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Abstract

Context: Seaweed is a notable source of bioactive constituents, including polysaccharides, fatty acids, proteins, polyphenols, and pigments. Bioactives exhibit
many biological activities, including antioxidant, anti-inflammatory, anticancer, antidiabetic, and antiobesity properties. Due to its abundant beneficial
compounds and balanced composition, seaweed has emerged as a viable and unique source of novel pharmaceutical materials.

Aims: To consolidate current knowledge on seaweed bioactives, highlight eco-friendly extraction techniques, and explore their prospective pharmaceutical
applications.

Methods: A thorough literature review was performed to collect pertinent studies on the potential of seaweed bioactives for pharmaceutical applications. The
search spanned many databases and comprised papers published between 2002 and 2024. The chosen papers were meticulously analyzed to obtain relevant
information for this critical review.

Results: Bioactives from seaweed are a promising source for application in the pharmaceutical field. Various bioactives, including polysaccharides, fatty acids,
polyphenols, proteins, and pigments, can exhibit antioxidant, anti-inflammatory, anticancer, antidiabetic, and anti-obesity activities. Eco-friendly extraction
methods for maximizing bioactive yield from seaweed include ultrasound-assisted extraction, supercritical fluid extraction, enzymatic-assisted extraction,
microwave-assisted extraction, and pressurized liquid extraction.

Conclusions: Future strategies should emphasize the application of bioactive seaweed-derived chemicals in the pharmaceutical sector, given existing
challenges such as drug resistance. Moreover, seaweed has emerged as a viable alternative for nanoparticle synthesis, hence enhancing the potential
application of these by-products in engineering and medical sciences.
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Resumen

Contexto: Las algas marinas son una fuente importante de constituyentes bioactivos, como polisacéridos, acidos grasos, proteinas, polifenoles y pigmentos.
Estos bioactivos presentan diversas actividades bioldgicas, incluyendo propiedades antioxidantes, antiinflamatorias, anticancerigenas, antidiabéticas y
antiobesidad. Gracias a su abundante contenido de compuestos beneficiosos y a su composicién equilibrada, las algas marinas se han consolidado como una
fuente viable y (inica de nuevos materiales farmacéuticos.

Objetivos: Consolidar el conocimiento actual sobre los bioactivos de las algas marinas, destacar técnicas de extraccion ecoldgicas y explorar sus posibles
aplicaciones farmacéuticas.

Métodos: Se realizd una revision bibliografica exhaustiva para recopilar estudios relevantes sobre el potencial de los bioactivos de las algas marinas para
aplicaciones farmacéuticas. La buisqueda abarcé diversas bases de datos e incluyd articulos publicados entre 2002 y 2024. Los articulos seleccionados se
analizaron meticulosamente para obtener informacién relevante para esta revision critica.

Resultados: Los bioactivos de las algas marinas constituyen una fuente prometedora para su aplicacidon en el campo farmacéutico. Diversos compuestos
bioactivos, como polisacéridos, acidos grasos, polifenoles, proteinas y pigmentos, pueden presentar bioactividad, incluyendo actividades antioxidantes,
antiinflamatorias, anticancerigenas, antidiabéticas y antiobesidad. Los métodos de extraccidon ecoldgicos para maximizar el rendimiento de compuestos
bioactivos de las algas marinas incluyen la extraccion asistida por ultrasonidos, la extraccion con fluidos supercriticos, la extraccion enzimatica, la extraccion
asistida por microondas y la extraccidn con liquidos presurizados.

Conclusiones: Las estrategias futuras deberian priorizar la aplicacién de compuestos bioactivos derivados de algas marinas en el sector farmacéutico, dado que
la resistencia a los farmacos figura entre los desafios actuales. Ademas, las algas marinas se han consolidado como una alternativa viable para la sintesis de
nanoparticulas, lo que amplia el potencial de aplicacion de estos subproductos en las ciencias de la ingenieria y la medicina.

Palabras Clave: antiinflamatorio; antioxidante; bioactivo; extraccion ecolégica; productos farmacéuticos marinos; metabolitos de algas marinas.
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INTRODUCTION

Seaweeds synthesize diverse bioactives as adaptive
responses to marine environmental stressors, making
them rich sources of structurally unique metabolites.
These compounds demonstrate potential therapeutic
effects, including antioxidant, anti-inflammatory, and
antidiabetic properties, which support their use as
nutraceuticals and pharmaceuticals (Ganesan et al.,
2019; Khalid et al., 2018; Li et al., 2022; Qiu et al., 2022).
Despite the growing interest in seaweed-derived prod-
ucts, sustainable extraction, standardization, and phar-
maceutical validation remain significant challenges.

When extracting bioactives from seaweeds, it is cru-
cial to prioritize the efficient and sustainable recovery
of these chemicals through a streamlined, efficient pro-
cedure (Raguraman et al.,, 2018). While certain sub-
stances can be chemically synthesized, algae recovery
via green extraction technology offers a cost-effective,
eco-friendly option that eliminates the need for harm-
ful chemicals (Silva et al., 2020b). Extraction of bioac-
tive substances is essential for acquiring these mole-
cules from plant matrices. Innovative approaches have
been established to reduce time, energy use, solvent
volume, financial expenditure, environmental impact,
and waste production, while enhancing extraction effi-
ciency and the quality of the resultant extract (Chemat
et al., 2019; Muhammad et al., 2023). These include su-
percritical, ultrasonic, enzymatic, microwave, high-
pressure, solvent-accelerated, and intense pulsed elec-
tric field extraction techniques (Belwal et al., 2020).

The incorporation of eco-friendly methods and sol-
vents is crucial for the effective extraction of biocom-
ponents, the maintenance of their biological integrity,
and their use in the food, cosmetic, and pharmaceutical
sectors. The extracted chemicals can be incorporated
into various products after effective extraction. The
predominant applications include integration into
food matrices as preservatives (Pina-Perez et al., 2017),
incorporation into cosmetic products (Baweja et al,,
2016), and use as antibiotics with synergistic effects in
the pharmaceutical sector (Barbosa et al., 2020). More-
over, further uses have been investigated, encompass-
ing antibiofilm (Cloutier et al., 2015), antifouling (Perez
et al., 2016), coatings in active packaging (Shannon &
Abu-Ghannam, 2016), and prebiotics (Gurpilhares et
al.,, 2019). This review aims to consolidate current

Table 1. PICO criteria for this review.
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knowledge on seaweed bioactives, highlight eco-
friendly extraction techniques, and explore their pro-
spective pharmaceutical applications.

MATERIAL AND METHODS

Information sources

The reviewers conducted a search for articles and
retrieved data from studies that fulfilled the criteria.
Research was obtained from Google Scholar, PubMed,
and Scopus using the keywords: "seaweed" OR "bioac-
tive" OR "pharmaceutical" AND "eco-friendly extrac-
tion". Boolean operators (OR and AND) are employed
to enhance search outcomes. Articles published be-
tween 2002 and 2024 were included.

Eligibility criteria

The study was conducted in accordance with the
2020 Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) statement (Page et al.,
2021). The study's relevance is established through the

use of inclusion criteria based on Population, Interven-
tion, Comparison, and Outcomes (PICO) (Table 1).

This study is a thorough critical assessment encom-
passing original research publications and review arti-
cles related to seaweed bioactives and their potential
medicinal applications. The writers independently
evaluated titles and abstracts for qualifying papers ac-
cording to the specified criteria: (i) Articles, encom-
passing original and review studies, should examine
the pharmaceutical applications of seaweed and its bi-
oactive constituents. (ii) Studies should incorporate en-
vironmentally sustainable extraction methods to pro-
duce seaweed bioactives. (iii) Research discusses the
utilization of seaweed bioactives in pharmaceuticals.
Research on unrelated subjects and incomplete articles
will be omitted from this review.

The articles were screened and evaluated by two re-
viewers (MM and PAW). The study's quality and bias
risk were evaluated using the American Dietetic Asso-
ciation (ADA) technique (ADA, 2005). Disputes will be
settled by reassessing the papers with the checklist and
consulting with other researchers (FM and NR). The
decision was reached by consensus among all evalua-
tors.

