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ABSTRACT ARTICLE HISTORY
Seaweeds are rich in bioactive compounds, and in recent years, their distinctive poly- Received November 25, 2024
saccharide content which includes rare sugars with possible industrial uses has drawn Accepted September 15, 2025
a lot of attention. In order to shed light on the structural diversity and biotechnological KEYWORDS

significance of rare sugars, this review investigates their occurrence and biosynthesis in Seaweed: bioactive
seaweeds. Understanding the presence of rare sugars in these marine organisms begins compounds; rare sugars;
with a thorough analysis of the biosynthetic pathways involved in their formation. The polysaccharide; biosynthesis
study highlights the use of precise structural characterization in the identification and

quantification of rare sugars by outlining sophisticated analytical techniques. It also

addresses the difficulties in the extraction and purification procedures, emphasizing

the necessity of scalable and financially feasible techniques for industrial production.

Biotechnological understanding of rare sugars’ possible uses extends to the food,

pharmaceutical, and other industries. The review highlights the growing importance of

rare sugars in applications related to health, stressing both their biological properties

and possible medicinal uses. Issues including low yields, storage stability, and regulatory

issues are examined, providing a thorough picture of the state of affairs at the moment.

Biotechnological understanding of rare sugars’ possible uses extends to the food,

pharmaceutical, and other industries.

1. Introduction

Marine macroalgae and other seaweeds have emerged as potential sources of valuable nutrients and
chemically appealing substances, with applications ranging from food ingredients to nutritional supple-
ments and cosmetics. Despite oceans covering over 70% of Earth’s surface, relatively few marine organisms
have been thoroughly studied and identified. The cell walls of seaweeds contain commercially significant
polysaccharides with diverse biological functions. Marine macroalgae (seaweeds) contain diverse polysac-
charides that play critical structural and storage functions within their cellular systems. These complex
carbohydrates vary across different algal types: brown algae primarily feature alginates in their cell walls,
providing structural support and flexibility, while also storing energy in laminarin; red algae are character-
ized by carrageenans and agar, sulfated polysaccharides that contribute to cell wall integrity and gel-like
properties; and green algae typically utilize cellulose as a primary structural component, similar to land
plants. The storage polysaccharides, such as laminarin and floridean starch, serve as energy reserves that can
be metabolized when needed. Beyond their biological roles within the algae, these polysaccharides have
garnered significant interest in various human applications, including food production, pharmaceutical
research, biomaterial development, and potential nutraceutical innovations. The complexity and versatility
of these marine macroalgal polysaccharides highlight the remarkable biochemical adaptations of these
marine organisms, demonstrating how these compounds are not just passive cellular components but
dynamic molecules with multiple critical functions.) Fucoidan, predominantly found in brown algae,
exhibits variations in molecular characteristics including length, branching patterns, monomer fractions,
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and sulfate levels.”?! These structurally variable fucoidans, also known as fucose-containing sulfated poly-
saccharides (FCSPs), demonstrate bioactive properties influenced by species, thallus age, seasons, and
extraction techniques. While fucose predominates, other sugar monomers like galactose, mannose, glucose,
and uronic acids are also present. In some cases, such as sulfated galactofucans, galactose ratios may be
comparable to fucose.!”!

Seaweeds contain abundant bioactive compounds including vitamins, minerals, antioxidants, and rare
sugars. These components demonstrate anti-inflammatory and immune-supporting properties, which are
currently under investigation for potential health applications.!*! Beyond basic nutrition, seaweeds provide
essential proteins, fiber, and omega-3 fatty acids that contribute to overall health and well-being when
incorporated into diets.”! The development of sustainable cultivation techniques, including offshore farm-
ing and integrated multitrophic aquaculture, is currently underway. However, challenges persist in market
development, environmental impact assessment, and regulatory frameworks.*’ Addressing these challenges
requires collaboration between governments, businesses, and the scientific community, along with inno-
vative technologies and sustainable practices.”’

Rare sugars represent a unique class of compounds distinct from common sugars like glucose and
sucrose. These molecules, characterized by distinctive molecular arrangements, show promise in various
applications including pharmaceutical formulations, skincare products, and wound dressings.!®! Their
potential extends to biotechnological processes such as enzyme synthesis and biofuel production.
Research continues to explore their chemical structures, biosynthesis pathways, and physiological roles.’
The cultivation of seaweeds for rare sugar production aligns with sustainable practices, requiring minimal
resources while offering rapid growth. Environmental impact assessments and sustainable practices are
crucial for reducing ecological effects.'”’ Understanding the potential of rare sugars can benefit industry
stakeholders, highlighting opportunities for market expansion, product innovation, and economic devel-
opment. The commercial landscape of rare sugars is experiencing a significant transformation, driven by
growing market interest in biotechnological and pharmaceutical applications.!''"**! Seaweed-derived rare
sugars represent an emerging field with substantial potential, as evidenced by their diverse applications
across multiple industries. The manuscript highlights the increasing commercial interest in these com-
pounds, noting their potential uses in functional foods, nutraceuticals, pharmaceuticals, and specialized
chemical sectors.[*'*'*) While current commercial products remain limited, ongoing research and advances
in extraction technologies suggest promising future developments.!"®! The versatility of rare sugars from
marine macroalgae, including their potential as low-calorie sweeteners, bioactive compounds, and pre-
cursors for various industrial applications, positions them as a strategic area of biotechnological
innovation.">'*”) This review aims to address this critical need by providing an in-depth exploration of
rare sugars from seaweeds, their occurrence, biosynthesis, and potential biotechnological applications.

