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Abstract

Due to large-scale macroalgal blooms, nutrient enrichment, and changes in ocean circula-
tion brought on by climate change, beach-accumulated seaweed (BAS) has quickly become a
global environmental and waste-governance concern. Despite degradation and contamina-
tion during beach stranding, BAS retains valuable bioactive compounds, including sulfated
polysaccharides, phlorotannins, pigments, proteins, peptides, and lipids, which exhibit anti-
inflammatory, antioxidant, antimicrobial, antiviral, immunomodulatory, anticancer, and
metabolic regulatory activities. This review critically evaluates BAS as a sustainable biore-
source by integrating current knowledge on biomass composition, degradation-associated
challenges, bioactive properties, valorization pathways, advanced extraction technologies,
safety validation, regulatory considerations, and emerging commercialization opportuni-
ties. Attention is given to sustainable valorization pathways, ranging from composting and
bioenergy production to the recovery of high-value bioactives through enzyme-assisted,
green, and advanced extraction technologies. The review further discusses policy and
regulatory gaps, contamination challenges, safety validation requirements, and life-cycle
sustainability considerations that currently limit industrial adoption. Finally, emerging
opportunities involving metabolomics, microbial bioprocessing, artificial intelligence, au-
tomation, and nanotechnology are explored as future directions for transforming BAS into
a standardized and economically viable feedstock within the circular blue bioeconomy.
Establishing harmonized regulatory frameworks and integrating BAS management with
Sustainable Development Goals (SDGs) 12 and 14 will be critical for enabling sustainable
resource recovery and long-term coastal resilience.

Keywords: beach-accumulated seaweed; biomass valorization; marine biomass recycling;
marine bioactives; blue-bioeconomy; circular bioeconomy; algal biomass

1. Introduction
Beach-accumulated seaweed (BAS) has become a growing problem in many parts

of the world, yet it remains an undervalued and under-addressed resource. Throughout
the year, large quantities of macroalgae, such as Sargassum, Ulva, Gracilaria, and other
mixed species, are washed onto shorelines [1]. Different environmental changes, including
nutrient pollution, rising sea surface temperatures, and shifts in ocean currents, trigger
these events. As a result, beach accumulation has gradually transformed from a seasonal
inconvenience to a recurring global challenge for coastal communities [2].
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Recent research findings and trends have drawn attention to the seaweed industry, and
its rapid expansion has driven high demand for seaweed as a natural source of bioactive
compounds, hydrocolloids, fertilizers, cosmetics, bioplastics, and nutraceutical ingredients.
Across Asia, Europe, and America, seaweed is cultivated and carefully processed and
transformed into valuable commercial products. However, the seaweed found on beaches,
despite being fundamentally the same biological material, remains mostly ignored and is
usually treated simply as waste [3,4].

The presence of decaying seaweed on beaches affects tourism, public health, and
local fisheries. Strong odors caused by decomposing seaweed can release gases such as
hydrogen sulfide, making beaches hostile and unsafe for residents and visitors. Also, it
affects the local authorities and economies since the huge volume of stranded seaweed
increases the cleanup costs [5]. Chemical characterization studies indicate that BAS
retains substantial amounts of polysaccharides, polyphenols, pigments, lipids, proteins,
and minerals despite varying degrees of degradation. However, much of the current
understanding of the biological activities and industrial applications of these compounds
originates from cultivated or freshly harvested seaweeds, highlighting the need for
additional BAS-specific investigations [6]. Environmental stresses such as sunlight
exposure, oxidation, high salinity resistance, and microbial interaction cause seaweed to
possess entirely new or enhanced bioactivities compared to terrestrial plants [7]. This
presents a unique opportunity to convert an environmental burden into a sustainable
supply of raw materials.

Therefore, an urgent need to manage BAS arises, and a recycling-oriented approach
should be introduced to address the issue instead of discarding or landfilling. With proper
sorting, decontamination, and biorefinery processes, beach seaweed can be repurposed
and integrated into the circular bioeconomy as valuable products. This shift helps not only
to reduce environmental impact on the coastal ecosystem, but also to promote resource
recovery, waste minimization, and sustainable development [8].

This review aims to critically evaluate BAS as a source of industrially relevant bioac-
tive compounds by integrating current knowledge on biomass composition, degradation-
associated challenges, valorization pathways, advanced extraction technologies, safety
validation, and commercialization prospects within a circular bioeconomy framework.
Unlike previous BAS reviews that primarily focused on biomass utilization opportunities,
this review integrates chemical characterization, bioactivity, processing technologies, safety
assessment, and commercialization challenges to provide a comprehensive roadmap for
the valorization of high-value BAS.

2. Global Challenges of Beach-Accumulated Seaweed as an Emerging
Waste Governance Problem

Beach-accumulated seaweed is no longer a local or seasonal inconvenience and is
rapidly evolving into a complex waste governance issue due to several reasons. Global
“green and golden tides” are affecting coastlines, degrading water quality, deterring tourists,
and disrupting fisheries and aquaculture (Figure 1) [1]. The existing policies and waste
management frameworks have not kept pace with the growing volume, variability, and
unpredictability of this biomass [9]. To support this discussion, Table 1 synthesizes the
main environmental, logistical, and regulatory challenges that must be addressed to enable
sustainable recycling and bioactive recovery from beach-accumulated seaweed.
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Table 1. Global challenges associated with BAS and their implications for waste management,
recycling strategies, and bioactive recovery.