Population Seaweed (macroalgae)

Intervention Bioactives and extraction methods

Comparison Conventional and eco-friendly extraction methods

Outcome Pharmaceutical potential (antioxidants, anti-inflammatory, anticancer, antidiabetic and anti-obesity)
https://jppres.com J Pharm Pharmacogn Res (2026) 14(1): 2
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Search strategy

Four reviewers independently searched databases
and identified literature through additional sources us-
ing Rayyan (http://rayyan.qcri.org), a web-based
platform designed to expedite the initial screening of
abstracts and titles, featuring advanced usability and
duplicate filtering (Al Elq et al., 2023; Ouzzani et al.,
2016). Searches were exported from the database to
Rayyan in "txt" and "ris" formats. The reviewers inde-
pendently evaluate the collected abstracts based on the
established criteria. The population, intervention type,
and evaluated outcomes will be scrutinized during the
selection process. All differences were settled through
consensus among the remaining authors.

Selection process

All included studies underwent a triadic selection
process to gather the necessary data. The initial phase
of the selection procedure involved gathering general
information on the publication year, country, and
study period. During the second phase, each item was
evaluated according to the study design. (i) for Sea-
weed encompassing its bioactive constituents and bio-
activity (ii) for the bioactivity of crude seaweed extract
obtained through environmentally sustainable extrac-
tion procedures, encompassing the kind of seaweed,
extraction method, circumstances, activity, and bioac-
tivity. (iii) for pharmaceutical applications pertaining
to the bioactivity present in seaweed. (iv) the length of
the research and (v) the duration of the research. In the
third stage, reviewers recorded the potential of sea-
weed bioactives for pharmaceutical applications in
each study.

The data collection process and the items

All reviewers gathered data from the selected re-
search. The results were categorized by identifier, in-
cluding author, publication year, and the country
where the study was conducted. The dataset encom-
passed comprehensive characteristics of each study,
including seaweed bioactive content, bioactivity, ex-
traction methods for producing seaweed bioactives,
and their applications in the pharmaceutical field,
along with the study objectives, population, and inter-
vention duration. Data from the intervention group
were retrieved and classified according to the pharma-
ceutical application of seaweed bioactive components.
Conclusions were derived from the findings recorded
in the manuscript and corroborated by the review
panel.

Study risk of bias assessment
The quality and risk of bias of the included studies

were evaluated using the American Dietetic
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Association (ADA) quality criteria checklist, which en-
compassed seaweed type, seaweed bioactives, sea-
weed bioactivity, and environmentally sustainable ex-
traction methods employed to produce bioactives for
pharmaceutical applications. Every segment com-
prises 14 questions (Academy of Nutrition and Dietet-
ics). Two reviewers separately performed this evalua-
tion and subsequently conferred their findings with an
additional reviewer before advancing to the next
round of review. Eligible studies received a favorable
score (+), signifying that they sufficiently addressed in-
clusion/exclusion criteria, bias, generalizability, and
data collection and analytic methodologies. Studies
were classified as negative (-) if they did not address
the issues, and neutral if they were neither notably
strong nor weak in these aspects (ADA, 2008).

Effect measures, synthesis methods, and reporting
bias assessment

Digital data processing tools, such as Google
Sheets, were employed to compile the data. This tech-
nology was selected for its distinctive real-time collab-
oration capability. This procedure enabled all review-
ers to concurrently review and correct data synthesis
outcomes, thereby substantially reducing the likeli-
hood of errors in our collaborative data synthesis.

RESULTS AND DISCUSSION

Study selection

A total of 1007 studies were initially obtained from
databases, namely PubMed (n = 19), Scopus (n = 37),
and Google Scholar (n = 951). After eliminating dupli-
cates, 941 studies remained. Initially, the screening
process involved evaluating titles and abstracts, fol-
lowed by a comprehensive review of the full text. Arti-
cles were included or excluded according to specific
criteria, with documented reasons for exclusion, such
as irrelevance, inappropriate interventions, or the pres-
ence of multiple or combined therapies. Of these, 862
studies were removed, leaving 31 for comprehensive
full-text evaluation. After additional exclusions, 11 pa-
pers were eliminated for reasons such as being ab-
stract-only, presenting erroneous results, including in-
appropriate interventions, or exhibiting a flawed study
design. Consequently, the final 20 publications were
selected for inclusion in our systematic review (Fig. 1).

Bioactives in seaweed

Polysaccharides

Polysaccharides are the primary structural compo-
nents of seaweed cell walls, exhibiting either neutral or
acidic properties and linear or branched structures (Xu
etal., 2017).

J Pharm Pharmacogn Res (2026) 14(1): 3
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Fig. 1. PRISMA flow diagram systematic review.

Their proportions differ significantly among algal
types, ranging from 4% to 76% of dry weight, with
green algae comprising 38%-54% (Berri et al., 2017;
Cho & You, 2015). This biochemical variety indicates
taxonomic difference, especially the prevalence of ul-
van, sulfated rhamnan, and sulfated galactan in green
seaweeds. Sulfate groups and recurrent rhamnose xy-
lose uronic units predominate structurally, with minor
monosaccharides including rhamnose, galactose, glu-
cose, and arabinose (Cho & You, 2015).

Evidence suggests that the biological activities of
polysaccharides generated from seaweed, particularly
sulfated polysaccharides, are significantly influenced
by molecular weight, charge distribution, and sul-
fation degree. Perez et al. (2016) emphasized structural
conformation as a critical determinant of antibacterial
effectiveness. Sun et al. (2018) similarly found that mo-
lecular weights exceeding 8 kDa augment im-
munostimulatory effects, whereas Sun et al. (2019) re-
ported considerable anti-inflammatory action in poly-
saccharides with elevated sulfate content (21.26%).
These findings correspond with reports of antibacterial
capabilities (Wang et al., 2021), hypoglycemic effects,
and colon cancer prevention (Dawczynski et al., 2007).
However, a thorough assessment uncovers

https://jppres.com

discrepancies among the studies. Some studies indi-
cate a distinct linear relationship between sulfate con-
tent and bioactivity, whereas others note plateau ef-
fects at elevated concentrations (Cui et al., 2021; Gar-
cia-Vaquero et al., 2017). Discrepancies may stem from
technological variations in extraction and purification,
changes across seaweed species, or ecological variables
affecting polysaccharide content. Consequently, com-
parisons among species are crucial for establishing ro-
bust structure-function correlations.

Moreover, laminarin has garnered significant atten-
tion as a regulator of gastrointestinal metabolism. Re-
search conducted by Devillé et al. (2004) and Lordan et
al. (2011) revealed that laminarin modifies mucus com-
position, gut pH, and short-chain fatty acid (SCFA)
synthesis, consequently enhancing immune function,
microbial equilibrium, and metabolic health. These
data reinforce the overarching assertion that the con-
sumption of polysaccharide-rich seaweeds enhances
glycemic response, promotes gut microbial diversity,
and mitigates the risk of colon cancer (Dawczynski et
al., 2007; Lordan et al., 2011). Comprehensive evidence
substantiates that seaweed polysaccharides are versa-
tile bioactive substances exhibiting antioxidant, anti-
bacterial, anticoagulant, immunomodulatory,

J Pharm Pharmacogn Res (2026) 14(1): 4
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anticancer, and microbiota-regulating effects. None-
theless, the applicability of these findings in clinical
and nutraceutical contexts is hindered by the lack of
systematic comparative studies and human clinical tri-
als. Future studies must emphasize standardized ap-
proaches to polysaccharide separation and structural
characterization, in conjunction with thorough in vivo
evaluations, to confirm their therapeutic efficacy and
ensure reproducibility across diverse conditions.

Fatty acids

Seaweeds are acknowledged as significant sources
of polyunsaturated fatty acids (PUFAs), including es-
sential fatty acids that the human body cannot gener-
ate, such as linoleic and a-linolenic acids (Belattmania
et al.,, 2018; Schmid et al., 2014). Specifically, green sea-
weeds such as Caulerpa species display a diverse array
of fatty acids, spanning from C6 to C24, which include
9 monounsaturated, 17 saturated, and 8 polyunsatu-
rated fatty acids (Nagappan & Vairappan, 2014). Sea-
weed-derived fatty acids exhibit a favorable ®3/ @6 ra-
tio, generally between 2:1 and 4:1 (Lordan et al., 2011;
Marques et al., 2021), which is advantageous for cardi-
ovascular health and the mitigation of systemic inflam-
mation. This balance underscores the nutritional po-
tential of seaweed when included in human diets, in
contrast to other terrestrial plant sources, which tend
to be rich in @6 fatty acids.

In addition to PUFAs, seaweed serves as a source of
sterols and phytosterols, whose composition is signifi-
cantly variable and heavily impacted by seasonal, en-
vironmental, and taxonomic factors (Habeebullah et
al., 2023; Lopes et al., 2013; Wells et al., 2017). These bi-
oactive lipids contribute to both structural cellular ac-
tivities and a diverse range of therapeutic effects. Sea-
weed extracts fortified with phytosterols have exhib-
ited antioxidant, antibacterial, antifungal, anti-inflam-
matory, anti-aging, anti-obesity, anticancer, anti-ulcer-
ative, and anti-Alzheimer properties in both in vitro
and in vivo research (Habeebullah et al., 2023; Lomar-
tire & Gongalves, 2022; Quitério et al., 2021). The mul-
tifunctionality of seaweed sterols renders them intri-
guing candidates for nutraceutical and medicinal uses.

