7 ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online
View Journal | View Issue

REVIEW

From algae to advancements: laminarin in

{ '.) Check for updates ‘
biomedicine

Cite this: RSC Adv., 2024, 14, 3209

Sheersha Pramanik, ©©2 Anshul Singh,@b Bassam M. Abualsoud, & ¢ A Deepak,®
Pankaj Nainwal,® Armen S. Sargsyan &' and Stefano Bellucci*?

Laminarin, a complicated polysaccharide originating from brown algae, has emerged as a compelling
candidate in the domain of biomedical research. This enigmatic molecule, composed of glucose units
associated with both B-1,3 and B-1,6 glycosidic bonds, possesses an array of remarkable characteristics
that render it auspicious for multifaceted biomedical applications. This review investigates the

comprehensive potential of laminarin in the biomedical domain, emphasizing its remarkable

biocompatibility, low cytotoxicity, and cell proliferation support. Laminarin’s immunomodulatory

attributes position it as an encouraging contender in immunotherapy and the development of vaccines.
Moreover, its anti-inflammatory and antioxidant characteristics provide a promising avenue for
Received 29th November 2023 combatting conditions associated with oxidative stress. In particular, laminarin excels as a drug delivery

Accepted 22nd December 2023 ) . ) ] ) - . )
vehicle owing to its exceptional encapsulation capabilities emerging from its porous framework.
DOI: 10.1039/d3ra08161c Integrating pH and redox responsiveness in laminarin-based drug delivery systems is poised to redefine

rsc.li/rsc-advances targeted therapies. Laminarin substantially contributes to tissue engineering by improving adhesion,
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migration of cells, and deposition of extracellular matrix. This augmentation magnifies the regenerative
capability of tissue-engineered constructs, substantiated by the advancement of laminarin-based wound

dressings and tissue scaffolds, marking considerable progress in the domain of wound healing and tissue

regeneration. While laminarin exhibits substantial potential in biomedical applications, it remains in the
initial phases of exploration. Comprehensive preclinical and clinical research is warranted to verify its
effectiveness and safety across various applications. In essence, laminarin, a marine marvel, has the
capability to remodel biomedical research, offering inventive solutions to complex difficulties.
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1. Introduction

The world's oceans, with their enormous and enigmatic depths,
have long enthralled the vision of explorers and investigators
alike. Underneath the surface of these vast aquatic realms lies
a secret treasure trove of life involving a mind-boggling diversity
of marine organisms. Within this underwater domain, an
outstanding category of compounds has surfaced as a subject of
increasing attraction and scientific research - marine-derived
polysaccharides.

Polysaccharides consist of chains including approximately
30 to 50 units of monosaccharide associated with glycosidic
bonds, and they amalgamate with diverse, intricate sugars to
develop interconnected, large biological macromolecules with
higher molecular weights.® They are prevalent in nature,
assisting crucial roles in biological procedures. The marine
habitat, with its myriad of exceptional ecosystems and species,
has demonstrated to be a productive ground for the break-
through of novel polysaccharides. These biopolymers display
various structures, characteristics, and functions, making them
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captivating subjects for investigation and capable sources of
beneficial compounds.?

The marine habitat furnishes a diverse range of origins for
these polysaccharides, with macroalgae (seaweeds), microalgae,
seagrasses, and mangroves projecting as prolific producers.
These creatures have adjusted to the dynamic and frequently
harsh environment of the marine ecosystem, guiding the
progress of a wide array of polysaccharides with definite char-
acteristics and functions.® Within the extensive realm of marine
biological diversity, algae stand as principal reservoirs of
marine polysaccharides, a class of compounds of increasing
scientific and industrial fascination. Mainly, definite poly-
saccharides are achievable not only from macroscopic marine
algae but also from marine prokaryotes, involving microalgae
that can be cultivated in regulated environments like bioreac-
tors. While red macroalgae are the most widespread sources of
marine polysaccharides, it is pertinent to highlight that poly-
saccharides can also be sourced from green and brown mac-
roalgae.* Moreover, categorizing seaweeds, a distinct class of
multicellular marine algae, introduces a subdivision into red,
green, and brown varieties, each harboring unusual poly-
saccharide profiles.” Polysaccharides originating from seaweeds
have received growing attention due to their availability,
decreased cost for extraction, and exceptional biological and
physicochemical characteristics, for example, healing of
wounds, anti-cancer, antioxidant, antibacterial, anti-
inflammatory, or immunostimulatory responses.® The signifi-
cant advantages of utilization of marine-based seaweed poly-
saccharides have been depicted in Fig. 1. Regrettably, the
potential of marine polysaccharides in the medical sector
remains significantly underexplored, notwithstanding their
abundant availability and promising properties.

Laminarin, an intriguing polysaccharide principally sourced
from brown algae, has recently surfaced as a subject of
increased scientific curiosity owing to its multifarious thera-
peutic characteristics. This biopolymer, even though not
completely harnessed to its potential, has revealed an excep-
tional repertoire of bioactive functionalities. Specifically, lami-
narin displays pronounced anti-inflammatory properties, anti-
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apoptotic characteristics, anti-tumor properties, antioxidants,
and anticoagulant activities.”® The multifarious virtues of
laminarin emphasize its promising role in the biomedical field,
justifying further exploration to unlatch its complete thera-
peutic potential.

