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Abstract: Phycocolloids obtained from red seaweeds, such as agar, carrageenan, and other sulphated polysaccharides,
are increasingly valued for their diverse functionalities and broad industrial relevance. These ocean-derived biopolymers
possess distinctive molecular structures and biological activities, making them suitable for applications across the
food industry, medicine, cosmetics, and biomedical fields. This review provides a comprehensive synthesis of current
knowledge on red algae phycocolloids, beginning with their biological origin, biosynthetic pathways, and ecological
roles. It highlights recent advances in extraction and purification technologies, with a focus on improving yield, safety,
and environmental sustainability. The review also explores emerging applications in drug delivery, tissue engineering,
and green technologies, underscoring their potential in sustainable innovation. Key challenges, including regulatory
constraints, scalability, and the need for interdisciplinary collaboration, are discussed, along with future directions for
research and industrial development. This work aims to support the strategic integration of red algae phycocolloids into
next-generation biotechnological solutions.
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PLA Polylactide

siRNA Small interfering Ribonucleic Acid
SRC Semi-Refined Carrageenan

UAE Ultrasound-Assisted Extraction

1. Introduction

Beneath the sea’s surface, seaweed flourishes, playing a crucial role in the production of oxygen and creating
habitats rich in life. These photoautotrophic multicellular organisms, primarily marine with some freshwater species,
belong to the domain Eukarya and are categorized into the kingdoms Plantae (green and red algae) and Chromista
(brown algae) (Mendes et al., 2024). Macroalgae are classified into three phyla based on their pigment composition and
chemical makeup: green (Chlorophyta), brown (Heterokontophyta, Phaeophyceae), and red (Rhodophyta) (Figure 1).
They are widely distributed from tropical to polar regions, occupying ecoregions that range from intertidal to submerged
zones still exposed to sunlight (Pereira, 2021; Freitas et al., 2022).

(b)

Figure 1. The three main taxonomic groups of macroalgae: (a) phylum Chlorophyta—green algae; (b) phylum Rhodophyta—red algae; (c) phylum
Heterokontophyta, class Phacophyceae—brown algae (Pereira, 2021)

The diversity of seaweed chemical content is a result of their widespread distribution, leading to a variety of
environments. To withstand challenging environmental stresses, seaweeds synthesize distinctive polysaccharides,
extended chains of simple sugars joined through glycosidic linkages. These polysaccharides serve multiple functions,
including protection against waves and desiccation, maintenance of ionic equilibrium, structural support for cell walls,
and food storage (Otero et al., 2023).

The quantity and characteristics of polysaccharides in seaweeds fluctuate considerably with the seasons and are
shaped by a range of biological and environmental influences. Current research on these determining factors differs
according to the specific polysaccharide under investigation; yet, even for those extensively examined, results frequently
show discrepancies across various species and studies. Reviews on the responses of carrageenan and agar exist, but
the considerable variation in recent study results underscores the need for a new review on the responses of these
polysaccharides in seaweed (Kravchenko et al., 2018; Mendes et al., 2024).

Khalil et al. (2018) highlighted that one of the main challenges in current phycocolloid production (derived from
red seaweed) is the difficulty in controlling and optimizing the yield of agar and carrageenan. Furthermore, large-scale
production is more viable with standardized products, as suggested for high-value bioactive products derived from
seaweed (Hafting et al., 2015). Cultivation methods can potentially be adjusted to improve polysaccharide content
(Hafting et al., 2015), with environmental factors easily controlled in onshore aquaculture. Offshore and nearshore
cultivation can be optimized by selecting locations with suitable environmental conditions (Hafting et al., 2015) and
appropriate cultivation techniques (Friedlander, 2007). Moreover, recognizing the seasonal patterns of polysaccharide

Volume 1 Issue 1]2026| 103 Industrial Bioresource Engineering



production can help determine the most favourable period for harvesting. Beyond practical applications, knowledge of
the various factors influencing polysaccharides in seaweed can enhance our scientific understanding of how seaweed
responds to global warming (Kumar et al., 2020). Overall, further research is needed on the impact of nutrients, carbon
metabolism (Roleda & Hurd, 2019), and other influential factors (Lee et al., 2017; Véliz et al., 2017).

Phycocolloids like agar and carrageenan, obtained from red algae, are essential biomaterials widely utilized across
numerous industries. The production process of these polysaccharides involves several stages, each influenced by
environmental conditions and genetic factors. Understanding these influences is key to optimizing yield and quality
(Figure 2) (Pereira et al., 2009).

Environmental factors

Temperature

Salinity Genetic

Nutrients factors

Season Red algae
Phyccolloids

Extraction process

Agar & carrageenan

|
|
|
J

Pharmaceuticals

Textiles and biotechnology Cosmetics

Figure 2. Schematic overview of agar and carrageenan extraction workflows, highlighting critical control points influenced by environmental and
genetic factors

The composition and quality of phycocolloids can vary significantly due to seasonal changes. For example, agar
content is often higher during summer when light and temperature conditions are optimal. This variability requires
careful monitoring and adjustment of cultivation practices to ensure consistent production. Environmental factors such
as light intensity, temperature, and nutrient availability directly impact the synthesis of polysaccharides, making it
essential to select cultivation sites with favourable conditions (Afonso et al., 2021).

In onshore aquaculture, environmental conditions can be more easily controlled, allowing for the optimization of
factors that affect phycocolloid production (Garcia-Poza et al., 2020). Offshore and nearshore cultivation, on the other
hand, can benefit from selecting locations that naturally provide suitable conditions for seaweed growth. The integration
of advanced cultivation techniques can further enhance the efficiency and sustainability of phycocolloid production
(Pereira & Cotas, 2024).

Understanding the seasonality of polysaccharides is also critical for determining the best harvest times. Seaweed
often produces higher quantities of polysaccharides during certain seasons, and aligning harvesting schedules with
these periods can maximize yield. Additionally, knowledge of the biotic and abiotic factors influencing polysaccharide
production can provide insights into how seaweed may respond to environmental changes, such as global warming
(Ptak et al., 2021). Additional studies are required to clarify how nutrient availability and carbon metabolic pathways
influence the synthesis of phycocolloids. Studies on the responses of agar and carrageenan to different environmental
conditions have shown considerable variation, highlighting the need for ongoing investigation. By expanding our
understanding of these factors, we can develop more effective strategies for cultivating seaweed and producing high-
quality phycocolloids (Pereira, 2025a).

The potential for optimizing cultivation methods to improve polysaccharide content is significant. By adjusting
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environmental conditions and employing innovative techniques, the industry can enhance the production of
standardized, high-value bioactive products. This approach not only supports large-scale production but also contributes
to the sustainable use of marine resources (Otero et al., 2023).

Although several reviews published between 2017 and 2024 have addressed agar and carrageenan, none have
integrated recent advances in biosynthetic regulation, sustainable extraction technologies, and emerging biomedical
and green-technology applications. This review provides an updated synthesis that connects environmental drivers,
molecular biosynthesis, industrial scalability, and regulatory constraints, an integration not yet addressed in the
literature.

2. Drivers of polysaccharide production

Polysaccharides derived from macroalgae are increasingly acknowledged as a sustainable resource with strong
potential for future applications. This recognition has fueled growing interest in their extraction and use, and the
worldwide demand for large volumes of seaweed is projected to expand significantly in the years ahead. However,
optimizing cultivation systems remains essential to meet this expanding demand and ensure sustainable scaweed
production and processing (Zhang et al., 2022). To address the increased demand for seaweed and seaweed-based
products, it is crucial to enhance both the growth and collection of seaweed. The scarcity of farmed seaweed poses a
significant threat to wild seaweed populations due to commercial overexploitation, raising serious marine environmental
concerns (Garcia-Poza et al., 2020). Therefore, for the seaweed polysaccharide industry, it is imperative to maintain
high quality while achieving higher yields of polysaccharides. This necessity studies seaweed metabolism and responses
to abiotic and biotic factors, aiming to increase polysaccharide yield without compromising quality or incurring
prohibitive economic costs (Mendes et al., 2024).

To further ensure the sustainability and efficiency of seaweed production, it is imperative to invest in advanced
research and development initiatives. These should focus on innovative farming techniques, such as Integrated Multi-
Trophic Aquaculture (IMTA) and offshore cultivation, which can help alleviate pressure on wild seaweed populations
(Figure 3) (Ali et al., 2024).

Figure 3. Innovative farming techniques, such as Integrated Multi-Trophic Aquaculture (IMTA) and nearshore cultivation of Kappaphycus alvarezii
(original illustration from Leonel Pereira)

Additionally, the development of biotechnological methods to enhance the growth rates and polysaccharide
content of farmed seaweed is essential (Pereira, 2025a). Collaboration between researchers, industry stakeholders, and
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policymakers is crucial to create supportive frameworks and incentives for sustainable practices. By adopting a holistic
approach that includes environmental, economic, and social dimensions, the seaweed industry can achieve higher yields,
maintain quality, and contribute to the global demand for sustainable resources while minimizing its ecological footprint
(Samoraj et al., 2024).

2.1 Abiotic factors

Light is a fundamental driver of photosynthesis, enabling carbon fixation into energy-rich compounds and shaping
seaweed growth and metabolic activity. Variations in light intensity and wavelength directly influence the biosynthesis
of polysaccharides such as agar and carrageenan (Mendes et al., 2024). Because seaweeds inhabit different depths
with unequal light penetration, the type and yield of polysaccharides produced are strongly depth-dependent (Zhong
et al., 2020). Red algae are particularly adapted to thrive under low-light conditions, unlike green and brown species
that require higher illumination. Temperature also plays a decisive role, regulating metabolic rates and polysaccharide
accumulation. Although the optimal thermal range differs among species, elevated temperatures generally stimulate
growth until stress thresholds are reached, at which point polysaccharide production declines. Seasonal temperature
variations can lead to fluctuations in polysaccharide content, with certain species producing more during cooler seasons
(Bastos, 2019).

Nutrient availability is a key factor in secaweed growth, as environments rich in nutrients generally accelerate
development and can modify the composition of polysaccharides. However, excess nutrients can cause changes in the
polysaccharide structure (Pereira, 2024). Elements like iron, magnesium, and potassium are necessary for the enzymatic
activities involved in polysaccharide production (Leandro et al., 2020). Fluctuations in salinity can trigger osmotic stress
in seaweeds, altering their metabolic processes and influencing polysaccharide synthesis. Elevated salt concentrations
frequently stimulate the accumulation of specific polysaccharides, which serve as protective adaptations. The type and
quantity of polysaccharides produced by different seaweed species depend on their salinity tolerance (Mendes et al.,
2024).

The movement of water, or hydrodynamic flow, plays a key role in regulating nutrient supply and gas exchange,
processes essential for seaweed growth and polysaccharide synthesis. While moderate circulation typically supports
healthy development, excessive turbulence can cause physical stress and diminish polysaccharide yields. High turbidity
can decrease light penetration, thereby affecting photosynthesis and polysaccharide formation (Hurd, 2017).

Moreover, the interaction between light and other environmental factors further complicates seaweed metabolism
and polysaccharide production. For instance, while optimal light conditions can boost growth and polysaccharide
synthesis, the combination with nutrient-rich waters can further enhance these effects (Singh & Singh, 2015).
Conversely, suboptimal light conditions, combined with nutrient deficiencies, can result in stunted growth and lower
polysaccharide yields. Therefore, managing light exposure along with other environmental variables is crucial for
maximizing seaweed productivity (Mamede et al., 2023).

Figure 4. Gracilaria gracilis (a) and Gelidium corneum (b) (Rhodophyta)
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Macroalgae cultivation techniques must also account for the specific needs of different species. For example,
red seaweeds like Gracilaria gracilis (Figure 4a) and Gelidium corneum (Figure 4b) (Rhodophyta) require careful
management of light and nutrient levels to optimize agar production (Farghali et al., 2023; Khan et al., 2024).

Research into the genetic factors influencing seaweed growth and polysaccharide production is also advancing.
Genetic modifications and selective breeding programs hold potential for developing seaweed strains with enhanced
polysaccharide content and resilience to environmental stress. Such advancements could significantly boost seaweed
yields and ensure a more stable supply of high-quality polysaccharides for industrial applications (Charrier et al., 2015;
Mendes et al., 2024).

Furthermore, the development of sustainable harvesting and post-harvest processing techniques is essential for
maintaining the quality of seaweed polysaccharides. Traditional methods of harvesting and drying can sometimes result
in degradation of polysaccharide quality. Innovations in these areas, such as the use of solar drying and controlled
storage environments, can help preserve the integrity and functionality of seaweed polysaccharides, ensuring they meet
the high standards required by various industries (Zhu et al., 2021; Lafeuille et al., 2023).

Understanding and optimizing the environmental and genetic factors that influence seaweed growth and
polysaccharide production is crucial for meeting the rising demand for these valuable compounds (Table 1) (Akter et
al., 2024). Through integrated cultivation strategies, advanced genetic research, and innovative processing techniques,
the seaweed industry can sustainably expand its production while maintaining the high quality of its polysaccharides.
This holistic approach not only supports the industry’s growth but also contributes to environmental sustainability by
reducing the pressure on wild seaweed populations and promoting the use of red macroalgae as a renewable resource
(Pereira et al., 2009; Pereira & Cotas, 2024).

