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Naturally derived bioactive compounds are being spotlighted as potential alternatives to synthetic pharmaceuticals due to their
multi-target effects. Among naturally derived bioactive compounds, red algae are a particularly promising group due to their
rich diversity of bioactive compounds and multiple applications. This review aims to describe the chemical composition,
medical applications, and sustainability potential of bioactive compounds extracted from red algae, while also addressing current
limitations regarding clinical transition. A comprehensive literature review was conducted, focusing on key compound classes,
including polysaccharides, phenolic compounds, phycobiliproteins, and omega-3 fatty acids. Findings indicate that compounds
extracted from red algae exhibit antiviral, anti-inflammatory, and anticancer properties. Carrageenan exhibits significant
antiviral activity by inhibiting viral attachment and entry, while bromophenols show selective cytotoxicity against cancer
cells. Phycobiliproteins contribute to antioxidant and anti-inflammatory effects, and agar-based biomaterials can be applied
in drug delivery and tissue engineering fields. Beyond pharmaceutical applications, red algae offer sustainable advantages,
including carbon sequestration and bioremediation. Despite these promising outcomes, variability in compound composition,
limited clinical trials, extraction inefficiencies, and safety concerns remain as challenges. Future research should prioritize
standardization, green extraction technologies, and clinical validation to enable the translation of red algae bioactive compounds
into practical medical and industrial applications.
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Introduction

Naturally derived bioactive compounds are molecules de-
rived from natural organisms that positively affect human
health1. For example, propolis contains several bioactive
compounds with therapeutic potential2. Its primary com-
pounds include flavonoids, which confer antimicrobial prop-
erties, and terpenoids, which exhibit anti-cancer activity2,3.
These therapeutic effects have led to propolis applications in
treating infectious diseases and cancer, as well as serving as
a UV-protective agent in cosmeceutical products2–4. Simi-
larly, green tea represents another source of bioactive com-
pounds, particularly polyphenols5. These polyphenols can di-
rectly bind to target enzymes, such as alpha-amylase, lowering
starch’s digestibility and preventing blood sugar spikes5. This
mechanism demonstrates how naturally derived compounds
can modulate specific physiological processes.

Marine algae are photosynthetic organisms that contain nat-
urally derived bioactive compounds and are typically found
attached to rocks or other hard substrates in coastal areas.
There are three main classifications of marine algae: Chloro-
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phyceae (green algae), Phaeophyceae (brown algae), and
Rhodophyceae (red algae)6. Today, seaweeds represent an
emerging sustainable resource with growing commercial in-
terest. Marine algae aquaculture production has grown dra-
matically from 6.58 million tons in 1992 to 35.14 million tons
in 2022, demonstrating increasing recognition of their value7.
This expanding market shows a notable market shift toward
red seaweed, which now comprises 58.21% of the total out-
put7. This trend reflects the superior commercial value of red
algae, which contains over 700 different beneficial bioactive
compounds applicable across food, pharmaceutical, and cos-
meceutical industries8,9. Red algae also serve as the exclusive
source for carrageenans and agar, which have broad-spectrum
therapeutic properties8. Carrageenan is a bioactive compound
with enormous economic potential in a wide range of in-
dustries, including pharmaceuticals, food, cosmetics, print-
ing, and textiles. There is already a standardized alkali-
treatment extraction method for carrageenan, which makes
red algae most suitable for large-scale pharmaceutical pro-
duction10. Among all marine algae, red algae stand out as
the most commercially and therapeutically promising group.
Red algae contain the largest amount of bioactive compounds

© The National High School Journal of Science 2026 | 1



such as carrageenans, agar, amino acids, vitamins, and phy-
cobiliproteins, which have many industrial and biological ap-
plications8. This chemical richness leads to functional advan-
tages: red algae showed a higher antifungal ratio of 37% than
green algae, 8.3%, suggesting stronger defense mechanisms
valuable for pharmaceutical development11. Furthermore, red
algae contain significantly higher protein content (19.1 g per
100 g dry weight) than brown algae (6.9 g per 100 g dry
weight)12. This places red algae as promising candidates for
sustainable protein production in food and nutraceutical indus-
tries. Red algae also contain 25-50% of essential amino acids,
which is equal to that of leguminous plants8, indicating po-
tential as marine alternatives to traditional plant-based protein
sources. Beyond nutritional applications, red algae represent
the richest source for photoprotective compounds, particularly
mycosporine-like amino acids (MAAs) that absorb ultravio-
let radiation13. These natural UV-absorbing compounds en-
able diverse cosmeceutical applications, including photopro-
tectants, anti-aging formulations, anticancer agents, and skin
cell renewal stimulators13. Collectively, these unique biolog-
ical, nutritional, and therapeutic properties establish red algae
as the most commercially and scientifically viable marine re-
source for future biotechnological exploitation.