2. Occurrence of rare sugars in seaweeds

These seven sugars, D-glucose, D-fructose, D-xylose, L-arabinose, D-ribose, D-mannose, and D-galactose
are the most commonly employed in the carbohydrate-based refinery. With their exception, most sugars
have an inherent “rarity.” This includes all forms of monosaccharides and their derivatives, such as uronic
acids, sugar alcohols, deoxygenated, aminated, and methylated ones, according to the International Society
of Rare Sugars.!"*! Small amounts of these rare sugars are found in nature, particularly in terrestrial plants,
but they are always very valuable, especially in the pharmaceutical and nutraceutical sectors. Since they are
generally low in calories, they are used as a sweetener in place of more common sugars like sucrose,
D-glucose, and D-fructose.Rare sugars have been shown to have new physiological effects, such as prebiotics
(sugar alcohols), anti-caries (sugar alcohols), anti-diabetic (D-tagatose), anti-hyperlipidemic (D-allulose),
anti-atherosclerosis (D-allulose), anti-inflammatory (D-allose), and neuroprotective (D-allulose). In recent
years, there has been evidence that rare sugars could be a new platform chemical in carbohydrate-based
refineries for use.!"®!

Enzymatic or microbiological procedures, which are always built on the basis of a systematic relationship
of all potential sugar monomers in the “Izumoring” idea, are typically used to create the uncommon sugars.
In this instance, the interconversion of the sugars typically entails intramolecular reduction-oxidation
reactions and regio-selective epimerization/isomerization by enzymatic mechanisms!'>?°!. Although it
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involves multiple steps, the Izumoring method is a good way to synthesize uncommon sugars from the
seven commonly used sugars indicated above. For example, an enzymatic “phosphorylation — depo-
sphorylation” reaction step at 37-45°C in 12-36 hours can recover ketoses from aldoses preferentially
(>90%).12172*

2.1. Types and distribution of rare sugars

The distribution of rare sugars in nature, including in various seaweed species, is quite diverse (Table 1).
Rare sugars are not as commonly found as the more prevalent sugars like glucose and sucrose, but they play
important roles in biological processes and have potential applications in various industries. The distribu-
tion of these rare sugars can vary between different species of seaweeds, and even within the same species,
depending on factors such as environmental conditions, geographic location, and growth stage.!*!)
Understanding the distribution of rare sugars is crucial for industries that seek to harness these compounds
for various applications, including food, pharmaceuticals, and cosmetics. Additionally, ongoing research in
this field contributes to our understanding of the bioactive compounds present in seaweeds and their
potential health benefits.

2.2. Methods for identifying and quantifying rare sugars

Identifying and quantifying rare sugars can be challenging due to their low abundance and structural
complexity. Enzymatic techniques and high-performance liquid chromatography (HPLC) are widely used.
Since 2004, enzymatic techniques have grown in popularity, especially in human studies.!"'! HPLC is
a quick and efficient method for detecting the concentration of uncommon sugars, and a simpler reverse
phase HPLC method has been devised for distinguishing rare sugars like D-psicose from D-fructose.
Another well-established approach for measuring uncommon sugars is to determine sugars in molasses
using HPLC after solid-phase extraction.”?! However, several methods have been developed to address
these challenges.

2.2.1. Chromatographic techniques

2.2.1.1. High-performance liquid chromatography (HPLC). HPLC is a widely used technique for separat-
ing and quantifying rare sugars. It involves the use of a liquid mobile phase to carry the sample through
a stationary phase. The separation is based on differences in the interaction of the rare sugars with the
stationary phase.”**! High-performance liquid chromatography (HPLC) is a commonly used technique in
seaweed isolation for rare sugars. High performance liquid chromatography (HPLC) involves dissolving
a sample containing unusual sugars in a solvent and passing it through a column filled with a stationary
phase. In the stationary phase, particles are coated with a material that has a strong affinity for specific
sugars. The mobile phase, which is a mixture of solvents, is pushed through the column by a high-pressure

Table 1. Sources of rare sugars and their distribution.

S.no. Names Source Application Reference
1. Rhamnose Red and green seaweed Antimicrobial property 1241
Skin conditioning
Sweetener

Flavor enhances
Cell culture media
2. Arabinose Red seaweed Nutraceuticals
Food industry
Pharmaceuticals

[25]

Cosmetics
3. D-Allulose Brown seaweed (enzymatic conversion) Low-calorie sweetener 1261
Anti-diabetic properties
4. L-Rhamnulose Red algae enzymatic processes Pharmaceutical precursor 1271
5. D-Psicose Enzymatic bioconversion from seaweed carbohydrates Metabolic regulation (281
6. D-Tagatose Brown algae derivatives Prebiotic 1291

Low-calorie sweetener

7. L-Gulose Red seaweed specific pathways Vitamin C precursor 1301




4 D. YUVARAJ ET AL.

pump. Different interactions between the uncommon sugars in the sample and the stationary phase will
occur depending on their chemical composition.”**!

The seaweed extract can be dissolved in either ethanol or methanol, which are suitable solvents. Next, any
particles in the solution that might clog the HPLC column are eliminated using a filter. The filtered solution is
then transferred into the HPLC apparatus. An HPLC system is composed of a pump, a column, a detector, and
a data collection device. The pump forces the mobile phase through the column at a high pressure. The
unusual sugars in the sample interact with the stationary phase to varying degrees. Depending on how strong
their affinity is for the stationary phase, rare sugars will spend varying lengths of time on the column; those
with a lower affinity will spend less time there.** At the end of the mobile phase, the rare sugars will elute from
the column in the order that their retention durations increase. A detector locates the eluted uncommon
sugars, such as a UV or refractive index detector. The detector measures the absorbance or refractive index of
the rare sugars that have been eluted. Once the detector values are recorded, the data collection system creates
a chromatogram. On the chromatogram, the rare sugars that were eluted are represented by the peaks. The
rare sugars can be collected and used in a number of ways after purification, including additional analysis."*®

2.2.1.2. Ion chromatography (IC). 1C is suitable for the separation of ionic compounds, and it can be used
for the analysis of rare sugars that form ions. It is particularly useful for sugars with acidic or basic
functional groups. Ion chromatography allows for the separation and measurement of low concentrations
of up to 8 or 10 distinct anions in a single chromatographic run that only takes a few minutes. This approach
is also effective for cations. In aqueous samples, alkali metal ions, ammonium, magnesium, calcium,
strontium, and a growing list of additional metal cations and amine cations may be easily separated and
identified. Ton chromatography is cost-effective since the apparatus is generally affordable, and each
chromatogram may determine multiple ions. Despite the fact that contemporary ion chromatography is
just roughly 10 years old, it is already frequently utilized in an increasing number of sectors. Many scientific
and environmental investigations, such as the examination of a significant number of rainwater samples,
have been conducted. It would not have been possible prior to the invention of ion chromatography. Any
current and effective method of separating and detecting ions is referred to as ion chromatography. The
majority of materials examined by ion chromatography currently comprise inorganic or hydrophilic
organic anions and cations. Ion exchange chromatography is the most frequent method of separation,
with anions separated on an anion exchange column and cations separated on a cation exchange column.*”!