Table 1. Comparative influence of abiotic factors on agar vs. carrageenan production

Effect on agar Effect on carrageenan

Abiotic factor (Gracilaria, Gelidium) (Kappaphycus, Eucheuma)

Species examples Notes

Moderate light enhances agar  Strongly light-dependent; high light Red algae adapted to low-

Gracilaria gracilis,

Light intensity content; low light tolerated; increases K-carrageenan; low light Gelidium corneum light; carrageenophytes
excessive light may reduce yield reduces 3,6-anhydrogalactose more sensitive
Higher agar content in Optimal 26-30 °C; heat stress reduces Kappaphveus alvaresii Seasonal variability
Temperature warm seasons; extreme carrageenan quality and increases o fhpe fm Z denticulatum ~ SEONEer in carrageenan
heat reduces gel strength epiphytes species

Nitrogen enrichment
Nutrients (N, P) decreases agar yield
(carbon diverted to proteins)

Moderate N increases growth but

Nutrient effects differ by
may reduce k-carrageenan quality

Gracilaria spp. species and life stage

High salinity increases k-carrageenan
viscosity; low salinity reduces gel Kappaphycus spp.
strength

Hypo- and hyper-salinity can

Carrageenan more
Increase agar as a stress response

Salinity sensitive to salinity shifts
Moderate flow improves nutrient
Hydrodynamics uptake; strong turbulence
reduces agar

Strong currents reduce carrageenan
deposition; sheltered sites preferred

Hydrodynamics critical for

Eucheuma spp. offshore farms

Seasonal harvesting
Dry season peaks in k-carrageenan All species essential for
standardization

Summer peaks in agarose

Seasonality content

2.2 Cultivation strategies to enhance phycocolloid production in red algae

Optimizing the cultivation of red macroalgae requires a coordinated management of environmental variables that
directly influence the biosynthesis, structure, and yield of phycocolloids such as agar and carrageenan. Several abiotic
factors can be strategically manipulated in aquaculture systems to enhance polysaccharide accumulation and improve
gel quality (Garcia-Poza et al., 2020; Mendes et al., 2024).
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2.2.1 Light management

Controlled light regimes are essential for maximizing carbon assimilation and galactan biosynthesis. Moderate
irradiance (typically 50-150 pmol photons m™:s™, species-dependent) promotes higher agar and carrageenan content,
while excessive light induces photoinhibition and reduces polymer quality. Depth-adjusted cultivation lines, shading
nets, and seasonal light modulation are commonly used to maintain optimal irradiance (Lee et al., 2021).

2.2.2 Temperature optimization

Temperature strongly regulates metabolic rates and the activity of key enzymes involved in 3,6-anhydrogalactose
formation. Warm-temperate species such as Gracilaria often show higher agar yields at 20-28 °C, whereas
carrageenophytes like Kappaphycus alvarezii perform best at 26-30 °C. Avoiding thermal stress is critical, as
temperatures above species-specific thresholds reduce gel strength and increase susceptibility to epiphytes (Lee et al.,
2021; Mendes et al., 2024).

2.2.3 Nutrient regulation

Nitrogen and phosphorus availability influence carbon allocation between proteins and polysaccharides. Mild
nitrogen limitation often enhances agar and carrageenan content by diverting carbon toward structural galactans rather
than growth. Conversely, excessive nitrogen reduces gel strength and increases sulphation. Controlled fertilization,
pulse-feeding, and Integrated Multi-Trophic Aquaculture (IMTA) systems help maintain balanced nutrient levels (Troell
et al., 2009).

2.2.4 Salinity control

Red algae exhibit species-specific salinity optima, and moderate osmotic stress can stimulate phycocolloid
accumulation as a protective response. For example, Kappaphycus shows improved k-carrageenan viscosity under
stable high-salinity conditions (32-35 PSU), while Gracilaria tolerates wider fluctuations. Avoiding rapid salinity shifts
is essential to prevent stress-induced degradation of polysaccharide quality (Aratjo et al., 2014; Mendes et al., 2024).

2.2.5 pH stability

Although often overlooked, pH affects enzyme activity in the biosynthetic pathway and the ionic environment of
the cell wall. Maintaining seawater pH between 7.8 and 8.3 supports optimal growth and polysaccharide deposition.
In land-based systems, buffering and CO,-stripping are used to stabilize pH and prevent acidification from respiration
(Hsieh-Lo et al., 2019; Mendes et al., 2024).

2.2.6 Hydrodynamic flow and water movement

Moderate water flow enhances nutrient uptake, gas exchange, and removal of metabolic by-products, all of
which support polysaccharide synthesis. Excessive turbulence, however, causes mechanical stress and reduces agar
and carrageenan deposition. Farm design, rope spacing, orientation, and depth can be adjusted to maintain ideal flow
conditions (Hurd, 2000; Hurd, 2017).

2.2.7 Stress-induction strategies

Mild, controlled stress (e.g., low-level salinity or nutrient stress) can upregulate protective polysaccharide
pathways, increasing 3,6-anhydrogalactose content and improving gel strength. These strategies must be carefully
timed, typically applied shortly before harvest to avoid compromising biomass yield (Tee et al., 2015; Mendes et al.,
2024).
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2.2.8 Selective breeding and strain selection

Cultivation success is strongly influenced by strain-level differences in polysaccharide biosynthesis. Selecting
high-yielding strains of Kappaphycus, Eucheuma, or Gracilaria with stable phycocolloid profiles across seasons is a
key strategy for industrial production. Hatchery-based propagation ensures genetic consistency and reduces variability
(Bixler & Porse, 2011).

2.3 Biotic factors

Seaweed species, along with individual strains within a species, display distinct genetic profiles that determine
both the type and concentration of polysaccharides they generate. As a result, identical environmental conditions may
lead to different outcomes depending on the genetic background and geographic location of the algae. In addition, the
developmental stage of the organism, whether in its juvenile phase or fully mature, plays a significant role, with certain
life stages producing greater polysaccharide yields. Polysaccharide production relies on specialized enzymes, whose
activities are modulated by both genetic and environmental factors, thereby affecting the quantity and structure of the
polysaccharides produced (Mendes et al., 2024; Pereira, 2024).

Herbivory and pathogen attacks can trigger polysaccharide synthesis as a defensive mechanism, with variations
in polysaccharide content enhancing their protective properties (El-Beltagi et al., 2022). Additionally, microbial
populations on the seaweed’s surface can impact polysaccharide synthesis, further influencing their composition and
function (Akbar et al., 2024).

Understanding the interplay between genetic and environmental factors is crucial for optimizing seaweed
cultivation and polysaccharide production. Advances in genetic research have the potential to identify specific genes
responsible for polysaccharide synthesis, enabling selective breeding and genetic modification to enhance desired traits.
By leveraging these genetic insights, it is possible to develop seaweed strains that are more resilient to environmental
stressors and have higher polysaccharide yields (Charrier et al., 2015; Nagahawatta et al., 2023).

The conditions under which seaweed is cultivated strongly influence both the yield and composition of
polysaccharides. In managed aquaculture settings, whether coastal or offshore, environmental variables such as
illumination, temperature, nutrient supply, and salinity can be carefully regulated to optimize production. These
systems can be tailored to meet the specific needs of different seaweed species, ensuring optimal growth conditions and
maximizing polysaccharide production (Pasquini et al., 2024).

Another important aspect to consider is the impact of herbivory and pathogen pressure on seaweed health and
polysaccharide synthesis. Macroalgae have evolved various defence mechanisms, including the production of bioactive
compounds that deter herbivores and inhibit pathogen growth. Understanding these interactions can inform the
development of integrated pest management strategies that minimize damage to seaweed crops while maintaining high
polysaccharide yields (Lomartire & Gongalves, 2022).

The role of microbial communities in seaweed cultivation is also gaining attention. Microbiomes associated
with seaweed surfaces can influence nutrient uptake, growth rates, and polysaccharide synthesis. By studying these
microbial interactions, researchers can develop probiotics or other microbial treatments that enhance seaweed health and
productivity. This holistic approach to seaweed cultivation, considering both macro and microbiological factors, can
lead to more sustainable and efficient production systems (Singh & Reddy, 2014; Macrae & Vickers, 2024). In addition,
post-harvest processing techniques are critical for maintaining the quality of extracted polysaccharides. Innovative
methods, such as cold extraction and enzymatic treatments, can improve the purity and functionality of polysaccharides,
making them more suitable for various industrial applications. The development of eco-friendly extraction processes
also aligns with the growing demand for sustainable and green technologies in the seaweed industry (Zhu et al., 2021;
Otero et al., 2023).

Overall, the future of seaweed polysaccharide production lies in the integration of advanced genetic, environmental,
and processing techniques. By adopting a multidisciplinary approach, the industry can achieve higher yields, better
quality, and greater sustainability, contributing to the global demand for natural and renewable resources. This not only
supports the economic growth of the seaweed sector but also promotes environmental conservation and the responsible
use of marine ecosystems (Mamede et al., 2023; Samoraj et al., 2024).
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2.4 Biosynthesis of agar and carrageenan

The biosynthesis of red algal phycocolloids is a tightly regulated process involving coordinated metabolic,
enzymatic, and structural pathways that culminate in the deposition of complex galactans within the cell wall (Chevenier
et al., 2023). Although agar and carrageenan share a common evolutionary origin as sulphated galactans, their
biosynthetic routes diverge significantly, resulting in polymers with distinct structural features, degrees of sulfation, and
physicochemical properties. Understanding these pathways is essential for interpreting how environmental and genetic
factors influence polysaccharide yield and quality, and for developing strategies to enhance phycocolloid production in
cultivated species (Ciancia et al., 2020).

2.4.1 Precursor formation and nucleotide-sugar supply

Both agar and carrageenan biosynthesis begin with the generation of activated nucleotide sugars, primarily Uridine
Diphosphate (UDP)-galactose, derived from photosynthetically fixed carbon. The Leloir pathway plays a central role
in converting glucose-1-phosphate into UDP-galactose, which serves as the immediate donor for galactosyl residues
incorporated into the polymer backbone. The availability of UDP-galactose is influenced by light intensity, carbon
assimilation rates, and nitrogen status, linking primary metabolism to cell-wall biogenesis.

In carrageenophytes, additional pools of 3’-phosphoadenosine-5'-phosphosulphate (PAPS) are required to support
extensive sulfation. PAPS is synthesized in the plastid and cytosol and represents a major metabolic cost, explaining
why carrageenan production is more sensitive to environmental stress than agar biosynthesis.

2.4.2 Polymer backbone assembly

The initial assembly of the galactan backbone occurs in the Golgi apparatus through the action of galactosyltransferases,
which catalyse alternating B-1,4 and a-1,3 linkages between D-galactose and L-galactose residues. Although the general
architecture is conserved across red algae, lineage-specific differences in enzyme families contribute to the structural
divergence between agar and carrageenan.

In agar-producing species (e.g., Gelidium, Gracilaria), the backbone is only lightly sulphated, and the biosynthetic
machinery favours the formation of agarose, a neutral polymer enriched in 3,6-Anhydro-L-Galactose (3,6-AG). In
contrast, carrageenan-producing species (e.g., Kappaphycus, Eucheuma) synthesize highly sulphated precursors that are
subsequently modified into k-, t-, or A-carrageenan, depending on the pattern of sulfation and the presence or absence of
3,6-AG.

2.4.3 Sulfation and de-sulphation reactions

Sulfation is a defining step in carrageenan biosynthesis. Galactose-6-sulfotransferases and related enzymes
transfer sulphate groups from PAPS to specific hydroxyl positions on the galactose residues. The degree and position of
sulfation determine the type of carrageenan produced:

* k-carrageenan: one sulphate group per disaccharide, with 3,6-AG on the a-linked residue.

* 1-carrageenan: two sulphate groups per disaccharide, also containing 3,6-AG.

* A-carrageenan: three sulphate groups per disaccharide, lacking 3,6-AG and therefore non-gelling.

Agar biosynthesis involves minimal sulfation, and in many species, sulphated precursors undergo desulphation
before or during the formation of 3,6-AG. This low sulfation level contributes to agar’s high gel strength and thermal
hysteresis.

2.4.4 Formation of 3,6-anhydrogalactose

The conversion of L-galactose-6-sulfate into 3,6-anhydro-L-galactose is catalysed by galactose-6-sulfurylases (also
known as 3,6-AG cyclase’s). This reaction is essential for the formation of the rigid, linear agarose chains characteristic
of agar. In carrageenan biosynthesis, the same reaction distinguishes k- and 1-carrageenan (which contain 3,6-AG) from
A-carrageenan (which does not).

Environmental factors such as temperature, salinity, and nutrient availability influence sulfurylase activity,
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explaining seasonal fluctuations in gel strength and polymer composition.

2.4.5 Transport and cell-wall deposition

Once synthesized and modified in the Golgi, agar and carrageenan precursors are transported to the cell wall via
secretory vesicles. Deposition occurs in the fibrillar matrix, where the polymers interact with cellulose microfibrils
and other wall components. Agar typically forms a rigid, brittle matrix, whereas carrageenan contributes to a hydrated,
flexible wall structure, reflecting their ecological roles in desiccation resistance and mechanical flexibility.

The final structure of the polysaccharide is influenced by:

* Jonic environment (e.g., K* promotes k-carrageenan gelation).

* pH and redox conditions.

* Developmental stage of the thallus.

* Presence of epiphytes or pathogens.

These factors can alter polymer conformation, degree of aggregation, and extractability.

2.4.6 Genetic regulation and species-specific pathways

Recent genomic and transcriptomic studies have identified gene families associated with galactosyltransferases,
sulfotransferases, sulfurylases, and Carbohydrate-Active EnZymes (CAZymes) involved in phycocolloid biosynthesis.
Expression patterns vary across species, life-cycle stages, and environmental conditions, suggesting that polysaccharide
production is under complex regulatory control.

Selective breeding and strain improvement programs increasingly target:

* Enhanced 3,6-AG content.

* Reduced unwanted sulfation.

* Improved stress tolerance.

* Stable polysaccharide profiles across seasons.

These advances hold promise for improving the consistency and quality of phycocolloid production in aquaculture
systems (Table 2).

