
traction process has gained significant interest in maximizing algal protein extraction. This
technique cause cell wall breakdown by the acoustic cavitation phenomenon, in which
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the implosion of air bubbles results in the generation of a potent mechanical energy that
disrupts the cell wall [46]. The main advantages of this extraction method are its short
processing time, the independence of temperature and the use of water as the solvent
of choice, which also plays a meaningful factor in the case of algal samples, thanks to
their susceptibility to OS [39]. However, the application of high ultrasound power for
extended periods of time can lead to an excessive heat production that may significantly
alter protein structure. UAE can be used simultaneously with other techniques, such as
OS and EAE. These integrated approaches have led to increasing protein extraction yields.
Combination of UAE and EAE with a cellulase cocktail promoted a significantly higher
phycobiliprotein yield from the red seaweed Grateloupia turuturu, compared to treatment
with EAE alone [32] (Table 2). UAE using NaOH as solvent allowed for obtaining a 3.4%
protein yield (w/w) from the red seaweed N. haitanensis in just 20 min of sonication at
room temperature [38]. In addition, O” Connor et al. proved that sonication combined with
ammonium sulfate precipitation resulted in the highest protein recovery from F. vesiculosus
and Chondrus crispus, with yields of 35.1% and 35.5% of total protein, respectively [24]
(Table 2). This was compared to other approaches, like HHPE or laboratory autoclave
treatment that yielded protein recoveries ranging from 16.1% to 24.3% out of total protein.
Application of UAE as a food-grade extraction protocol at a larger scale has been previously
proved in the protein extraction from Ulva sp. and Gracilaria sp., allowing to recover 70%
and 86% of total proteins, respectively [39] (Table 2).

2.6. Microwave-Assisted Extraction

During the application of MAE, microwave energy is converted into heat by ion con-
duction and dipole rotation, and non-polar compounds are not heated [43]. Therefore, MAE
may not be suitable for the extraction of heat-sensitive bioactive compounds. Although it
has been recognized as an efficient low-energy extraction approach, MAE has to date been
more widely used to extract carbohydrate or phenolic compounds rather than bioactive
proteins/peptides from seaweed samples [40]. Microwave-derived heating and ionization
can promote the release of intracellular components from the matrix into the extracting
solution, partly because of the damage effect of microwave on cell wall and cell membrane.
Because of the high ash content of edible seaweeds contributing to ionic conduction, MAE
constitutes a powerful technique to be applied to macroalgae protein extraction. Compared
with conventional extraction, MAE shortens extraction time and reduces solvent consump-
tion, as reported for the application of acid/alkali SLE and MAE to U. ohnoi, where MAE
achieved higher SP yield (23% dw) after 20 min, while SLE extraction required at least 24 h
to yield a significant amount of protein from seaweeds [22] (Table 2). Most importantly,
although SLE reached higher yields, in this study MAE was conducted in just 5 min and
only with the aqueous SP fraction [40]. In summary, although MAE efficiency was reported
to be lower than SLE in terms of SP yield, processing times can be reduced saving energy
consumption and thus improving the efficiency of this technique [47].

3. Protein Purification

After extraction, SP should be purified to drop other co-extracted components, rep-
resented by polysaccharides, minerals, and phenolic compounds. Protein purification
methods are based on molecular charge and size differences, and the most extensively used
methods are ultrafiltration (UF), ionic-exchange chromatography (IEC), and dialysis.

3.1. Ultrafiltration

UF is an important and widespread purification technique developed by membrane
filtration and based on the separation of biological molecules according to their molecular
mass [48,49]. The method is suitable for purifying proteins from low-mass contaminating
molecules and can be used to concentrate protein solutions at the same time (Figure 1). UF
membranes must supply great separation ability, high flux value, and good mechanical
and chemical properties. The membrane carrier must be chemically inert with excellent
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mechanical properties. The device should provide an easy way to remove the deposited
layer as well as easy washing and sanitation of the membrane [50]. By the action of pressure
force, solvents and molecules of low molecular weight pass through the membrane, while
larger molecules stay trapped. If finer separation is needed, the UF method needs to be
coupled to more selective methods, such as chromatography or electrophoresis [48,51].