2.2.2. Mass spectrometry (MS)

2.2.2.1. Liquid chromatography-mass spectrometry (LC-MS). LC-MS combines the separation capabil-
ities of liquid chromatography with the mass analysis of a mass spectrometer. It is valuable for the
identification and quantification of rare sugars based on their mass-to-charge ratios*®). The “chain of
traceability” is a continuous sequence of material comparisons using proper measuring methodologies.
A certified “primary reference standard” - tidy substance with verified purity and traceability to the SI
unit — with a clearly described related uncertainty is situated at the top of the chain (the top/highest
metrological order). Starting with this material, a primary reference measurement process (in the top
position, also known as the “highest order”) is used to describe a primary reference material derived from
the neat standard, such as cortisol NIST SRM 921 in ethanol. A secondary reference standard (e.g., NIST
SRM 921 in serum) can be produced using another (or the same) measurement process.

Following that, the chain can be extended to routine measures, which may use other measurement principles
as the reference measurement processes (for example, ligand-binding tests for cortisol in serum). Mass spectro-
metry has traditionally been a generally recognized instrumental analytical method for small-molecule analysis
due to its technical qualities, and the idea of “definitive (absolute) reference methods” was formed.1”!

2.2.2.2. Gas chromatography-mass spectrometry (GC-MS). Similar to LC-MS, GC-MS combines gas
chromatography with mass spectrometry for the identification of volatile rare sugars. Gas Chromatography-
Mass Spectrometry (GC-MS) is a very effective analytical method for identifying and quantifying chemical
components in a sample. It combines two separate techniques, gas chromatography (GC) and mass
spectrometry (MS). Separates mixture components based on volatility and interactions with a stationary
phase.
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The sample is vaporized and injected into a chromatograph, where an inert gas (usually helium or
nitrogen) transports it through a column. Because of their chemical characteristics, various compounds flow
through the column at different speeds, resulting in separation. Mass Spectrometry (MS) This technique
determines the mass and structure of individual molecules in a sample.!*"!

The isolated chemicals from the GC column are ionized in the mass spectrometer. The ions that arise are
subsequently accelerated and sorted according to their mass-to-charge ratio (m/z). The detector generates
a mass spectrum by recording the abundance of ions at various m/z values.

2.2.3. Nuclear magnetic resonance (NMR) spectroscopy

2.2.3.1. 1 H-NMR and 13C-NMR. NMR spectroscopy provides information about the structure of
molecules based on their nuclear spins. It is particularly useful for determining the structure and config-
uration of rare sugars. Rare sugars are frequently extracted and identified using nuclear magnetic resonance
(NMR) spectroscopy, more especially 1 H and 13C NMR. These methods are applied to rare sugars to
characterize their chemical structure.*" The structure of the sugar can be ascertained by the 1 H and 13C
NMR spectra regarding the environments of the various hydrogen and carbon atoms in a molecule.

The identification and characterization of rare sugars using 1 H and 13C NMR is demonstrated in
a number of research articles and protocols. For instance, a study that was published in Nature Protocols
details the synthesis of D-glycosamine building blocks and orthogonally protected rare sugars. 1 H, 13C, and
2D NMR spectroscopy were used to thoroughly characterize these compounds. Furthermore, a study
published in the Journal of Organic Chemistry describes how to use 1D FESTA to obtain pure 1 H NMR
spectra of distinct reducing fluor sugar forms, such as pyranose and furanoside."**

Moreover, full 1 H and 13C NMR chemical shift assignments of mono- and disaccharides, including
uncommon sugars, have been obtained by means of computational and experimental methods, improving
the efficiency of the assignment procedure. A rare sugar called 6-deoxy-d-altrose was identified in
a different study using the 1 H and 13C NMR spectra. This sugar was separated from a polysaccharide
that was taken out of an edible folk medicinal mushroom. To sum up, 1 H and 13C NMR spectroscopy are
useful methods for the extraction and identification of uncommon sugars. They give researchers compre-

hensive insight into the chemical structure of these significant molecules and allow them to characterize
them.!*?!

2.2.4. Enzymatic methods

2.2.4.1. Enzymatic assays. Enzymatic methods involve the use of specific enzymes that selectively react
with certain sugars. The change in absorbance, fluorescence, or other properties can be measured to
quantify the rare sugar.**) The Izumoring technique is a systematic approach for producing rare sugars
using enzymes.

Enzymes like keto-aldol isomerases, epimerases, and oxidoreductases are used to produce rare sugars,
and their structural analysis has improved production through molecular design.!*”! These enzymatic
methods have facilitated the study of rare sugar properties, catalytic mechanisms, and industrial applica-
tions, making them an important tool in rare sugar research.

2.2.5. Immunoassays

2.2.5.1. Enzyme-linked immunosorbent assay (ELISA). Immunoassays use antibodies to selectively bind
to specific sugars. ELISA can be adapted for rare sugar detection by using antibodies specific to the target
rare sugar. ELISA techniques can identify rare sugars by utilizing particular antibodies. However, ELISA
tests are typically utilized for detecting proteins, antigens, and antibodies, rather than tiny molecules such as
rare sugars.