This review provides a comprehensive analysis of naturally
derived bioactive compounds from red algae and their ther-
apeutic applications in modern medicine. The primary ob-
jectives are to: (1) identify and characterize the major bioac-
tive compounds found in red algae, including polysaccharides,
phenolic compounds, phycobiliproteins, and omega-3 fatty
acids, (2) evaluate the specific medical functions and therapeu-
tic mechanisms of these compounds, particularly their antivi-
ral, antioxidant, anticancer, and antibacterial properties (Ta-
ble 1), and (3) examine current limitations and challenges that
affect the clinical translation of these promising natural com-
pounds. Through systematic analysis of recent research find-
ings, this review aims to provide a foundation for future phar-
maceutical development while identifying key areas requiring
further investigation to fully realize the therapeutic potential
of red algae-derived bioactive compounds.

Methodology

A narrative review with a structured literature search was con-
ducted to investigate the therapeutic potential of red algae
bioactive cmopounds. Keywords included “red algae bioac-
tive compounds”, “therapeutic potential of red algae”, “al-
gae extraction methods”, and “carbon sequestration of algae
farming”. Searches were performed across Google Scholar,
PubMed, and ScienceDirect databases, with priority given to
studies directly addressing the research objectives.

The study selection process is illustrated in Figure 1. A
total of 126 records were initially retrieved. After removing

4 duplicates, 122 articles underwent title and abstract screen-
ing. Ten studies were excluded for lacking direct relevance
to biomedical applications, leaving 112 studies for full-text
retrieval. Of these, 3 studies could not be accessed. The re-
maining 109 articles were assessed for eligibility, resulting in
106 articles included in the final analysis.

Inclusion criteria were peer-reviewed articles, English pub-
lications, and articles that focused on biomedical, antiviral,
or anti-inflammatory applications of red algae. Exclusion cri-
teria included non-English publications, studies that focused
only on nutritional value without biomedical relevance, and
conference abstracts without full data. The selection process
is visualized in Figure 1.

Fig. 1 This figure represents PRISMA flow diagram illustrating the
systematic literature selection process.

Results

Chemicals extracted from Red algae

Agar

Agar, a sulfated polysaccharide, is one of the most ex-
ploited compounds in red algae with significant gelling abil-
ity. It accounts for 40-50% of the dry weight of red
algae14. Agar belongs to the galactan family composed
of α (1 → 4)-3,6-anhydro-L-galactose and β (1 → 3)-D-
galactose residues, accompanied by a slight sulfate con-
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Table 1 This table presents representative red algae species, their major bioactive compounds, and their associated biological and medical
functions.

Red algae species (taxa
name)

Major bioactive compounds Known biological/medical functions

Symphyocladia latiuscula Bromophenols (phenolic
compounds)

Strong antioxidant activity (low IC50 in DPPH assay); anti-diabetic effects
via α-glucosidase inhibition and PTP1B inhibition

Gloiopeltis tenax Sesquiterpenes, phenolics, fatty
acids

Broad-spectrum antibacterial activity through membrane disruption

Hypnea musciformis κ-carrageenan (sulfated
polysaccharide)

Selective antibacterial activity (effective against Gram-positive bacteria such
as Staphylococcus aureus)

Polysiphonia lanosa Bromophenol derivatives Anticancer activity; inhibits proliferation of colorectal cancer cell lines
(DLD-1, HCT-116)

Rhodomela confervoides Bromophenols Selective cytotoxicity against cancer cell lines (KB, Bel-7402, A549)
Gelidium spp. Agar Biomaterial applications (drug delivery, hydrogels, tissue engineering)
Gracilaria spp. Agar Widely used for biomedical scaffolds and gel systems.

tent14. The relative hydrophobicity of the alternating 1,3-
linked β -D-galactopyranose and 1,4-linked 3,6-anhydro-α-L-
galactopyranose and its substitution by hydrophobic and po-
lar groups drives the polymer chains to adopt helical confor-
mations. When these helices further aggregate with one an-
other, it accounts for the gel-forming ability of agar15. Struc-
turally, agar consists of two main components: agarose and
agaropectin16. Agarose is a linear polysaccharide made up of
repeating units of β -1,3-linked-d-galactose and a-1,4-linked
3,6-anhydrous-Lgalactose. In contrast, agaropectin has the
same backbone but contains many acid groups such as sulfate,
pyruvate, and glycuronate, making its structure more multi-
faceted than agarose17. This structural difference creates com-
plementary properties. The linear structure and high molec-
ular weight of agarose contribute to the gel strength, while
agaropectin is responsible for the flexibility and branching
properties18. These combined characteristics enable agar’s
unique ability to form thermo-reversible hydrogels, which gel
upon cooling and liquefy upon heating. The applications of
agar span multiple industries. The most common use of agar
is as a culinary component, where agar is identified as Gener-
ally Recognized As Safe (GRAS) by the FDA, meaning it is
considered a safe additive for use in food14. Approximately
90% of extracted agar is used in the food industry as a thick-
ener and stabilizer in baked goods, a gelling agent in meats,
and a texture improver in dairy products19. Along with food
applications, agar is utilized in nanoparticle films as a pack-
aging material. For example, melanin nanoparticle (MNP) is
integrated into the agar film to create a fully functional pack-
aging film with UV-blocking effects and a significant antioxi-
dant activity20. Due to its strong gel-forming ability, agarose
gel electrophoresis is recognized as the most effective way of
separating DNA fragments of varying sizes21.