Diverse-charge
protein mixture

. Anionic Dialysis
poly bag
beads
Filtrate «— Exterior
buffer

- Contaminant
Semi permeable

5 e o

Ultrafiltration lonic-Exchange chromatograph Dialysis

Figure 1. Depiction of ultrafiltration, ionic exchange chromatography and dialysis in protein purification.

3.2. Ionic-Exchange Chromatography

Regarding its use on SP purification, this method is more extensively used in SP
hydrolysates fractionation. Therefore, use of UF allows separating very low-molecular
weight compounds from the extracted matrix and is especially useful for purifying BAPs
after enzymatic hydrolysis of SP. Indeed, different studies used UF membranes of <1 kDa
molecular weight for purifying an enzymatic hydrolysate of Ulva sp. and yielded fractions
with greater anti-inflammatory potential and inhibitory capacity against the angiotensin
I-converting enzyme (ACE) [52]. Use of UF to separate low-molecular weight peptides from
Ulva rigida hydrolysates doubled the ACE inhibitory activity of the sample in comparison to
non-filtered hydrolysate [53]. Therefore, this technique may prove useful for concentrating
BAPs and SP hydrolysates.

IEC is widely used for purification of charged biomolecules such as proteins, peptides,
or amino acids [54,55]. IEC presents a high performance, because it can be applied to
a large number of different proteins using high-affinity and cost-effective buffers. The basis
of IEC is the interaction of charged molecules flowing in the mobile phase with charged
groups of the stationary phase (column packing matrix). Amino acids present charges of
different polarity, for example lysine and arginine have a positive charge, while aspartic
acid and glutamic acid are negatively charged at physiological pH [56]. Thus, each protein
has variable net charges based on its aminoacidic composition but also depending on
the pH of the solution they are dissolved in. Thus, the proteins’ IP is key to purify these by
IEC, since it will find the best initial conditions for protein purification. Ion exchangers
are divided into two classes: strong and weak. Strong ion exchange ligands keep their
charge characteristics and ion exchange capacity in a wide range of pH, while weak ion
exchange ligands show a more pronounced change in their exchange capacity with pH
modifications [57]. If purification is conducted at a pH above 9 for anion exchange or below
6 for cation exchange, then a strong ion exchanger must be used. However, if purification
is performed at less extreme pH values, then both strong and weak ion exchangers should
be used, and the obtained results should be compared to optimize the purification process.
Protein binding and elution is based on the competition between the charged amino
acid groups on the protein surface and the charged conditions in the binding buffer for
the oppositely charged groups in the stationary phase (Figure 1).
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The protein sample is applied to an ion exchange column in a low salt solution [55-58].
The charged groups on the protein have a high binding affinity for the charged counterions
on the ion exchange resin. Different affinity columns may be used to keep proteins and
peptides, depending on their functional group. For example, sulfopropyl functional groups,
as strong cation exchangers may keep molecules on a range of pH 4 to 13. Conversely,
diethylaminoethyl is a weak anionic exchanger and may retain molecules in pH from 2 to
9 [59]. Regarding the use of this technique in SP, the most commonly used columns are an-
ionic exchangers [60]. For example, IEC allowed for accurate fractionation of anticoagulant
peptides from a Neopyropia yezoensis hydrolysate [61].

3.3. Dyalisis

Dialysis is a common method for removing contaminants by selective and passive
diffusion through a semipermeable membrane, such as a dialysis tube. Dialysis is most
used to remove small molecules in solution, such as salts, reducing agents, or preser-
vatives, among others. This technique is a simple but time-demanding method since
separation depends on diffusion rate. The dialysis system consists of a tube, which holds
a semipermeable membrane, e.g., porous cellulose, closed on both sides to contain a protein
solution [62]. The tube is immersed in a much larger vessel filled with buffer (Figure 1).
Low-molecular weight particles will diffuse through the semipermeable membrane, while
protein molecules, due to their larger size, will remain inside the tube. On the other
hand, the buffers inside and outside the dialysis tube will change during diffusion until
equilibrium is reached. This equilibrium obeys the Donnan effect, which keeps electrical
neutrality on both sides of the membrane [63]. The process of diffusion of small molecules
through the membrane is accompanied by the increased movement of protein molecules
inside the dialysis tube. As they cannot diffuse due to their size, proteins remain inside
the membrane. It should be noted that polyvalent proteins do not allow charged particles
to move away from the membrane surface, thus preventing them from setting up an equi-
librium potential [64]. On the other hand, the Donnan effect has a significant effect on
the colligative properties of ions in the case of high concentrations of proteins or buffers
with low ionic strength. Finally, during the dialysis process, the buffer inside the dialysis
tube is gradually replaced with the solution in the outer vessel. In this way, efficient
removal of small contaminants from the tube is achieved [48]. In summary, dialysis is
indeed one of the most used techniques for separating peptides and proteins from natural
matrixes. Hence, pairing high-yield extraction techniques with dialysis allows obtaining
SP isolates with greater protein content compared to other purification methods [24,65].