Challenge Key Issue Examples and
Regional Context

Implications for Recycling/
Bioactive Recovery References

Geographical
Hotspots

Massive, recurrent
accumulations of
Sargassum, Ulva, and
mixed macroalgae on
global coastlines

Great Atlantic Sargassum
Belt (Caribbean, Western
Africa), Yellow Sea green
tides (China, Korea),
Northern Europe
Ulva blooms

Seasonal unpredictability
disrupts supply stability;
batch variability affects
extraction consistency

[10–12]

Species
Variability

Mixed biomass
containing brown, green,
and red algae,
often degraded

Sargassum spp., Ulva spp.,
Gracilaria spp.,
Laminaria spp. in
unpredictable proportions

Difficulty in standardizing
chemical composition and
ensuring reproducible
bioactivity profiles

[13,14]

Contaminant
Load

Heavy metals,
microplastics, sand,
debris, marine animals,
hydrocarbons, pathogens

Lead, cadmium,
microplastics, Vibrio spp.,
and E. coli contamination
in stranded seaweed

Requires extensive
pre-cleaning → increases
cost, reduces suitability for
food/pharma applications

[15,16]

Degradation
Processes

UV exposure, oxidation,
enzymatic breakdown,
and microbial decay
during beach stranding

Loss of native metabolites,
conversion to breakdown
products, and
release of H2S gas

Chemical profile becomes
unstable; some degradation
products may have
beneficial or
harmful bioactivities

[17]

Waste
Classification
Ambiguity

Inconsistent legal status
(waste, organic matter,
invasive biomass)
across countries

EU treats stranded
seaweed as “beach waste,”
Caribbean countries
classify Sargassum as
“natural hazard.”

Difficult to obtain permits
for transportation and
industrial processing due to
regulatory uncertainty

[3,18]

Logistical
Constraints

Large volumes, high
moisture content,
decomposition begins
rapidly, and
expensive removal

Manual/tractor removal
is used in tourist beaches;
rural areas lack
the equipment

High operational costs:
decomposition reduces
usable yield and
chemical stability

[19]

Economic
Constraints

Low economic incentive
to recycle; high
processing costs; lack of
dedicated supply chains

Tourism-dependent
economies bear high
cleaning costs without a
revenue return

Recycling remains
unattractive unless
backed by policy
support or subsidies

[19]

Regulatory
Gaps

No standard quality
criteria for
beach biomass for
industrial use

Absence of contamination
limits, microbial
guidelines, and
hygiene protocols

Prevents certification for
food/cosmetic-grade
materials; limits
international marketability

[20]

Lack of
Infrastructure

Limited drying, storage,
or processing facilities
near affected beaches

Biomass is often left to rot;
small local processors
are overwhelmed

Limits rapid stabilization:
transport to distant
facilities is expensive

[14]

Social
Acceptance
Issues

Local communities often
view biomass as a
nuisance, not a resource

Negative tourism impact
overshadows
value-creation potential

Requires awareness
campaigns and policy
frameworks to
normalize recycling

[21]
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Figure 1. Global distribution of major beach-accumulated seaweed (BAS) hotspots associated with
recurrent macroalgal blooms and coastal strandings. Major affected regions include the Great Atlantic
Sargassum Belt (Caribbean and tropical Atlantic coasts), West Africa, Brazil, the Mediterranean
region, Northern Europe, and the Yellow Sea. Orange symbols indicate predominant brown algal
accumulations (ex. Sargassum spp.), while green symbols indicate predominant green algal accu-
mulations (ex. Ulva spp.). The map highlights representative regions where large-scale seaweed
strandings have generated environmental, socioeconomic, and management challenges [1,10,22].

3. Gaps in Worldwide Policies Regarding Seaweed Recycling
Global policies for seaweed recycling are fragmented and poorly aligned with the real-

ities of large-scale beach strandings. Within the European Union (EU), reuse is constrained
due to contamination thresholds and product-safety regulations, despite broader commit-
ments made under the Circular Economy Action Plan and EU Bioeconomy Strategy [23].
Pilot initiatives in France and Portugal demonstrate the technical feasibility of converting
stranded Ulva into compost, biogas, and agricultural products, but regulatory conditions
remain restrictive [24].

In the Caribbean and West Africa, policy focuses almost entirely on emergency Sargas-
sum removal to protect tourism and public health, with minimal long-term guidance for
recycling pathways [25]. East Asian nations such as China, Korea, and Japan have advanced
seaweed aquaculture regulations, yet stranded biomass is generally treated as a separate,
unmanaged category [26]. Global initiatives, including the United Nations Environment
Programme (UNEP)’s Sargassum management programs, signal growing interest in co-
ordinated responses, but the absence of standardized contamination protocols, resource
classifications, and operational guidelines still limits the scalability of recycling efforts [27].

3.1. Alignment with SDG 12 and SDG 14

Recycling BAS aligns strongly with both SDG 12 (Responsible Consumption and
Production) and SDG 14 (Life Below Water) [28,29]. Transforming stranded biomass
into fertilizers, biogas, bioplastics, or biostimulants supports SDG 12 by reducing waste,
improving material efficiency, and diverting organic matter from landfills. At the same
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time, removal of decaying biomass mitigates hydrogen sulfide emissions, eutrophication,
and local pollution, contributing to SDG 14’s goals of protecting marine ecosystems.

However, trade-offs must be acknowledged. Large-scale removal may disturb beach
ecosystems and conflict with conservation objectives or local livelihoods, highlighting
potential tensions between SDG 14 and socio-economic equity. Moreover, SDG monitoring
suffers from ambiguous indicators, making it difficult to assess whether interventions
genuinely reduce pollution or simply shift burdens downstream. Effective integration with
the SDGs, therefore, requires governance frameworks that balance ecological protection,
social justice, and long-term monitoring [30].

3.2. Blue Bioeconomy and High-Value Marine Bioactives

The blue bioeconomy emphasizes the sustainable use of aquatic biomass for high-value
products such as nutraceuticals, pharmaceuticals, biopolymers, and cosmeceuticals [31].
While EU-level strategic frameworks (e.g., Sustainable Blue Economy Strategy, Green Deal,
Circular Economy Action Plan) [32,33] recognize the value of marine resources, they do not
provide clear pathways for integrating beach-cast seaweed into regulated markets.

Environmental directives such as the Marine Strategy Framework Directive regulate
coastal ecosystem protection, but do not address how to balance conservation with sustain-
able removal for recycling [34]. Thus, beach-cast biomass remains trapped in a policy gap,
recognized as a potential resource but treated operationally as waste.