A thorough evaluation of the literature uncovers
multiple shortcomings. Primarily, most studies are
still in the preclinical phase, with only a limited num-
ber of controlled human trials validating their health
benefits. Secondly, although phytosterols are consist-
ently associated with cholesterol-lowering effects and
reductions in low-density lipoprotein (LDL) choles-
terol (Lopes et al., 2013; Quitério et al., 2021), the extent
of these effects seems contingent upon extraction tech-
niques, dietary context, and individual differences in
lipid metabolism. Furthermore, the reported anti-
cancer and neuroprotective effects, while encouraging,
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are predominantly mechanistic or cell-based and re-
quire additional translational research before clinical
validation (Lomartire & Gongalves, 2022). Collectively,
comprehensive research substantiates the view that
fatty acids and phytosterols derived from seaweed are
bioactive molecules of significant nutritional and ther-
apeutic value, offering advantages for cardiovascular
control, lipid metabolism, and disease prevention.
However, the variety arising from species diversity
and environmental variables presents obstacles for
standardization. Consequently, subsequent research
should utilize standardized extraction and characteri-
zation techniques, in conjunction with prolonged hu-
man intervention trials, to validate efficacy, determine
dose response correlations, and realize their complete
potential in the functional food and cosmeceutical sec-
tors.

Protein

The protein content in seaweeds exhibits significant
variety among taxa, with green seaweeds having the
highest amounts (3-47% dry weight), followed by red
species (10-30% dry weight) and brown species (5-15%
dry weight) (Praveen et al., 2019; Vieira et al., 2018).
Seasonal variations are apparent, with protein levels
peaking from winter to early spring and declining
from summer to early autumn (Bak et al., 2019; Stack
et al., 2017). This heterogeneity underscores the influ-
ence of species-specific and environmental factors on
seaweed protein yields, complicating the standardiza-
tion of their nutritional and industrial applications.

Seaweed proteins are both plentiful and function-
ally varied. They encompass all essential amino acids
(EAAs), such as alanine, glycine, proline, arginine, as-
partic acid, and glutamic acid, yet exhibit relative defi-
ciencies in threonine, lysine, cysteine, tryptophan, me-
thionine, and lectins when compared to traditional
protein sources (Bedoux et al., 2014; Cerna, 2011;
Pangestuti & Kim, 2015). Numerous studies consist-
ently identify glutamic acid and aspartic acid as the
predominant amino acids, succeeded by glycine and
alanine, but essential amino acids such as leucine, va-
line, lysine, and phenylalanine are also present in sig-
nificant quantities (Echave et al., 2022; Salehi et al.,
2019). The data indicate that seaweed proteins offer a
comparatively balanced amino acid composition, al-
beit with certain nutritional constraints.

Bioactive proteins and peptides obtained from sea-
weeds are garnering growing interest from a func-
tional standpoint. Lectins and phycobiliproteins, in-
cluding phycoerythrin, allophycocyanin, and phy-
cocyanin, predominantly sourced from green and red
seaweeds such as Griffithsia sp., Neoporphyra haitanen-
sis, Porphyra yezoensis, and Bryothamnion triquetrum,
demonstrate a variety of biological capabilities.

J Pharm Pharmacogn Res (2026) 14(1): 5
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Peptides extracted from brown seaweeds, including
Undaria pinnatifida, have been linked to antimicrobial,
antioxidant, anti-inflammatory, antiviral, antitumor,
and antihypertensive properties (Beaulieu et al., 2015;
Charoensiddhi et al., 2017; Choudhary et al., 2021; Ec-
have et al., 2022; Ganesan et al., 2019; Kim et al., 2024).
Further data associate these chemicals with cholesterol
reduction in plasma and liver, hypoglycemic action,
anticoagulant properties, anti-HIV activity, and inhibi-
tion of angiotensin-converting enzyme (Holanda et al.,
2005).

Nonetheless, significant deficiencies persist in the
existing literature. The bioavailability of seaweed pro-
teins and peptides in humans remains inadequately es-
tablished, with most studies confined to in vitro or ani-
mal models. The documented multifunctionality span-
ning antibacterial to anticancer effects elicits inquiries
concerning dose-response relationships, modes of ac-
tion, and the degree to which these advantages mani-
fest in clinical outcomes. Moreover, discrepancies in
extraction techniques and the impact of environmental
stresses on protein composition present obstacles to
replicability and inter-study comparisons. Systematic
data indicate that seaweed proteins are a viable nutri-
tional and bioactive resource with extensive health-
promoting characteristics. Nonetheless, their nutri-
tional adequacy is considerably limited by deficiencies
in several essential amino acids, and their biological
applications are predominantly experimental. Future
research must emphasize standardized protein extrac-
tion procedures, the identification of bioactive pep-
tides, and meticulously organized clinical trials to con-
firm their efficacy and ascertain their potential as func-
tional dietary components and medicinal agents.

Polyphenols

Polyphenolic compounds are recognized as signifi-
cant secondary metabolites in seaweeds, ranging from
simple phenolic acids to structurally complex deriva-
tives (Mekinic et al., 2019). Seaweeds are excellent
sources of catechins, flavonols, and phlorotannins, but
green and red seaweeds have higher concentrations of
bromophenols, phenolic acids, and flavonoids
(Gémez-Guzman et al., 2018). These compounds gen-
erally possess one or more aromatic rings with hy-
droxyl groups, which endow them with considerable
redox activity and the capacity to neutralize reactive
oxygen species (ROS), thereby alleviating oxidative
stress associated with various human diseases (Ma-
nach et al., 2004; Valko et al., 2007). These findings un-
derscore their potential as multifunctional nutraceuti-
cals possessing antioxidant, anti-inflammatory, anti-
bacterial, anticancer, and antidiabetic activities.

Phlorotannins are the most distinctive and exten-
sively researched class of algal polyphenols. They are
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oligomers or polymers of phloroglucinol, classified
into six categories: phlorethols, fuhalols, fucols, fuco-
phlorethols, eckols, and carmalols according to their
linkages and hydroxylation patterns (Thomas & Kim,
2011). Evidence indicates that phlorotannins exhibit a
wide range of biological activities, including antimi-
crobial (Nagayama et al., 2002), antioxidant (Kim et al.,
2009), anti-HIV (Artan et al., 2008), antiproliferative
(Kong et al., 2009), anticancer (Parys et al., 2010), anti-
inflammatory, and antidiabetic effects (Kannan et al.,
2014). The variety of methods, from free radical scav-
enging to the modulation of cellular signaling path-
ways, underscores their significant therapeutic im-
portance.

Nonetheless, a comprehensive evaluation of the lit-
erature uncovers substantial deficiencies. Primarily, a
significant portion of the evidence originates from in
vitro and animal research, with minimal corroboration
in human clinical trials. Although antioxidant and an-
tibacterial effects are routinely observed, the transla-
tion of these activities into clinically significant out-
comes remains unclear. Furthermore, the bioavailabil-
ity of seaweed polyphenols, especially phlorotannins,
remains poorly understood, with research suggesting
limited absorption and significant metabolic altera-
tions that may diminish or modify their bioactivity.
Moreover, discrepancies in extraction techniques, sea-
sonal availability, and algal species lead to significant
variability across studies, hindering cross-comparison
and standardization. Systematic data demonstrate that
polyphenolic compounds from seaweeds, particularly
phlorotannins, are powerful multifunctional bioac-
tives with significant promise for the creation of
nutraceuticals, functional foods, and medicinal agents.
However, enhancing their clinical application necessi-
tates standardized extraction and characterization
techniques, a deeper comprehension of pharmacoki-
netics, and meticulously designed human intervention
trials. These measures are crucial to close the existing
divide between promising experimental results and
practical implementations in health promotion and ill-
ness management.