Table 2. Biosynthetic differences between agar and carrageenan pathways

Biosynthetic step Agar (Gracilariales, Gelidiales) Carrageenan (Gigartinales) Key enzymes/Notes
Monosaccharide precursor UDP-galactose UDP-galactose Shared precursor
Polymer backbone formation p-L4anda-1,3 Same general pathway Enzyme families differ by lineage
galactosyltransferases
Sulfation Minimal sulfation Extensive sulfation (k, 1, A patterns) Galactose-6-sulfotransferases
3,6-anhydrogalactose formation High proportion in agarose X and}lhrlzgi(lisrg ,%?R\grsion; 3,6-anhydrogalactose cyclases
Cell-wall deposition Rigid, brittle matrix Flexible, hydrated matrix Determines ecological function
Environmental sensitivity Moderate High (light, salinity, temperature) Explains variability in carrageenan farms

3. Applications of red algae phycocolloids

Red algae-derived phycocolloids, particularly agar, carrageenan, and other sulphated galactans, possess unique
physicochemical and bio-functional properties that support a wide range of industrial applications. Their gelling
capacity, viscosity modulation, biocompatibility, and structural versatility make them indispensable across the food,
pharmaceutical, medical, cosmetic, agricultural, and livestock sectors. Recent technological advances and sustainability-
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driven innovation have further expanded their relevance in emerging bio-based industries (Table 3).

Table 3. Recent studies on applications of red algae phycocolloids

Application area Phycocolloid Species source Key findings References

Food structuring and Improved gelation and stability in dairy

dairy stabilization K-carrageenan Kappaphycus alvarezii matrices Campo et al. (2009)
Plant-based meat and Agar Gelidium corneum Strong thermoreversible gels for plant- Imeson (2010)
gel systems based foods
Drug delivery hydrogels Carrageenan Eucheuma denticulatum MucoadhesiV;;i;llift(i)gstrolled-release Necas and Bartosikova (2013)
Tissue engineering Agarose Gracilaria spp. Biocompatible scaffolds with tunable Sivashankari and
scaffolds porosity Prabaharan (2020)
Cosmetic emulsions Carrageenan Chondrus crispus ~ Enhanced viscosity and sensory properties Lourenco-Lopes et al. (2020)
Plant biostimulants Sulphated galactans  Gracilaria gracilis Improved g(:grlléirr;iltégn and stress Pacheco et al. (2021)
Aquaculture feed binders Carrageenan Kappaphycus alvarezii Increased pellet stability and digestibility Ruscoe et al. (2005)

3.1 Food industry

Agar and carrageenan are long-established hydrocolloids in food processing, where they function as gelling,
thickening, stabilizing, and texturizing agents. k-carrageenan is widely used in dairy systems to improve mouthfeel
and prevent syneresis, while 1-carrageenan provides elastic gels suitable for low-fat formulations. Agar is valued for its
strong, thermally stable gels in confectionery, bakery fillings, and plant-based alternatives. Increasing consumer demand
for clean-label and vegan ingredients has strengthened the role of red-algal phycocolloids as natural, allergen-free
stabilizers (Campo et al., 2009).

3.2 Pharmaceutical and biomedical applications

The biocompatibility, biodegradability, and tunable rheology of phycocolloids support their use in drug delivery,
wound dressings, tissue engineering scaffolds, and controlled-release systems. Agarose hydrogels are widely used for
cell encapsulation and electrophoresis, while carrageenan-based matrices have shown promise in mucoadhesive drug
delivery and antiviral formulations. Sulphated galactans also exhibit immunomodulatory, anticoagulant, and antioxidant
activities, positioning them as candidates for next-generation biomedical materials (Necas & Bartosikova, 2013).

3.3 Medical and clinical uses

Agar and agarose are essential in microbiology for culture media preparation due to their thermal hysteresis and
inertness. Carrageenan has been explored for antiviral nasal sprays, hemostatic materials, and bio-adhesive medical
gels. Their structural versatility enables the development of hydrogels with tailored porosity, mechanical strength, and
degradation profiles for regenerative medicine.

3.4 Cosmetic and personal-care applications

Carrageenan is widely used in cosmetic formulations as a thickener, stabilizer, and sensory enhancer in lotions,
creams, toothpaste, and hair-care products. Its ability to form smooth, elastic gels improves product texture and stability.
Agar contributes to peel-off masks and moisturizing gels, while sulphated polysaccharides provide hydration and film-
forming properties valued in skin-care formulations.
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3.5 Agriculture and plant bio-stimulation

Red-algal polysaccharides have gained attention as sustainable agricultural inputs. Sulphated galactans can act as
elicitors of plant defense responses, enhancing resistance to pathogens and abiotic stress. Extracts containing agar or
carrageenan have been shown to promote seed germination, root development, and nutrient uptake. Their biodegradable
nature aligns with the shift toward eco-friendly agricultural practices (Pacheco et al., 2021).

3.6 Livestock and aquaculture feed applications

Phycocolloids contribute to feed pellet stability, water retention, and nutrient delivery in aquaculture. Carrageenan
improves pellet cohesion and digestibility, while agar enhances gel strength in formulated feeds. Bioactive sulphated
polysaccharides may also support gut health and immune modulation in livestock, offering potential as natural feed
additives (Ruscoe et al., 2005).

4. Red macroalgae polysaccharide studies in polysaccharide production

Red seaweeds are renowned for their ability to produce a variety of valuable polysaccharides, notably agar and
carrageenan. These polysaccharides have attracted widespread interest because of their broad utility across the food,
medical, cosmetic, and biotechnological sectors. The unique chemical properties of agar and carrageenan make them
indispensable in various formulations, offering gelling, thickening, and stabilizing functionalities (Alba & Kontogiorgos,
2019; Mamede et al., 2024).

Polysaccharide synthesis in red algae is shaped by a multifaceted interaction of genetic traits, environmental
conditions, and physiological processes. Understanding these factors is crucial for optimizing both the yield and quality
of polysaccharides (Sudha et al., 2014). Research into the genetic makeup of red seaweed has revealed that different
species, and even different strains within the same species, possess distinct genetic profiles that affect polysaccharide
synthesis (Xie et al., 2024). Environmental factors such as light, temperature, nutrient availability, and salinity play
pivotal roles in modulating the metabolic pathways involved in polysaccharide production (Lopes et al., 2024).
Additionally, the stage of the seaweed’s life cycle can significantly impact poly-saccharide content, with certain
developmental stages producing higher quantities of these compounds (Pacheco et al., 2021). The enzymatic processes
underlying polysaccharide synthesis are also subject to regulation by both internal and external cues, further adding to
the complexity of production (Gomes-Dias et al., 2020).

Recent research emphasizes the critical role of abiotic elements, particularly light intensity and spectral quality, in
regulating photosynthetic processes in seaweeds. These processes are central to carbon fixation and the generation of
energy, directly influencing algal productivity. Temperature fluctuations, seasonal variations, and nutrient dynamics are
also critical in shaping the polysaccharide profiles of red seaweed. Moreover, biotic interactions, including herbivory
and microbial associations, can influence polysaccharide composition and abundance (Lalegerie et al., 2020). In this
revision, we will delve into the various studies that have explored the production of polysaccharides in red seaweed
(Qiu et al., 2022). We will examine the key factors that influence polysaccharide yield and quality and discuss the latest
advancements in cultivation techniques aimed at enhancing polysaccharide production. By providing a comprehensive
overview of the current state of research, this chapter aims to offer valuable insights for scientists, industry stakeholders,
and policymakers interested in harnessing the potential of red seaweed polysaccharides for sustainable and innovative
applications (Qiu et al., 2022).

4.1 Agar

Agar (Figure 5) is an important sulphated galactan primarily located within the cell walls of several red algal
species, most notably those belonging to Gracilaria and Gelidium. Its significance lies in its ability to protect these
organisms from desiccation, extreme temperatures, high salinity, pH variations, and pathogens, while also maintaining
ionic equilibrium (Lee et al., 2017). Due to its unique gelling properties, agar has found extensive applications in food,
pharmaceutical, and biotechnology industries (Rhein-Knudsen et al., 2017).
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Agar is composed of two primary polysaccharides: agarose (Figure 5) and agaropectin. Agarose typically accounts
for roughly 70% of the mixture, while agaropectin represents the remaining 30%.
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Figure 5. Chemical structure of agarose (a) and agaropectin (b)
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Galactans, commonly found in the cell walls of various red algae, are believed to protect these organisms from
desiccation, extreme temperatures, high salinity, pH variations, and pathogens, as well as maintain ionic balance
(Pomin, 2010). A considerable portion of seaweed research on agar has concentrated on refining extraction techniques,
as outlined in (Mendes et al. 2022). The effects of environmental conditions on agar yield have also been widely
investigated. Findings indicate that agar levels tend to rise during summer and under both low- and high-salinity
environments, as well as in reduced light exposure. Conversely, nitrogen enrichment and epiphyte colonization are
typically associated with lower agar content. An earlier review by Lee et al. (2017) discussed the factors affecting agar
yield and quality. However, several new studies have emerged since then, which will be examined here alongside the
key points from Lee et al.’s review (2017).

Numerous studies have examined the environmental factors that influence agar content in red algae. Seasonal
variations play a significant role, with research indicating that agar content is generally higher during the summer
months. This increase is attributed to optimal light conditions and warmer temperatures, which enhance photosynthetic
activity and polysaccharide synthesis. Light intensity and quality are crucial factors that affect agar production (Sanchez-
Astrain et al., 2024). Red algae, adapted to dimmer light environments relative to green and brown species, exhibit
differences in agar concentration depending on the surrounding light conditions. Hypo- and hyper-salinity conditions
have also been found to influence agar production, with these stress conditions potentially triggering mechanisms that
increase agar synthesis as a protective response. Conversely, factors such as nitrogen enrichment and the presence of
epiphytes have been associated with a decrease in agar content. Nitrogen enrichment can alter the metabolic pathways,
redirecting resources away from polysaccharide synthesis. The growth of epiphytes on the surface of red algae can
impede light absorption and nutrient uptake, further affecting agar production (Lee et al., 2017).

The extraction of agar from red algae has been the focus of extensive research, aiming to optimize yield and
quality. Traditional extraction methods involve hot water extraction, where the algae are boiled to release agar into
the solution. This is followed by filtration and purification processes to obtain pure agar (Castejon et al., 2021).
Recent progress in extraction methodologies has aimed at enhancing process efficiency while minimizing ecological
consequences. Enzyme-assisted extraction methods, for example, use specific enzymes to break down cell walls,
enhancing agar release while minimizing the use of harsh chemicals (Xiao et al., 2021). Microwave-assisted extraction
is another innovative technique that uses microwave energy to rapidly heat the algae, resulting in faster extraction and
higher yields. These modern methods not only improve the efficiency of agar extraction but also help in obtaining agar
with better gelling properties, making it more suitable for various industrial applications. The ongoing research and
development in this area are crucial for meeting the rising demand for high-quality agar while ensuring sustainable
production practices (Morais, 2013).

Agar remains a vital polysaccharide with extensive applications across various industries. Continued research into
optimizing its production and extraction will ensure that the benefits of this remarkable compound can be fully realized,
supporting both economic growth and environmental sustainability. Understanding and optimizing the environmental
and genetic factors that influence seaweed growth and polysaccharide production is crucial for meeting the rising
demand for these valuable compounds. Through integrated cultivation strategies, advanced genetic research, and
innovative processing techniques, the seaweed industry can sustainably expand its production while maintaining the
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high quality of its polysaccharides (Table 4) (Mamede et al., 2023; Ali et al., 2024).

Table 4. Comparative properties of agar vs. carrageenan

Parameter Agar Cag(a%eit)lan Industrial implications
- Alternating f-D-galactose and Sulfated galactans with varying Structure determines gel type and
Primary structure 3,6-anhydro-L-galactose sulfate positions rheology
Degree of sulfation Low (= 0-5%) K: 20-25%; 1: 28-30%; A: 32-39% ~ Higher sulfation — lower gel

strength, higher solubility

K (strong gel), 1 (elastic gel),

). (thickener, no gel) Determines application domain

Main functional fraction ~Agarose (gelling) + agaropectin (nongelling)

Agar preferred for microbiology

1 . -2 . 1 g 1pe .
Gel strength Very high (600-1,200 g-cm™) k: high; v elastic; A: none and confectionery
: : : o o K/t set at 40-60 °C; Agar’s thermal hysteresis
Melting/setting point Sets at 32-40 °C; melts at 80-90 °C melt at 60-70 °C is unique
Solubility Insoluble in cold water Soluble only in hot water Impacts extraction and
formulation

Carrageenan dominates

Extraction difficulty High for Gelidium (low yield, high quality) Easier, high-volume cultivation global market

Main applications Microbiology, food gels, pharmaceuticals Dairy, meat, cosmetics, stabilizers Complementary industrial roles

4.2 Carrageenan

Carrageenan (Figure 6) powder is typically a yellowish to colourless, coarse to fine powder that is practically
odourless (Matos et al., 2024). For regulatory bodies across the globe to recognize a compound as carrageenan, it must
include galactose, anhydro-galactose, and sulphate groups (Figure 6). The absence of any of these components means
the substance cannot be classified as carrageenan. Carrageenan is only soluble in hot water and is not soluble in alcohol
solutions above 1.5% (Younes et al., 2018).
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Figure 6. Idealized structure of carrageenan units

The purity of carrageenan intended for food applications is assessed through several key parameters. These include
viscosity (5 mPa-s in a 1.5% solution at 75 °C), sulfation levels ranging from 15% to 40% of its dry weight, and ash
content within the same range. Another critical factor is the proportion of low molecular-weight carrageenan: fractions
below 50 kDa exceeding 5% are classified as poligeenan, which is not approved for food use. Additionally, acceptable
samples must contain less than 5% combined starch, lipid, and protein residues. High water absorption capacity is
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also an important criterion. These standards ensure that the carrageenan meets the biochemical and physical-chemical
characterization methods similar to other polymers (Necas & Bartosikova, 2013).

The position and number of sulphate groups dramatically affect kappa (), iota (1), and lambda (A) carrageenan’s
gel strength, solubility, and rheology, with higher sulfate content generally reducing gelling power but increasing cold
water solubility and flexibility, while k-carrageenan’s specific structure (lower sulphate, 3,6-anhydro galactose) yields
rigid gels with K ions, 1-carrageenan (higher sulphate at C4) forms elastic gels with Ca’’, and A-carrageenan (highest
sulphate, no anhydro) doesn’t gel but provides viscosity, all influencing network formation and interaction with cations
(Table 2).