Carrageenan

Carrageenan is known as a phycocolloid and is one of the
most abundant carbohydrates in red algae, especially consti-

tuting the cell walls14. Chemically, carrageenan is a sulfated
polygalactan mainly formed by α- and β -D-galactopyranose
subunits linked by two different types of glycosidic bonds:
α (1 → 3) and β (1 → 4)22. Based on their sulfate con-
tent and structural configuration, carrageenans are generally
divided into three groups: kappa, iota, and lambda, each hav-
ing unique properties14. Specifically, kappa carrageenan con-
tains one sulfate group per disaccharide and a high content
of 3,6-anhydrogalactose (28-35%), which leads to the forma-
tion of firm, brittle gels. In comparison, iota carrageenan
contains two sulfate groups per disaccharide and forms soft,
elastic, and cohesive gels by containing a moderate amount
of 3,6-anhydrogalactose (28-30%). In contrast, lambda car-
rageenan has three sulfate groups per disaccharide and lacks
the 3,6-anhydrogalactose bridge, making it non-gelling and
acting only as a thickener and stabilizer23.

Like agar, carrageenan is also identified as GRAS and is
safe for human consumption. Due to its unique chemical
structure that creates strong gels with potassium and calcium
ions, it is widely used in the food industry as a stabilizing and
gelling agent to enhance the texture of food24.

Phenolic compounds

Phenolic compounds are extracted from red algae as sec-
ondary metabolites. Structurally, phenolic molecules com-
prise an aromatic ring with one or more hydroxyl groups14.
Among the various phenolic compounds, bromophenols, char-
acterized by hydroxylated aromatic rings with bromine sub-
stituents, are recognized as significant phenolic metabolites
in red algae14. These bromophenols represent a promising
class of multi-functional therapeutic agents. For example,
bromophenols extracted from Symphyocladia latiuscula have
antioxidant activity of scavenging free radicals, demonstrated
through a DPPH radical scavenging assay, which is a cell-free
chemical test. Under the same assay conditions, bromophe-
nols have a significantly lower IC50 value of 7.5 µM than
BHT (Butylated Hydroxytoluene), a synthetic antioxidant that
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has an IC50 value of 81.8 µM25,26.
Importantly, the antioxidant power of these compounds

relies on brominated units and degrees of bromination27.
Brominated units refer to the bromine atoms replacing hydro-
gen atoms in the phenolic structure. A higher degree of bromi-
nation enhances antioxidant activity by increasing lipophilic-
ity, improving membrane permeability, and modulating reac-
tivity28.

Beyond neutralizing free radicals, bromophenols also im-
prove metabolic dysfunctions. For example, romophenols ex-
tracted from S. latiuscula, a species of marine red algae, ef-
fectively inhibit α-glucosidase, which improves insulin sensi-
tivity and glucose uptake29. Additionally, they act as PTP1B
inhibitors, which are compounds that target and block the en-
zyme protein tyrosine phosphatase 1B, a key negative regu-
lator of insulin pathways30. These dual mechanisms make
them highly effective candidates for potential type 2 diabetes
drugs14.

Phycobiliproteins

Phycobiliproteins constitute the most prevalent proteins in
red seaweeds, achieving values up to 50% of the total pro-
tein content and causing the reddish coloration of red algae14.
Structurally, the basic building blocks of phycobiliproteins are
monomers of two subunits: α and β , with the β subunits be-
ing slightly larger than the α subunit. Three (α β ) monomers
form (αβ )3 trimers, which are circular structures that are quite
stable. When these trimers associate, they form (αβ )6 hex-
amers. Most of the phycobiliproteins assemble in hexamers,
which further contributes to the stability of the complexes31.

Based on their spectral properties, phycobiliproteins ap-
pear in broadly three major forms: phycocyanin (PC), phy-
coerythrin (PE), and allophycocyanin (APC). PC absorbs or-
ange/red light; PE absorbs green/yellow light; and APC ab-
sorbs red light, appearing as blue, red, and bluish-green pig-
ment, respectively. These distinct absorption spectra allow al-
gae to capture different wavelengths of light and produce their
characteristic colors. Notably, PE is the most abundant phy-
cobiliprotein found in marine red algae, responsible for giving
red algae their distinctive red color32,33.

The commercial value of phycobiliproteins derives from
their unique properties. Their water solubility makes them
easy to process s them easy to process in food and beverage
applications. They are used as natural colorants and food addi-
tives in chewing gum, popsicles, soft drinks, and even in cos-
metics such as lipstick and eyeliner32. In the biomedical field,
their value lies in their intense fluorescence properties. Phy-
cobiliproteins have been developed as fluorescent probes due
to their high fluorescence yield that offers superior detection
capabilities over traditional dyes34. This dual functionality
demonstrates the versatility of these natural compounds