ELISA tests are widely used in medical and scientific contexts to detect various antigens, hormones, viral
and bacterial antigens, and antibodies. Commercially available ELISA kits include pre-coated polystyrene
plates, detecting antibodies, and reagents for ELISA tests. ELISA tests use an enzyme and an antibody or
antigen to generate an antigen-antibody reaction and provide a readout.!*®!
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2.2.6. Chemical derivatization

2.2.6.1. Derivatization reactions. Some rare sugars may undergo chemical derivatization to enhance their
detectability or improve their chromatographic behavior. Derivatization can make the analysis more
sensitive and selective. Derivatization reactions are critical for the investigation of rare sugars, especially
given their structural complexity and the necessity for enhanced sensitivity and selectivity in analytical
procedures. Rare sugars are derivatized using the following methods are Alditol acetates, this technique
generates one peak for each derivatized sugar, simplifying the analysis of complicated sugar combinations.-
(47) Halide adducts, such as chloride or bromide, can be utilized to increase sensitivity and improve the
distinction of positional isomers of saccharides.!*®!

3. Biosynthesis of rare sugars

The enzymatic or microbial synthesis of sugars that are uncommon in nature is known as the biosynthesis of
rare sugars. The food, cosmetic, and pharmaceutical industries can all benefit from the use of these
uncommon sugars. Numerous microorganisms, such as yeast, fungi, and bacteria, can synthesize rare
sugars. Scientists frequently locate and separate organisms that either naturally produce the desired rare
sugars or can be modified to do so. The biosynthetic pathways involved in the synthesis of the rare sugar of
interest are examined by researchers after a suitable source organism has been chosen. Finding the genes
and enzymes in charge of the target sugar’s synthesis is part of this process. Enhancing the production of
rare sugars is a common application of genetic engineering techniques.'*! For the purpose of increasing the
target sugar yield, this may entail altering the metabolic pathways of the source organism. With recombi-
nant DNA technology, specific genes can be added, removed, or altered through genetic manipulation.
Fermentation, in which the chosen microorganism is grown in a controlled environment, is a common step
in the biosynthesis process. The fermentation medium is designed to produce the rare sugar by providing
the microorganism with the nutrients and conditions it needs to thrive and produce the desired compound.
Enzymatic synthesis is an additional method for creating rare sugars besides microbial fermentation. In this
process, specific enzymes that can catalyze the conversion of more accessible substrates into the rare sugar
are employed. The rare sugar must be extracted and purified from the fermentation broth or reaction
mixture following the fermentation or enzymatic synthesis. To isolate the target compound, a variety of
separation methods, including chromatography and crystallization, may be used. The isolated rare sugar is
then analyzed and characterized to confirm its identity and purity. Analytical techniques such as nuclear
magnetic resonance (NMR) spectroscopy and mass spectrometry may be used for this purpose. Efforts are
made to increase production for commercial purposes after the biosynthesis process has been optimized on
a small scale. This includes enhancing strain performance, maximizing fermentation conditions, and
guaranteeing economical production. There are several industries that use rare sugars. For instance, they
could be employed in the pharmaceutical sector as building blocks for the synthesis of bioactive com-
pounds, sweeteners, or prebiotics. In order to efficiently produce these valuable compounds, the biosynth-
esis of rare sugars is an interdisciplinary field that brings together genetics, biochemistry, microbiology, and
bioprocess engineering. Genetic engineering and bioprocess optimization advances are still helping to
create sustainable and economical processes for producing rare sugars.>"!

3.1. Mechanisms and pathways involved in the biosynthesis

The biosynthesis of rare sugars in seaweeds involves complex biochemical pathways (Figure 1). Rare sugars
are monosaccharides that are not commonly found in terrestrial organisms. Seaweeds, or macroalgae, are
rich sources of various bioactive compounds, including rare sugars. Seaweeds, like plants, undergo photo-
synthesis to convert sunlight into energy. This process involves the capture of light energy by chlorophyll,
leading to the production of glucose and other simple sugars. Glucose, a common sugar, serves as the
starting point for the biosynthesis of various rare sugars. Enzymes and pathways involved in primary
metabolism play a crucial role in converting glucose into precursor molecules. Hexose interconversions
refer to the conversion of one hexose sugar (e.g., glucose) into another.

Seaweeds may utilize enzymes such as isomerases and epimerases to convert common hexoses into rare
sugars. The PPP is a metabolic pathway parallel to glycolysis that generates ribose-5-phosphate and
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macroalgae.”"



8 D. YUVARAJ ET AL.

NADPH. Ribose-5-phosphate can be used for the synthesis of rare sugars. Some rare sugars are derived
from polyols (sugar alcohols) through specific enzymatic reactions.’? Seaweeds may have enzymes capable
of converting polyols into rare sugars. Enzymes involved in epimerization and isomerization reactions are
critical for the conversion of common sugars into rare sugars. These enzymes catalyze the rearrangement of
functional groups, leading to the formation of rare sugar isomers. Seaweeds often contain sulfated poly-
saccharides, and some rare sugars may undergo sulfation. Methylation reactions can also occur, introducing
methyl groups to specific positions on sugar molecules. Specific enzymes catalyze the modification of sugar
molecules in seaweeds. These modifications can include glycosylation, acetylation, and other enzymatic
transformations that result in the formation of rare.'”! Rare sugars are often associated with secondary
metabolites in seaweeds. Enzymes involved in secondary metabolism pathways contribute to the synthesis
of unique sugar derivatives with potential bioactive properties.

3.2. Enzymatic and genetic factors contributing to rare sugar production

Rare sugars are monosaccharides that are not commonly found in nature and have unique properties.
Enzymatic and genetic factors play crucial roles in the production of rare sugars. Enzymatic production
techniques, such as the Izumoring strategy, have been devised to synthesis rare sugars by interconverting
aldose-ketose and employing particular enzymes such as aldose-ketose isomerases, aldolases, and
dehydrogenases.®® Rare sugar synthesis relies heavily on enzymatic and genetic variables. Enzymatic
production techniques, such as the Izumoring strategy, have been devised to synthesis rare sugars by
interconverting aldose-ketose and employing particular enzymes such as aldose-ketose isomerases, aldo-
lases, and dehydrogenases.!*

3.2.1. Enzymatic factors
Enzymes are highly specific catalysts that determine the type of sugar produced. Different enzymes
are required for the synthesis of specific rare sugars. For example, enzymes like isomerase,
epimerase, and mutase play essential roles in converting common sugars into rare sugars by
rearranging their carbon skeletons. Enzymes have substrate specificity, meaning they work on
specific sugar molecules. Engineering enzymes for altered substrate specificity is crucial for the
production of rare sugars. Directed evolution or rational design techniques can be employed to
modify enzyme specificity, allowing them to accept and convert different substrates. Through
genetic engineering techniques, enzymes can be modified or engineered to enhance their catalytic
efficiency, stability, and specificity for rare sugar production. Techniques such as protein engineer-
ing and directed evolution can be used to optimize enzymes for industrial applications.”> Rare
sugar biosynthesis often involves multiple enzymatic steps in a metabolic pathway. Engineering the
entire pathway can improve the overall yield of rare sugars. Balancing the expression levels of
different enzymes in the pathway is critical to prevent bottlenecks and ensure efficient rare sugar
production.