Research and development teams, along with industrial stakeholders, are actively pursuing innovative approaches
to extract polysaccharides from red seaweeds using greener technologies and advanced purification strategies. Ongoing
investigations must verify that these biopolymers consistently meet high-purity standards established by the Chemical
Abstracts Service (CAS) and recognized international guidelines. This certification is essential to ensure the quality of
the compound for further industrial exploitation (Mendes et al., 2024). Advancing sustainable extraction and purification
methods for red seaweed polysaccharides, such as carrageenan, is essential for multiple reasons. Traditional extraction
methods often involve the use of hot water and chemical solvents, which can be energy-intensive and environmentally
damaging. By adopting greener methods, such as enzyme-assisted extraction and microwave-assisted extraction,
the industry can reduce its environmental footprint while maintaining or even improving the yield and quality of
carrageenan (Lomartire & Gongalves, 2022).

Enzyme-assisted extraction employs targeted enzymes to degrade algal cell walls, enabling the release of
carrageenan with greater efficiency while reducing reliance on aggressive chemical treatments. This method not only
enhances the purity of the final product but also reduces the environmental impact of the extraction process (Tarma et
al., 2020). Microwave-assisted extraction applies microwave energy to quickly heat algal material, enabling a more
rapid and efficient release of target compounds. This technique has been shown to increase carrageenan yield and
quality while conserving energy and reducing waste (Alvarez-Vifas et al., 2023).

To ensure that the extracted carrageenan meets the required standards for food and other industrial applications,
rigorous testing and quality control measures are essential. This includes assessing the viscosity, sulfation content, ash
yield, and molecular weight distribution, as well as detecting any impurities such as starch, lipid, and protein (Heriyanto
et al., 2018). High water absorption capacity is also a key quality attribute, as it influences the functional properties of
carrageenan in various applications (Heriyanto et al., 2018; Mendes et al., 2024). The pursuit of high-purity carrageenan
is not only driven by regulatory requirements but also by the demand for high-quality products in food, pharmaceutical,
and cosmetic industries (Ali et al., 2024). Carrageenan is widely used as a gelling, thickening, and stabilizing agent, and
its performance is closely linked to its purity and molecular characteristics (Hale et al., 2024). By refining extraction
and purification techniques, manufacturers can produce carrageenan that meets the stringent standards set by global
regulatory agencies, ensuring its suitability for a wide range of applications (Pereira & Cotas, 2024).

Enhancing the methods used to extract and purify carrageenan from red algae is essential to satisfy the increasing
global demand for this multifunctional polysaccharide. By adopting eco-friendly methods and maintaining high
standards of purity, the industry can support sustainable production practices and deliver high-quality carrageenan
for use in various sectors. Continued research and innovation in this field will be essential to achieving these goals
and ensuring the long-term viability of the seaweed polysaccharide industry (Shafie et al., 2022). The assessment of
carrageenan purity for food applications relies on several essential parameters. These include viscosity (5 mPa's in a
1.5% solution at 75 °C), sulfation levels ranging from 15-40% of the dry weight, and ash content within the same range.
Purity is also affected by the proportion of low molecular-weight carrageenan: fractions below 50 kDa exceeding 5% are
classified as poligeenan, which is not permitted for food use. In addition, combined levels of starch, lipids, and proteins
must remain below 5%. High water absorption capacity is also an important criterion. These standards ensure that the
carrageenan meets the biochemical and physical-chemical characterization methods similar to other polymers (Necas &
Bartosikova, 2013).

Research and development teams, alongside industrial partners, are actively exploring innovative approaches
to extract polysaccharides from red seaweeds using environmentally sustainable methods and advanced purification
technologies. Ongoing studies must confirm that these biopolymers meet strict purity standards set by the Chemical
Abstracts Service (CAS) and international regulations. Such certification is vital to guarantee the compound’s quality
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for industrial applications (Mendes et al., 2024). Establishing greener extraction and purification strategies for
polysaccharides like carrageenan is therefore of paramount importance for several key reasons. Traditional extraction
methods often involve the use of hot water and chemical solvents, which can be energy-intensive and environmentally
damaging. By adopting greener methods, such as enzyme-assisted extraction and microwave-assisted extraction,
the industry can reduce its environmental footprint while maintaining or even improving the yield and quality of
carrageenan (Lomartire & Gongalves, 2022).

Enzyme-assisted extraction uses specific enzymes to break down cell walls, releasing carrageenan more efficiently
and minimizing the need for harsh chemicals. This method not only enhances the purity of the final product but also
reduces the environmental impact of the extraction process (Tarman et al., 2020). Microwave-assisted extraction
harnesses microwave energy to quickly warm algal biomass, promoting a faster and more effective release of target
compounds. This technique has been shown to increase carrageenan yield and quality while conserving energy and
reducing waste (Alvarez-Vifias et al., 2023). To ensure that the extracted carrageenan meets the required standards
for food and other industrial applications, rigorous testing and quality control measures are essential. This includes
assessing the viscosity, sulfation content, ash yield, and molecular weight distribution, as well as detecting any
impurities such as starch, lipid, and protein (Heriyanto et al., 2018). High water absorption capacity is also a key quality
attribute, as it influences the functional properties of carrageenan in various applications (Heriyanto et al., 2018; Mendes
et al., 2024).

The pursuit of high-purity carrageenan is not only driven by regulatory requirements but also by the demand for
high-quality products in food, pharmaceutical, and cosmetic industries (Pereira & Cotas, 2024). Carrageenan is widely
used as a gelling, thickening, and stabilizing agent, and its performance is closely linked to its purity and molecular
characteristics (Hale et al., 2024). By refining extraction and purification techniques, manufacturers can produce
carrageenan that meets the stringent standards set by global regulatory agencies, ensuring its suitability for a wide range
of applications (Pereira & Cotas, 2024).

Improving the processes used to extract and refine carrageenan from red algae is vital to address the rising global
demand for this highly adaptable polysaccharide. By adopting eco-friendly methods and maintaining high standards of
purity, the industry can support sustainable production practices and deliver high-quality carrageenan for use in various
sectors. Continued research and innovation in this field will be essential to achieving these goals and ensuring the long-
term viability of the seaweed polysaccharide industry (Shafie et al., 2022).

5. Extraction technologies and safety in phycocolloid production

Phycocolloids, including agar and carrageenan, are obtained from seaweed through a range of extraction
techniques. Safeguarding both workers and the environment during these processes is essential to ensure that the
resulting products are of high quality and safe for use. When modern extraction methods are combined with rigorous
safety protocols, phycocolloid production can be carried out effectively and responsibly. This approach ensures that
the final products are of high quality and that both the workforce and the environment are safeguarded (Lomartire &
Gongalves, 2023).

5.1 Industrial applications and challenges: Supply, processing, standardization, and regulatory
constraints

The expanding commercial relevance of red algal phycocolloids has intensified scrutiny of the industrial
bottlenecks that constrain their large-scale deployment. Although agar and carrageenan remain indispensable across
food, pharmaceutical, cosmetic, and biomedical sectors, the transition from traditional extraction to next-generation
biorefinery models is hindered by several structural challenges. Addressing these constraints is essential for ensuring
stable supply chains, improving product quality, and enabling the development of high-value applications (Pereira,
2025b).

Despite their long-standing importance in food, pharmaceutical, cosmetic, and biomedical sectors, agar and
carrageenan production continues to face structural limitations that hinder scalability, consistency, and innovation. One
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of the most pressing issues concerns biomass supply. The global industry remains heavily dependent on a narrow group
of cultivated and wildharvested species, including Kappaphycus alvarezii, Eucheuma denticulatum, Gracilaria spp.,
and Gelidium spp. (Sugumaran et al., 2022). This dependence creates vulnerability to disease outbreaks, climatedriven
stress, and market fluctuations. Declining wild stocks, particularly of Gelidium, further exacerbate supply instability,
while seasonal and geographic variability complicates procurement and quality control. Limited aquaculture capacity,
especially for species with complex life cycles or specific environmental requirements, underscores the need for
expanded cultivation systems, improved strain selection, and diversification of phycocolloidproducing taxa (Liu et al.,
2025).

Energy consumption represents another major challenge in phycocolloid extraction. Traditional processes rely on
prolonged heating, alkaline treatments, and multiple purification steps, all of which demand substantial thermal energy
(Torres et al., 2019). Rising energy prices have increased production costs, particularly in regions without access to low-
cost renewable energy sources. Although energy-efficient technologies such as microwaveassisted extraction, ohmic
heating, and enzymatic pre-treatments show promise, their industrial adoption remains limited due to high capital
investment requirements and regulatory uncertainties. Reducing energy intensity is therefore essential for improving
both the environmental footprint and the economic feasibility of phycocolloid production (Getachew et al., 2020).

Purification bottlenecks also constrain industrial performance. The complex architecture of red algal cell walls
necessitates multi-step extraction and filtration to remove pigments, proteins, minerals, and other impurities (Hernandez-
Carmona et al., 2013). Variability in sulphation patterns and 3,6-anhydrogalactose content further complicates
downstream refinement, often resulting in inconsistent functional properties (Ciancia et al., 2020). Membrane-based
purification systems, while promising, are frequently hindered by fouling and low flux, and pre-treatment protocols
remain insufficiently standardized across producers. These limitations highlight the need for improved clarification
technologies, more robust membrane systems, and integrated biorefinery approaches capable of enhancing both purity
and yield (Novoa et al., 2021).

Standardization issues remain a persistent concern for industrial users who require phycocolloids with predictable
rheological and functional characteristics. Natural variability in biomass composition, driven by environmental and
genetic factors, leads to fluctuations in gel strength, viscosity, and sulphation profiles (Rhein-Knudsen et al., 2017).
Processing conditions also vary widely among producers, contributing to batch-to-batch inconsistency. The absence of
harmonized global standards, particularly for emerging biomedical and pharmaceutical applications, creates additional
barriers (Cotas et al., 2025). Defining molecular-level specifications, such as precise sulphation patterns or molecular
weight distributions, is increasingly important for advanced applications but remains technically challenging (Beaumont
etal., 2021).

Regulatory barriers further complicate the commercialization landscape. In the European Union (EU), agar (E406)
and carrageenan (E407) must comply with stringent food-additive specifications, including limits on contaminants,
heavy metals, and microbiological safety (Younes et al., 2018). In the United States, the Food and Drug Administration
(FDA) requires Generally Recognized As Safe (GRAS) status for food applications and imposes more rigorous
requirements for medical and pharmaceutical uses (FDA 2024). Novel applications in tissue engineering, drug delivery,
and regenerative medicine face additional hurdles related to biocompatibility, sterility, and traceability. Sustainability
and traceability requirements, particularly under the EU Green Deal and circular-economy frameworks, are becoming
increasingly influential, adding new layers of compliance for producers (Calderon et al., 2025).

Techno-economic considerations reveal that the competitiveness of phycocolloid production is shaped by feedstock
availability, energy and labor costs, capital investment needs, and market segmentation (Mendes et al., 2024). Feedstock
cost remains the largest operational expense, while energy intensity significantly affects profitability (Sugumaran et
al., 2022). High-purity biomedical-grade products offer greater market value but require more stringent processing
and quality control. Co-product valorization, including pigments, proteins, and bioactive compounds, is increasingly
recognized as essential for improving overall economic performance. Transitioning toward circular, multiproduct
biorefinery models is therefore viewed as a key strategy for achieving longterm sustainability and competitiveness
(Naghera et al., 2025).

5.2 Industrial extraction methods

The industry’s traditional method of phycocolloid production involves a multistage processing procedure that
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includes key phases such as cleaning/washing, pre-treatment, solid/liquid separation (extraction), precipitation,
filtration, drying, and milling (Arvizu-Higuera et al., 2008; Khalil et al., 2018). These existing methods require high
levels of chemical, water, and energy consumption, as well as meticulous control of waste generated throughout
the process, making them less environmentally friendly and cost ineffective (Khalil et al., 2018). Considering these
challenges, green extraction methods such as Ultrasound-Assisted Extraction (UAE), Microwave-Assisted Extraction
(MAE), Enzyme-Assisted Extraction (EAE), Supercritical Fluid Extraction (SFE), Pressurized Solvent Extraction (PSE),
reactive extrusion, and photo-bleaching are being explored to reduce chemical usage and improve the extraction yield
and quality of seaweed-derived polymers (Gomez et al., 2020).

5.2.1 Agar

The industrial extraction of agar requires large volumes of solvent and produces considerable waste, making it
a lengthy process that typically depends on prolonged heating in hot water. Acid pre-hydrolysis is frequently applied
to chemically liquefy agarose (Villanueva et al., 2010). However, alkali treatment presents a significant drawback,
as it generates effluents that may cause environmental harm if not adequately managed. An eco-friendly alternative
to enhance the gel strength of agar could be enzymatic treatment, though its cost may not make it commercially
competitive compared to alkaline treatment (Cardozo et al., 2007). Combining heat and ultrasound treatments can
reduce the time and energy required for the process. Microwave-Assisted Extraction (MAE) significantly shortens the
time needed for agar extraction compared to conventional methods, consuming less energy and solvent volume, and
reducing waste disposal requirements (Hernandez-Carmona et al., 2013).

5.2.2 Carrageenan

The conventional production of commercial carrageenans begins with washing to eliminate contaminants such as
sand, epiphytes, and salt. Extraction is then carried out in a heated aqueous medium, which may be neutral or alkaline.
The process proceeds with filtration, precipitation of carrageenan from the solution using alcohol, followed by drying
and milling. Based on the extraction approach, carrageenan is categorized into two grades: Semi-Refined Carrageenan
(SRC) and Refined Carrageenan (RC) (Rupert et al., 2022). Historically, in the late 1970s and early 1980s, carrageenan
was obtained from seaweed by dissolving it directly into an aqueous solution. At this stage, when carrageenan is
extracted by alkali treatment, it is referred to as SRC. Additional treatments, such as filtering and purifying, are required
to eliminate residual components like cellulosic materials, resulting in RC (Moses et al., 2015).