Medical applications of red algae-derived bioactive com-
pounds

Having examined the natural bioactive compounds extracted
from red algae, it is now essential to explore their spe-
cific medical function and therapeutic applications. The
unique structural characteristics of these compounds, includ-
ing sulfated polysaccharide networks and complex phenolic
configurations, enable them to address critical health chal-
lenges in modern medicine. Specifically, these marine-derived
molecules demonstrate potent antiviral properties against
pathogens, anti-inflammatory effects that modulate immune
responses, anticancer activities through multiple cellular path-
ways, and versatile biomaterial applications for drug deliv-
ery14,35,36. Additionally, red algae are valuable sources of es-
sential omega-3 fatty acids, including DHA and EPA, which
provide crucial support for cardiovascular and neurological
health. Given the increasing global demand for natural al-
ternatives to synthetic pharmaceuticals and the growing chal-
lenges of drug resistance and chronic disease, these findings
highlight the significant therapeutic potential of red algae.
Therefore, the following sections will examine each of these
medical functions in detail and suggest how compounds from
red algae could provide safer, more effective therapeutic solu-
tions across diverse healthcare applications.

Antiviral and anibacterial effect

Viruses are pathogens that invade body cells to replicate
and infect more cells. Unlike bacteria, viruses live inside
host cells, which makes it tricky to attack them without risk-
ing damage to healthy cells. The term antiviral means stop-
ping the virus from entering, replicating, or spreading. One
of the compounds that exhibits strong antiviral properties is
carrageenans, a sulfated polysaccharide. Their antiviral ef-
fect depends on their molecular weight and how many sul-
fate groups they carry. Generally, more sulfate groups exhibit
stronger antiviral activity due to higher negative charge den-
sity, which allows them to bind and trap positively charged
virus particles, preventing viral attachment and entry into host
cells37. Based on this mechanism, carrageenan is particularly
effective against viruses such as human papillomavirus (HPV)
and herpes simplex virus type 2 (HSV-2)38,39. For example,
carrageenan prevents HPV infection by competing with hep-
aran sulfate, the virus’s natural cellular attachment factor, due
to their similar structure and high negative charge. Animal
studies further demonstrate this effectiveness, with even low
concentrations at 0.05% of all three carageenan types provid-
ing significant protection against HSV-2 infection in mice40.
These findings suggest carrageenan has real-world potential as
a broad-spectrum antiviral agent.

While viruses are non-living particles that require a liv-
ing host for survival, bacteria are living organisms that can
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survive independently. Both types of pathogens can repro-
duce rapidly in the body and release toxins that destroy cells
and damage tissue. Antibacterial agents are substances that
specifically target bacteria by killing, inhibiting, or preventing
their growth and spread41. Red algae compounds show an-
tibacterial effects through multiple mechanisms. Carrageenan
from red algae exhibits antimicrobial effects primarily through
physical disruption of bacterial cell walls and membranes8.
Gloiopeltis tenax, a species of red algae, exhibits broad-
spectrum antibacterial activity through the release of bioactive
compounds such as sesquiterpenes, phenolics, and fatty acids,
which disrupt bacterial membranes and interfere with cellular
processes42. To evaluate the effectiveness of red algae com-
pounds against different bacterial types, kappa-carrageenan
from Hypnea musciformis (Hm-SP) was tested against five
microorganisms: Staphylococcus aureus, Escherichia coli,
Pseudomonas aeruginosa, Salmonella enteritidis, and Candida
albicans. The results revealed that while Hm-SP showed no
antibacterial activity against gram-negative bacteria (E. coli, P.
aeruginosa, and S. enteritidis, respectively), it significantly re-
duced growth in S. aureus, a gram-positive bacterium43. This
selective effectiveness suggests that red algae compounds may
be particularly useful against certain bacterial infections, espe-
cially those caused by gram-positive bacteria. Overall, these
findings suggest that red algae offer promising natural antibac-
terial compounds with potential applications in treating bacte-
rial infections while minimizing the need for synthetic antibi-
otics.

Antioxidant effect

Antioxidant activity refers to the ability of compounds to
neutralize harmful free radicals and reactive oxygen species
(ROS) that can damage cellular components, including DNA,
proteins, and lipids. Oxidative stress from excessive ROS ac-
cumulation leads to cellular damage and contributes to various
health problems, including chronic inflammation, cancer, and
degenerative disease. Therefore, compounds with strong an-
tioxidant properties are valuable for preventing oxidative dam-
age and maintaining cellular health. Notably, effective antiox-
idants often exhibit anti-inflammatory effects as well, since re-
ducing oxidative stress helps prevent inflammation-triggering
pathways31.

Red algae produce several potent antioxidant compounds,
particularly phycobiliproteins. Among these, C-Phycocyanin
(C-PC), a type of phycobiliprotein from Arthrospira maxima,
was tested against ROS, free radicals that damage healthy
tissue. When C-PC was tested against alkoxy radicals, the
IC50 value was 0.076 mg/mL. This is significantly lower than
the IC50 value needed to scavenge hydroxyl radicals, which
is 0.91 mg/mL. This reveals that C-PC is particularly potent
at neutralizing alkoxy radicals44. The anti-oxidant proper-

ties of C-PC from Arthrospira platensis are also confirmed in
vivo. C-PC effectively inhibited carbon tetrachloride(CCl4)-
induced lipid peroxidation in rat liver45. Since lipid peroxi-
dation is a major indicator of oxidative damage, this protec-
tive effect describes C-PC’s significant antioxidant properties
in living systems45. The rate constant ratios obtained for C-
PC and uric acid, a known peroxyl radical scavenger, are 1.54
and 3.5, meaning that C-PC is more effective than the natural
antioxidant46.