Pigments

Macroalgae seaweed pigments constitute the bio-
chemical foundation for the taxonomic categorization
of macroalgae into green (about 1,200 species), red (ap-
proximately 6,000 species), and brown (approximately
1,750 species) groups. These organisms have three pri-
mary groups of natural pigments: chlorophylls, carot-
enoids, and phycobilins, each playing a role in photo-
synthesis and possessing bioactive qualities pertinent
to human health (Pangestuti & Kim, 2015). Chloro-
phylls, lipophilic pigments characterized by a porphy-
rin ring, are prevalent among algal taxa. Four types of
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chlorophyll have been identified in seaweed: chloro-
phyll a, the predominant form; chlorophyll b and c;
and chlorophyll d, which is specific to red algae
(Pangestuti & Kim, 2015). In addition to its fundamen-
tal function in photosynthesis, chlorophylls are linked
to antioxidant and possibly anticarcinogenic proper-
ties; however, clinical data are scarce.

Phycobiliproteins, in contrast, are water-soluble
fluorescent proteins exclusive to red and certain green
algae. They serve essential functions in light harvesting
and have been investigated for industrial applications
in food, cosmetics, and biotechnology owing to their
robust fluorescence and bioactive characteristics (Ar-
yee et al., 2018; Michalak & Chojnacka, 2015). Evidence
suggests antioxidant, anti-inflammatory, and im-
munomodulatory properties; however, most findings
originate from in vitro research, raising ambiguities
about bioavailability and metabolic stability in hu-
mans. Carotenoids constitute a significant category of
pigments and exhibit functional versatility. Certain ca-
rotenoids function not only as accessory pigments in
photosynthesis but also as precursors of vitamins, an-
tioxidants, hormones, and regulators of cellular signal-
ing, development, and differentiation (Chen et al.,
2023; Holdt & Kraan, 2011). Compounds such as fuco-
xanthin, prevalent in brown algae, exhibit antidiabetic,
antiobesity, and anticancer properties. Notwithstand-
ing these advantageous characteristics, the heterogene-
ity in carotenoid profiles among species, together with
seasonal and environmental factors, hampers the
standardization of their nutritional and therapeutic
use.

Nonetheless, significant deficiencies persist in the
practical use of pigment bioactivity. Although chloro-
phylls, phycobiliproteins, and carotenoids exhibit reli-
able antioxidant and protective properties in labora-
tory research, evidence from human trials is limited.
Furthermore, stability during extraction, processing,
and digestion remains a significant constraint to their
integration into functional foods and pharmaceutical
products. Variations in pigment yield among algae
taxa complicate the establishment of consistent dosage
and efficacy profiles. Systematic data indicate that sea-
weed pigments are multifunctional bioactive com-
pounds with potential applications such as natural an-
tioxidants, nutraceuticals, and industrial additives.
Nonetheless, their therapeutic efficacy is hindered by
issues of bioavailability, interspecies heterogeneity,
and a paucity of human trial data. Subsequent studies
must prioritize consistent isolation methods, pharma-
cokinetic investigations, and prolonged intervention
trials to substantiate the therapeutic potential of these
pigments.
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Bioactivity of seaweed compounds for
pharmaceutical applications

Seaweed has a highly intricate makeup and com-
prises a wide variety of components. The composition
of seaweed differs both within groups and within spe-
cies. Consequently, numerous seaweed extracts, abun-
dant in polysaccharides, fatty acids, proteins, phenol-
ics, and pigments, exhibit several bioactivities, includ-
ing anti-inflammatory, antioxidant, antidiabetic, anti-
obesity, and anticancer properties.

Antioxidant activity

Reactive oxygen species (ROS), encompassing free
radicals such as hydroxyl radicals and superoxide ani-
ons, as well as non-radical species such as hydrogen
peroxide and singlet oxygen, are byproducts of cellular
metabolism that can cause oxidative damage in biolog-
ical systems (Francenia et al., 2019; Senevirathne et al.,
2006). Excessive accumulation of ROS induces oxida-
tive stress, causing damage to proteins, lipids, and nu-
cleic acids, and is associated with the pathogenesis of
chronic diseases, including cancer, cardiovascular dis-
ease, atherosclerosis, diabetes, neurodegenerative dis-
orders, muscular dystrophy, and aging (Ahn et al.,
2007; Pirian et al., 2017). Both enzymatic and non-en-
zymatic antioxidants are essential for alleviating oxi-
dative stress and safeguarding cellular integrity (EI-
Sheekh et al., 2021; Vijay et al., 2023). Synthetic antiox-
idants such as butylated hydroxytoluene (BHT), ter-
tiary butylhydroquinone (TBHQ), and butylated hy-
droxyanisole (BHA) are commonly used as food pre-
servatives; however, safety concerns and consumer
preference for natural alternatives have heightened in-
terest in seaweed-derived compounds (Tanna et al.,
2019).

Seaweeds include a variety of bioactive com-
pounds, such as polyphenols, flavonoids, polysaccha-
rides, pigments, proteins, peptides, and fatty acids,
which serve as non-enzymatic antioxidants (Kumar et
al.,, 2014; Vijay et al., 2023). Their antioxidant capacity
has been thoroughly assessed using assays such as
ABTS, DPPH, and FRAP, consistently demonstrating
substantial radical-scavenging activity across red,
brown, and green species (Jagtap et al., 2021). Red sea-
weeds yield polysaccharides, including carrageenan
and porphyran, along with oligosaccharides such as
agar-oligosaccharides and carrageenan oligosaccha-
rides, which have significant antioxidant properties
(Fimbres-Olivarria et al., 2018; Khan et al., 2020; Kim et
al.,, 2017). Brown seaweeds are notably abundant in fu-
coidan and fucoidan oligosaccharides, laminarin, and
their derivatives, which have been linked to significant
free-radical scavenging and reduction capabilities
(Choi et al., 2012; Rajauria et al, 2021). Green
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seaweeds, despite their lower chemical diversity, pro-
vide substantial antioxidant polysaccharides.

In addition to carbs, pigments and lipids are crucial
to antioxidant defense. Chlorophylls, carotenoids,
phycobiliproteins, and fucoxanthin are acknowledged
for their capabilities in scavenging free radicals and
quenching singlet oxygen (Vijay et al., 2023). Bioactive
peptides, glycoproteins, and polyunsaturated fatty ac-
ids (PUFAs), especially omega-3 fatty acids, have been
documented to provide synergistic antioxidant bene-
fits (Cian et al., 2015; Habeebullah et al., 2021). Addi-
tionally, substances include palmitic acid, 4-pyridine-
methanol, and hexamethylcyclotrisiloxane, found in
Kappaphycus alvarezii, broaden the spectrum of sea-
weed-derived antioxidants (Chen et al., 2006; Sanjivku-
mar et al., 2020). In vitro and in vivo studies consist-
ently demonstrate the protective effects of seaweed ex-
tracts against oxidative stress-related disorders, under-
scoring their potential utility in functional food and
medicinal applications (Ahn et al., 2020; Chen et al.,
2021).

Notwithstanding these encouraging results, many
deficiencies hinder the clinical application and com-
mercial utilization of antioxidants produced from sea-
weed. The bioavailability and metabolic fate in hu-
mans are inadequately characterized, with scant clini-
cal data substantiating efficacy beyond laboratory
models. Secondly, heterogeneity in species, seasonal
growth circumstances, and extraction methods ham-
pers the reproducibility and standardization of antiox-
idant efficacy. Third, although antioxidant activity is
frequently assessed using chemical assays, these meth-
ods do not fully reflect its biological significance or
long-term health implications. The evidence collec-
tively indicates that seaweed serves as a natural reser-
voir of structurally diversified and biologically effec-
tive antioxidants, providing alternatives to manufac-
tured agents for health and food preservation. How-
ever, their incorporation into nutraceutical and phar-
maceutical markets necessitates standardized extrac-
tion techniques, comprehensive pharmacokinetic re-
search, and rigorously controlled clinical trials to ascer-
tain safety, efficacy, and dose response relationships.

Anti-inflammatory activity

Inflammatory disorders represent a serious global
health issue, substantially impacting morbidity, death,
and increasing healthcare expenditures. There has
been a growing focus on natural chemicals because of
their presumed safety and fewer side effects compared
to synthetic anti-inflammatory medicines. Marine al-
gae, specifically, are a promising source of bioactive
compounds, including polyphenols, sulfated polysac-
charides, terpenes, fatty acids, proteins, and peptides
that have been reliably linked to anti-inflammatory

https://jppres.com

Pharmaceutical potentials of seaweed

properties (Fernando et al., 2016). Lipids and fatty ac-
ids extracted from seaweeds have demonstrated the
ability to mitigate inflammatory responses by down-
regulating pro-inflammatory mediators, including tu-
mor necrosis factor-alpha (TNF-a), interleukins (IL-1,
IL-6, IL-8), monocyte chemoattractant protein-1 (MCP-
1), and inducible nitric oxide synthase (iNOS) (Jawor-
owska & Murtaza, 2023). These findings elucidate a
molecular basis for how seaweed lipids influence cyto-
kine signaling pathways, suggesting potential implica-
tions for metabolic and inflammatory diseases.