4. Hydrolysis and Peptide Production

Protein hydrolysis allows producing protein hydrolysates and BAPs from seaweed.
Figure 2 schematically depicts the steps involved in seaweed BAPs production. As men-
tioned above, pre-treatment strategies may be used to both simplify the extraction process
and enhance hydrolyzed SP yield. While some SP hydrolysates have been reported to
be biologically active, SP-derived BAPs have gained much attention due to their higher
bioactive potential. Hence, once extracted and isolated, SP need to be hydrolyzed into
smaller peptide sequences to become biologically active [66]. Hydrolysis can be done either
chemically or using proteases. Chemical hydrolysis is typically performed using acids
and/or alkali at temperatures over 40 °C. While the procedure is simple and inexpensive,
the composition of the hydrolysate is difficult to control, also yielding products with mod-
ified amino acids in their peptide sequence [67]. For example, strong organic acids can
efficiently hydrolyze hydrophobic peptide bonds, as a mixture of HCI and trichloroacetic
acid was found to destroy tryptophan [68]. Conversely, alkaline hydrolysis with NaOH
can reduce cystine, arginine, threonine, serine, and isoleucine; form unusual amino acid
residues such as lysinoalanine or lanthionine; as well as induce isomerization of L-lysine
residues into D-lysine ones [69]. Similarly, high temperatures may be used to induce
hydrolyzation, without need of aiding chemicals [42].

155



Mar. Drugs 2021, 19, 500

A

ll Seaweed biomassl
Protein extraction &
< pretreatments: SLE, EAE,

UAE, MAE, PEF, HHPE
\ 4

y

[ Ruptured seaweed cells]

EAE & simultaneous hydrolysis: . .
Glucanases + proteases lChemlcaI hydrolysis:
E] Acids, bases & temperature
v Enzymatic hydrolysis:
( K proteases
:L Protein hydrolysate ]

Purification & validation:
UF, IEC, dialysis, membrane
filtration...

A

\ 4

l BAPs I

Figure 2. Schematic depiction of production of SP hydrolysates and bioactive peptides (BAPs) from seaweed. Proteins are
extracted from seaweed cells and subsequently hydrolyzed in a single (1a) or multiple steps (1b and 2) to produce a protein
hydrolysate. The protein hydrolysate is further separated into peptide fractions using diverse purification methods.

In contrast, enzymatic hydrolysis is performed at lower temperature in order to
preserve the native structure of the used protease conducting the hydrolysis process. In
addition, enzymatic hydrolysis is more specific to the desired peptides and results in
higher peptide yield. Due to the lack of organic solvents, the purification steps are less
labor-intensive and side reactions are less pronounced [70,71]. The experimental conditions
of enzymatic hydrolysis are typically governed by the needs of the enzyme. The process
can be done in a single or, at times, in multiple steps [72]. Substrate-to-enzyme ratio as well
as the duration of the hydrolysis have a significant effect on the nature and yield of the final
products [70]. Table 3 illustrates a range of bioactive peptides obtained by enzymatic
hydrolysis from seaweed with the aid of a number of proteases. The most extensively used
proteases to perform protein hydrolysis are trypsin, pepsin, papain, and a-chymotrypsin.
They are used both individually and in combination with other proteases. More recently,
commercially available enzyme cocktails including proteases and carbohydrases are used
(Table 3).