Furthermore, Sonani et al. investigated the in vitro antioxi-
dant activity of three major phycobiliproteins—phycoerythrin
(PE), phycocyanin (PC), and allophycocyanin (APC). Results
showed a significant dose-dependent antioxidant effect in the
decreasing order of PE>PC>APC47. As oxidative stress is a
major contributor to chronic diseases, the superior antioxidant
capacity of PE highlights its potential as a therapeutic com-
pound. Importantly, given that PE is the most abundant phyco-
biliprotein found in marine red algae, this suggests promising
therapeutic applications for red algae-derived compounds47.
In addition to phycobiliproteins, other classes of red algae-
derived compounds, such as bromophenols, have also demon-
strated strong antioxidant activity as discussed before. No-
tably, bromophenol derivatives even show enhanced antioxi-
dant activity than a synthetic antioxidant48.

Overall, these studies show that red algae compounds, in-
cluding phycobiliproteins and bromophenols, possess superior
antioxidant capabilities that often exceed those of established
natural and synthetic antioxidants, positioning them as valu-
able therapeutic agents for combating oxidative stress-related
disease.

Anti-cancer effect

Cancer happens when cells divide uncontrollably, without
undergoing apoptosis, and form a tumor that grows larger over
time. Tumors have the potential to metastasize, meaning that
they can establish new tumors in other organs. However, tu-
mors grow immediately next to healthy cells, which makes
treating cancer difficult without damaging healthy cells. This
explains why finding new anticancer compounds matters49.
As demonstrated in the previous section, the antioxidant prop-
erties of red algae compounds can indirectly contribute to can-
cer prevention by reducing oxidative DNA damage. However,
recent research reveals that these compounds also exhibit more
direct anti-cancer mechanisms.

Bronophenols, a group of phenolic compounds extracted
from red algae, demonstrate direct cytotoxic effects against
cancer cells. Specifically, bromophenols extracted from the
red algae Rhodomela confervoides exhibit selective cytotoxic-
ity against KB (a human carcinoma of the nasopharyngeal cell
line), Bel-7402 (human liver cancer cells), and A549 (human
lung adenocarcinoma epithelial cell line)49. This selective tar-
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geting means that bromophenol can damage only cancer cells
while leaving normal cells unharmed. The reported IC50 val-
ues differ by cell line, with KB showing the strongest sensitiv-
ity (IC50 ≈ 3.09 µg/mL), followed by Bel-7402 (IC50≈ 3.18)
and A549 cells (IC50≈3.54), showing that bromophenols can
affect multiple cell lines simultanesouly. Notably, this is sig-
nificantly lower than the IC50 value of bromophenols isolated
from tropical green algae Avrainvillea nigricans against KB
cells, which is 8.9 µg/mL. This comparison demonstrates that
bromophenols extracted from red algae have stronger anti-
cancer potential than those from green algae50.

Researchers explored synthetic modifications to enhance
therapeutic potential. For example, bromophenols from the
red algae Polysiphonia lanosa were used to develop synthetic
compound 2.14 (2,5-dibromo-3,4-dihydroxybenzyl n-propyl
ether), a bromophenol derivative that can significantly inhibit
the proliferation of DLD-1 and HCT-116, colorectal cancer
cell lines25. The compound shows strong cytotoxicity against
DLD-1 and HCT-116 cell lines with IC50 values of 1.72 and
0.08 µM, respectively51. These modified forms of bromophe-
nol are designed to enhance anticancer efficacy, improve struc-
tural stability, and overcome limitations in obtaining sufficient
quantities from natural sources52.

In summary, bromophenols from red algae show promis-
ing anti-cancer properties through their selective cytotoxicity
against multiple cancer cell types while sparing healthy cells.
Combined with their indirect protective effect through antiox-
idant activity, these compounds represent valuable candidates
for developing safer and more effective cancer therapies.

Biomaterial usage

Agar, which is exclusively extracted from red algae
such as Gelidium or Gracilaria, is emerging as a ver-
satile/biocompatible material for biomedical applications18.
The key to agar’s therapeutic potential lies in its unique struc-
tural properties. The combination of agarose and agaropectin
allows agar to form thermo-reversible hydrogels. With agar’s
non-toxic and biodegradable nature, these properties of agar
make it particularly desirable for biomedical applications.

Drug delivery represents one of the most promising applica-
tions for agar-based materials. The gel can encapsulate thera-
peutic agents and release them gradually through controlled
mechanisms. For instance, many protein-based drugs are
prone to degradation when environmental conditions change.
However, agarose exhibits a neutral surface charge even in dif-
ferent pH levels, which enables it to carry drugs with low risk
of degradation53. In injectable formulations, agar’s thermo-
reversible properties eliminate the need for surgical implanta-
tion. In temperature-responsive devices, agar can be used to
control the release of therapeutic agents at the desired timing
and site54,55.