Sulfated polysaccharides derived from species like
Gelidium crinale, Lobophora variegata, Porphyra yezoensis,
and Fucus vesiculosus have exhibited considerable anti-
inflammatory action both in vitro and in vivo (Fernando
etal., 2016). Their actions appear to be facilitated by re-
duced cytokine production and disrupted inflamma-
tory signaling pathways, consistent with prior evi-
dence of their multifunctional bioactivity. Proteins,
peptides, and amino acids constitute another category
of anti-inflammatory medicines derived from algae.
Lectins derived from the green seaweed Caulerpa cu-
pressoides diminished paw edema in rat models
(Vanderlei et al., 2010), whereas lectins from the red
alga Pterocladiella capillacea impeded neutrophil migra-
tion (Silva et al., 2010). Lectins extracted from Hypnea
cervicornis inhibited carrageenan- and ovalbumin-in-
duced hypernociception in rats (Figueiredo et al.,
2010), whereas glycoproteins derived from Porphyra
yezoensis had significant anti-inflammatory properties
(Shin et al., 2011). These data, combined, indicate that
proteins derived from seaweed function via immuno-
modulatory and cellular recruitment mechanisms.

Polyphenolic compounds, including phloroglu-
cinol, eckol, dieckol, vidalols, phlorofucofuroeckols,
and diphlorethohydroxycarmalol, have been exten-
sively researched for their antiinflammatory properties
(Jung et al., 2013; Kaztowska et al., 2010; Lee et al., 2012;
Manzoor et al.,, 2013). Their methods of action typi-
cally encompass the suppression of reactive oxygen
species (ROS) production, control of cyclooxygenase-2
(COX-2) activity, and inhibition of inflammatory cyto-
kine release. Terpenoids derived from marine algae
have been acknowledged as effective modulators of in-
flammation. Evidence indicates that they primarily in-
fluence the nuclear factor-kappa B (NF-«B) signaling
pathway, a key regulator of immunological and in-
flammatory responses (de las Heras & Hortelano,
2009).

Notwithstanding the extensive data, several limits
persist. The majority of investigations are confined to
animal models and in vitro systems, with minimal clin-
ical validation. Furthermore, variations in extraction
techniques, algae species, and seasonal fluctuations
substantially influence compound vyield and
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bioactivity, hence complicating repeatability. Moreo-
ver, whereas numerous drugs exhibit broad-spectrum
anti-inflammatory effects, evidence on dose-response
relationships and long-term safety in humans are lim-
ited. Systematic evidence indicates that seaweeds con-
stitute a substantial source of structurally diverse anti-
inflammatory compounds, including lipids, polysac-
charides, proteins, polyphenols, and terpenoids. These
bioactives function by several mechanisms, including
cytokine suppression, modulation of the NF-xB path-
way, and regulation of immune cells. Nonetheless,
translating these promising benefits into therapeutic
applications remains constrained. Future research
should prioritize systematic extraction, mechanistic
clarification, and meticulously designed human trials
to substantiate the therapeutic efficacy of seaweed-de-
rived chemicals as anti-inflammatory medicines.

Antidiabetes activity

Diabetes is a highly prevalent chronic disease
worldwide, characterized by hyperglycemia due to in-
adequate insulin secretion by pancreatic p-cells and/or
insulin resistance, leading to metabolic disturbances in
carbohydrates, proteins, and lipids (Abdel-Karim et
al., 2022; El Barky et al., 2017). Traditional synthetic hy-
poglycemic medications, although efficacious, are
linked to significant adverse effects with prolonged us-
age, such as gastrointestinal disturbances, hypoglyce-
mia, and hepatotoxicity. As a result, there has been a
growing focus on natural alternatives that offer antidi-
abetic benefits with reduced adverse effects (Baghel et
al., 2023). In this context, seaweeds have emerged as
intriguing candidates due to their abundant bioactive
components.

Recent research has examined crude extracts from
red, brown, and green seaweeds, as well as specific iso-
lated metabolites including fucoxanthin, sulfated pol-
ysaccharides, and phlorotannins (El Shafay et al., 2022;
Erpel et al., 2020; Garcia et al., 2020; Jia et al., 2020;
Naveen et al., 2021; Pacheco et al., 2020). In vitro studies
consistently show that these substances possess potent
a-glucosidase and a-amylase inhibitory actions, mech-
anisms that are pharmacologically significant since
they impede carbohydrate digestion and diminish
postprandial glucose surges. The inhibitory effects re-
semble those of known antidiabetic medications such
as acarbose, suggesting that seaweed metabolites may
serve as natural analogs or supplements in diabetes
care.

In vivo animal studies provide additional support
for these conclusions. Seaweed extracts have been
shown to markedly improve hyperglycemia and hy-
perlipidemia, while also safeguarding hepatic and re-
nal function in diabetic animals. Enhancements in bio-
chemical parameters, specifically alanine
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aminotransferase (ALT), aspartate aminotransferase
(AST), uric acid, free fatty acids, and total bile acids un-
derscore the capacity of seaweed compounds to pro-
vide systemic protective effects beyond glucose regu-
lation (Cao et al., 2021; Gheda et al., 2021; Jia et al., 2020;
Oliyaei et al., 2021). This multifactorial mechanism dis-
tinguishes seaweed-derived medications from certain
synthetic pharmaceuticals that target specific path-
ways.

Notwithstanding these encouraging outcomes,
many constraints persist. The majority of studies are
confined to in vitro assays and preclinical animal mod-
els, without substantial human clinical trials to vali-
date efficacy and safety. The bioavailability and phar-
macokinetics of substances such as fucoxanthin and
phlorotannins remain poorly understood, creating un-
certainties about appropriate dosing and therapeutic
significance in humans. Furthermore, variety in sea-
weed species, geographic origin, seasonal harvesting,
and extraction methods provides heterogeneity that af-
fects reproducibility and cross-study comparisons.
Systematic data reveal that chemicals derived from
seaweed, notably fucoxanthin, polysaccharides, and
phlorotannins, exhibit significant antidiabetic poten-
tial via enzyme inhibition, glucose regulation, and or-
gan-protective actions. However, translating into clin-
ical applications requires consistent extraction tech-
niques, comprehensive pharmacological investiga-
tions, and meticulously organized human trials. These
measures are crucial for positioning seaweed as a cred-
ible source of next-generation antidiabetic medicines
and functional dietary components.

Anticancer activity

Seaweeds, classified into red, brown, and green cat-
egories, have been extensively studied for their poten-
tial anticancer effects. Their biochemical complexity
includes both primary constituents —such as proteins,
polysaccharides, and minerals —and secondary bioac-
tives —such as terpenes, polyphenols, carotenoids,
chlorophylls, phlorotannins, phycobiliproteins, and li-
pids. Both types of drugs exert anticancer activity via
several mechanisms, including the suppression of tu-
mor cell proliferation and modulation of immune re-
sponses (Liu et al., 2022). Polysaccharides are among
the most extensively researched anticancer drugs gen-
erated from seaweed. Sulfated galactans from red sea-
weeds, fucoidan and alginic acid from brown sea-
weeds, and ulvan from green seaweeds have all exhib-
ited antiproliferative and chemopreventive properties.
Ulvan extracted from Ulva lactuca has demonstrated
the ability to inhibit breast carcinogenesis in both in
vitro and in vivo models, indicating its potential as a di-
etary chemopreventive agent (Abd-Ellatef et al., 2017;
Castro et al., 2015). Likewise, low-molecular-weight
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polysaccharides derived from Gayralia oxysperma
demonstrated inhibition of U87MG glioblastoma cells
while sparing normal Vero cells, underscoring selec-
tive cytotoxicity, particularly advantageous in cancer
treatment (Ropellato et al., 2015).

Proteins and peptides also play a role in seaweeds'
anticancer properties. Glycoproteins derived from
Codium decorticatum and Laminaria japonica have cyto-
toxic and antiproliferative properties (Go et al., 2010;
Senthilkumar & Jayanthi, 2016). Lectins from Solieria
filiformis inhibited tumor progression by altering im-
mune cell function (Chaves et al., 2018), whereas pep-
tides from Porphyra yezoensis triggered apoptosis in
cancer cells (Park et al., 2014). These findings highlight
the multifunctional properties of seaweed proteins,
which exert effects through direct cytotoxicity and im-
munomodulation. Terpenes and polyphenolic deriva-
tives have garnered significant interest among the mi-
nor bioactives. Distinct fatty acid derivatives, includ-
ing 3(C)-hydroxy-hexadeca-4(E), 6(Z)-dienoic acid es-
ters and 3(C)-hydroxy-octadeca-4(E),6(Z), 15(Z)-tri-
enoic acid, extracted from Tydemania expeditionis, have
demonstrated notable anticancer efficacy (Jiang et al.,
2008). Carotenoids like fucoxanthin and phlorotannins
demonstrate significant proapoptotic and anti-meta-
static properties, principally by modulating oxidative
stress and disrupting cancer cell signaling pathways.