Identifying and isolating genes responsible for encoding enzymes involved in rare sugar biosynthesis is
a fundamental step. Genomic and metagenomic approaches can be employed to discover genes from
organisms that naturally produce rare sugars or through heterologous expression in host organisms.
Optimizing the expression of target genes is crucial for efficient rare sugar production. This involves
selecting suitable promoters and regulatory elements to control gene expression. Synthetic biology techni-
ques can be employed to design and construct genetic circuits for precise control of gene expression in host
organisms. The expression of rare sugar biosynthesis genes requires careful selection of the host organism.
Seldom occurring sugars can be produced by genetically modifying yeast, bacteria, and plants. Cofactors
required for the enzymatic reactions, growth conditions, and the metabolic background of the host are all
taken into account. Metabolic engineering includes modifying the metabolism of the host organism to
redirect precursor molecules toward the production of rare sugars.*® In order to direct pathways that
compete for common precursors toward rare sugar biosynthesis, this entails manipulating those pathways.
The ultimate goal of producing rare sugars in an efficient and sustainable manner is to increase the
availability of these valuable compounds for a variety of uses, including the food and pharmaceutical
industries. This often requires the integration of enzymatic and genetic approaches.!*”!
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Figure 2. Methods employed for isolating rare sugars from seaweed, including modern and conventional extraction
ine [19]
strategies.

4. Extraction and purification techniques

There are a few possible phases in the extraction of macroalgal polysaccharides, which are outlined in
Figure 2. In order to extract the polysaccharides of interest and test their biological activity and
potential industrial uses, these extraction steps involve pre-treating the macroalgae, preparing the
macroalgal biomass, extraction techniques (traditional solvent extraction versus the current innovative
technologies including ultrasound, microwave, and enzyme-assisted extractions), and purification
techniques.

4.1. Macroalgal biomass preparation

In order to extract polysaccharides from macroalgae, the algae must first be cleaned of sand and
epiphytes using either sea water or distilled water, and then they must be dried (either by oven
drying or freeze drying). After that, the dried biomass is ground to get the highest in the latter
extraction processes.!'®*® Patented the exudate technique, which produces laminarin and fucoidan
in industrial quantities from living macroalgal tissue, as an alternative to drying procedures. In
order to extract the exudate from the live macroalgae tissue, the fresh macroalgae is chopped into
pieces that are no larger than 1 cm and then placed in a dark, humid environment. Following this
stage, the resulting exudates might be used to extract and purify the polysaccharides laminarin and
fucoidan.

4.2. Macroalgae preparation

Pre-treatments that were most frequently carried out in the literature included washing the dried biomass
with either acetone alone or a mixture of methanol, chloroform, and water (4:2:1; V/V/V).[Sg] A combination
of acetone and ethanol has been investigated as an alternative at varying temperatures more recently ®*°}
either one ethanolic pre-treatment or many ethanolic pre-treatments. These alcohol treatments were used to
eliminate molecules that were heavily attached to the polysaccharides and contaminated the target com-
pounds, such as mannitol and chlorophyll, as well as fats (defatted), proteins (deproteinated), and phenols
(dephenolated).!®” Additional cutting-edge pretreatments that have been recently documented in the
literature include the compressional-puffing hydrothermal process, which involves heating macroalgae to

atmospheric pressure (140°C, 180°C, and 220°C) and then quickly reducing the pressure in a vessel holding
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superheated water. This process enables the macroalgae’s cellular structure to be altered before fucoidan is
extracted.!"”!

4.3. Extraction methods

4.3.1. Conventional chemical extraction

Distinct methods for extracting materials using hot or cold water, as well as acids or alkalis. Since
the hydrogen bonds between polysaccharides are disrupted by hydrogen ions (H+) and hydroxyl
ions (OH-), extraction is typically made easier by applying acidic or alkaline conditions.!®*!
Conventional extraction methods depend on the target chemicals’ solubility and frequently involve
pre-treatment stages in which solvents are used to remove lipids, pigments, proteins, and other
contaminants.[®*!

4.3.2. Ultrasound-assisted extraction (UAE)

UAE works by subjecting the biomass to high-frequency sound waves that are louder than 20 kHz. Vapor
bubbles in liquids created at high pressures implode when exposed to strong ultrasonic fields. When these
bubbles burst close to liquid-solid boundaries, such cell walls, the tremendous pressures acting on the solid
surfaces cause the cell to break down. Low temperatures allow UAE to be used, which makes it possible to
extract target molecules that are thermosensitive.!'”*"!

4.3.3. Microwave assisted extraction (MIAE)

With frequencies ranging from 300 MHz to 300 GHz, non-ionizing electromagnetic radiation is used by
MAE to break hydrogen bonds and induce dissolved ions to migrate. This makes it possible for the solvent
to permeate the cell matrix and makes it easier for the desired components to be extracted. It is possible to
adjust variables like temperature, pressure, time, and the ratio of algae to water in order to maximize the
production of the intended product.'®®

4.3.4. Enzyme assisted extraction (EAE)

Enzymes are used in EAE to break down the algal cell wall and release the target chemicals. To
enhance the extraction outcome, critical factors such as pH, temperature, and treatment duration
should be tuned for each enzyme. Target molecule extraction is typically aided by enzymes that
catalyze the degradation of cell wall structural components such cellulose, B-glucan, and
hemicellulose.[*”!