To minimize resource use, including time, energy, water, chemicals, and solvents, new extraction strategies have
been introduced. These approaches encompass pressurized solvent extraction as well as microwave-, ultrasonic-, and
enzyme-assisted methods. Microwave-Assisted Extraction (MAE) improves efficiency by reducing both processing time
and energy requirements. Likewise, ultrasound-assisted techniques, whether alkaline or aqueous, accelerate extraction
compared to traditional methods, helping preserve sensitive compounds and causing only minor changes in sulphate
levels and viscosity. These innovative techniques improve the extraction efficiency and sustainability of carrageenan
production (Hernandez-Carmona et al., 2013).

5.3 Industrial safety measures

Because polysaccharides vary in composition depending on extraction methods and environmental influences, it
is crucial to apply chemical and biochemical techniques to verify their quality. Chromatography serves as a physical
separation process in which mixture components are partitioned between two phases. The stationary phase, often a
porous bed, liquid layer, or film, remains fixed, while the mobile phase, a fluid, passes through or across it. Multiple
chromatographic approaches can be combined to achieve precise isolation and detailed characterization of seaweed-
derived polysaccharides, although these procedures are often expensive. High-Performance Anion Exchange
Chromatography (HPAEC) is a cost-effective alternative that quantifies and characterizes seaweed polysaccharide
fractions, despite the challenging viscosity of liquid extracts. HPAEC employs a strong anion exchange to separate
fractions based on pH and the acidic nature of seaweed polysaccharides (Shi, 2016).

Fourier Transform Infrared (FTIR) spectroscopy employs infrared frequencies to measure absorbance and
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detect molecular bond vibrations in samples. Compared to methods such as Nuclear Magnetic Resonance (NMR),
X-ray analysis, or chromatography, FTIR provides a more affordable option for examining chemical bonds in dried
materials, eliminating the need for liquid extracts (Mohamed et al., 2017). This technique can be applied to identify
polysaccharides, pigments, phenolic compounds, oxidation states, and even microplastic contamination in seaweed
prior to commercialization. Despite its lower cost and ease of use, FTIR delivers less comprehensive biochemical
quantification and quality assessment than chromatography. However, combined techniques can enhance seaweed
quality (Monteiro et al., 2022). Pereira and his team employed Fourier Transform Infrared-Attenuated Total Reflectance
(FTIR-ATR) spectroscopy to determine the composition of different phycocolloids by analysing dried ground
seaweed, eliminating the need for KBr tablets (Pereira et al., 2009). In the seaweed polysaccharide industry, FTIR-
ATR is employed to distinguish the quality of agar and carrageenan. It is regarded as one of the most efficient and
environmentally friendly techniques for biomass characterization. The method is primarily used for identification,
quality assurance, and structural analysis. Industrial applications rely on FTIR for the rapid evaluation of key properties,
supporting the approval of phycocolloids and bioactive compounds for pharmaceutical use. In this context, FTIR spectra
differentiate between agar- and carrageenan-producing seaweed (Mohamed et al., 2017; Cherniienko et al., 2024).

Every analytical method used to certify seaweed quality presents both strengths and limitations. Many current
approaches are adapted from plant analysis, which means they may not fully address seaweed-specific requirements,
particularly the mandatory testing for heavy metals. Because seaweed composition is highly complex, advancing
and refining these analytical techniques is essential. At the same time, it is important to ensure that improvements
remain cost-effective so that seaweed producers can adopt them sustainably. Legislative efforts are needed to establish
comprehensive seaweed food quality control checks due to the chemical variability and compound complexity in
seaweed (Gomez-Ordofiez et al., 2011; Hong et al., 2021; Vandanjon et al., 2023).

5.4 Technical characteristics of agar and carrageenan

Agar and carrageenan are extensively applied in the food, pharmaceutical, and biotechnology sectors because of
their distinctive abilities to gel, thicken, and stabilize formulations. For their safe and reliable use in industry, these
polysaccharides must undergo thorough technical evaluation and be formally recognized by the CAS as well as other
national and international regulatory bodies.

5.4.1 Agar

Agar powder generally has no noticeable smell or only a faint odour. In its unprocessed form, it is sold as thin,
membranous strands that are agglutinated together, or in sliced, flaked, and granular varieties. Its colour may vary from
pale yellowish-orange to yellowish-grey, light yellow, or even transparent. When hydrated, agar becomes firmer and
develops a jelly-like consistency, whereas in its dry state, it is brittle and easily broken. The powdered form is typically
white, off-white, or light golden in appearance. Under microscopic observation in water, agar powder displays greater
transparency. In a chloral hydrate solution, it is even more transparent than in water, showing a more granular, striated,
and angular structure, occasionally containing diatom frustules (Matos et al., 2024; Mendes et al., 2024).

Agar does not dissolve in cold water but readily dissolves when exposed to hot water. The assessment of its purity
is based on several parameters, including ash content (which must remain below 6.5% for food-grade quality), the
presence of insoluble residues, and the detection of starch, fats, and proteins. Additional characteristics such as water
absorption ability and viscosity also play a role in determining its overall quality. Therefore, several techniques like
those used for other polymers’ biochemical and physicochemical characterization and certification methods, such as
glucans and xanthan gums, are applied (Mendes et al., 2024).

5.4.2 Carrageenan

Carrageenan powder generally ranges in appearance from pale yellow to nearly colourless and can vary in texture
from coarse to fine. It is almost entirely free of odor. For global food agencies to classify a substance as carrageenan,
it must contain galactose, anhydro-galactose, and sulphate groups. If any of these essential components are absent, the
material cannot be identified as carrageenan. Carrageenan is only soluble in hot water and not in alcohol solutions above
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1.5% (Matos et al., 2021).

The evaluation of carrageenan purity for food use depends on several critical parameters. These include viscosity
(5 mPa-s in a 1.5% solution at 75 °C), sulfation levels ranging from 15-40% of the dry weight, and ash content within
the same range. Purity is also influenced by the proportion of low molecular-weight fractions: if more than 5% of
the material is below 50 kDa, it is classified as poligeenan, which is not approved for food applications. In addition,
combined levels of starch, fats, and proteins must remain under 5%, while a strong water absorption capacity is also
required. Several methods, similar to those used for other polymers’ biochemical and physicochemical characterization,
are applied (Rashedy et al., 2021).

Industrial and research groups are increasingly focused on developing sustainable methods for extracting
polysaccharides from red seaweeds. The aim is to introduce greener extraction and purification technologies that reduce
environmental impact while maintaining efficiency and product quality. Continuous research must demonstrate that
polymers have high purity according to CAS and international conventions, which is essential to certify the quality of
the compound for further exploitation (Pereira & Cotas, 2024).

5.5 Research and development in polysaccharide extraction

Although certified methods are already in use within the phycocolloid industry, they remain highly labour-
intensive, deliver moderate to low yields, and demand large inputs of chemicals, water, and energy—while also
producing significant waste. These limitations reduce both environmental and economic efficiency. In response, a range
of eco-friendly extraction technologies is being developed to lower chemical consumption while improving the yield
and quality of polymers derived from seaweed. Nevertheless, before such innovations can be adopted commercially,
they must undergo rigorous testing and meet industrial standards for polysaccharide products. Furthermore, most studies
are not designed for industrial scale, making the economic feasibility of the extraction process another important factor
to consider (Cotas et al., 2024; Mendes et al., 2024; Percira & Cotas, 2024).

Table 5. Extraction yields of phycocolloids obtained using green extraction technologies (Kadam et al., 2015; Herrero et al., 2006)

Typical extraction yield Representative red

Green extraction method (% dry weight) Phycocolloid type algae species Key notes/Advantages
Ultrasound-Assisted 20-45% agar; Gracilaria gracilis, Cavitation enhances cell disruption;
Extraction (UAE) 25-55% carrageenan Agar, Carrageenan Kappaphycus alvarezii reduced extraction time
g PPApRYCUs and solvent use
Microwave-Assisted 30-60% agar; Acar. Carrageenan Gelidium corneum, olR:e?ciShgi?éiensgoilﬁllgrl(i)zva?on~
Extraction (MAE) 35-65% carrageenan gar, g Eucheuma denticulatum polys: : ’
high energy efficiency
Enzyme-Assisted 25-50% agar; Agar, Carrageenan Gracilaria spp., Enzyr?frfp(r%i}leu;l)ﬁ?ts}’rgil(:iteaseS)
1 0, )
Extraction (EAE) 30-70% carrageenan Kappaphycus spp. reduce harsh chemicals
L . o . Uses CO,; excellent for bioactive
Supercrlvtlcal Fluid 10-25% (mainly S ulphated Sulphated galactans Porp hy 7 Spp., fractions; mild temperatures
Extraction (SFE) polysaccharides) Gracilaria spp.
preserve structure
Pressurized Solvent
Extraction (PSE) 35-70% carrageenan; Acar. Carrageenan Kappaphycus alvarezii, High pressure improves solvent
(also called Pressurized 25-55% agar &ar, g Gracilaria spp. penetration; reduced extraction time
Liquid Extraction (PLE))
Reactive Extrusion 40-75% carrageenan; A C Eucheuma denticulatum, Cogtml:jous, scala.able', sgllv?nt-
(REX) 30-60% agar gar, Carrageenan Gracilaria spp. reduced process; suitable for
industrial production
Ohmic Heating 0 .. Uniform heating; reduced thermal
Extraction (OHE) 30-55% carrageenan Carrageenan Kappaphycus alvarezii degradation; energy-efficient
Subcritical Water 40-80% polysaccharides Mixed sulphated Gracilaria spp., Water as green solvent; tunable
Extraction (SWE) (species-dependent) polysaccharides Palmaria palmata temperature enhances selectivity

Yields are expressed as % of dry algal biomass, consistent with phycocolloid literature; Values represent ranges reported across multiple studies
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Recent innovations in polysaccharide extraction include MAE, UAE, EAE, and a range of green solvent-based
approaches. These eco-friendly methods cover processes such as Subcritical Water Extraction (SWE), ionic liquid
extraction, and Supercritical Fluid Extraction (SFE), along with techniques like reactive extrusion and photo-bleaching.
However, because of the diversity and specificity of these approaches, publicly available information remains limited.
However, MAE and UAE procedures are low-cost and have been effectively utilized in large-scale commercial chemical
extractions (Table 5) (Usman et al., 2023; Khalid et al., 2024).

The composition of polysaccharides can vary significantly, influenced not only by the extraction method but also
by environmental and biological factors. As a result, multiple analytical procedures are required to properly characterize
them and confirm their quality. For large-scale applications, it is essential to develop extraction technologies that are
both efficient and environmentally sustainable, ensuring reliable production at a commercial level. Hydrocolloids, like
carrageenan and agar, are often processed inefficiently using significant amounts of chemicals; nevertheless, there are
innovative and equally acceptable alternatives to meet industrial productivity demands (Noelia et al., 2017).

When exploring new seaweed species and developing cultivation or extraction methods for carrageenan and agar
intended for industrial approval, it is essential to thoroughly assess both identification and purity. These evaluations are
critical to guarantee product safety and to ensure compliance with established regulatory standards. Mendes et al. (2023)
demonstrated that different species strains (Kappaphycus alvarezii) (see Figure 3) can influence the appropriate method
to extract carrageenan, which can be approved for food applications. Thus, the effect of different extraction procedures
on the type of extracted carrageenan was very clear (Mendes et al., 2024).

6. Seaweed polysaccharides’ current industrial applications

Expanding at around 6% annually, the phycocolloid sector is outpacing global Gross Domestic Product (GDP)
growth. Traditionally, these compounds have served as food additives, with the food and beverage industry representing
more than 70% of their worldwide market share. However, their use in personal care, cosmetics, and the medical and
pharmaceutical industries is expected to grow the fastest (Pangestuti & Kim, 2015).

As scientific understanding and technology advance, the uses of algal polysaccharides are extending well beyond
their conventional roles. Current research is investigating novel applications that remain under development or are
just beginning to enter the industry. One area of particular interest is their antiviral potential: several seaweed-derived
polysaccharides have shown promise in helping to inhibit viral processes, including the attachment, adsorption, and
replication of pathogens such as the virus responsible for Corona Virus Disease-2019 (COVID-19). Furthermore,
their safety, biodegradability, and biocompatibility, along with low production costs, may offer advantages over plant-
based compounds (Holdt & Kraan, 2011; Pereira & Critchley, 2020). A further benefit of polysaccharides derived from
red seaweeds lies in their natural bioactive properties. These compounds exhibit inherent biological activity, which
enhances their value for applications in health, nutrition, and biotechnology. Certain polysaccharides, such as agar and
carrageenan, exhibit various biological activities, which differ based on their molecular weight, sulphation level, and the
number of sulphate ester groups present in the polymer (Carina et al., 2021). Antiviral activity has been demonstrated
primarily in vitro; no clinical trials have validated these effects.

Seaweed species generate polysaccharides with distinct chemical profiles, which can be further shaped by the
extraction technique applied. Carrageenophytes generally contain more sulphate groups compared to agarophytes. At
the same time, carrageenan itself exhibits considerable structural variation, with the iota, lambda, and kappa forms
representing the most commercially significant types. What distinguishes these forms of carrageenan is primarily their
sulphate ester concentration and their location in the molecule (Zhong et al., 2020).

6.1 Food industry

Agar was the first hydrocolloid to receive the European registration number E406 and was approved as GRAS
by the FDA for use as an additive in the food industry (Babich et al., 2022). Approximately 80% of the agar produced
globally is used for food applications (Pereira, 2018a). Across many Asian regions, agar is widely used in the
preparation of jellies. The process typically involves boiling macroalgae, adding flavouring, and then cooling the
mixture to set into a jelly. The versatility of agar in these applications is primarily linked to its functional properties,
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particularly its strong gelling capacity. Low-quality agar is primarily used in food products, while some may extend to
industrial applications, such as paper sizing, coating, adhesives, textile printing/dyeing, casting, and impressions (Khalil
et al., 2018). Despite being listed as a permitted food additive, agar (E406) is only used in a limited number of food
items. It is estimated that around 90% of marketed agar is intended for the food sector (McHugh, 2003).