3.3. Policy Gaps Relevant to Food-, Cosmetic-, and Pharma-Grade Applications

BAS faces substantial regulatory barriers in high-value industries due to unresolved
issues in contamination control, standardization, and product classification. Current reg-
ulations were designed for clean, cultivated seaweed and do not account for the heavy
metals, microplastics, pathogens, and debris commonly found in stranded biomass. No
harmonized guidelines exist for monitoring contaminants, setting acceptable limits, or
defining pre-processing requirements [35].

High-value applications require strict traceability and compositional consistency, and
this creates BAS challenges for meeting Novel Food authorizations, cosmetic ingredient
standards, and pharmaceutical-grade specifications [36]. Regulatory ambiguity, particu-
larly around intermediate categories like cosmeceuticals, further delays innovation and
commercialization. Overall, the primary obstacles are not explicit prohibitions but the
absence of clear legal definitions, standardized contamination thresholds, and dedicated
regulatory routes for transforming stranded seaweed into safe, marketable products [37].

4. Chemical and Bioactive Potential of BAS
Despite being widely considered an environmental nuisance, BAS consists of a broad

spectrum of bioactive compounds with significant industrial relevance. Its highly advanced
biochemical profile, ranging from marine polysaccharides and antioxidant polyphenolics
to secondary metabolites with a wide range of bioactivities, highlights considerable op-
portunities for high-value product development if safety and variability challenges can be
addressed [38]. Table 2 summarizes the approximate composition of BAS.

Table 2. Approximate macro-composition of beach-accumulated seaweed.

Component Typical Range in Dry Weight (%) Notes References

Polysaccharides 30–80 Highest in brown algae; includes fucoidan,
alginate, cellulose, mannitol, [4,39]

Protein 5–28 Species dependent; some red and green algal
species reach >20% [4]
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Table 2. Cont.

Component Typical Range in Dry Weight (%) Notes References

Lipids 0.27–4.3 High in phytosterols; Omega-3 and 6 balanced [40]

Ash (total
mineral fraction) 6.5–59

High amounts of macro elements, including
Na, K, Ca, Mg, and P, trace minerals, including

heavy metals (0.1–100 mg/kg)
[41,42]

4.1. Chemical Profiles: Polysaccharides, Phlorotannins, Pigments, Proteins, Lipids

This section provides a deep insight into the major chemical compounds present in
BAS that can be used to develop high-value bioactive products. It should be noted that the
most detailed compositional and bioactivity studies have been conducted using cultivated
or freshly harvested seaweed. Although available evidence suggests that BAS retains
many of the same compound classes, environmental exposure, microbial degradation, and
contamination may alter both composition and functionality. Consequently, findings from
cultivated seaweed should be interpreted with caution when extrapolated to BAS.

4.1.1. Polysaccharides

The most dominant chemical fraction in many macroalgal groups is polysaccharides.
Alginates, fucoidans, and laminarin are found in brown seaweeds; agar, carrageenan, and
porphyran are found in red seaweeds; and ulvan and associated sulfated heteropolysac-
charides are found in green seaweeds [43]. Viscosity, gelation, bioactivity, and industrial
usability are all impacted by the structural complexity of these polymers, which include dif-
ferent sulfation patterns, monosaccharide ratios, and glycosidic connections [44]. Although
partial degradation and salt infiltration can alter their molecular weight distribution and
functional properties, polysaccharides nevertheless have considerable gelling, stabilizing,
and immunomodulatory potential even in beach-cast biomass [45].

4.1.2. Phlorotannins

Phlorotannins are a significant and unique class of polyphenols synthesized by many sea-
weeds, especially brown seaweeds, and play a central role in stress tolerance. Their presence
in beach-accumulated biomass is particularly noteworthy because these compounds confer
strong antioxidant, anti-inflammatory, antimicrobial, and anti-UV properties. Structurally
based on phloroglucinol units, phlorotannins vary from small oligomers to large polymers,
providing a wide range of biological activities [46]. Studies have reported that in Australian
beach-cast species, in vitro digestion released phloroglucinol, gallic acid, protocatechuic acid,
and other phenolic compounds [47]. Also, tannins and flavonoids were particularly notable
in some brown seaweed species [48]. However, environmental degradation and microbial
action can reduce their stability, leading to oxidative polymerization or leaching. Despite this,
significant phlorotannin content can still be recovered from many beach-cast brown species,
offering a valuable resource for cosmetic and nutraceutical applications.

4.1.3. Pigments

Many macroalgal pigments have both functional and sensory properties, and they
remain chemically stable even after prolonged exposure to sunlight. Brown algae con-
tain fucoxanthin and chlorophyll c, red algae contain phycoerythrin, phycocyanin, and
carotenoids, and green algae contain lutein and chlorophylls a and b [49]. These pigments
are potent photo-protective and antioxidant agents; fucoxanthin has anti-inflammatory,
anti-obesity, and anticancer qualities. Oxidative stress and UV exposure can reduce pig-
ment concentrations in beach-cast seaweed, but quantifiable amounts usually persist, and
degraded derivatives may still have biological activity [50].
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4.1.4. Proteins

Seaweed proteins constitute a smaller but significant fraction and include enzymes,
structural proteins, lectins, peptides, and mycosporine-like amino acids (MAAs). These
compounds contribute to antioxidant, antimicrobial, and photoprotective functions [51]. In
fresh seaweed, protein content can range from 5 to 47% of dry weight, depending on species.
Nonetheless, bioactive peptides can still be generated during natural breakdown, some-
times enhancing the functional potential of the biomass when processed appropriately [4].

4.1.5. Lipids

Seaweeds’ lipid fraction is remarkably rich in bioactive components, such as polyunsat-
urated fatty acids (PUFAs), glycolipids, phospholipids, and sterols, despite their generally
low total lipid content (1–10% of dry weight) [40]. Green algae supply different amounts of
omega-3 and omega-6 fatty acids, red algae contain eicosapentaenoic acid (EPA) and other
sulfolipids, and brown algae contain fucoxanthin derivatives [52]. In beach-cast conditions,
lipids are vulnerable to oxidation, but substantial fractions can still be recovered, especially
in species with thicker thalli that slow degradation. These lipids have chemopreventive,
antiviral, antimicrobial, and anti-inflammatory properties [40].