4.3.5. Supercritical fluid extraction (SFE)

A material at a temperature and pressure above its critical point, when the distinction between the
gas and liquid phases is lost, is called a supercritical fluid. The two factors can be changed to alter the
fluid’s solubility. Carbon dioxide is often utilized because, in comparison to compounds with greater
critical points, it has a comparatively low critical point and so requires less energy input to become
supercritical. Supercritical fluids have superior transport qualities than liquids because of their high
diffusivity and low viscosity. Since SFE doesn’t involve the use of solvents, it is regarded as an
ecologically benign technique. On the other hand, compared to other extraction techniques, procure-
ment prices are significant. For this reason, this idea is mostly used to extract extremely valuable
chemicals.!*"!

4.4. Purification

4.4.1. Filtration and precipitation

In many cases, precipitation is the first stage of purification. To the crude extract, a suitable precipitating agent is
added, such acetone or alcohol. As a result, solid precipitate separates from the solution containing the
uncommon sugars.[GO] Filtration is subsequently used to remove the precipitates from the liquid; vacuum
filtration and centrifugation are common techniques used for this purpose. Nanofiltration (NF) is used to
separate and purify saccharides from biomass. NF has garnered a lot of attention in recent decades because of its
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great selectivity, low energy consumption, and minimal environmental effect. Hybrid membrane techniques that
combine NF and ultrafiltration may effectively remove undesirable solutes, resulting in greater purity
saccharides. !

4.4.2. Crystallization

One method used to further purify rare sugars is crystallization. The formation of crystals is fostered for
the rare sugars by regulating variables like concentration and temperature. After that, the crystals are
extracted from the leftover solution; if desired, purity can be increased by repeating this procedure.**!
Rare sugar crystallization is a little-discussed issue in literature. However, some pertinent data may be
discovered in the context of sugar purification and separation from biomass. For example, a research on
the overexpression, crystallization, and preliminary X-ray crystallographic analysis of d-ribose-5-phos-
phate isomerase from Clostridium thermocellum was performed to identify its three-dimensional
structure.'®”!

4.4.3. Chromatography

Chromatographic methods are effective instruments for the separation and purification of uncommon
sugars. A variety of chromatography techniques, such as affinity, size exclusion, and ion-exchange chro-
matography, can be used. These techniques distinguish uncommon sugars by to attributes like charge, size,
or affinity for particular substances.*®!

4.4.4. Separation by membranes
Based on size exclusion, contaminants may be eliminated using membrane filtration techniques including
ultrafiltration and nanofiltration. These techniques work well for eliminating undesirable materials and
condensing rare sugars. Membrane filtration, particularly nanofiltration, is an appealing technology in
sugar production because it may reduce the use of chemicals, create high-quality clarified juice, and limit the
need for chemical pretreatment.!””’

4.4.5. Spiral agitation

Rare sugars can be separated using centrifugation methods based on density differences, such as isopycnic
centrifugation. This is especially helpful for different densities of sugar fractions. Spiral agitation might be
used to improve the mixing and interaction between phases during the crystallization process. For example,
in the separation of glucose and fructose by freezing crystallization, spiral agitation might assist maintain
a unifo[rrr]1 distribution of the sugars and facilitate effective mass transfer between the solid and liquid
phases."*!

4.4.6. Analysis methodologies
The purity of the rare sugars is monitored and confirmed during the purification process using analytical
methods such as thin-layer chromatography (TLC), high-performance liquid chromatography (HPLC), and
spectroscopy (e.g., FT-IR, NMR).

The rare sugars must be purified once they have been extracted. The most popular techniques for
cleaning uncommon sugars are as follows:

4.4.7. Column chromatography

Column chromatography is a refinement technique that separates mixture constituents according to how
differently they mobilize in a mobile phase by using a stationary phase. Because silica gel and alumina have
a great affinity for certain sugars, they are often used as the stationary phase in experiments with uncommon
sugars. To elute the sugars from the stationary phase, a solvent or solvent combination is used as the mobile
phase. The sugars that elute last are those that have the highest affinity for the stationary phase, while the
sugars that elute first have the lowest affinity.!**! A high level of purity for the uncommon sugars may be
obtained by employing a sequence of columns with various stationary phases. A more thorough description
of the column chromatography procedure may be found here, either methanol or ethanol is a suitable
solvent in which the seaweed extract is dissolved. After that, the solution is put into a column that has
alumina or silica gel packed into it. One by one, the uncommon sugars are eluted from the column by
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pumping a mobile phase across it. To ascertain the rare sugars’ purity, the fractions containing the rare
sugars are separated and tested. After that, the pure rare sugars can be used in different ways or utilized for
additional analysis. One useful and efficient technique for removing uncommon sugars from seaweed is
column chromatography. It’s a rather easy and affordable technique.””"

4.4.8. High-performance liquid chromatography (HPLC)

The method of high-performance liquid chromatography (HPLC) is frequently employed to isolate
uncommon sugars from seaweed. A sample containing uncommon sugars is dissolved in a solvent
and then run through a stationary phase-filled column in high performance liquid chromatography
(HPLC). Particles coated in a substance that has a great affinity for certain sugars make up the
stationary phase. A high-pressure pump pushes the solvent or solvent combination known as the
mobile phase through the column. Depending on their chemical makeup, the uncommon sugars in
the sample will interact with the stationary phase in different ways. The uncommon sugars that are
more suited to the stationary phase will remain on the column for a longer period of time.
Conversely, those with lower affinity levels will spend less time on the column. The uncommon
sugars will ultimately elute from the column in the order that their retention durations increase
during the mobile phase./®!