Table 3. Bioactive SP-derived hydrolysates, peptides, aminoacidic sequence of bioactive peptides, and proteolytic meth-

ods used.

Seaweed Hydrolysis Method Peptide Sequence Bioactivity Reported Reference

Rhodophyta

Papain, (E:520.7), pH 6,

Renin, DPP 1V,

54k 60 °C IRLIIVLMPILMA, NIGK, IR PAFAH inhibition [65,73,74]
ILAP, LLAP, MAGVDHI, FITDGNK.,
Palmaria valmat NAATIIK, ANAATIIK,
anmaria pamat— corolase PP (E:S 1), pH SDITRPGGQM, DNIQGITKPA., Antioxidant, DPP IV [75.76]

7,2h,50°C LITGA., LITGAA., LITGAAQA., inhibition

LGLSGK., LTLAPK, LTIAPK, ITLAPK
ITIAPK, VVPT, QARGAAQA
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Table 3. Cont.

Seaweed Hydrolysis Method Peptide Sequence Bioactivity Reported Reference
Fungal protease
concentrate (E: S 5) pH Antitumor,
Pyropia columbina 43,3h,55// N.A. anti-inflammatory, [77]
Flavourzyme (E:S 2), antioxidant
pH7,4h,55°C
Neopyropia yezoensis Pepsin (122550%025)’ 5h NMEKGSSSVVSSRM Anticoagulant [61]
Alcalase + DYYLR, AGFY, YLVA, AFIT, ACE, DPP IV
Flavourzyme (E:S 1), o [34]
N SFLPDLTDQ, MKTPITE, TYIA, LDLW inhibition
Porphyra dioica pH7,4h,50°C
Prolyve 1000, (E:S 1), N.A. (higher < 1 kDa peptides ..
2h, 50 °C proportion) Antioxidant [78]
Porphyra sp. Pepsin (E:S ?’ pH2, GGSK, ELS a-amylase inhibition [79]
4h,37°C
Thermolysin (ES 1) YRD, VSEGLD, TIMPHPR, GGPAT,
Mazzaella japonica H7 5}’ hl 37 o C ’ SSNDYPI, SRIYNVKSNG, VDAHY, ACE inhibition [80]
pr/oh YGDPDHY, NLGN, DFGVPGHEP
a-chymotrypsin (E:S 4), ..
Grateulopia pHS, 2 h, 37°C ELWKTF Antioxidant [81]
lemaneiformis .
Trypsin (E:S 4), pH 8, .
8h, 37 °C QVEY ACE inhibition [82]
Chlorophyta
Alcalase (E:S5), pH 7.6,
Ulva®C lathrata 90 min, 25°C // PAFG ACE inhibition [83]
10 min, 100 °C
Trypsin + Pepsin +
Ulva. intestinalis Papain (E:S 4), pH 8.42, FGMPLDR, MELVLR ACE inhibition [84]
5h,285°C
Pepsin (E:S 1), pH 2,
. 20h,37°C// ACE, Renin
Uloa rigida Bromelain (E:S 1), pH 7, IF, AFL inhibition 53]
20 h, 37 °C
Papain (E:S 1), pH 6, Total of 58 non-allergenic, ACE .
Uloa lactuca 24 h, 60 °C inhibitory peptides identified ACE inhibition (8]
Purazyme +
Flavourzyme // Anti-inflammatory
Ulva spp Alkaline N.A. (IL10 expression & [52]
protease-Protex 6L + TNF-« inhibition)
Flavourzyme
Ochrophyta
RVLSAAENTR, IMNILEK, GGVQAIR,
KAALMEK, GVFDGPCGT,
Pepsin (80 U/gS), pH SGVFDGPCGT, QNIGDPR, .
Surenssumt machurei %2137 °C // Papain AYSSGVSFK, RWDISQPY, Al?fc‘épgg‘i“’e (561
& (60U/gS),pH7,3h, LVYIVQGR, KPGGSGR, inhibition)
50 °C LGLSAKNYGR, KEAWLIEK, nhibriion.

REVADDK, ENFFFAGIDK, QEMVDK,
EEEEEEQQQ
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Table 3. Cont.