4.2. Core Bioactivities Underpinning the High-Value Potential of BAS

BAS has a wide range of bioactivities and strong potential for high-value industrial
applications (Figure 2). By inhibiting key mediators like TNF-α, IL-1β, COX-2, and NF-κB,
BAS exhibits strong anti-inflammatory activity, and phlorotannins control MAPK signal-
ing [53]. Through radical scavenging, metal chelation, and UV-protective carotenoids like
fucoxanthin, BAS also maintains a potent antioxidant capacity; degradation-derived oligomers
frequently increase antioxidant efficiency [54]. Phlorotannin-induced membrane disruption,
peptide-mediated pore formation, and sulfated polysaccharide interactions that prevent viral
attachment and replication are the sources of its antimicrobial and antiviral characteristics [55].
Smaller fragments generated by environmental exposure improve receptor accessibility, and
fucoidan and ulvan-associated activation of macrophages, NK cells, and T-cell pathways
mediates immunomodulatory effects [56]. Apoptosis induction, cell-cycle arrest, and angio-
genesis inhibition through caspase activation, Bax/Bcl-2 modulation, and suppression of
PI3K/Akt and VEGF pathways are all thought to have anti-cancer potential [57]. Sulfated
polysaccharides enhance glucose metabolism and gut microbiota balance, while fucoxanthin
stimulates thermogenesis and AMPK activation. BAS also plays a role in metabolic regu-
lation [58]. Table 3 summarizes the major bioactivities of BAS, their industrial significance,
and challenges related to degradation. While many of the reported bioactivities have been
extensively demonstrated in cultivated seaweed, relatively few studies have directly evaluated
these activities in BAS-derived extracts. Therefore, the biological potential described here
should be considered indicative rather than universally confirmed for all BAS materials.

Table 3. Functional properties and potential industrial applications, highlighting challenges posed by
degradation and contamination in stranded biomass.

Bioactive
Class

Bioactivities/
Functional Properties

Potential
Industrial Applications

Key Challenges
(Beach Biomass Specific) References

Sulfated
Polysaccharides

Anti-inflammatory, antiviral,
anticoagulant,
immunomodulatory, prebiotic

Nutraceuticals, pharmaceuticals,
wound healing gels, biomaterials

Sand/salt contamination;
degradation decreases MW and
bioactivity; heavy metals
must be removed

[59–61]

Phlorotannins
Antioxidant, anti-aging,
anti-diabetic,
UV-protective, anti-bacterial

Cosmetics, sun-care
formulations,
anti-aging products

UV-induced oxidation reduces
activity; extraction requires solvent
clarification due to debris

[62,63]
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Table 3. Cont.

Bioactive
Class

Bioactivities/
Functional Properties

Potential
Industrial Applications

Key Challenges
(Beach Biomass Specific) References

Pigments Anti-obesity, anti-cancer,
antioxidant, anti-inflammatory

Functional foods, nutraceuticals,
and natural colorants

Light degradation reduces pigment
stability; microbial contamination
affects purity

[64]

Proteins &
Peptides

ACE-inhibitory (antihypertensive),
antioxidant, anti-inflammatory

Functional foods, peptide
supplements, and
biomedical applications

Proteolysis during decomposition
alters peptide profiles; needs
rapid stabilization

[65]

Lipids & Sterols
Anti-inflammatory,
cholesterol-lowering,
membrane-stabilizing

Nutraceutical oils,
cosmetic emollients

Oxidation occurs quickly on beaches;
lipid purity is compromised
by debris

[66]

Fibers Prebiotic and gut health benefits Animal feed, fertilizers, food
ingredient blends

Sand and microplastics must be
separated; needs washing
and decontamination

[67]

Phenolic
Compounds

Antioxidant, antimicrobial,
anti-inflammatory

Cosmetics, food preservatives,
and antimicrobial coatings

Environmental exposure modifies
phenolic concentration; must
remove co-contaminants

[68]

Terpenoids and
other secondary
metabolites such
as Sterols,
halogenated
compounds, and
Diterpenes

Antibacterial, antifungal, cytotoxic,
signaling molecules

Drug discovery, pest control,
antifouling coatings

Trace amounts require sophisticated
extraction; high debris load
complicates purification

[69,70]

Microbial
Co-metabolites

Possible novel antibiotics,
anti-inflammatory agents

Bioprospecting for
pharmaceuticals

Hard to isolate; microbial safety
concerns; requires careful separation [71]

Mineral
Components

Thyroid-supporting mineral
supplements and plant
growth enhancers

Nutraceuticals, dietary mineral
supplements,
Agriculture, fertilizers

Excess iodine or heavy metals can
pose toxicity risks; strict
limits are required

[16,72]

Figure 2. Beach-accumulated seaweed: environmental drivers, biological compositions, bioactivities,
and potential industrial applications.

4.3. Commercial Significance and Valorization Pathways of BAS

BAS presents both challenges and opportunities for recycling and circular bioecon-
omy applications and remains a significant organic resource that can be directed into
diverse valorization pathways. These range from low-value, high-volume processes such
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as composting and biogas production to more specialized extraction of high-value bioactive
compounds, provided that appropriate pretreatment approaches are applied [73]. The
following subsections outline the most promising technological and biorefinery routes for
managing stranded seaweed in a sustainable and economically feasible manner.

4.3.1. Low-Value/High-Volume Valorization Pathways

Low-value, high-volume pathways are particularly suitable for BAS because they
can tolerate variability in species composition, moisture content, and degradation stage.
Composting is one of the most widely tested applications, as seaweed can supply essential
minerals and improve soil structure when mixed with carbon-rich organic substrates [14].
However, successful composting requires reducing salt levels through washing or rain-
leaching and screening to remove sand and debris. When properly managed, seaweed
compost enhances soil fertility and can replace synthetic fertilizers in agriculture, landscap-
ing, and coastal dune restoration programs [74].