Carrageenan finds extensive use in both dairy processing and the baking sector because of its remarkable
functional qualities, particularly its ability to thicken, stabilize, and improve texture. It binds milk molecules and retains
water, which helps stabilize processed meat products (Hernandez-Carmona et al., 2013). Additionally, carrageenan is
commonly used as a gelling agent. However, its gel-forming abilities depend on the type of carrageenan used, with iota
and kappa carrageenan forming a gel in the presence of potassium or calcium (Udo et al., 2023).

Carrageenans are incorporated into a wide range of food and beverage formulations to enhance texture, stability,
and gel formation. Beyond culinary uses, these phycocolloids serve roles such as immobilizing biocatalysts, acting
as stabilizers in toothpaste, and forming gels in air fresheners. They are also added to pet foods and processed meat
products. More recently, innovative applications in the food sector include using carrageenan as an edible protective
coating for freshly cut and packaged produce. Here, carrageenan acts as a gas barrier, altering the cut surfaces of the
fruit, reducing respiration, and consequently slowing down discoloration while maintaining texture throughout the shelf
life (Necas & Bartosikova, 2013).

6.2 Pharmaceutical and medical industry

Outside of food production, algal polysaccharides play an important role in pharmaceutical and medical contexts.
Their natural gelling, stabilizing, and thickening abilities, combined with bioactive properties, make them highly useful
in these sectors. In addition, phycocolloids can function as functional foods, delivering health-promoting benefits and
contributing to the prevention of chronic illnesses. The bio-nanostructures of algal polysaccharides have become an
important addition to the food industry, primarily focusing on health applications, including supplements and prebiotics
(Lomartire & Gongalves, 2023).

Polysaccharides derived from algae exhibit notable antibacterial, antimicrobial, and antiviral activities. Their
therapeutic applications are wide-ranging, including roles in cancer and tumour prevention, as well as providing anti-
inflammatory and antioxidant benefits. They are frequently employed in drug delivery systems and disinfectants,
while more specialized uses involve dissolvable bandages and applications in tissue engineering. Additionally, various
polysaccharides have specific uses, further highlighting their versatility and importance in different industries (Nigam et
al., 2022). Antiviral activity has been demonstrated primarily in vitro; no clinical trials have validated these effects.

Agar has been reported to lower blood sugar levels, making it beneficial for individuals with hyperglycaemia,
and it also helps inhibit red blood cell clumping. Research suggests that agar may absorb ultraviolet radiation
(Tanna & Mishra, 2019). Beyond these health-related properties, agar is widely utilized in laboratories as a base for
pharmaceutical-grade culture media. It is commonly used in culture mediums because it is not easily metabolized, is
non-digestible, and has good gel firmness, elasticity, clarity, and stability (Khalil et al., 2018).

Agar of medium quality can serve multiple roles in pharmaceutical and medical applications. It is utilized in the
production of monoclonal antibodies, interferons, steroids, and alkaloids. Additionally, it functions as a bulking agent,
laxative, and base material for suppositories, capsules, and tablets, while also being applied as an anticoagulant. On
the other hand, the most highly purified agar, obtained from a fraction of agar called agarose, is used for separation in
molecular biology processes such as electrophoresis, immune diffusion, and gel chromatography (Pereira, 2011; Khalil
et al., 2018).

Carrageenan demonstrates a wide range of medicinal benefits. It exhibits anticoagulant and antithrombotic effects,
shows antiviral and antitumor potential, and contributes to lowering cholesterol levels. Antiviral activity has been
demonstrated primarily in vitro; no clinical trials have validated these effects.

In addition, carrageenan is recognized for its immunomodulatory functions and antioxidant activity, making it
valuable in pharmaceutical applications. These pharmaceutical aspects form the basis for carrageenan’s application in
the pharmaceutical field (Pereira, 2011; Khalil et al., 2018). Immunomodulatory responses reported in murine models
cannot be extrapolated to human therapeutic use.

Carrageenan is used in the production of tetracyclines, a significant group of antibiotics (Necas & Bartosikova,
2013). Thanks to its gelling capacity, carrageenan is applied as a matrix to immobilize Streptomyces aureofaciens,
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the microorganism responsible for producing certain antibiotics. Beyond this role, carrageenan also contributes to the
synthesis of D-aspartic acid, which serves as a precursor in the development of semi-synthetic antibiotics. Moreover,
carrageenan has been proven to inhibit the attachment of viruses such as the human papillomavirus, dengue virus,
influenza A, and herpes virus (Pereira, 2011; Liu et al., 2015; Khalil et al., 2018).

6.3 Industry of cosmetics

There is a growing preference among consumers for cosmetics formulated with seaweed-derived ingredients rather
than synthetic alternatives. These products typically feature purified compounds or extracts obtained from different
seaweed species. The bioactive substances present in seaweed are particularly suitable for cosmetic applications,
offering advantages such as low toxicity to cells and reduced allergenic potential. However, the biochemical profiles
of seaweed can vary, and the extraction processes might lead to the loss of certain biomolecules (Lopez-Hortas et al.,
2021). Macroalgal hydrocolloids, commonly referred to as phycocolloids, represent the most significant polysaccharides
for industrial use. These structural compounds, derived from seaweeds, are notable for their ability to form colloidal
systems—intermediate states that lie between true solutions and suspensions. As a result, polysaccharides can be
employed in various sectors, including cosmetics, where they serve as thickening, gelling, and stabilizing agents for
suspensions and emulsions (Pereira, 2023).

Around one-fifth of global carrageenan production is directed toward pharmaceutical and cosmetic applications.
It is a common ingredient in numerous everyday products, appearing in formulations such as toothpaste, shampoos,
lotions, medicinal preparations, sunscreens, shaving creams, deodorant sticks, sprays, and foams. Its ability to form
hydrogels allows it to be employed in various applications, including antiviral, antibacterial, and pathophysiological
processes such as hyperlipidaemia management (Pereira, 2018b). Antiviral activity has been demonstrated primarily in
vitro; no clinical trials have validated these effects.

Agar serves as both an emulsifying and stabilizing agent in cream formulations, while also helping regulate
moisture levels in a variety of cosmetic products. It is commonly incorporated into items such as hand lotions, liquid
soaps, deodorants, foundations, exfoliants, cleansers, shaving creams, facial moisturizers, and treatments targeting acne
and skin aging. Agar can endure high temperatures (up to 250 °C) and preserve its properties even near boiling point
temperatures, making it ideal for use in jellied confections where the components may be treated at high temperatures
and subsequently cooled down (Balboa et al., 2015; Pereira, 2018b).

6.4 Agriculture and industrial applications

Seaweed-derived polysaccharides are incorporated into conventional fertilizers to improve soil quality by
enhancing water and nutrient retention. Functioning mainly as soil conditioners, these natural compounds exhibit
exceptional absorbency, capable of holding water volumes many times greater than their own weight. In agriculture,
these polysaccharides are often referred to as moisture-holding hydrogels, which enhance soil water retention, a critical
characteristic of healthy soil (Mamede et al., 2023). To enhance soil quality, agricultural scientists have created super-
absorbent materials that improve abiotic properties. These compounds boost water retention and efficiency, increase
soil permeability and infiltration, and support better plant growth and aeration. Additionally, they can reduce irrigation
frequency, limit compaction shift, prevent erosion and water drainage, and decrease fertilizer solubility rates (Malik et
al., 2023).

Carrageenans and their oligomers, obtained from red seaweeds, are abundant in bioactive molecules that stimulate
plant defence mechanisms, enhancing resilience against both environmental and biological stress factors. Their effects
are mediated through the regulation of diverse physiological and biochemical pathways. In addition, carrageenans
influence several metabolic activities in plants, such as cell division, the synthesis of purines and pyrimidines, nutrient
uptake of nitrogen and sulfur, and the process of photosynthesis. On the other hand, while numerous studies have been
conducted on the bioactivities of agarophytes, there has been little research on the bioactivities of agar, particularly its
influence on plants (Shukla et al., 2016).

Polysaccharides extracted from red seaweeds are currently applied across numerous industrial sectors (Table
6). However, expanding their use into new areas requires increasing seaweed production with consistently high
polysaccharide yields while maintaining product quality. To achieve this, it is vital to identify and understand the key
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factors that influence polysaccharide synthesis in seaweeds. New uses are being developed and applied in various fields,
such as paper sizing, coating, adhesives, textile printing/dyeing, casting, and impressions (Jonsson et al., 2020).

Table 6. Summary of industrial applications of red seed polysaccharides (Mamede et al., 2023; Mendes et al., 2024; Cotas et al., 2025)

Industry Polysaccharide Main applications Specific uses
. - Low-quality agar in food products.
Agar i} ggoﬁlﬁ?rlfl'\éfli(imé’ GRAS approved). - High-quality agar in limited food items.
P ] ’ - Common use as a jellifying agent.
Food industry Food additive (E407, GRAS d
i} P?c(o)cegse dlt;r\;:a(t r(())ZﬂJcts approved). - Binds milk molecules, retains water.
Carrageenan Stabilization p : - Gas barrier, reduces respiration, slows discoloration, and
- Protective coating on fresh-cut packaged food. maintains texture in packaged foods.
- Pharmaceutical grade growth media - Decreases blood glucose, prevents red blood cell
B : : aggregation.
Agar B Egﬁgt;?;;zegofi};s\fﬁs'health - Acts as bulking agents in laxatives, suppositories, capsules,
g Benefits ’ tablets, and anticoagulants.
~Medical analysis - Production and encapsulation of monoclonal antibodies,
. ySIS. interferons, steroids, and alkaloids.
Pharmaceutical
- Decreases blood glucose, prevents red blood cell
Carrageenan Pharmaceutical drugs and agents. aggregation.. ) )
- Functional foods with health benefits. - Highly purified agar (agarose) used in molecular biology
(electrophoresis, immune diffusion, gel chromatography).
- Used in creams, hand lotions, liquid soap, deodorants,
Agar Structural ingredients. foundation, exfoliant, cleanser, shaving cream, face
moisturizer/lotion, acne and anti-aging treatments.
Cosmetic
- Applications include toothpaste, hair wash products, lotions,
Carrageenan Structural ingredient. medications, sun blocks, shaving creams, deodorant sticks,
sprays, and foams.
- Acts as moisture-holding hydrogel, reducing irrigation
Acar Structural ineredients frequency, improving soil aeration, and limiting erosion.
g g ’ - Soil conditioner, improves water retention, soil permeability,
and plant performance.
Agriculture
Functional ingredients. - Regulates plant metabolic processes, including purine and
Carrageenan Regulates physiological and biochemical pyrimidine synthesis, nitrogen and sulphur absorption.
g processes in plants (e.g., cell division, - Activates plant defence systems, provides resistance to
photosynthesis). abiotic and biotic stressors.

The output of polysaccharides from red seaweeds is shaped by multiple influences, including economic conditions,
environmental factors, technological capabilities, and market expectations. Rising consumer interest in natural, clean-
label products has further accelerated demand for seaweed-derived polysaccharides, particularly agar and carrageenan.
These polysaccharides are valuable for controlled drug delivery systems, wound dressings, and tissue engineering due
to their biocompatibility, non-toxicity, and gel-forming properties (Otero et al., 2023).

Food and drug authorities, including the Food and Drug Administration (FDA), have classified polysaccharides
as Generally Recognized As Safe (GRAS) (Younes, 2024), which has encouraged their adoption across multiple
industries and stimulated greater production. Nations with abundant seaweed reserves are increasing output to satisfy
rising international demand, especially in markets that prioritize natural and health-enhancing products. Moreover,
seaweed cultivation is viewed as a more sustainable alternative to traditional agriculture, as it requires fewer inputs and
resources. This sustainability factor is driving increased investment in seaweed polysaccharide synthesis (Ahmed et al.,
2024; Matos et al., 2024).
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6.5 Livestock industry

Macroalgae consumption extends beyond humankind, benefiting various animal species as well. European use of
seaweed in animal husbandry dates back to the Roman era (Sultana et al., 2023). Countries like Iceland, France, and
Norway commonly incorporate seaweed into domestic animal nutrition (Dhakal et al., 2024). Notably, the first seaweed
meal for animal feed was produced in Norway, using brown seaweed that was collected, dried, and milled (Makkar et
al., 2016).

Beyond their direct use as feed, macroalgae are incorporated into other feed formulations as both nutritional
enhancers and nutraceutical ingredients. At present, algae-based supplements are employed to correct mineral deficiencies
in livestock pastures, particularly in regions such as the United States, Australia, and New Zealand. Seaweed meals,
primarily used as a vitamin and mineral supplement, are produced mainly from kelps like Palmaria palmata (Figure
7a), Grateloupia filicina (Figure 7b), Neopyropia tenera, and Chondrus crispus (Leandro et al., 2020; Min et al., 2021).

Figure 7. Palmaria palmata (a) and Grateloupia filicina (b)

In addition to direct feeding applications, animal diets are often supplemented with extracts such as sulphated
polysaccharides derived from macroalgae. These compounds function as nutraceutical additives, enhancing the
nutritional profile of feed and supporting animal health. These meals have been proven to enhance animal intestinal
integrity and improve immune response efficiency (Gonzalez-Meza et al., 2023).

The livestock industry and red seaweed (Rhodophyta) phycocolloids may seem like dis-tinct domains at first
glance, but they intersect in intriguing and beneficial ways. Red seaweed, known for its high phycocolloid content,
such as agar and carrageenan, has significant potential applications within the livestock industry. The integration of red
seaweed into live-stock farming presents opportunities to address some of the industry’s pressing challenges, such as
environmental sustainability, animal health, and economic efficiency (Pereira, 2023).

A notable emerging use of red seaweed in animal husbandry is its ability to lower methane emissions from
ruminants. Methane, a powerful greenhouse gas, plays a significant role in driving climate change, and animals such as
cattle, sheep, and goats release large amounts of it through their digestive activity. Incorporating red seaweed into feed
has shown promise in mitigating this environmental impact. Studies have shown that incorporating certain species of
red seaweed, particularly Asparagopsis, into the diet of ruminants can significantly reduce methane production. This
not only helps mitigate the environmental impact of livestock farming but also enhances the overall sustainability of the
industry (Min et al., 2021).