Beyond drug delivery, agar’s biocompatibility makes it suit-
able for diverse medical applications within the body56. Nu-
merous in vivo studies have confirmed its non-toxic behav-
ior toward mammalian cells, showing minimal immunogenic-
ity and favorable interaction with biological tissues57. Con-
sequently, agar-based materials are being developed for ad-
vanced wound dressings that promote moisture retention and
healing, as well as tissue engineering scaffolds that mimic ex-
tracellular matrix properties58.

The field of regenerative medicine has particularly benefited
from agar’s versatility. Agar can be combined with other poly-
mers to enhance mechanical strength, thereby increasingly be-
ing used in regenerative medicine59. These scaffolds serve as
biological bridges that address issues related to conventional
transplantation, such as donor shortages and immune rejec-
tion60. Furthermore, agar is fully compatible with 3D printing
technologies61. The viscoelasticity of agar-based bioink for-
mulations enables precise extrusion and shape fidelity, which
are crucial for fabricating functional tissues and organs59.

Collectively, the molecular properties, such as thermo-
reversibility, biocompatibility, and viscoelasticity, position
agar as a promising compound for multiple biomedical appli-
cations. As research continues to advance, agar holds signifi-
cant potential for bridging the gap between natural biomateri-
als and clinically translatable solutions.

Omega-3 fatty acid supplements (DHA/EPA)

Docosahexaenoic acid (DHA) and eicosapentaenoic acid
(EPA) are long-chain omega-3 fatty acids essential for human
health, particularly cardiovascular and neurological function.
These fatty acids cannot be efficiently synthesized by the hu-
man body, making dietary sources crucial for maintaining op-
timal health62. While traditionally obtained from fish oil, red
algae represent a valuable alternative source of these essential
fatty acids63.

The cardiovascular benefits of DHA and EPA are well-
established through extensive research. DHA and EPA play
a crucial role in cardiovascular disease (CVD) prevention
and treatment, which is primarily driven by atherosclerosis64.
Atherosclerosis is a chronic, progressive disease caused by the
buildup of fats, cholesterol, and plaque in artery walls, caus-
ing them to harden and narrow. This reduces blood flow and
ultimately causes heart attacks. A study showed that dietary
supplementation of EPA for 13 weeks slows the progression
of atherosclerosis in hyperlipidemic mice, compared to those
not receiving EPA65. The clinical significance of omega-3 in-
take is highlighted by epidemiological data. Analysis for the
Global Burden of Disease Study 2017 identified that a diet
“low in seafood n-3 fatty acids (i.e., DHA and EPA)” was the
sixth leading dietary risk factor for mortality due to CVD66.
Mechanistically, DHA and EPA stimulate a process called
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”beta-oxidation” and ensure the liver burns more fat rather
than packaging it into very low-density lipoprotein (VLDL)
for release into the blood67. While both DHA and EPA ef-
fectively lower triglyceride levels, they exert distinct effects
on lipoprotein subparticles. These lipoprotein subparticles
are smaller heterogeneous components that make up the main
classes of lipoproteins, which include High-Density Lipopro-
tein (HDL), Low-Density Lipoprotein (LDL), Intermediate-
Density Lipoprotein (IDL), and Very Low-Density Lipopro-
tein (VLDL) and transport vehicles for fats in the blood68.
DHA increases High-Density Lipoprotein 2 (HDL2) while
EPA tends to decrease High-Density Lipoprotein 3 (HDL3).
HDL2 is generally considered more protective against CVD
due to its larger size and its role in reverse cholesterol trans-
port, the process where high-density lipoprotein (HDL) par-
ticles remove excess cholesterol, transporting it back to the
liver67. Despite these differences, both DHA and EPA reduce
levels of triglycerides, a known risk factor for CVD69.

While extensive research has revealed the cardiovascular
benefits of DHA and EPA from various sources, specific stud-
ies investigating the effect of red algae-derived DHA and EPA
remain limited. However, given that algae-derived omega-3
fatty acids show comparable or superior cardiovascular ben-
efits to traditional fish oil in clinical trials and red algae do
contain these essential fatty acids, red algae could represent
not only an effective source of essential omega-3 fatty acids
but also deliver equivalent therapeutic benefits to traditional
fish oil42,70,71. Further research should specifically examine
the therapeutic efficacy of omega-3 fatty acids extracted from
red algae species to establish their role in cardiovascular health
applications.

Current challenges and future directions

Clinical translation and research gaps

Although bioactive compounds, including polysaccharides,
phenolic compounds, and pigments, demonstrate a broad
spectrum of biological activities such as antiviral, antibacte-
rial, and anticancer effects, clinical translation of these com-
pounds is still limited. In general, most evidence regarding the
efficacy of compounds isolated from red algae derives from
in vitro experiments and preclinical animal models, with very
few progressing to human clinical trials25.