The anticancer efficacy of seaweed extracts appears
to be mediated by several mechanisms: augmentation
of immune responses, inhibition of cancer cell invasion
and metastasis, induction of apoptosis, suppression of
angiogenesis, and scavenging of free radicals (Liu et
al., 2022). The pleiotropic characteristics of these effects
underscore the therapeutic potential of seaweed bioac-
tives as both chemopreventive medicines and adjuncts
to conventional therapy. Notwithstanding these en-
couraging results, many limitations persist. The ma-
jority of investigations are limited to preclinical phases,
with minimal evidence from clinical trials. The bioa-
vailability and metabolic pathways of numerous sub-
stances, including polysaccharides and phlorotannins,
remain little elucidated. Moreover, discrepancies in ex-
traction procedures, seaweed species, and environ-
mental conditions substantially impact repeatability
and obstruct the development of standardized medici-
nal formulations. Systematic research demonstrates
that seaweeds are a prolific source of structurally var-
ied chemicals with significant anticancer potential.
Clinical translation necessitates standardized extrac-
tion methodologies, a comprehensive understanding
of molecular targets, and meticulously organized hu-
man trials. Bridging these gaps is crucial for transform-
ing seaweed-derived drugs from promising laboratory
results into effective anticancer treatments.
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Anti-obesity activity

Obesity constitutes a significant public health chal-
lenge closely associated with type 2 diabetes, metabolic
syndrome, and cardiovascular illnesses. Current phar-
macotherapies for obesity, namely orlistat, lorcaserin,
phentermine, and naltrexone, are employed alongside
dietary and exercise regimens; nonetheless, their effi-
cacy is frequently constrained and associated with un-
desirable effects. This has generated interest in natu-
ral, safer alternatives, with seaweeds, especially brown
varieties, emerging as viable options due to their var-
ied bioactive chemicals, such as phlorotannins, fu-
coidans, fucoxanthins, and alginates (Wan-Loy &
Siew-Moi, 2016). Preclinical research strongly supports
the anti-obesity efficacy of seaweed extracts. The ad-
ministration of Undaria pinnatifida to diet-induced
obese mice regulated weight gain, enhanced energy ex-
penditure, and stabilized glucose and insulin levels
(Grasa-Lopez et al., 2016). Likewise, the administra-
tion of Sargassum polycystum powder inhibited weight
gain in rats subjected to a high-fat diet, concurrently
reducing triacylglycerol and plasma cholesterol levels
(Awang et al., 2014). Red seaweeds demonstrate sig-
nificant anti-adipogenic properties: ethanol extracts of
Grateloupia elliptica inhibited adipogenic protein ex-
pression and diminished intracellular lipid accumula-
tion in 3T3-L1 cells and high-fat diet mice (Lee et al.,
2020), whereas extracts of Plocamium telfairiae mark-
edly reduced adipose tissue mass and lipid droplet for-
mation in obese C57BL/6 mice (Lu et al., 2020).

Evidence has also been expanded to include human
research; however, this research is restricted. A clinical
experiment found that eating breakfast bread fortified
with Ascophyllum nodosum led to a 16.4% decrease in
total calorie intake, suggesting possible appetite-sup-
pressing properties (Hall et al., 2012). These findings
underscore the translational significance of seaweed-
derived chemicals; however, the scarcity of extensive
human intervention is a notable limitation. Mechanis-
tically, seaweed and its derivatives function through
several pathways: (i) inhibition of pancreatic lipase,
leading to decreased fat absorption; (ii) suppression of
adipocyte differentiation and lipid accumulation; (iii)
reduction of inflammation in white adipose tissue via
downregulation of pro inflammatory gene expression;
and (iv) enhancement of B-oxidation through upregu-
lation of mitochondrial uncoupling proteins (Lee et al.,
2020; Lu et al., 2020; Wan-Loy & Siew-Moi, 2016). The
multimodal actions of seaweed chemicals set them
apart from conventional medications, which typically
target a single pathway.

Notwithstanding favorable results, significant defi-
ciencies persist. Numerous studies have been con-
ducted in controlled laboratory or animal model set-
tings, prompting questions about their relevance to
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human populations. Variability in bioactive content
across species, geography, and extraction methods hin-
ders repeatability and standardization. Moreover, the
absence of long-term safety evidence and dose-re-
sponse interactions in humans constrains therapeutic
use. Systematic data demonstrate that seaweed and its
derivatives exhibit considerable anti-obesity potential
via multiple pathways, including modulation of lipid
metabolism, inhibition of adipogenesis, and appetite
control. To verify seaweed bioactives as effective anti-
obesity treatments, future research must focus on
standardized extraction techniques, comprehensive
pharmacokinetic investigations, and extensive human
clinical trials to confirm both efficacy and safety.

Applications of eco-friendly extraction techniques

To extract bioactive components from algae effec-
tively using a variety of methods, significant research
efforts have been made. Traditional extraction meth-
ods, also known as solid-liquid extraction, have several
drawbacks, including lower efficiency, higher energy
costs, and lower yield. As a result, novel extraction
techniques are required. Some of these techniques in-
clude ultrasound-assisted extraction (UAE), supercriti-
cal fluid extraction (SFE), enzymatic-assisted extrac-
tion (EAE), microwave-assisted extraction (MAE), and
pressurized liquid extraction (PLE) (Muhammad et al.,
2023; Silva et al., 2020a). Table 2 demonstrates the bio-
activity of crude seaweed extracts acquired by eco-
friendly extraction techniques.

Ultrasound-assisted extraction (UAE)

UAE is a contemporary extraction technique that
utilizes acoustic vibrations in the kilohertz range (20-
100 kHz) to facilitate the release of bioactive chemicals
from biological matrices. The primary mechanism in-
volves the formation and implosion of cavitation bub-
bles in the solvent, generating localized shock waves
and microjets that compromise cell walls, thereby pro-
moting the diffusion of intracellular substances into
the surrounding medium (Tiwari, 2015). Two principal
designs are used: ultrasonic baths (indirect sonication)
operating at 40-50 kHz with power levels ranging
from 50 to 500 W, and ultrasonic probes (direct soni-
cation) operating at 20 kHz. The primary difference is
in the intensity and uniformity of energy transmission
to the sample, with probes delivering more localized,
high-intensity cavitation than baths (Adam et al,
2012). UAE, as a cold extraction method, functions at
comparatively low temperatures, thereby preserving
thermolabile chemicals that could otherwise deterio-
rate during traditional extraction processes. Docu-
mented benefits encompass diminished solvent usage,
eradication of hazardous substances, abbreviated pro-
cessing durations, augmented reproducibility,
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increased extraction yields, enhanced purity of ex-
tracts, and minimized post-processing waste (Chemat
et al, 2017). These features have established the UAE
as an eco-friendly and economical alternative to con-
ventional solvent-based techniques.

In the realm of seaweed bioactives, ultrasound-as-
sisted extraction (UAE) has been widely used to re-
cover phenolic compounds, polysaccharides, and
other important metabolites. Research has docu-
mented the successful extraction of phenolics, includ-
ing gallic acid, catechins, and galloyl esters
(Rodriguez-Bernaldo de Quirés et al., 2010), sulfated
polysaccharides such as fucose and glucans (Garcia-
Vaquero et al., 2018; Topuz et al., 2016), in addition to
fucose and uronic acid from brown and red seaweeds
(Kadam et al., 2014). The data indicate that the UAE is
particularly efficient for seaweed matrices, where stiff
cell walls and elevated polysaccharide content often
hinder traditional extraction methods. Notwithstand-
ing its benefits, rigorous assessment reveals numerous
shortcomings. The variability in sonication conditions,
frequency, power density, extraction duration, and sol-
vent type renders cross-study comparisons difficult
and hinders the standardization of techniques. Sec-
ondly, although the UAE is typically considered an en-
vironmentally friendly method, the localized high-en-
ergy radiation generated by probe sonication may pro-
duce free radicals, potentially altering or degrading
sensitive molecules. Moreover, extensive industrial
implementation is limited by equipment costs, energy
requirements, and scalability issues compared to tradi-
tional maceration or Soxhlet techniques.