In this review article, we commence on a voyage into the
world of marine-derived polysaccharides, with a definite
emphasis on laminarin. In the following sections of this review,
we will embark on a comprehensive exploration of laminarin,
delving into its structural characteristics, extraction methods,
unique properties, and diverse biomedical applications.
Through this journey, we aspire to shed light on the adaptability
and promise of laminarin, highlighting its importance in the
world of marine-derived polysaccharides and its potential
contributions to the biomedical field.

In recent decades, laminarin-based biomaterials have been
widely researched in biomedical applications. Despite this,
there is a noticeable gap in publications that extensively docu-
ment or summarize the advancement in preparing laminarin-
based composites and their unique attributes for diverse
biomedical applications. A search on “PubMed” utilizing the
keywords “Laminarin,” “Laminaran,” and “Biomedical Appli-
cation,” with “AND” as a Boolean operator, displays a limited
number of articles in recent years, as exhibited in Fig. 2. As
demonstrated by the literature review, the predominant focus in
existing publications lies on the synthesis of laminarin.
Remarkably, only a limited number of papers have investigated
the exploration of these laminarins, evaluating their potential
across the biomedical field. This indicates the potential exis-
tence of uncharted research avenues under laminarin as
a biomaterial, especially for biomedical applications.

2. Laminarin unearthed: source
diversity and structural insight

Laminarin, also referred to as laminaran or leucosin, is a natu-
rally occurring polysaccharide that has acquired increased

focus from investigators across the world owing to its excep-
tional properties and different applications. This biodegradable
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Fig. 1 A schematic diagram of the diverse advantages of marine-based seaweed polysaccharide.
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its application in the biomedical field
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Fig. 2 An overview of the tentative number of publications in the PubMed database from the last decade, particularly addressing the terms
“laminarin,” “laminaran,” and "biomedical application,” utilizing the Boolean operator "AND" for conjunction.

polymer principally originated from brown algae's intracellular
storage (cell wall).® It is specifically abundant in species
belonging to the Laminariaceae family. Historically, laminarin
was initially isolated and recognized during the 19th century,
sparking scientific concern about its characteristics and prom-
ising applications. Presently, laminarin-rich brown algae can be
found in diverse species, including Laminaria, Saccharina, and
Eisenia. These species are usually distributed across areas in
Asia and many European countries."®

Generally, Laminarin establishes approximately 35% of the
dry weight in diverse macroalgae species, although this
proportion can demonstrate variability based on factors like
variations in season, the specific species, and the ecological
conditions in which they thrive.”* This alteration mainly
involves the arrangement of B-glucans associated with (1,3) and
(1,6) glycosidic linkages in various proportions.*” The chemical
framework of macroalgae laminarin principally includes
a linear backbone made up of 20 to 30 residues of B-1,3-linked-
p-glucopyranose, complemented by pB-1,6-linked-p-glucopyr-
anose shaping branched chains (as depicted in Fig. 3).">** The
accurate ratios of B-1,3 and B-1,6 linkages in laminarin can
differ depending on the source brown algae and have been
noticed to vary from 1:1 to 10:1."” Numerous common lami-
narin diversities have been determined, each with different
structural characteristics. For example, laminarin extracted
from Dictyota dichotoma and Sargassum fusiforme generally
displays a ratio of 3:1 between linkages of $-1,3 and f-1,6. In
contrast, laminarin sourced from Sargassum duplicatum
inclines to have a higher ratio of 6 : 1 between linkages of $-1,3
and B-1,6.'' This structural multifariousness in laminarin,
stemming from various algal species and their environments,
provides a broad array of promising applications and bioactive
characteristics related to this polysaccharide. Laminarin mole-
cules are classified into two different types based on the

3212 | RSC Adv, 2024, 14, 3209-3231

framework of their reducing ends: M and G chains. M chains
finish with 1-O-substituted p-mannitol as the reducing end,
while G chains conclude with glucose at the reducing end. In
the instance of species of Laminaria and Fucus, a substantial
proportion, varying from 40% to 75%, of the reducing end
groups are joined to one of the primary hydroxyl groups of p-
mannitol."® The structural properties of laminarin are subject to
variations depending on the definite algal species. These vari-
ations encircle factors such as the M: G ratio (sometimes, M
chains may be totally absent), the extent of branching, and the
degree of polymerization, generally reaching a maximum of
around fifty carbohydrate residues, with an average of roughly
twenty-five. Rajauria and colleagues determined that the puri-
fied laminarin usually falls within the molecular weight ranging
between 5.7 and 6.2 kDa.” Notably, laminarin displays a lower
molecular weight in contrast to other seaweed-originated poly-
saccharides. This lower molecular weight helps with its anti-
oxidant characteristics, principally owing to the existence of
carbonyl groups, which perform a role in diminishing lipid
peroxidation.