Either methanol or ethanol is a suitable solvent in which the seaweed extract is dissolved. After that,
a filter is used to remove any particles from the solution that can clog the HPLC column. The HPLC
apparatus is then filled with the filtered solution. A pump, a column, a detector, and a data gathering
system make up an HPLC system. High pressure is applied by the pump to drive the mobile phase
through the column. To varied degrees, the uncommon sugars present in the sample interact with the
stationary phase. Rare sugars will spend different amounts of time on the column depending on how
strong their affinity is for the stationary phase; those with a lower affinity will spend less time there.*”}
The rare sugars will ultimately elute from the column in the order that their retention durations increase
during the mobile phase. A detector, such as a UV or refractive index detector, finds the eluted
uncommon sugars. The absorbance or refractive index of the eluted rare sugars is measured by the
detector. A chromatogram is created by the data collection system after it has recorded the detector
values. The peaks on the chromatogram represent the uncommon sugars that were eluted. Following
purification, the uncommon sugars can be gathered and utilized in a variety of ways, such as further
analysis.[*"!

These approaches differ in terms of sustainability, scalability, and efficiency. The most effective technique
is solvent extraction however it is not sustainable nor scalable. Although enzyme-assisted extraction is less
effective than solvent extraction, it is more scalable. Although solvent extraction or enzyme-assisted
extraction are more effective than SFE, it is still the most scalable and environmentally friendly technique.
Depending on the intended use and degree of purity, the best technique for removing and purifying
uncommon sugars from seaweeds will be determined. Sustainability is perhaps the most crucial factor to
take into account while extracting and purifying rare sugars from seaweeds. Because seaweeds are
a renewable resource, the processes needed to separate and purify their uncommon sugars shouldn’t
harm the ecosystem.!*”!

5. Rare sugars in seaweed-based products

The following table provides a comprehensive overview of the major polysaccharides and sugars derived
from red, brown, and green seaweeds, highlighting their associated bioactive applications. It summarizes the
key biochemical components of each seaweed type and outlines their uses in diverse areas such as skin
whitening, anti-inflammatory, anti-aging, and pharmaceutical developments (Table 2).

5.1. Product description

Seaweed extracts are seaweed hydrocolloids that act as gelling and thickening compounds in a variety of
food, pharmaceutical, and biotechnological applications. Agar is extracted from the seaweed Gracilaria in
about 80% of cases. Meanwhile, about 80% of carrageenan is derived from the seaweed species Eucheuma
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Table 2. Review of existing seaweed-sugar based products.

Seaweed
Type Polysaccharide Sugars Application Reference
Red Agar, carrageenan,  L-AHG Skin whitening (631
agaropectin, (melanin content of 23% at 100 pg mL— 1)
Cellulose, xylans, anti-inflammatory
mannans (reduced nitrile levels by 39% at 200 pg mL- 1 in RAW264.7 cells)
D-AHG Skin whitening (melamin content of 50% at 100 pg mL- 1) anti-
inflammatory (reduced nitrile levels by 60% at 200 pg mL- 1in RAW264.7
cells)
L-Galactose Precursor of vitamin C and Precursor of antiviral medications based on
L-nucleosides
Brown Fucoidon, laminaran, L-fucose Anti-aging (50% inhibition of elastase-type endopeptidase (MMP-2, MMP-9) 1651
alginates, cellulose (6-deoxyL- at 10 pg mL— 1; 19% improvement in human skin fibroblast profile at
galactose) 1 pg mL— 1)
Anti-tumor (breast tumors)
Mannitol Low-calorie sweetener, fine chemical precursor (propanediol, mannitol
hexanitrate) and also act as food additive
Mannuronic Non-steroidal anti-inflammatory drugs (NSAIDs) are used to treat arthritis
acid and renal inflammatory disorders.
Guluronic polyguluronate precursor
acid
Green Ulvan, starch, Xylo L-rhamnose Beneficial chemical precursors 165
pyranose, L-iduronic acid  Heparin oligosaccharide precursor
cellulose,
Hemicellulose,
glucuronan,

glucopyranose

and Kapahulu’s. Agar (or agar-agar) is a gel-like substance made from the cell walls of red seaweed,
specifically Gracilaria. Agar is a good source of iron and magnesium nutritionally. Agar’s nutritional
benefits include digestive, bone, and brain health. Agar is also beneficial for weight loss. Carrageenan is
made from edible red seaweeds. Carrageenan’s nutritional benefits include promoting gut health and having
a high level of antioxidants.

6. Biotechnological applications

Rare sugars, despite being present in small quantities in nature, have gained significant attention in
biotechnology due to their unique properties and potential applications. Biotechnological applications of
rare sugars are diverse, ranging from their use in the food and pharmaceutical industries to materials science
and beyond. As research in this field continues, it is likely that new and innovative applications for rare
sugars will be discovered, contributing to advancements in various industries (Table 3).

7. Commercial potential

The economic potential of rare sugars in seaweed is gaining popularity, with possible uses in the chemical
and pharmaceutical sectors. Seaweeds, which are high in carbohydrates, have long been recognized as
a significant resource for extracting uncommon sugars such as sugar alcohols, deoxy sugars, and sugar acids.
While commercial goods based on seaweed polysaccharides are now limited on the market, the particular
features of uncommon sugars contained in seaweed show promise for the creation of specialized and
platform chemicals.Seaweeds are a possible source of uncommon sugars with economic value due to their
high carbohydrate content, according to research. For example, the presence of mannitol, a rare sugar
alcohol, in substantial amounts in particular seaweed species emphasizes its potential for commercial
exploitation.!®'®! Despite the current scarcity of commercial goods, rising worldwide seaweed output and
continuous research in seaweed biorefineries suggest a growing interest in capitalizing on the economic
potential of rare sugars from seaweed. As a result, while the commercialization of rare sugars from seaweed
is still in its early stages, their distinctive features and possible uses make them an area of interest for future
industrial development.'”®!
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Table 3. Diverse applications of rare sugars across industries such as pharmaceuticals, nutraceuticals, and cosmetics.