Anaerobic digestion (biogas production) is another scalable route, as macroalgae are
rich in carbohydrates that are readily converted into methane. Yet, high salinity, sulfur
content, and microbial contamination can inhibit digestion efficiency, requiring dilution or
co-digestion with other organic wastes [18]. Biogas output from stranded Sargassum and
Ulva has been demonstrated in pilot trials in the Caribbean and Europe, but challenges
remain in continuously supplying biomass of consistent quality [75]. Similarly, seaweed
can be processed into soil conditioners or biochar through pyrolysis, offering carbon seques-
tration benefits and improving nutrient retention when applied to agricultural lands [76].

Animal feed represents a potential, but more restricted pathway, as contamination
with heavy metals and pathogens may require rigorous screening [77]. While cultivated
seaweed is used widely in livestock and aquaculture diets, stranded biomass requires
decontamination steps, species sorting, and chemical testing before approval. In regions
with relatively clean accumulations, such as parts of Europe, controlled incorporation of
Ulva into animal feed has shown promise [78]. Overall, these low-value pathways support
large-scale biomass utilization but require infrastructure for cleaning, pretreatment, and
safe handling.

4.3.2. High-Value/Low-Volume Valorization Pathways

High-value pathways focus on extracting specific bioactive compounds, biopoly-
mers, pigments, and other compounds with pharmaceutical, nutraceutical, cosmetic, or
biomaterial applications. BAS contains sulfated polysaccharides (such as fucoidan, algi-
nate, carrageenan, and ulvan), phlorotannins, pigments like fucoxanthin, proteins and
peptides, and lipid fractions with bioactive properties [38]. However, the suitability of
stranded biomass for high-value extraction depends on its chemical integrity, which can be
compromised by sun exposure, oxidation, microbial degradation, and contamination.

Pharmaceutical and Biomedical Industry

Pharmaceutical applications require the highest degree of purity, bioactivity validation,
and chemical consistency, which poses significant challenges for beach biomass. However,
with advanced purification, beach-derived compounds can be positioned as therapeutic
candidates or biomedical material components [79].

The antimicrobial and antiviral properties of phlorotannins and sulfated polysaccha-
rides enable applications in natural preservation, active packaging films, and biomedical
coatings, providing alternatives to synthetic preservatives and antimicrobial agents [80].
In drug delivery systems, alginate is widely used to form ionically cross-linked hydrogels
that enable sustained and controlled release of encapsulated drugs, and also aid high ab-
sorbance, biocompatibility, and provide a moist healing environment [81]. Fucoidan can be
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formulated into nanoparticles that selectively target sites of inflammation or tumor tissues
through receptor-mediated interactions [82]. Also, fucoidan-containing formulations have
been investigated for anti-inflammatory therapies, cancer adjunct treatments, and targeted
drug-delivery systems owing to their ability to interact with selectins and growth factors.
These polymers can also be blended into composite scaffolds that support tissue engineer-
ing by providing mechanical stability and biomimetic environments for cell growth [83].
Bioactive peptides and low-molecular-weight polysaccharides formed during natural envi-
ronmental degradation enhance potential use in wound-healing gels, hydrogels, and tissue
regeneration scaffolds due to their biocompatibility and immunomodulatory effects [84].

Functional Food, Nutraceutical, and Cosmeceutical Industry

In the nutraceutical industry, market applications include dietary fibers and pre-
biotic supplements in the form of capsules, powders, or beverages, immune-boosting
nutraceutical blends targeting macrophage activation or antiviral responses, metabolic
health formulations using fucoxanthin and low molecular weight fucoidan, and functional
drinks with mineral-rich extracts [85]. Fucoxanthin-rich extracts are increasingly marketed
in weight-management and metabolic-health supplements because of their effects on lipid
metabolism and thermogenesis. Fucovital® and ThinOgen® are commercially available
supplements manufactured using fucoxanthin that help in weight loss, brain, eye, liver,
and joint health [86]. Fucoidan-based products are widely sold as immune-support nu-
traceuticals in capsule, tablet, and beverage formulations [87]. Similarly, phlorotannin-rich
extracts have attracted attention as natural antioxidant ingredients in functional food and
dietary supplements. These examples demonstrate that BAS-derived compounds possess
direct commercial relevance beyond their biological activities.

Cosmeceutical markets also benefit from seaweed-derived pigments and polysaccha-
rides, which offer anti-aging, photoprotective, anti-inflammatory, and skin-repair functions.
Their natural origin aligns well with consumer demand for clean, sustainable ingredients.
Potential cosmetic product categories are serums and essences enriched with low molecular
weight fucoidan, anti-aging creams with phlorotannin-rich extracts, sunscreen boosters
incorporating fucoxanthin, anti-acne gels using antimicrobial alginate oligosaccharides,
and haircare formulations for strengthening and scalp health [88].

Overall, compared with bulk applications such as composting or biorefinery produc-
tion, the extraction of bioactive compounds offers substantially higher economic returns per
unit biomass, making pharmaceutical, nutraceutical, and cosmeceutical sectors particularly
attractive targets for BAS valorization.

Despite their significant commercial potential, high-value applications face substantial
barriers, including variability in biomass composition, contamination by heavy metals and
microplastics, regulatory approval requirements, and the high costs associated with purifi-
cation and quality assurance. These challenges may limit large-scale commercialization
unless standardized processing frameworks are established [89]. Figure 3 summarizes the
valorization pathways of BAS with their potential industrial applications.

4.4. Pretreatment and Enzyme-Assisted Technologies to Harness Bioactives from BAS

Effective pretreatment is essential for stabilizing BAS and preparing it for either low-
value or high-value valorization. Key pretreatment steps include manual or mechanical
removal of sand, plastics, and debris; washing to reduce salt and microbial load; and drying
or ensiling to halt enzymatic degradation [18]. Technologies such as air classification,
sieving, flotation, and density separation can significantly improve biomass quality by
removing sediments and microplastics. Dewatering through mechanical pressing or solar
drying reduces transport costs and increases storage stability [90].
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Figure 3. Valorization pathways of Beach-accumulated seaweed (BAS).