Additionally, red seaweed phycocolloids can improve animal health and nutrition. Carrageenan, for example,
has been found to possess antiviral and immunomodulatory properties, which can support the health and resilience of
livestock. These properties can help reduce the reliance on antibiotics, addressing concerns about antibiotic resistance
and improving the overall health management of livestock populations (Pereira & Cotas, 2024). Immunomodulatory
responses reported in murine models cannot be extrapolated to human therapeutic use.

Moreover, red seaweed is a rich source of essential nutrients, including vitamins, minerals, and antioxidants, which
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can enhance the nutritional profile of animal feed and contribute to better growth and productivity (Morais et al., 2020).
Antiviral activity has been demonstrated primarily in vitro; no clinical trials have validated these effects.

Economically, the integration of red seaweed into the livestock industry can create new value chains and
opportunities for coastal communities involved in seaweed farming. By promoting the cultivation and utilization
of red seaweed, the livestock industry can support sustainable aquaculture practices and contribute to the economic
development of regions where seaweed is an abundant and renewable resource (Rebours et al., 2014). The intersection
of the livestock industry and red seaweed phycocolloids offers a promising pathway towards greater sustainability,
improved animal health, and economic benefits. By leveraging the unique properties of red seaweed, the livestock
industry can address some of its most pressing challenges and contribute to a more sustainable and resilient food system
(Gadzama, 2024).

The livestock industry and red seaweed (Rhodophyta) phycocolloids may seem like distinct domains at first glance,
but they intersect in intriguing and beneficial ways. Red seaweed, known for its high phycocolloid content, such as agar
and carrageenan, has significant potential applications within the livestock industry. The integration of red seaweed into
livestock farming presents opportunities to address some of the industry’s pressing challenges, such as environmental
sustainability, animal health, and economic efficiency (Pereira, 2023; Mendes et al., 2024).

A key emerging use of red seaweed in animal agriculture is its ability to curb methane release from ruminants. As
a powerful greenhouse gas, methane plays a major role in driving climate change, and animals such as cattle, sheep,
and goats generate substantial amounts of it through their digestive systems. Incorporating red seaweed into feed has
shown strong potential to lessen this environmental burden. Studies have shown that incorporating certain species of red
seaweed, particularly Asparagopsis taxiformis (Figure 8), into the diet of ruminants can significantly reduce methane
production. This not only helps mitigate the environmental impact of livestock farming but also enhances the overall
sustainability of the industry (Min et al., 2021; Wanapat et al., 2024).

Figure 8. Asparagopsis taxiformis (Scale = 1 cm)

Additionally, red seaweed phycocolloids can improve animal health and nutrition. Carrageenan, for example,
has been found to possess antiviral and immunomodulatory properties, which can support the health and resilience of
livestock. These properties can help reduce the reliance on antibiotics, addressing concerns about antibiotic resistance
and improving the overall health management of livestock populations. Immunomodulatory responses reported in
murine models cannot be extrapolated to human therapeutic use.

Moreover, red seaweed is a rich source of essential nutrients, including vitamins, minerals, and antioxidants, which
can enhance the nutritional profile of animal feed and contribute to better growth and productivity (Alvarez-Vidas et al.,
2021). Antiviral activity has been demonstrated primarily in vitro; no clinical trials have validated these effects.

Among the red seaweed species, K. alvarezii is another important example, as it serves as a primary source of
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carrageenan. Besides its gelling, thickening, and stabilizing properties, carrageenan extracted from K. alvarezii has
been studied for its antiviral and immunomodulatory effects on animals. Incorporating this alga into animal feed can
help boost animal health, increase disease resistance, and reduce the need for antibiotics, thereby combating antibiotic
resistance, a growing concern in modern livestock farming. Immunomodulatory responses reported in murine models
cannot be extrapolated to human therapeutic use. Additionally, K. alvarezii enhances the nutritional quality of the diet,
promoting healthier and more productive animal growth (Rupert et al., 2022; Shafie et al., 2022). Antiviral activity has
been demonstrated primarily in vitro; no clinical trials have validated these effects.

Economically, the integration of red seaweed into the livestock industry can create new value chains and
opportunities for coastal communities involved in seaweed farming. By promoting the cultivation and utilization
of red seaweed, the livestock industry can support sustainable aquaculture practices and contribute to the economic
development of regions where seaweed is an abundant and renewable resource (Ahmed et al., 2022). The intersection
of the livestock industry and red seaweed phycocolloids offers a promising pathway towards greater sustainability,
improved animal health, and economic benefits. By leveraging the unique properties of red seaweed, the livestock
industry can address some of its most pressing challenges and contribute to a more sustainable and resilient food system
(Pereira & Cotas, 2024).

7. Industrial innovation: Emerging applications of seaweed polysaccharides

The phycocolloid sector is experiencing rapid expansion, currently outpacing global GDP with an annual growth
rate of about 6%. Traditionally, these seaweed-derived polysaccharides have been most widely applied as additives in
food and beverage products, representing over 70% of their worldwide market share. Looking ahead, the fastest growth
is anticipated in personal care, cosmetic, medical, and pharmaceutical applications (Pangestuti & Kim, 2015).

As scientific understanding deepens and technology advances, the range of uses for algal polysaccharides
is broadening beyond their conventional roles. These compounds are increasingly being explored for innovative
applications across diverse industries, highlighting their versatility and growing importance. This includes exploring new
and emerging uses that are still under study. For instance, the antiviral properties of several seaweed polysaccharides
have inspired research into their potential to combat the global COVID-19 pandemic (Pereira & Critchley, 2020).
Polysaccharides derived from algae are thought to play a role in hindering viral activity. They may interfere with key
stages of infection by blocking viral attachment to host cells, reducing adsorption, and limiting replication processes.
Additionally, their safety, biodegradability, and biocompatibility, along with their low production costs, potentially offer
advantages over plant-based compounds (Venkatesan et al., 2015). Antiviral activity has been demonstrated primarily in
vitro; no clinical trials have validated these effects.

Moreover, red seaweed polysaccharides have inherent bioactivity potential that sets them apart from plant-based
compounds. Polysaccharides like agar and carrageenan display diverse biological properties, which vary according
to factors such as their molecular size, degree of sulphation, and the quantity of sulphate ester groups they contain.
These structural differences influence how the compounds interact biologically, leading to distinct functional outcomes.
Furthermore, different seaweed species produce chemically diverse polysaccharides, which may be influenced by the
extraction process used (Lomartire & Gongalves, 2022). Carrageenophytes typically contain more sulphate groups than
agarophytes. Despite this, carrageenan exhibits considerable structural variation. Among its many forms, the three most
commercially significant are iota, lambda, and kappa carrageenan, each valued for distinct functional properties. These
forms are primarily distinguished by their sulphate ester concentration and their specific location within the molecule
(Falshaw et al., 2003).

7.1 Pharmaceutical applications

The phycocolloid market is expanding more rapidly than the global economy, showing an annual growth rate of
about 6%. Traditionally, these seaweed-derived polysaccharides have been most widely utilized as food additives, with
the food and beverage industry representing over 70% of their worldwide market share. However, their application in
personal care, cosmetics, and the medical and pharmaceutical industries is expected to expand the quickest (Liu et al.,
2023).
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As research deepens and technology evolves, algal polysaccharides are finding new roles that go beyond their
conventional applications. These versatile compounds are increasingly being explored for innovative uses across diverse
scientific and industrial fields. This includes exploring new and emerging uses that are still under study. For instance,
the antiviral properties of several seaweed polysaccharides have inspired research into their potential to combat the
global COVID-19 pandemic (Pereira & Critchley, 2020; Nigam et al., 2022). Algal-derived polysaccharides are thought
to interfere with viral infection pathways. They may act by blocking the virus from attaching to host cells, reducing
adsorption efficiency, and hindering replication, thereby limiting the spread of infection. Additionally, their safety,
biodegradability, and biocompatibility, along with their low production costs, potentially offer advantages over plant-
based compounds (Alfinaikh et al., 2025). Antiviral activity has been demonstrated primarily in vitro; no clinical trials
have validated these effects.

Nanoparticles derived from seaweed polysaccharides are increasingly being explored for a variety of therapeutic
purposes. Their unique structural and functional properties have attracted significant interest, opening new possibilities
for medical and pharmaceutical applications beyond traditional uses. Drug delivery, insulin delivery, and bioactivities
against fungal infections, tuberculosis, and cancer are some of the applications being explored (Ahmad et al., 2022).
Carrageenan has attracted significant attention in recent years, with its incorporation into pharmaceutical products
steadily increasing. Its unique properties make it a valuable ingredient for various medical formulations, driving
growing interest in its therapeutic potential. It has been included in respected pharmacopoeias such as the United States
Pharmacopeia 35-National Formulary, the British Pharmacopoeia, and the European Pharmacopoeia, suggesting its
potential as a pharmaceutical excipient and a bright future (Mendes et al., 2024).

Carrageenan has been shown to have antiviral and antibacterial characteristics, as well as anticoagulant, anti-
diabetic, and antioxidant properties (Pacheco-Quito et al., 2020). Researchers are increasingly exploring the blending
of carrageenan with natural polymers like chitosan, starch, cellulose, and chitin. These combinations aim to create
biodegradable materials with enhanced functional properties, making them particularly suitable for biomedical
applications. These combinations have demonstrated tremendous potential in a variety of biological applications,
including drug delivery and tissue engineering (Kokkuvayil et al., 2024). Carrageenan’s outstanding bio-functionality
and rheological properties, including cost-effectiveness, biological compatibility, biodegradability, and flexibility, make
it an ideal functional compound for a wide range of biomedical applications, from developing nanostructure-based
intelligent drug delivery systems to 3D bioprinting in tissue engineering and wound healing (Aga et al., 2021). Antiviral
activity has been demonstrated primarily in vitro; no clinical trials have validated these effects.

Agar, an important phycocolloid, is gaining preference compared to synthetic polymers. Researchers are actively
examining its potential as a sustainable raw material for therapeutic applications, highlighting its promise in biomedical
innovation. It is highly desirable in the pharmaceutical industry due to its remarkable intrinsic properties, notably the
strong gel it produces (Lomartire & Gongalves, 2023). Agar has been exploited in the creation of injectable and phase-
changeable composite hydrogels for cancer treatment using chemotherapy and photothermal therapy. Composite
hydrogels incorporating agar have demonstrated strong potential for controlled delivery of chemotherapeutic agents
and antibiotics (Wu et al., 2018). Likewise, agar-based nanocomposite films have been reported to inhibit the growth
of Listeria monocytogenes (Alboofetileh et al., 2016). The blending of agar with other polysaccharides is becoming
increasingly widespread. Within the pharmaceutical field, agar is mainly employed as a gelling, stabilizing, and
thickening agent, while it also finds use in purgative treatments and as a supportive material in surgical procedures.
Researchers have worked diligently to develop agar-based products such as composite hydrogels, nanocomposite films,
and other materials with specialized applications in pharmacology (Pandya et al., 2022).

7.2 Food packaging

Additionally, food packaging is important for the preservation, protection, and convenience of food products,
but is often not sustainable (Onyeaka et al., 2022). However, polysaccharide membranes can work as a barrier against
oxygen and carbon dioxide, making them a promising candidate for food packaging (Ferreira et al., 2016). In addition,
these materials are both safe to consume and biodegradable, meaning they pose no environmental burden regardless
of whether the packaging is eaten or discarded. However, they do not work as a barrier for water or water vapor due
to their hydrophilic properties, which can become a problem for durability and change the organoleptic characteristics
of the product (Gupta et al., 2024). One effective approach to reducing the risk of food spoilage is the use of smart
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packaging systems. These technologies monitor and respond to changes in food quality, helping to ensure freshness and
safety throughout storage and distribution. This concept focuses on the observance and control of changes in the food or
in the food packaging. It is done using biosensors made from polysaccharide hydrogels to measure those parameters (Chiu
et al., 2024).

For example, it has been demonstrated that the spoilage of fish could be slowed by using a partly agarose-based
hydrogel (Sumana et al., 2026). Polysaccharides also serve an important role in agriculture, where they are utilized
to produce biostimulants that enhance plant growth. These natural compounds can improve nutrient uptake, boost
resilience against stress, and promote healthier crop development. In a study where polysaccharide extract was given
to growing plants, all the evaluated parameters (total plant size, leaf growth, and weight) showed further development
in plants with the treatment (Mzibra et al., 2018). The versatility of seaweed-derived polysaccharides enables their
application across numerous industries. With ongoing research and technological progress, these sustainable and
bioactive compounds are expected to contribute to innovative solutions in areas such as healthcare and environmental
protection. Still, many of these emerging uses remain at an early stage, with research and development facing notable
limitations and challenges that must be addressed before widespread adoption. Furthermore, a cost-effective analysis of
scaling-up still needs to be applied to determine if it is possible to be applied at an industrial scale (Mendes et al., 2024).

Nanotechnology in drug delivery has revolutionized the way treatments are administered, enabling the development
of nanoparticles that can target specific cells or tissues. These nanoparticles can encapsulate drugs, enhance their
stability and allow for controlled release, which improves the efficacy and safety of treatments. Examples include
liposomes, dendrimers, and polymeric nanoparticles, all of which are used in targeted cancer therapy, gene delivery,
and the treatment of various infectious diseases. This precise targeting reduces side effects and increases the therapeutic
impact of drugs (Patra et al., 2018; Abotaleb et al., 2024).

Pharmacogenomics explores the influence of genetic variation on how people respond to medications. By analysing
an individual’s genetic profile, this field seeks to customize drug therapies, improving effectiveness and reducing
adverse reactions through more precise treatment strategies. This personalized medicine approach optimizes drug
efficacy and minimizes adverse effects by understanding genetic variations that influence drug metabolism and response.
By developing treatments specifically suited to an individual’s genetic makeup, pharmacogenomics offers more effective
solutions for conditions such as cardiovascular diseases, cancer, and psychiatric disorders, leading to improved patient
outcomes.