Seaweed Hydrolysis Method Peptide Sequence Bioactivity Reported Reference
Protease S “Amano” Antihypertensive
(E:50.01), pH 8,18 h, VY, IY, AW, FY, VW, IW, LW (ACE inhibition & [87]
Undaria pinnatifida 70°¢ in vivo)
) . Antihypertensive
aW (3'923?)0'50 min, YH, KY, FY, TY (ACE inhibition & [42]
in vivo)

TITLDVEPSDTIDGVK, ISGLIYEETR,

Saccharina Trypsin (E:S 0.05), pH7, MALSSLPR, ILVLQSNQIR, ISAILPSR, . .
longicruris 24h,30°C IGNGGELPR, LP(DAALNR, Antimicrobial (881
EAESSLTGGNGCAK, QVHPDTGISK
Alcalase + Papain +
Saccharina japonica  Trypsin (E:Sn.s.), time KY, GKY, STKY, AKY, AKYSY, KKFY, ACE inhibition [89]

ns., pH7.5,55°C

FY, KFKY

Abbreviations: //, Subsequent procedures; n.s., Not stated; N.A.: Not analyzed; DPP, Dipeptidyl peptidase; PAF-AH, Platelet activating
factor acetylhydrolase; ACE, Angiotensin 1 converter enzyme; ET-I, Endothelin-1; 4W, Deionized Water.

A range of experimental conditions (temperature, pH, agitation speed, enzyme-to-
substrate ratio, hydrolysis time) need to be optimized for best bioactivity. Typically, a mix-
ture of peptides is obtained, of which only a few are biologically active. The active ones are
typically isolated from the mixture using membrane filtration and reverse-phase chromatog-
raphy techniques [90,91]. SP bioactive peptides range in sizes from 2 to 20 amino acids with
the cut-off masses usually ranging from 5 kDa to 30 kDa [92]. Nonetheless, as the nature
of SP varies for each seaweed, the resulting BAP profile will also be different depending
on the hydrolysis conditions and protease of choice, as these account for different cut-off
points [93]. The use of pepsin or trypsin may be also useful to obtain insight on in vivo SP
degradation and potential bioavailability of BAPs. Indeed, a wide range of commercially
available enzymes has been evaluated to screen out for the possible BAPs produced, such
as Flavourzyme, Corolase, or fungal and bacterial proteases [75,76]. The type of the chosen
proteolytic enzyme has been shown to have impact on the resulting bioactivity, as it de-
fines the resulting BAP profile. In a recent study, Gracilariopsis lemaneiformis proteins were
hydrolyzed by different proteases such as trypsin, pepsin, papain, a-chymotrypsin, or
Alcalase and hydrolysates obtained by a-chymotrypsin hydrolysis displayed the highest
antioxidant activity [81]. Studies performed by Fitzgerald et al. and Harnedy et al. proved
that using papain or Corolase yielded highly different BAP in P. palmata protein isolates
hydrolysis [73,75]. Hydrolysis is stopped by enzyme denaturation, often achieved with
pH shifts or heating. One disadvantage of thermal deactivation is the fact that higher
temperatures might speed up the kinetics of unwanted processes. An approach to over-
come this problem is enzyme immobilization on solid substrates. The use of immobilized
enzymes enables the enzymes to be separated from the hydrolysis mixture by filtration
instead of increased temperature. An additional advantage is that immobilized enzymes
are prevented from being aggregated with the peptides [94]. One challenge of enzymatic
hydrolysis is the fact that the algal proteome needs to be known prior to hydrolysis so
that enzymes with according cut sites are used. To improve the purity and yield of BAPs,
enzymatic hydrolysis is often preceded by physical cell disruption methods, including PEF
and bead milling [95,96]. Nonetheless, the hydrolytic activity of the chosen protease can
be inhibited by co-extracted compounds such as polysaccharides or phenolic compounds,
and optimization studies must be conducted [82,97]. Hydrolysates may be purified by
the above-mentioned techniques to ensure concentration of lower molecular weight pep-
tides or to obtain purified BAPs. In this sense, sequential purification processes seem to
work best for obtaining high-purity peptides [39].
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5. Bioactive Properties and Applications of Seaweed Proteins and Derived Products