Systematic evidence indicates that UAE is an excep-
tionally efficient and sustainable method for extracting
bioactives from seaweeds, especially phenolic com-
pounds and polysaccharides. Nevertheless, broader
implementation requires further optimization of oper-
ating parameters, thorough assessments of compound
stability, and techno-economic evaluations to assess
scalability. Standardized protocols and comparative
analyses with alternative extraction techniques (e.g.,
microwave-assisted extraction, pressured liquid ex-
traction, and natural deep eutectic solvents) are essen-
tial to validate its status as a preferred approach in la-
boratory and industrial contexts.

Supercritical fluid extraction (SFE)

SFE has emerged as an environmentally sustainable
and effective method for separating bioactive com-
pounds from complex natural matrices (Sosa-Hernan-
dez et al., 2018). The approach utilizes supercritical flu-
ids, which, beyond their critical point, exhibit distinc-
tive hybrid properties: liquid-like solvation with re-
duced surface tension and gas-like diffusivity with en-
hanced mass transfer.
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Table 1. Bioactivity of crude seaweed extract derived from eco-friendly extraction techniques.
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Extraction . . . .
Seaweed Type method Conditions Activity Bioactives Ref
Nizamuddinia UAE 200 W, 20 kHz, 55°C, 20 min Antibacterial, antiviral Polysaccharide Alboofetileh et al.
zanardinii and cytotoxic and fucoidans (2018)
properties
Sargassum muticum UAE The liquid to solid ratio is 20:1, and the Antitumoral Fucoidan Flérez-Fernandez et
temperature is 25°C, 5-30 minutes, 40 kHz, 1.5 A, al. (2017)
and 150 W
Ascophyllum nodosum UAE 60% ultrasonic power amplitude and 0.1 M Antioxidant and Laminarin Kadam et al. (2015)
and Laminarina hydrochloric acid for 15 min. antimicrobial
hyperborea
Sargassum boveanum,  EAE The proteases employed were flavourzyme 500 Antioxidants and Polysaccharides Habeebullah et al.
Sargassum MG, alcalase 2.4 L FG, and neutrase 0.8 L antimicrobial (2021)
angustifolium, and
Feldmannia irregularis
Solieria chordalis, Ulva  EAE Enzymes (proteases and carbohydrases) Antiviral Protein and Hardouin et al.
sp and Sargassum denatured at 90°C for 15 min. polysaccharides (2014)
muticum
Codium fragile and EAE Enzymes concentration 0.5% and were placed in Antiviral Protein and Kulshreshtha et al.
Chondrus crispus a 50°C water bath for 3 h, denatured by raising polysaccharides (2015)
90°C, 15 min.
Fucus vesiculosus PLE H.0, methanol, Temperature (20, 40, 60°C) Antimicrobial, Phlorotannins, Heavisides et al.
anticancer, apoptotic, phosphatidylcholi ~ (2018)
and free radical ne, betaine, lipids,
scavenging chlorophylls,
carotenoids
Undaria pinnatifida PLE H:0, solid-liquid ratio of 1:30. Temperature (160, Antioxidant Fucoidan Ferreira-Anta et al.
180,200 and 220°C) (2023)
Himanthalia elongata PLE Hexane, ethanol,W; 200°C, 20 min Antimicrobial Fatty acids and Plaza & Turner
pigments (2015)
Coccomyxa onubensis SFE Temperature 70°C, 40 MPa, and 50% v/v ethanol. Antioxidant Carotenoids and Ruiz-Dominguez et
CO, flow rate of 2 L/min (~3.62 g/min). phenolic al. (2022)
Saccharina japonica SFE Temperature 45°C, 250 bar, CO; flow rate: 27 Antioxidants, Fucoxanthin and Sivagnanam et al.
and Sargassum g/min, extraction: 2 h. 96% ethanol, as a antimicrobial, and phenolic (2015)
horneri cosolvent, 1 mL/min flow rate antihypertensive
Sargassum wightiiand ~ SFE The CO: flow rate was 30 g/min. Ethanol at 6% (2 Antioxidant Phenolic and Kumar et al. (2020)
Turbinaria conoides g/min), pressure 250 bar, temperature 50°C, and flavonoid
extraction 1 h.
Ulva prolifera MAE Frequency 2.45 GHz, 500 W, 120°C, 0.01 M HCl Antioxidant and Polysaccharides Yuan et al. (2018)
pancreatic lipase
inhibition
Solieria filiformis MAE At 100% of full power at a frequency of 2450 MHz Antiviral Proteins, Penuela et al. (2018)
polysaccharides
and fatty acids
Ulva pertusa MAE During the extraction process, the time was 43.63 Antioxidant Polysaccharides Le et al. (2019)

min, the power setting was 600 W, the water-to-
raw material ratio was 55.45, and the pH level was
6.57.

These characteristics promote the effective infiltra-
tion into cellular matrices and improve the extraction
of target chemicals. Compared with traditional extrac-
tion techniques, SFE offers several advantages, includ-
ing reduced solvent use, shorter processing times, en-
hanced selectivity, and reduced degradation of ther-
molabile compounds (Gallego et al., 2019). These qual-
ities highlight its broad utility in extracting bioactives
from seaweed and other marine sources.
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Carbon dioxide is the predominant solvent em-
ployed in SFE owing to its advantageous thermody-
namic and physicochemical characteristics, such as
non-toxicity, affordability, non-flammability, accessi-
bility, and environmental compatibility (Mendiola et
al., 2008; Saravana et al., 2017). Nonetheless, due to the
essentially nonpolar nature of supercritical CO,, its ap-
plication is restricted to the extraction of nonpolar or
weakly polar substances, including lipids and carote-
noids. To address this constraint, small amounts of
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cosolvents (e.g., ethanol, methanol) are frequently
used to alter solvent polarity, facilitating the extraction
of polar compounds such as phenolics and certain pol-
ysaccharides (Saravana et al., 2017). This tunability sig-
nifies a significant advantage of SFE, facilitating tar-
geted extraction based on compound polarity. In the
realm of seaweeds, SFE has been effectively utilized to
extract various bioactive chemicals. Fatty acids have
been effectively extracted from diverse seaweed spe-
cies (Bogolitsyn et al., 2017; Ruiz-Dominguez et al,,
2022), while polyphenols, carotenoids, and chloro-
phylls have also been obtained with elevated purity
and bioactivity (Fabrowska et al., 2018; Penuela et al.,
2018; Yuan et al., 2018). These findings underscore the
adaptability of SFE in extracting a diverse array of chal-
lenging chemicals that are difficult to extract with con-
ventional solvent-based methods.

Notwithstanding these benefits, certain restrictions
hinder wider implementation. The capital and opera-
tional expenses of SFE equipment exceed those of tra-
ditional extraction methods, potentially limiting scala-
bility in industrial applications. The extraction effi-
ciency is significantly influenced by meticulous control
of temperature, pressure, and co-solvent ratios, mak-
ing reproducibility difficult in the absence of defined
techniques. Moreover, although SFE effectively main-
tains bioactivity, some chemicals may still undergo
partial degradation under high-pressure conditions.
Systematic data demonstrate that SFE is a highly prom-
ising, sustainable, and selective technique for extract-
ing bioactive chemicals from seaweeds, specifically li-
pids, carotenoids, and polyphenols. The adjustable sol-
vent system, in conjunction with co-solvents, broadens
its applicability to both polar and nonpolar molecules.
Further study is necessary to improve process param-
eters, assess scalability through techno-economic eval-
uations, and compare with alternative green extraction
methods. Addressing these deficiencies will be crucial
for incorporating SFE into commercial seaweed biore-
finery systems and optimizing its impact on the
nutraceutical, pharmaceutical, and functional food sec-
tors.

Enzymatic-assisted extractions (EAE)

EAE has attracted significant interest as a sustaina-
ble, highly selective technique for the recovery of bio-
active compounds from marine resources, such as sea-
weeds. This methodology utilizes the catalytic activity
of enzymes to hydrolyze complex cellular structures
under mild aqueous conditions, thereby enabling the
extraction of intracellular compounds that are difficult
to access using traditional methods (Puri et al., 2012).
In contrast to conventional solvent-based extractions,
EAE offers significant benefits, including enhanced
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specificity, expedited processing, increased efficiency,
reduced dependence on aggressive chemicals, reduced
energy use, recyclability, and strong adherence to
green chemistry principles (Sosa-Hernandez et al,
2018). EAE often utilizes a diverse array of hydrolytic
enzymes, including proteolytic, cellulolytic, and lig-
ninolytic enzymes, to address various cellular constit-
uents. Enzymatic pre-treatment considerably im-
proves the extraction of bioactives by degrading poly-
saccharides, proteins, and other structural macromole-
cules in cell walls and membranes, while reducing
damage to sensitive chemicals (Alam et al., 2017). This
enzymatic selectivity offers an advantage over purely
physical approaches (e.g., ultrasound or microwave
extraction) by enabling customized extraction strate-
gies tailored to the desired metabolite profile.