Biopharmaceuticals, often referred to as biologics, are therapeutic agents produced from living organisms. They
are typically derived from biological materials such as proteins, nucleic acids, or even whole cells, and are widely
used in modern medicine for treating complex diseases. These drugs offer targeted and highly specific treatments for
various diseases. Examples of biopharmaceuticals include monoclonal anti-bodies, therapeutic proteins, and vaccines,
which have shown great promise in treating autoimmune diseases, cancers, and infectious diseases. The precision and
specificity of biopharmaceuticals contribute to advances in precision medicine, providing patients with tailored and
effective treatments (Rang et al., 2013).

Regenerative medicine is centred on restoring or substituting damaged tissues and organs through advanced
approaches such as stem cell therapy, tissue engineering, and gene-based treatments. Stem cells are particularly valuable
because of their ability to transform into multiple cell types, enabling the repair and renewal of injured tissues. For
example, Gelidium amansii extract, a red alga, has been studied for its potential to promote wound healing due to
its bioactive compounds. Tissue engineering in-volves creating bioengineered scaffolds that support cell growth and
tissue formation. These approaches offer innovative solutions for conditions like spinal cord injuries, heart disease, and
neurodegenerative disorders, paving the way for breakthroughs in medical treatment and patient care (Rajabzadeh et al.,
2019).

Antibody-Drug Conjugates (ADCs) represent a specialized form of cancer treatment that links monoclonal
antibodies to potent cytotoxic agents. The antibodies act as precise guides, directing the drug payload to cancer cells
while sparing healthy tissues. This selective targeting improves the effectiveness of chemotherapy and lowers adverse
effects, offering patients a safer and more efficient therapeutic option. ADCs have shown promising results in treating
various types of cancer, including breast cancer, lymphoma, and leukaemia (Fu et al., 2022).

Therapies built on RNA molecules, such as messenger Ribonucleic Acid (mRNA) and small interfering RNA
(siRNA), are increasingly recognized for their capacity to influence gene activity. By modulating gene expression, these
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approaches hold promise for addressing a range of genetic diseases and advancing precision medicine. mRNA vaccines,
such as those developed for COVID-19, have demonstrated rapid development and high efficacy (Wang et al., 2025).
Carrageenan derived from K. alvarezii has been explored for its potential to inhibit viral replication, offering a natural
approach to combating viral infections. siRNA can silence specific genes, offering potential treatments for diseases
like Huntington’s disease and amyloidosis. These RNA-based therapies represent a new frontier in medical treatment,
providing innovative approaches to combat genetic diseases (Rupert et al., 2022).

Drug repurposing refers to the strategy of finding new applications for drugs that are already approved or under
investigation. By building on established safety and efficacy data, this method can accelerate the development of
therapies, reduce costs, and bring treatments to patients more quickly. Drug repurposing has been explored for various
diseases, including COVID-19, cancer, and neurodegenerative disorders. It offers a cost-effective and efficient strategy
for expanding treatment options, providing patients with access to new therapies more quickly (Rauf et al., 2024). These
themes represent some of the cutting-edge advancements and innovative approaches within the field of pharmaceutical
applications. Each area has the potential to significantly impact healthcare, improve patient outcomes, and address
unmet medical needs, pushing the boundaries of modern medicine and offering hope for a healthier future (Chintalapati
et al., 2025).

8. Future directions for red seaweed polysaccharides

Within the framework of today’s blue and circular economy, industries focused on agar and carrageenan are
shifting toward a new objective: expanding production while advancing eco-friendly extraction and recovery methods.
This transition emphasizes sustainability and innovation, aiming to align resource use with environmental responsibility.
This circular economy concept, as discussed in Mendes et al. (2024), emphasizes the biorefinery approach, which
integrates biomass into the production of various value-added products and compounds based on biomass quality,
thereby reducing industrial waste (Balina et al., 2017; Pardilh6 et al., 2023). The biorefinery model is built on a
diversified approach, generating both small-scale, high-value products as well as large-scale, lower-value outputs. This
dual strategy ensures resource efficiency and closes the production loop, aligning with sustainable development goals.
The cascade valorisation strategy, which includes selective, sequential extraction of value-added chemicals, along with
the generation of biofuels or soil amendments, is also part of the biorefinery concept (Pardilhd et al., 2022).

Red seaweed offers a range of bioactive substances that can be harnessed prior to the extraction of its
polysaccharides. These compounds provide additional opportunities for utilization, enhancing the overall value of
the biomass before the main polysaccharide recovery process. Once safety requirements are met, several high-value
pigments and bioactive compounds can be used in the biomedical and food industries (Pardilhoé et al., 2022). Although
commercial extraction methods for some pigments, such as fucoxanthin and phycoerythrin, have been developed,
industrial extraction methods are still in progress (Leandro et al., 2020). By implementing biorefinery from the
beginning, seaweed biomass can be utilized more effectively, reducing the need for pre-treatments (currently used to
clean polysaccharides at the industrial level) and lowering manufacturing costs (Pardilh¢ et al., 2023). The final waste
from the biorefinery process primarily consists of ashes and minerals, which can be used to enrich agricultural soil
(Pardilh¢ et al., 2022), contributing to a near zero-waste industry. Although this approach is still in its early stages,
promising results have already been demonstrated on a small scale (Pardilho et al., 2023).

Although our understanding of the biochemical diversity of polysaccharides from cultivated seaweeds remains
limited, maximizing both yield and quality is crucial. The functional mechanisms of these compounds can differ
depending on geographic and environmental conditions. Current studies fall short in clarifying how seaweed
polysaccharides interact with specific abiotic and biotic factors, as well as in detailing the yield, molecular structure,
and chain length of agar and carrageenan monomers. Given the industry’s needs, the quality of polysaccharides is
crucial (Buschmann et al., 2017). The implementation of green extraction and recovery techniques not only benefits
the environment but also can increase the efficiency and sustainability of the agar and carrageenan industries. Adopting
biorefinery methods allows for the full utilization of red seaweed biomass, transforming waste into valuable products
and minimizing waste. This circular economy model is essential for addressing current environmental challenges and
promoting a more responsible and innovative industry (Arias et al., 2023).
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Beyond polysaccharide extraction, red seaweed can also serve as a source of bioactive compounds. These
substances exhibit antioxidant, anti-inflammatory, and antimicrobial activities, opening opportunities for their use in
pharmaceuticals, nutraceuticals, and functional foods. These compounds have significant potential for applications in
the pharmaceutical and cosmetic industries, offering new market opportunities and contributing to the diversification of
seaweed-derived products (El-Beltagi et al., 2022).

Continuous research on the biochemical diversity of cultivated seaweeds is essential to optimize extraction
processes and ensure the quality of polysaccharides. Investigations into how seaweed polysaccharides interact with
particular abiotic and biotic factors may uncover innovative approaches to enhance both the yield and the molecular
characteristics of the resulting products. Such studies could provide valuable insights for optimizing extraction processes
and improving structural quality. Collaboration between scientists, engineers, and industry is crucial to advance this
field and develop innovative solutions that meet market needs (Wijesinghe & Jeon, 2012).

8.1 Seaweed-derived biodegradable packaging

Packaging materials made from seaweed have gained attention as a sustainable and eco-friendly substitute for
conventional plastics. Using seaweed as a feedstock provides several benefits (Waseem et al., 2023). As a renewable
resource, seaweed can be cultivated in abundance without competing for arable land or freshwater, unlike fossil fuel-
based plastics. This makes it a more responsible option, helping to alleviate concerns about resource depletion and land-
use pressures. Another key advantage is biodegradability: seaweed-based packaging naturally decomposes into harmless
components through biological processes, in contrast to plastics that persist for centuries and contribute heavily to
environmental pollution (Nesic et al., 2024).

Seaweed also contains polysaccharides and proteins that impart valuable barrier properties, including resistance
to moisture, oxygen, and Ultraviolet (UV) radiation. These features are particularly useful for food packaging, as they
help preserve freshness, extend shelf life, and reduce spoilage. Moreover, secaweed-based materials can be engineered
to achieve the necessary mechanical strength and flexibility, making them versatile for diverse packaging applications
(Carina et al., 2021).

A key benefit of seaweed-derived packaging is its ability to fit seamlessly into current manufacturing systems.
Industries can transition from conventional plastics to seaweed-based alternatives without requiring major equipment
changes or costly adjustments, making adoption more practical and widespread (Pereira & Valado, 2023). Beyond this
ease of integration, seaweed cultivation itself supports carbon sequestration, as the algae absorb atmospheric CO, during
growth, thereby contributing to climate change mitigation (Eswar et al., 2025).

Although research and commercialization are still developing, ongoing innovation aims to improve the efficiency,
affordability, and scalability of these materials. Efforts are also underway to establish standardized processing methods
and regulatory frameworks to ensure proper disposal and integration into waste management systems. Overall, seaweed-
based biodegradable packaging represents a sustainable pathway to reducing plastic pollution. By leveraging seaweed’s
renewability, biodegradability, and natural barrier properties, these materials provide an eco-friendly alternative to fossil
fuel-derived plastics, helping pave the way toward a cleaner and more sustainable future (Pereira & Cotas, 2024).

8.2 Seaweed as a sustainable energy source in pharmaceuticals

Seaweed presents considerable potential as a renewable energy resource for pharmaceutical production. Its
diverse applications make it a promising candidate to support drug manufacturing processes in a more sustainable
and environmentally responsible way. Harnessing the energy potential of seaweed reduces reliance on fossil fuels and
contributes to a more environmentally friendly approach to pharmaceutical production (Sharma et al., 2025).

Seaweed biomass can be converted into renewable fuels such as bioethanol and biodiesel using methods like
fermentation and thermochemical processing. These biofuels provide a sustainable substitute for conventional fossil
fuels, supplying energy for machinery and equipment in drug production. By utilizing seaweed-based energy, industries
can lower greenhouse gas emissions and contribute to climate change mitigation. Additionally, these compounds can
be applied in drug manufacturing processes, directly replacing synthetic ingredients, such as using seaweed-based
Polylactide (PLA) to substitute Polyhydroxyalkanoates (PHA) (Zhao et al., 2022) (Figure 9).
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Figure 9. Transformation of seaweed into biodegradable PLA (Lee et al., 2011)

Seaweed can be processed through anaerobic digestion to generate biogas, a renewable fuel composed mainly of
methane and carbon dioxide. This biogas can be harnessed for both heat and electricity, offering a sustainable energy
source for pharmaceutical manufacturing operations. By replacing fossil fuels with biogas, industries can cut carbon
emissions and lessen dependence on non-renewable energy (Faisal et al., 2022).

In addition, seaweed biomass, rich in polysaccharides, can be harvested and converted into energy through
techniques such as combustion or gasification. These methods further expand the potential of seaweed as a versatile
renewable energy resource. The energy generated can be used to meet the energy demands of drug manufacturing
processes, contributing to a more sustainable and self-sufficient manufacturing ecosystem (Zhao et al., 2022).

Seaweed can serve as a direct fuel source, where burning the biomass generates heat or steam that can be applied
in pharmaceutical manufacturing processes requiring thermal energy. This approach reduces dependence on fossil fuels,
thereby lowering environmental impact and supporting sustainability (Wyper et al., 2024).

In addition, macroalgae can be converted into bioethanol, a renewable energy option suitable for powering drug
production systems. The process involves several stages: harvesting, cleaning, drying, hydrolysis, and fermentation.
During this conversion, seaweed carbohydrates are broken down into sugars, which are subsequently fermented to yield
bioethanol. This pathway not only provides a sustainable energy supply but also contributes to reducing greenhouse
gas emissions (Figure 10). This bioethanol can be used as a sustainable energy source for various pharmaceutical
manufacturing applications, contributing to a more eco-friendly and efficient production process (Ramachandra &
Hebbale, 2020).
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Figure 10. Production process of seaweed bioethanol (Lee et al., 2011)
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Although seaweed shows strong potential as a renewable energy resource, ongoing research and technological
innovation are essential to improve the efficiency of its energy conversion processes. At the same time, sustainable
cultivation practices must be prioritized to safeguard marine ecosystems and ensure that large-scale harvesting does
not create ecological imbalances. Integrating seaweed-based energy into a broader renewable energy portfolio, in
conjunction with sources like solar, wind, and geothermal power, can help achieve a comprehensive and resilient energy
supply for drug manufacturing processes (Harichandan, 2025).

Embedding biorefinery principles early in seaweed cultivation can lower production expenses and enhance
the economic sustainability of industrial applications. A cascade valorization approach, where valuable compounds
are extracted in a stepwise and selective manner, followed by the production of biofuels or soil enhancers, offers a
comprehensive strategy for maximizing the utility of seaweed biomass. This strategy not only maximizes the value of
natural resources but also contributes to the environmental and economic sustainability of the red seaweed industry (Trif
et al., 2024).

9. Conclusions

This work provides a comprehensive overview of red algae-derived phycocolloids, emphasizing their structural
diversity, ecological relevance, and industrial potential. The synthesis of key findings across chapters highlights the
multifaceted nature of these biopolymers and their growing importance in sustainable development.

Red algae phycocolloids exhibit significant variability in composition and functionality, influenced by genetic,
environmental, and technological factors. Advances in extraction technologies have improved the efficiency and safety
of production, supporting broader industrial adoption.

Current applications span food, pharmaceutical, and cosmetic sectors, with emerging innovations in bioplastics
and nanotechnology suggesting new frontiers. However, challenges persist, including sustainability concerns, economic
barriers, and regulatory constraints. Addressing these issues requires coordinated efforts across research, industry, and
policy.

Advancing the use of red algae phycocolloids will require collaboration across disciplines, strong regulatory
support, and responsible harvesting methods. These measures are key to fully harnessing their potential in driving global
sustainability initiatives.

Red algae phycocolloids stand out as a promising group of marine biopolymers with the capacity to transform
multiple industries. Ongoing commitment to research and innovation is vital to address current challenges and establish
their role in sustainable industrial growth.
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