As mentioned throughout this work, proteins and derived products obtained from sea-
weed show various biological activities, as reported by in vitro and a few in vivo tests, such
as antioxidant, antimicrobial, anti-inflammatory, antihypertensive, or even antitumor [1].
Regarding SP, the extent of their displayed bioactivities varies upon protein composition,
season, but also hydrolysis degree and purification methods applied. The three main
bioactivities consistently reported for SP and BAPs from different species are antioxidant,
anti-inflammatory and antihypertensive [97,98]. In vitro antioxidant activity is usually
tested against oxidation-sensible molecules, such as 2,2-diphenyl-1-picrylhydrazyl (DPPH)
or 2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS). It has been reported that
SP derived peptides display higher antioxidant activity than SP hydrolysates [76]. These
could be due to the concentration and better accessibility of released amino acids from
folded proteins. Concentrated 1 < kDa BAPs from P. dioica hydrolysates showed significant
antioxidant activity (20.88 umol Trolox equivalents) in a wide range of assays, including
DPPH and ABTS [78]. Comparing results with free aminoacidic composition of the isolated
fractions, the authors suggested that higher presence of sulfated amino acids, like cysteine
or methionine, could be related to these results, as proved by these in vitro assays. Different
results were reported for Macrocystis pyrifera and Chondracanthus chamissoi BAPs, account-
ing for 193 and 167 pmol Trolox equivalents respectively, in a DPPH assay [37]. Antioxidant
assays with P. palmata hydrolysates also suggested that a higher protein hydrolysis degree
was related to higher antioxidant activity [93].

Anti-inflammatory assays are often conducted on cell culture tests, assessing produc-
tion or inhibition of pro-inflammatory mediators, such as interleukins. SP hydrolysates
produced using several proteases from Ulva sp. were found to exert significant anti-
inflammatory activity by upregulating interleukin 10 and inhibiting tumor necrosis factor
alpha (TNF-«) expression [52]. Hydrolysates obtained from Pyropia columbina also dis-
played anti-inflammatory properties in vitro with similar tested mechanisms, while also
inhibiting expression of necrosis factor B [77].

Yet, the most well studied bioactive property of SP, derived hydrolysates, and BAPs
is their hypotensive activity [86]. These properties may be assessed in vitro by checking
the inhibition capacity of these molecules against key cardiac tension enzymes such as
ACE, being the most extensively used model, but also renin or endothelin I in a lesser
extent [86]. Conversely, in vivo tests may be conducted monitoring blood pressure and car-
diac rhythm in animal models. The previously mentioned study of Vasquez et al. showed
that the M. pyrifera extract displayed an ACE inhibition of 38.8% compared to control and
that the smaller the size of the purified peptides, the greater inhibition degree was [37].
However, C. chamissoi extracts did not show a detectable ACE-inhibitory activity. Authors
proposed that this could be due to interactions between co-extracted compounds and ACE
enzymatic reaction products [37]. Protein hydrolysates from P. palmata, showed that ACE
inhibitory activity was independent from the time of harvesting, but was related to its
hydrolysis degree [93]. Nine ACE-inhibitory peptides derived from phycobiliproteins were
found, and the oligopeptide LRY demonstrated particularly high inhibitory activities, with
an ICsq of 0.044 mM [99]. Similarly, the peptide PAFG, obtained from U. clathrata protein,
showed an ICsj value of 35.9 mM on ACE-inhibitory activity [83] (Table 3). Moreover,
since BAPs are obtained through different hydrolysis methods, these have shown to be
stable towards gastrointestinal proteases like pepsin or trypsin, as well as the acidic pH of
digestive reactions [37,83].

Other reported bioactivities include antidiabetic or antimicrobial, associated to phy-
cobiliproteins and lectins, but also some SP hydrolysates [100]. Antidiabetic activity was
characterized in P. palmata hydrolysates through in vitro inhibition of dipeptidyl peptidase
IV (DPP-1V). Results showed that Corolase-hydrolyzed SP accounted for a much significant
DPP-1V inhibition (ICs5p = 1.65 mg/mL) [93]. BAPs from Saccharina longricuris displayed
antimicrobial activity against several bacterial pathogens, such as Escherichia coli, Staphy-
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lococcus aureus, or Pseudomonas aeruginosa, achieving a 40% growth inhibition at 2.5 mg
peptides/mL [88].