1.  Functional Foods and ® Rare sugars, such as D-allulose and L-tagatose, have been investigated for their potential use in
Nutraceuticals functional foods and nutraceuticals.
® These sugars can be used as low-calorie sweeteners with properties beneficial for individuals with
diabetes, as they do not significantly raise blood glucose levels.
2. Prebiotics and Gut Health ® Some rare sugars, like L-rhamnose, have prebiotic properties, promoting the growth of beneficial
gut bacteria.
® Biotechnological applications involve incorporating these rare sugars into food products to
enhance their prebiotic content and support gut health.
3. Pharmaceuticals ® Rare sugars have been explored for their pharmaceutical applications. For example, rare sugars like
L-fucose are used in the production of glycoprotein-based drugs.
® Biotechnological processes can be employed to produce these sugars in large quantities for
pharmaceutical applications
4. Antimicrobial Agents ® Rare sugars, including L-lyxose and L-fuculose, have demonstrated antimicrobial properties.
® Biotechnological approaches can be used to produce these sugars for use in the development of
novel antimicrobial agents, contributing to the fight against antibiotic resistance.
5. Cancer Research ® Some rare sugars, such as L-fucose, play a role in the glycosylation of proteins, which is involved in
various cellular processes, including cancer metastasis.
® Biotechnological studies explore the use of rare sugars in cancer research and therapy, targeting
glycosylation pathways for potential therapeutic interventions.
6.  Bio catalysis and Enzyme ® Enzymes involved in rare sugar biosynthesis can be used as biocatalysts in various industrial
Synthesis processes.
® Biotechnological applications include the development of enzymatic methods for the synthesis of
rare sugars, providing environmentally friendly and sustainable alternatives to traditional chemical
synthesis.
7. Vaccine Development ® Rare sugars like L-fucose are important components of certain bacterial and viral antigens.
® Biotechnological research focuses on the production of rare sugars for use in vaccine development,
aiming to enhance the effectiveness of vaccines.
8.  Materials Science ® Rare sugars can be used in the development of new materials. For example, Chito oligosaccharides
derived from rare sugars have applications in the production of biodegradable films and coatings.
® Biotechnological processes can be employed to produce these rare sugar-derived materials for use
in environmentally friendly packaging and coatings.

[12]

[72]

[13]

[731

[74]

[26]

[75]

8. Health and nutritional benefits

Recent research has focused on the chemical characteristics and biological impacts of seaweed sugars.”””}

revealed that the structure and content of these molecules play a vital role in the signaling pathways that
regulate plant defense. Fucans and carrageenan’s, which contain sulfate groups, are known to activate the
salicylic acid signaling pathway. Sulfated polysaccharides can reduce cholesterol absorption in the gut.
Acidic polysaccharides (alginic acids, carrageenans) produce indigestible ionic colloid, while neutral poly-
saccharides (agars) have water dispersibility.”®! The biological activities of sulfated seaweed polysacchar-
ides, including fucoidans, ulvans, and ulvan-derived oligosaccharides, are studied due to their considerable
antioxidant activity, which helps prevent free radical-mediated illnesses.!””! Fucoidans from Laminaria
japonica have been shown to reduce lipid peroxidation and preserve cellular membranes. Fucoidan’s
antioxidant activity depends on its molecular weight and sulfate concentration. The fucoidan fraction
from L. japonica effectively scavenged superoxide radicals and hypochlorous acid"”*! found that ulvans and
ulvan-derived oligosaccharides from green seaweed Ulva pertusa have antioxidant properties, lower serum
total cholesterol, LDL cholesterol, and triglyceride levels, all of which are significant risk factors for CVDs.
Sulfated polysaccharides have been linked to anticoagulant, antithrombotic, and antiviral characteristics,
including those against HIV, herpes, and hepatitis viruses. Their health benefits have been extensively
explored. T}Ee biolo]gical activity of sulfated polysaccharides vary depending on their composition and level
of sulfation.'®"~%>%

9. Challenges and future prospects

The challenges and future prospects of rare sugar from seaweed are being researched and developed.
Seaweeds, particularly green seaweeds, are high in carbohydrates and have been studied for their possible
uses, including the manufacture of rare sugars. The polysaccharide content of green seaweeds, such as Ulva
spp.» is particularly interesting, as it has the ability to extract rare sugars. Seaweed has emerged as a viable
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resource due to its versatility, quick development time, and sustainability, sparking greater interest in its use.
However, the particular biological active components of green seaweeds, such as rare sugars, have yet to be
extensively investigated, and further study and development are required in this field.'®* Recent improve-
ments in seaweed biorefineries have emphasized the potential of seaweeds, which are abundant in carbohy-
drates, as a feedstock for bioethanol production. This demonstrates the possibility for extracting rare sugars
from seaweed. However, the current search results do not provide significant coverage of the obstacles and
future potential associated with rare sugars derived from seaweed.The final analysis, though the potential
for rare sugar production from seaweed, particularly green seaweeds, is acknowledged, the specific obstacles
and future possibilities in this field are not adequately addressed in the search results. More research and
development in seaweed biorefineries, as well as the extraction of rare sugars from seaweed, are required to
fully comprehend and exploit the potential of these precious marine resources.*”’

10. Conclusion

The discovery of uncommon sugars in seaweeds has opened up new opportunities with potential impact on
several industries. A comprehensive study of their occurrence and biosynthesis has revealed the complex
biochemistry of seaweed polysaccharides. To unlock the full potential of these sugars, it is crucial to employ
biotechnological methods such as advanced extraction strategies and scalable production processes. Rare
sugars have unique properties and structural diversity that make them valuable in pharmaceutical, food, and
other industrial applications. Their biological functions are being increasingly understood, which opens up
possibilities for developing therapeutic interventions and exploring potential health benefits. However, there
are challenges to overcome, such as the need for standardized analytical techniques and the difficulty of
achieving high yields in large-scale production. Sustaining these challenges calls for ongoing interdisciplinary
cooperation, creative research designs, and a dedication to environmentally friendly practices. In order to
enable stakeholders to accept and incorporate rare sugars from seaweeds into a variety of products, it is
critical that we raise awareness and understanding among them. Going forward, continued research efforts
ought to concentrate on improving our comprehension of the intricate relationships that exist between rare
sugars and living things, streamlining production procedures to make them commercially feasible, and
investigating new uses in the rapidly developing field of biotechnology. The hunt for the best way to utilize
the uncommon sugars found in seaweeds is a fascinating and dynamic one, with a world of opportunities that
have the potential to completely transform industries and advance sustainable practices worldwide.
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