The utilization of EAE in seaweed bioprocessing
has yielded encouraging results. Enzymatic hydroly-
sis has effectively improved the extraction of polyphe-
nolic compounds and phlorotannins from brown sea-
weeds (Casas et al., 2019; Rodrigues et al., 2015). This
method has also been utilized to extract high-value
proteins and polysaccharides, resulting in enhanced
yield and bioactivity (Habeebullah et al., 2019). These
findings underscore the extensive adaptability of EAE
in extracting several classes of bioactives, hence affirm-
ing its promise in nutraceutical and pharmaceutical de-
velopment. Notwithstanding these benefits, significant
problems persist. The costs associated with enzymes
can be substantial, and optimizing enzyme type, dos-
age, temperature, and pH requires meticulous calibra-
tion to achieve a balance between efficiency and cost-
effectiveness. The selectivity of enzymes may lead to
inadequate extraction of specific compound classes, re-
quiring the use of supplementary methods as ultra-
sound- or microwave-assisted extraction. Moreover,
the industrial applicability remains limited, with the
majority of data originating from laboratory research
rather than from commercial-scale validations.

Systematic data substantiates EAE as an environ-
mentally sustainable, selective, and effective extraction
technique that markedly enhances the recovery of bio-
active chemicals from seaweeds. Its versatility in ac-
commodating various metabolites, such as polyphe-
nols, proteins, and polysaccharides, underscores its
significance in the formulation of functional com-
pounds. The exorbitant cost of enzymes, the lack of es-
tablished methods, and limited scalability persist as
significant obstacles. Future research must focus on
process optimization, enzyme engineering to reduce
costs, and integration with other sustainable extraction
methods to propel EAE towards industrial biorefinery
applications.
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Microwave-assisted extraction (MAE)

MAE has become a refined and effective method for
extracting bioactive compounds from seaweeds and
various plant matrices (Simsek et al., 2012; Zhang et al.,
2011). Microwaves, characterized as non-ionizing radi-
ation with wavelengths from 1 mm to 1 m and frequen-
cies between 300 MHz and 300 GHz, facilitate rapid
heating by promoting molecular rotation and ionic
conduction in dipolar fluids and compounds. This lo-
calized heating compromises plant cell integrity by va-
por-induced swelling and rupture, therefore enabling
the release of intracellular compounds. The efficacy of
MAE is affected by various operational parameters,
such as frequency, power intensity, extraction dura-
tion, solvent type and polarity, sample particle size,
moisture content, solid-to-liquid ratio, extraction tem-
perature and pressure, and the number of extraction
cycles (Mirzadeh et al.,, 2019; Zhang et al., 2011). The
ability to adjust these factors offers considerable flexi-
bility while underscoring the need for standardization
to ensure reproducibility and scalability.

In the realm of seaweeds, MAE has been effectively
used to extract a wide range of bioactive compounds.
The substances encompass polysaccharides such as
carrageenan (Boulho et al., 2017), fucose, galactose,
mannose, and glucuronic acid (Chen & Xue, 2018; He
et al,, 2016; Ren et al., 2017; Tsubaki et al., 2016), in ad-
dition to phenolic compounds (Lopez-Hortas et al.,
2018; Safari et al.,, 2015) and phlorotannins (Abdel-
hamid et al., 2019; Zhang et al., 2018). Moreover, MAE
has been reported to improve the extraction of pig-
ments, such as fucoxanthin (Xiao et al., 2012), and sul-
fated polysaccharides, such as fucoidan (Lorbeer et al.,
2015; Rodriguez-Jasso et al., 2011). These findings un-
derscore MAE's adaptability for extracting both hydro-
philic and lipophilic chemicals, making it well-suited
for integrated biorefinery applications. The benefits of
MAE include shorter extraction times, reduced solvent
use, higher yields, and maintenance of bioactivity com-
pared to traditional procedures. Furthermore, the tech-
nique adheres to green chemistry principles by reduc-
ing energy and solvent demands. Nevertheless, signif-
icant obstacles persist. Excessive microwave power or
prolonged exposure might compromise sensitive bio-
actives, while uneven heating in larger systems can
limit reproducibility. Moreover, optimization is dis-
tinctly matrix-specific, necessitating meticulous adjust-
ment for each seaweed species and constituent cate-
gory. The substantial capital expenditure associated
with industrial-scale microwave systems limits their
broad implementation.

Systematic data demonstrates that MAE is an effec-
tive and sustainable extraction method for seaweed bi-
oactives, successfully applied to polysaccharides, pol-
yphenols, pigments, and phlorotannins. However,
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extensive industrial implementation necessitates es-
tablished protocols, validation of scale-up processes,
and techno-economic evaluations. Subsequent re-
search should focus on integrating MAE with synergis-
tic green technologies (e.g., enzyme-assisted or super-
critical fluid extraction) to improve selectivity, mitigate
degradation hazards, and enhance overall extraction
efficiency.

Pressurized liquid extraction (PLE)

PLE, sometimes known as accelerated solvent ex-
traction, is a solid-liquid extraction method performed
at extreme temperatures (50-200°C) and pressures (10-
15 MPa). PLE enhances solvent penetration and solu-
bility of target chemicals by using elevated tempera-
ture and pressure, thereby improving extraction effi-
ciency. In contrast to traditional solvent-based meth-
ods, PLE offers substantial benefits, including substan-
tial reductions in solvent use, shorter extraction times,
and higher yields of thermally stable chemicals (Sun et
al., 2012). PLE has demonstrated notable efficacy in ex-
tracting polar chemicals from marine biomass, such as
seaweeds (Harrysson et al., 2018; Herrero et al., 2015).
Various solvent solutions, including water, ethanol-
water mixtures, and acetone-water mixtures, have
been successfully used to enhance the recovery of phe-
nolic compounds (Tierney et al., 2013). In addition to
phenolics, PLE has shown efficacy in extracting a wide
range of bioactive compounds, such as polyphenols, li-
pids (Fayad et al., 2017), fatty acids, tocopherols, al-
kanes, and phenols (Plaza et al., 2010). Furthermore,
PLE has been employed to isolate phlorotannins, phos-
phatidylcholine, betaine lipids, chlorophylls, and ca-
rotenoids from seaweed matrices (Anaelle et al., 2013;
Montero et al., 2016).

The benefits of PLE encompass not only efficiency
but also its compliance with green chemistry princi-
ples, as the use of food-grade solvents such as ethanol
and water makes it a safer, more environmentally
friendly option than conventional organic solvents.
Moreover, its ability to work with multiple solvent sys-
tems provides versatility for targeting molecules of
varying polarity. However, certain limits must be rec-
ognized. The high temperatures used in PLE, although
advantageous for expediting extraction, may jeopard-
ize the stability of specific thermolabile chemicals,
leading to partial breakdown. Furthermore, the tech-
nology requires advanced equipment, which entails
substantial operational expenses, thereby hindering its
scalability for industrial applications. Variability in sol-
vent selection and operational conditions hinders re-
peatability across investigations, underscoring the ur-
gent need for standardization in comparative research.

Systematic data substantiates PLE as an exception-
ally effective and eco-friendly method for extracting
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various bioactive compounds from seaweeds, espe-
cially phenolics, lipids, and pigments. Nonetheless, is-
sues related to heat degradation, process optimization,
and scale-up feasibility remain unaddressed. Future
research must focus on establishing standardized
methodologies, improving solvent systems to maintain
bioactivity, and incorporating PLE into multi-step bio-
refinery processes alongside other eco-friendly extrac-
tion technologies.

CONCLUSION

Seaweed-derived bioactives hold significant poten-
tial for pharmaceutical applications due to their multi-
faceted biological activities. Sustainable extraction
techniques, such as ultrasound-assisted, supercritical
fluid, and enzymatic-assisted extraction, can improve
yields while reducing environmental impact. How-
ever, further validation through standardized pharma-
cological testing, toxicity profiling, and clinical trials is
essential. Future research should also focus on opti-
mizing green extraction methods and exploring sea-
weed-derived nanoparticles for targeted drug deliv-

ery.
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