Enzyme-assisted extraction technologies offer a more refined approach for recovering
polysaccharides, proteins, and phenolic compounds. Enzymes such as cellulases, proteases,
and carbohydrases can selectively break down cell walls and release target molecules,
improving extraction yields and reducing the need for harsh chemicals [91]. This is espe-
cially important for degraded stranded biomass, where enzymes can help recover partially
altered biomolecules. However, implementing pretreatment technologies requires invest-
ment in coastal processing infrastructure, which is often lacking in regions most affected
by seaweed influxes. Developing decentralized or mobile processing units could help
overcome logistical challenges and enable rapid stabilization at the collection site [92].

Although enzyme-assisted extraction offers improved selectivity and environmental
benefits, industrial implementation remains challenging due to enzyme costs, substrate-
specific optimization requirements, and reduced efficiency when processing heterogeneous
or highly degraded beach-cast biomass. Furthermore, large-scale pretreatment infrastruc-
ture is often unavailable in coastal regions most affected by BAS accumulation [93].

4.5. Advanced Extraction and Fractionation Technologies for Bioactive Recovery of BAS

Well-adapted extraction strategies are required for the efficient recovery of high-value
bioactives from BAS, considering their chemical complexity and environmental variabil-
ity. Modern extraction approaches primarily focus on preserving sensitive biomolecules,
enhancing yield, and minimizing contaminants such as salt, sand, microbial metabolites,
and heavy metals [94]. Tailored and green extraction techniques support the transfor-
mation of BAS biomass into standardized, industry-ready ingredients for nutraceuticals,
pharmaceuticals, cosmetics, and agriculture.

While advanced extraction technologies improve recovery efficiency and product
quality, their widespread adoption may be constrained by high capital investment, energy
requirements, specialized equipment, and technical expertise. For example, supercritical
CO2 extraction and membrane-based fractionation often require substantial operational
costs that may be difficult to justify for low-value or highly variable feedstocks such as BAS.
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Moreover, differences in species composition and degradation status can affect extraction
reproducibility and product standardization [95].

4.5.1. Tailored Extraction Based on Compound Classes

Depending on their chemical nature and structural sensitivity, different classes of
bioactives in BAS require customized extraction strategies. To selectively isolate fractions
based on charge density and molecular weight, sulfated polysaccharides like fucoidan,
carrageenan, and ulvan are usually extracted using hot-water extraction, graded ethanol
precipitation, ion-exchange chromatography, or membrane ultrafiltration [96]. Addition-
ally, these procedures eliminate salt and inorganic contaminants derived from sand that
are frequently present in beach-cast samples. Reported fucoidan extraction yields vary
considerably depending on species and extraction conditions, ranging from approximately
6–15% in many Sargassum species to over 20% in optimized extraction systems, while some
Fucaceae species have yielded up to 48–83% crude polysaccharide fractions. Such variability
highlights the importance of extraction optimization and biomass selection [97].

Aqueous ethanol, methanol, or acetone are the best solvents for recovering phenolic
compounds, particularly phlorotannins, with careful pH control to avoid polymerization.
Phlorotannin-rich fractions can be further purified using solid-phase extraction (SPE) and
preparative HPLC, particularly when focusing on particular oligomers with more potent
anti-inflammatory or antioxidant properties [98].

Fucoxanthin, chlorophylls, and phycobiliproteins are examples of pigments that must
be extracted under low light and oxygen conditions using either buffered aqueous systems
(for phycobiliproteins) or cold organic solvents (for carotenoids). Accelerated solvent
extraction (ASE), supercritical CO2 (for higher purity), or mild enzymatic treatment to
prevent oxidation are commonly used to isolate lipids and PUFAs. Every compound class
is recovered with the highest level of structural integrity and biological activity, thanks
to tailored extraction [99]. Pressurized liquid extraction and related green technologies
typically achieve crude fucoidan yields of approximately 13–24%, often exceeding those
obtained by conventional extraction methods.

4.5.2. Green Extraction Technologies for Sensitive Biomolecules

To recover bioactives from BAS without sacrificing bioactivity, sustainability, or safety,
green extraction techniques have become crucial. Supercritical CO2 extraction (SC-CO2)
provides solvent-free recovery of sterols, lipids, and pigments with minimal oxidation
and high selectivity. Additionally, SC-CO2 can extract phenolics more effectively when
combined with co-solvents like ethanol [97].

For thermolabile compounds, ultrasound-assisted extraction (UAE) improves recovery
of polysaccharides, phenolics, and pigments at lower temperatures and shorter extraction
times by enhancing cell-wall disruption [100]. Quantitative comparisons have demon-
strated that UAE can increase extraction yields by approximately 20–50% while reducing
solvent consumption by up to 50% compared with conventional extraction approaches. In
brown seaweeds, extraction yields of 20.4–36.9% have been reported using UAE, compared
with 10.5–19.3% using conventional solvent extraction [101]. By speeding up the pene-
tration of water into seaweed matrices, microwave-assisted extraction (MAE) increases
the efficiency of protein and polysaccharide extraction while using less solvent [102].
Similarly, microwave-assisted and combined ultrasound–microwave extraction systems
have shown improvements in polysaccharide and phenolic recovery, with reported crude
polysaccharide yields frequently exceeding 15–20% depending on species and processing
conditions [97]. Pressurized liquid extraction (PLE) and natural deep eutectic solvents
(NADES) provide additional green options for compounds sensitive to oxidation or thermal
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breakdown. In addition to optimizing the recovery of delicate biomolecules from beach-cast
seaweed, these technologies satisfy environmental and regulatory standards for sustainable,
clean-label production [103].