The research pipeline typically follows a predictable pat-
tern: initial in vitro screening identifies promising bioactive
properties, followed by animal studies that confirm safety and
preliminary efficacy. However, the transition from preclinical
research to Phase I human trials represents a significant bot-
tleneck. This gap exists partly due to the high costs and reg-
ulatory complexities of clinical trials, but also because many
red algae compounds have not been sufficiently characterized
in terms of their pharmacokinetics, optimal dosing, and long-

term safety profiles in humans72. For example, while car-
rageenan has shown promising antiviral effects against HSV-2
in vitro and in animal models, comprehensive human clinical
trials evaluating its safety and efficacy as a therapeutic agent
remain limited. Similarly, bromophenols demonstrate impres-
sive anticancer activity in cell culture studies, but their pro-
gression to human testing is hampered by concerns about tox-
icity to normal cells and unclear mechanisms of action73.

Beyond clinical trial barriers, fundamental challenges also
exist at the molecular level. Most of the bioactive com-
pounds isolated from red algae need to be metabolized to im-
prove their bioactivity, since only after the body processes
them, the resulting smaller molecules can exert meaningful
therapeutic effects. For example, carrageenan oligosaccha-
rides, which are breakdown products of native carrageenan,
often exhibit enhanced biological activities compared to their
high molecular weight precursors. Low-molecular-weight car-
rageenan derivatives (0.5-10 kDa) demonstrate significantly
better bioavailability and enhanced solubility compared to
their polysaccharide counterparts, while showing improved
antioxidant and antitumor activities due to better exposure of
reactive groups74,75. Therefore, to overcome current limita-
tions, structural modifications are needed to enhance activity
and selectivity, specifically targeting molecular features such
as sulfated groups and bromination degree, as previously dis-
cussed, which have been shown to directly influence thera-
peutic efficacy18. Future work should therefore focus on con-
ducting clinical trials while simultaneously addressing these
fundamental molecular challenges to bridge the gap between
promising laboratory results and therapeutic reality.

Extraction efficiency and standardization issues

Extracting bioactive compounds from red algae requires
careful selection of appropriate methods, each with distinct
mechanisms and target compounds. Traditional solvent ex-
traction (SLE) uses organic solvents over extended periods,
while newer “green” methods, such as microwave-assisted ex-
traction (MAE), ultrasound-assisted extraction (UAE), super-
critical fluid extraction (SFE), pressurized solvent extraction
(PSE), and enzyme-assisted extraction (EAE) offer more effi-
cient alternatives76. MAE applies direct heat to break down
cell walls, reducing extraction time from hours to minutes
while using less solvent77. UAE uses sound waves to in-
crease solvent penetration, achieving higher yields in shorter
time frames with improved selectivity78. PSE also combines
high pressure and temperature for rapid, efficient extraction
with minimal solvent volumes79. SFE employs pressurized
CO2 as a clean solvent, producing high-purity extracts without
toxic residues, while EAE uses biological catalysts to break
down cell walls gently, preserving heat-sensitive compounds
and achieving yields up to 28.65%77,80.
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While these methods represent significant technological
advances over traditional approaches, their diversity creates
unexpected challenges for standardization. Even traditional
SLE, despite being widely used, demonstrates this selectiv-
ity issue that binary solvents like ethanol: water (7:3) work
well for some compounds but suffer from co-extraction of un-
wanted substances78. This problem becomes more complex
with modern methods, as each technique shows distinct pref-
erences for specific bioactive compounds. For example, SFE
works best for extracting fatty acids and lipophilic compounds
like DHA and EPA, while UAE is more effective for phenolic
compounds and phycobiliproteins (Table 2)79. MAE shows
superior results for polysaccharides like carrageenan and agar,
but risks degrading heat-sensitive compounds. This selectivity
creates a fundamental standardization problem81. A research
group focusing on antiviral properties might use UAE to maxi-
mize carrageenan extraction, while another group studying an-
tioxidant effects might prefer SFE for bromophenols82. These
different approaches make it nearly impossible to compare re-
sults across studies or establish consistent quality standards
for commercial applications.

Furthermore, extraction efficiency and cost vary signifi-
cantly based on processing conditions. MAE requires careful
temperature control to prevent compound degradation, while
SFE demands expensive equipment and precise pressure man-
agement79,81. EAE can achieve high yields while minimizing
chemical solvent use, but enzyme costs and longer processing
times limit its commercial viability77.

The lack of standardized protocols across these diverse ex-
traction approaches further complicates reproducibility and
scalability for commercial applications. To address these chal-
lenges, the field needs to develop guidelines for selecting ex-
traction methods based on target compounds and establish
universal quality control standards that account for method-
specific variations.

Toxicity and safety issues

Safety considerations include potential toxicity from red al-
gae compounds, with molecular weight specifications being
particularly critical. In particular, carrageenan’s safety profile
varies dramatically depending on molecular weight and pro-
cessing conditions. Native, food-grade carrageenan is a high-
molecular-weight polysaccharide generally regarded as safe
for consumption. However, lower molecular weight forms,
particularly degraded carrageenan (poligeenan) can induce
gastrointestinal inflammation, ulceration, and increased in-
testinal permeability in animal models, including guinea pigs,
monkeys, rats, and mice83,85.