Therefore, based on their reported bioactivities, these macroalgae molecules may be
used for diverse industrial applications (Figure 3).
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Figure 3. Reported bioactivities of different seaweed biomolecules with potential industrial application.

Both antioxidant and antimicrobial properties make SP hydrolysates a desirable choice
for their use as food additives, preservatives, and protein fortifiers. Additionally, the ACE-
inhibitory and anti-inflammatory activities widely apparent in several SP, could make
them to be assessed as nutraceuticals, functional ingredients for food and feed, or cosmetic
ingredients [101]. The fact that this effect has been assessed in vivo, with Undaria pinnatifida
BAPs allowing for reduced blood pressure in rats, could be argued to also be the basis for
developing new hypotensive pharmaceuticals [42,87]. Moreover, SP hydrolysates keep
their bioactive properties when combined with other food matrices [17,102]. In the same
way, the antioxidant properties attributed to BAPs make them excellent natural ingredients
for cosmetic applications, as SP also hold significantly higher levels of taurine compared to
other vegetal sources [91]. In summary, the full set of already reported bioactivities and
the ongoing research to fully characterize the properties and production of SP and derived
molecules will unveil the full extent of the potential applications of these natural molecules.

Development of such applications would thus confer an added value to this under-
exploited natural resource. Furthermore, these properties are also well accounted for
co-extracted bioactive compounds in SP extractions, such as cell wall polysaccharides (e.g.,
carrageenan, fucoidan ... ) or phenolic compounds, such as brown seaweeds phlorotan-
nins [103]. Altogether, seaweed hold several different bioactive molecules with similar
reported activities, that in the case of some extracts, could act in cooperation [104] Thus, SP
could be considered as part of the whole composition of health-promoting compounds of
seaweeds and their extracts be applied for a wide diversity of applications [105] (Figure 3).

6. Conclusions

SP and especially their hydrolysates and several identified BAPs, have been repeatedly
reported to show significant bioactivities such as antioxidant or anti-inflammatory, but most
importantly, antihypertensive. Their bioactivities raise potential applications in food and
animal feed, whether as functional additives or colorants in the case of phycobiliproteins.
On the other hand, BAPs may find use as cosmetic ingredients with antioxidant activity,
while thanks to their antihypertensive activity, they can be used as nutraceuticals in
the pharmaceutical industry. Nonetheless, these seaweed components need more extensive
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and in-depth research to fully characterize their bioactive properties, production methods,
and potential in vivo effects.
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Abbreviations
SP Seaweed proteins
dw Dry weight

SLE Solid-liquid extraction

HAE Heat-assisted extraction

EAE Enzyme-assisted extraction
UAE Ultrasound-assisted extraction
MAE Microwave-assisted extraction
PEF Pulse-electric field

HHP  High-hydrostatic pressure
HHPE High-hydrostatic pressure extraction
HAE Heat-assisted extraction

EAE Enzyme-assisted extraction
UAE Ultrasound-assisted extraction
MAE Microwave-assisted extraction

P Isoelectric point

Pr Precipitation

Pu Purification

DI Dialysis

Oos Osmotic shock

Epr Enzymatic pretreatment
Upr Ultrasound pretreatment
aWw Deionized water

AK Alkaline

MAAs  Mycosporine-like amino acids
EAA Essential amino acids

GRAS  Generally recognized as safe

161



Mar. Drugs 2021, 19, 500

RAAS Renin-angiotensin-aldosterone system
(@) Half inhibitory concentration
DPP-1IV Dipeptidyl peptidase IV
MCE-7 Human breast cancer cell line
HepG2 Human liver cancer cell line
SGC-7901  Human gastric cancer cell line
Ab549 Human lung cancer cell line
HT-29 Human colon cancer cell line
UF Ultrafiltration
IEC Ionic-exchange chromatography
BAP Bioactive peptide
DPPH 2,2-diphenyl-1-picrylhydrazyl
ABTS 2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
ACE Angiotensin I converter enzyme
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