4.5.3. Safety and Validation

A comprehensive safety assessment framework is essential before BAS can be incorpo-
rated into food, cosmetic, or pharmaceutical products due to the high risk of environmental
contamination and degradation. The first layer of evaluation focuses on contaminant
testing, requiring systematic analysis of heavy metals such as arsenic, cadmium, lead,
and mercury, which can accumulate in stranded biomass, as well as quantification of
microplastics, sand particulates, pathogenic microbes, and organic pollutants, including
hydrocarbons and pesticide residues [104]. For example, analyses of commercially available
seaweed have reported average concentrations of approximately 17.4 mg/kg dry weight
(DW) for total arsenic, 0.7 mg/kg DW for lead, 0.5 mg/kg DW for cadmium, and 0.01
mg/kg DW for mercury, although substantial variation occurs among species and geo-
graphic regions. These findings emphasize the necessity of contaminant monitoring before
BAS can be utilized in food, cosmetic, or pharmaceutical applications [105]. Following
contaminant screening, stability testing ensures that recovered bioactives maintain their
integrity throughout processing and storage by assessing oxidative stability, molecular
weight changes in polysaccharides, pigment and phenolic degradation, shelf-life under heat,
light, and humidity fluctuations, and potential microbial regrowth after extraction [106].
Finally, toxicological evaluation provides biological safety validation through in vitro cyto-
toxicity assays using relevant cell lines such as RAW macrophages, HaCaT keratinocytes, or
fibroblasts; hemocompatibility tests for materials intended for pharmaceutical or biomed-
ical applications; and simulated gastrointestinal digestion models to confirm the safety
and bioaccessibility of compounds destined for nutraceutical use [107]. Together, these
assessments form a rigorous safety pipeline that ensures BAS is transformed into clean,
stable, and biologically safe raw material suitable for high-value industrial applications. An
overview of the major contamination risks associated with BAS, along with their regulatory
and industrial implications, is presented in Table 4.

Table 4. Major contamination risks associated with BAS and their regulatory and industrial implications.

Contaminant
Category Examples Regulatory Concerns Practical Implications for

BAS Valorization References

Heavy metals As, Cd, Pb, Hg

Food and feed products
must comply with national
limits (EU, FDA,
Korean MFDS)

Requires routine contaminant
screening before nutraceutical
or food applications

[16,105]

Microplastics PE, PP, PET fragments
and fibers

No harmonized regulatory
limits currently exist

May require washing, flotation,
and density
separation pretreatments

[20,90]

Pathogens Vibrio spp.,
Salmonella spp., E. coli

Microbiological standards
apply for food, feed, and
cosmetic ingredients

Drying, sanitization, and
extraction steps are necessary [7,17]

Organic
pollutants

Hydrocarbons,
pesticides, PAHs

Subject to food safety and
environmental regulations

Limits suitability for direct food
or pharmaceutical use [17,20]

Degradation
products

Oxidized lipids, degraded
pigments, and low-
molecular-weight compounds

No specific thresholds, but
they affect product quality
and stability

Can reduce bioactivity and
extraction yields [38]

When translating BAS-derived bioactives, proper validation and regulation must be es-
tablished to make them legally compliant and market-ready products. For functional foods
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and nutraceuticals, manufacturers must meet Codex Alimentarius and FDA dietary ingre-
dient standards, including verification of identity, purity, and safety, followed by human
clinical studies, typically Phase 0–I trials, to substantiate any claimed health benefits [108].
In the cosmetic and cosmeceutical industry, regulatory approval requires compliance with
frameworks such as the EU Cosmetics Regulation or the Korean KFDA guidelines, which
mandate detailed safety assessments, toxicological dossiers, and dermatological patch
testing to ensure formulations do not cause irritation or sensitization [109]. Pharmaceutical
applications demand the most stringent pathway, requiring GMP-certified manufacturing,
full pharmacokinetic and biodistribution studies, and comprehensive preclinical toxicity
testing before progressing through Phase I–III clinical trials to confirm safety, efficacy,
and therapeutic performance [110]. Together, these tiered regulatory routes ensure that
bioactive ingredients derived from BAS are validated through rigorous scientific and safety
standards tailored to each industry’s requirements.

5. Environmental and Economic Sustainability: A Life-Cycle Assessment
(LCA) Perspective

The environmental performance and economic viability of BAS valorization through-
out the biomass’ whole life cycle are just as important to its sustainability as its technological
viability. A methodical assessment of energy inputs, emissions, avoided environmental
burdens, and resource efficiency from collection to final product utilization is made possible
by applying a life-cycle assessment (LCA) perspective [111]. Techno-economic analysis
(TEA) simultaneously determines potential revenue streams, economic bottlenecks, and
the primary cost drivers [112]. Together, these evaluations establish whether BAS-based
biorefineries can function competitively, sustainably, and at a scale appropriate for coastal
areas that frequently experience significant influxes of seaweed [113].

5.1. Environmental Impact Assessment

Compared to conventional disposal techniques like landfilling or open dumping, BAS
offers several clear environmental benefits. The most energy-intensive processes, according
to LCA analysis, are collection, transportation, and drying, particularly when long-distance
hauling or mechanical dryers are needed [111]. Extraction processes, particularly those
involving solvent heating, pressurization, or multiple purification stages, also contribute a
measurable carbon footprint [114]. However, significant environmental advantages specific
to BAS recycling usually outweigh these effects. Significant methane and hydrogen sulfide
emissions are prevented by removing stranded biomass before anaerobic decay, which
also improves coastal air quality [115]. Additionally, vital plant nutrients like nitrogen,
potassium, calcium, and trace minerals are returned to the soil when BAS is converted into
compost or digestate, lowering the need for synthetic fertilizers and promoting nutrient
circularity [116]. By substituting natural materials for petrochemical-derived antioxidants,
preservatives, thickeners, and biostimulants, biorefineries that generate bioactives can also
reduce their environmental impact [117]. Overall, LCA data show that when collection,
transportation, and drying are optimized for low energy consumption, BAS valorization
can result in net environmental benefits [115].