The toxicity mechanisms involve two distinct pathways.
First, carrageenan disrupts gut microbiome composition by re-
ducing beneficial bacteria such as Akkermansia muciniphila,

which maintains the protective mucus layer of gut walls.
When this bacterium is depleted, harmful bacteria and tox-
ins can penetrate the intestinal barrier, triggering inflamma-
tory responses. Second, carrageenan can directly activate
epithelial cell receptors, stimulating the NF-κB inflamma-
tory pathway and increasing pro-inflammatory mediator pro-
duction84. Additionally, processing and storage conditions
significantly impact carrageenan safety. High temperatures,
acidic pH conditions, and exposure to moisture or oxygen can
cause molecular degradation, potentially converting safe high-
molecular-weight carrageenan into harmful lower-molecular-
weight forms86. This susceptibility to degradation highlights
the need for careful quality control throughout the production
and storage chain.

These findings emphasize the importance of establish-
ing stricter molecular weight specifications for carrageenan-
containing products and developing a better understanding of
degradation mechanisms to ensure consumer safety.

Conclusion

Red algae have emerged as a promising source of naturally
derived bioactive compounds, offering both therapeutic po-
tential and environmental sustainability. Despite growing in-
terest in natural alternatives to synthetic pharmaceuticals, a
key gap remains in understanding how specific compounds
extracted from red algae can be applied in medical settings.
This paper addressed this gap by investigating the chemical
composition of red algae and evaluating the medical func-
tions, benefits, and challenges associated with their bioactive
compounds. Polysaccharides such as carrageenan exhibit an-
timicrobial activity by interfering with pathogen attachment
and disrupting cellular structures. Phenolic compounds, par-
ticularly bromophenols, show strong antioxidant effects that
inhibit cancer cell proliferation, highlighting their potential
in both disease prevention and treatment. Similarly, phyco-
biliproteins act as potent antioxidants while also contribut-
ing to anti-inflammatory and anticancer effects. Addition-
ally, agar’s non-toxic and biodegradable nature and its abil-
ity to form thermo-reversible hydrogels make agar particu-
larly desirable for biomedical applications, including drug de-
livery, medical scaffolds, and 3D printing technologies. Be-
yond these, omega-3 fatty acids support cardiovascular health.
However, significant challenges remain, including limited
clinical validation, standardization difficulties across extrac-
tion methods, and safety concerns such as molecular weight-
dependent toxicity. Beyond their proven therapeutic effective-
ness, red algae-derived compounds offer significant environ-
mental advantages over traditional pharmaceuticals, which re-
lies heavily on petrochemical feedstocks and energy-intensive
processes that contribute substantially to global carbon emis-
sions89. In contrast, red algae cultivation utilize solar energy
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Table 2 This table compares extraction methods for red algae bioactive compounds, including mechanisms, target compounds, advantages,
and limitations.

Extraction method Description Major compounds
extracted

Advantages Limitations

Solvent Extraction
(SLE)

Uses organic solvents over a
fixed time81.

Phenolic compounds,
pigments, lipophilic
molecules81.

Simple, widely used,
effective with optimized
solvent mixture81.

Requires large solvent volumes,
long extraction time, low
selectivity, and co-extraction of
impurities81.

Microwave-Assisted
Extraction (MAE)

Uses microwave energy to
heat the matrix directly,
enhancing compound
release83.

Polysaccharides,
phenolics83.

Faster extraction, reduced
solvent use, higher yield,
cost-effective83.

Risk of compound degradation,
difficulty in standardization,
and unclear molecular
targets84.

Ultrasound-Assisted
Extraction (UAE)

Uses ultrasonic waves to
increase solvent penetration
and disrupt cell walls85.

Phenolics, pigments,
bioactive small
molecules85.

Increased extraction
efficiency, shorter time,
improved selectivity86.

Possible degradation from
cavitation, scale-up
challenges85.

Supercritical Fluid
Extraction (SFE)

Uses supercritical CO2
under high pressure and
temperature to extract
compounds87.

Lipophilic compounds, fatty
acids (DHA/EPA),
non-polar bioactives88.

No toxic solvents, high
purity extracts,
environmentally friendly,
efficient89.

High equipment cost, sensitive
to operating conditions87.

Pressurized Solvent
Extraction (PSE)

Uses high pressure and
temperature to enhance
solvent extraction
efficiency88.

Polysaccharides, phenolics,
mixed bioactive
compounds88.

High efficiency, low solvent
use, rapid extraction88.

Requires specialized
equipment, potential thermal
degradation88.

Enzyme-Assisted
Extraction (EAE)

Uses enzymes to break
down cell walls and release
bound compounds90.

Hydrocolloids (agar,
carrageenan),
polysaccharides82.

Reduced chemical use,
improved yield, preserves
bioactivity90.

Enzyme cost, longer processing
time, sensitivity to conditions
(pH, temperature)90.

to convert carbon dioxide into organic matter, effectively con-
tributing to carbon sequestration. Therefore, this unique com-
bination of therapeutic efficacy and environmental sustainabil-
ity positions red algae as an ideal resource for next-generation
medical technologies that benefit both human health and plan-
etary wellbeing.
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