5.2. Economic Feasibility (Techno-Economic Drivers)

Whether BAS valorization can move from pilot to commercial scale depends in large
part on its economic viability. Most of the costs are associated with collection and trans-
portation, which call for a large amount of labor, fuel, and equipment, especially when the
biomass is wet and spread out along the shoreline. Additional costs are associated with
drying and stabilization because natural solar drying is slow and weather-dependent, while
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mechanical drying requires a large energy input [118]. High-value bioactive compound
extraction incurs initial capital costs due to the need for specialized machinery, skilled
labor, and controlled processing environments. In addition, regulatory compliance, such as
testing for heavy metals, microplastics, pathogens, and polycyclic aromatic hydrocarbons,
represents a recurring financial obligation that can be a barrier for small enterprises [119].
Profitability improves significantly when multiple co-products are produced from the same
biomass stream, for example, polysaccharides for cosmetics, pigments for nutraceuticals,
compost for agriculture, and biogas for energy generation. Thus, a multi-product biore-
finery model, rather than a single-extract focus, is essential to maintain economic stability,
manage seasonal variability in biomass supply, and ensure long-term commercial viability
in regions affected by recurring seaweed influxes [120].

6. Future Research and Innovation Opportunities for BAS Recycling
Combined with Modern Technologies

The future valorization of BAS could be integrated with modern technologies, in-
cluding advanced analytical, green bioprocessing, and artificial intelligence (AI)-driven
bioactive discovery to unlock new applications. These applications could also improve
safety and standardization, transform this variable biomass into a reliable resource for
high-value industries [121].

6.1. Precision Sorting and Contaminant Removal Technologies

Modern precision-sorting technologies significantly improve the safety and consis-
tency of BAS by automating the detection and removal of contaminants. Optical and
hyperspectral imaging systems can rapidly classify species, assess decomposition lev-
els, and detect foreign materials [122]. AI-assisted sorting lines help eliminate plastics,
stones, and sand, while water-jet or ultrasonic de-sanding units further reduce grit and
microplastics. Together, these innovations enhance raw material purity, enabling more
reliable downstream processing [123].

6.2. Metabolomics for the Discovery of Beach-Specific Bioactives

Detailed chemical profiling of beach-cast seaweeds is made possible by advanced
metabolomics techniques like LC–MS/MS, GC–MS, NMR, and untargeted high-resolution
mass spectrometry, which show degradation signatures, stress-induced metabolites, and
newly generated chemicals. Metabolomics assists in distinguishing between native chem-
icals, environmental breakdown products, and microbial metabolites through spectrum
annotation and comparative metabolite mapping. By directing focused extraction and
valorization techniques, this method also makes it easier to find beach-specific bioactives
with potential medicinal or cosmetic uses. Thus, the logical generation of bioactive libraries
obtained from beach biomass is supported by metabolomics [124].

6.3. Microbial Fermentation and Co-Culture Bioprocessing

Stranded seaweed rapidly becomes a substrate for microbial colonization, initiat-
ing natural fermentation and co-metabolism processes that alter chemical composition.
Controlled fermentation systems can replicate and improve upon the natural microbial
degradation processes that occur on beaches. Lactic acid bacteria and marine Bacillus
species convert polysaccharides into prebiotic oligosaccharides, while fungal co-cultures
release bound phenolics and generate novel metabolic products. Engineered microbial
strains can even produce specialized compounds such as phloroglucinol derivatives. These
fermentation-based approaches create reproducible, standardized bioactive profiles from
otherwise inconsistent beach biomass [125].
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6.4. Robotic and Automated Collection Systems

Robotic and automated collection technologies streamline large-scale beach biomass
removal while minimizing ecological disturbance. Drones and autonomous vehicles can
map biomass distribution and estimate volume, while low-impact robotic harvesters col-
lect seaweed without excessive sand removal. Sensors integrated into these systems
monitor biomass decomposition stages in real time, enabling optimal harvesting deci-
sions. This automation reduces labor costs and enhances environmental sustainability in
BAS management [126].

6.5. AI and Machine Learning for Bioactive Predictions

Artificial intelligence and machine learning offer powerful tools for predicting bioac-
tive potential in complex seaweed matrices, including those altered by environmental
degradation. By integrating metabolomics profiles, environmental exposure data, and
known bioactivity databases, AI models can identify promising compounds, predict syner-
gistic interactions, and guide optimized extraction strategies. Machine learning algorithms
can also forecast stability, toxicity, and degradation pathways, enabling faster and more
efficient bioactive discovery. This data-driven approach accelerates the valorization of
beach-cast seaweed by transforming chemical complexity into actionable insights for high-
value product development [127].

6.6. Nanotechnology-Based Valorization

Nanotechnology enables the development of high-performance materials and deliv-
ery systems using seaweed-derived compounds. Fucoidan nanoparticles are promising
for targeted drug delivery, while alginate-based nanofibers serve as scaffolds for tissue
engineering and wound healing. Pigment-loaded nanoemulsions improve the stability
and bioavailability of cosmetic ingredients. Through nano-encapsulation and nanoscale
structuring, beach-cast seaweed components gain enhanced solubility, protection from
degradation, and improved biological performance [128].

7. Conclusions
BAS is an unexplored biological resource as well as a serious environmental problem,

necessitating a change from conventional disposal methods to integrated recycling and
valorization techniques. Polysaccharides, phenolics, pigments, proteins, and lipids, all
of which have potent bioactivities pertinent to a variety of industrial sectors, allow BAS
to retain substantial biochemical value despite its degraded state. However, achieving
this potential necessitates overcoming significant obstacles, such as inconsistent waste
classification, heavy metal and microplastic contamination, high logistical costs, and a
lack of standardized regulatory pathways for applications of food, cosmetic, or pharma-
ceutical grade. Coordinated policy changes, the creation of pre-treatment and biorefinery
technologies, and enhanced quality-control frameworks designed especially for stranded
biomass are all necessary to close these gaps. BAS can be transformed from an annoyance
into a sustainable raw material stream by adopting a circular bioeconomy model. The
transformation of BAS management into a system that promotes long-term sustainable
development, economic resilience, and environmental protection ultimately depends on
efficient governance, scientific innovation, and industry cooperation.
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