3. Extraction and purification of
laminarin

Following the cultivation of microalgae in conditions conducive
to the production of high polysaccharides, it becomes vital to
optimize the extraction procedure for effectiveness, sustain-
ability, and cost-efficacy. Therefore, the worldwide scientific
community should devote more attention to systematic and
reliable approaches aimed at improving extraction efficiency.
Additionally, in the quest to extract compounds with optimum
biomedical potential, it is imperative to set up well-defined
purification and structural determination methods.*®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Visual representation of the chemical structure of laminarin.

Considering these factors, the extraction of brown algae
polysaccharides entails a systematic procedure consisting of
various stages. This involves the initial preparation and pre-
treatment of the biomass prior to extraction. Afterward,
a combination of conventional and modern extraction
approaches is employed. Different extraction techniques have
been pictured in Fig. 4. Following extraction, several purifica-
tion methods are utilized to yield the desired compound.

3.1. Preparation of algal biomass prior to extraction

Preparing the biomass before the extraction of laminarin from
brown algae is a pivotal step to ensure an effective extraction
procedure. To start, fresh brown algae or acquired dried algae
has to be collected, guaranteeing that fresh samples are rinsed

completely to eliminate impurities. Afterward, the algae have to
be dried employing methods like air drying or controlled-
temperature oven drying, which is essential to remove mois-
ture and improve storage stability and extraction effective-
ness.”"** Once dried, the algae should be milled or ground into
smaller particles, with the degree of grinding tailored to the
chosen extraction procedure. In certain circumstances,
homogenization may be utilized to further break down cell
walls and develop a uniform sample, which is especially useful
for modern extraction approaches like enzymatic extraction or
ultrasound-assisted extraction. To sustain the quality of the
biomass, it should be stored in a sealed, moisture-free container
to avoid absorption until the extraction procedure commences.
The definite biomass preparation method may differ based on
the selected extraction technique, with the characteristics of the

SOLVENT EXTRACTION

TRADITIONAL
EXTRACTION METHOD

NOVEL EXTRACTION
METHOD

ACID, ALKALINE, WATER

SOXHLET APPARATUS, SOLID-LIQUID
EXTRACTION, AND LIQUID-LIQUID
EXTRACTION

MICROWAVE-ASSISTED, ULTRASOUND-ASSISTED,
SUPERCRITICAL FLUID, HYDROTHERMAL, AND
ENZYME-ASSISTED EXTRACTION

Fig. 4 Various extraction methods utilized to extract laminarin from diverse sources.
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brown algae species and the extraction procedure determining
the level of preparation necessary. Assuring cleanliness and
adherence to laboratory best practices is also crucial to prevent
contamination during the extraction procedure.

3.2. Pre-treatment of the biomass before extraction

Diverse pretreatment techniques are employed on the dehy-
drated algal biomass to remove pigments, proteins, lipids,
mannitol, phenols, and other low molecular weight compounds
that may be related to the polysaccharide. This includes
utilizing a range of solvents and solvent mixtures with various
polarities, assuring that they do not cause any structural
modifications in the polysaccharide. For instance, in a study by
Sellimi et al, the algal biomass was initially subjected to
a mixture of solvents, which constituted acetone and methanol
in a 7: 3 (v/v) ratio. Following that, they treated it with chloro-
form for 24 h at a temperature of 30 °C.>* In another investi-
gation, Menshova et al. reported that the dried and powdered
algae underwent a treatment procedure involving 70% aqueous
ethanol and acetone at 23 °C for a duration of 10 days.
Following this, the defatted algae were dried in air.*

3.3. Conventional extraction techniques for algal
polysaccharides

The extraction procedure stands as the primary and crucial step
in the isolation of polysaccharides from algae. Therefore, to
efficiently extract polysaccharides from the cell walls of various
algal species, definite techniques have been utilized to develop
conditions conducive to the effective extraction of the required
compound.

Traditional extraction approaches encompass methods such
as Soxhlet extraction, solid-liquid extraction, and liquid-liquid
extraction. These conventional techniques rely on the employ-
ment of organic solvents, which involve but are not limited to
petroleum ether, hexane, cyclohexane, isooctane, toluene,
benzene, diethyl ether, dichloromethane, isopropanol, chloro-
form, acetone, methanol, and ethanol. A prevailing criterion in
modern extraction practices is the preference for economical
and non-toxic solvents. Among these approaches, Soxhlet
extraction has gained prominence owing to its operational
simplicity, safety attributes, and scalability, making it an
extensively adopted technique.*®*® Solvent extraction has also
been utilized for the extraction of laminarin, which is described
in further sections.

3.3.1. Hot water extraction. In this technique, dried and
milled brown algae are blended with hot water (generally
around 80-100 °C). The heat assists in breaking down the cell
walls, releasing laminarin into the water. The resultant mixture
is filtered to eliminate solid residues, and the filtrate is then
concentrated and precipitated to acquire laminarin.””*® Allah-
gholli and his colleagues reported utilizing hot water as a pre-
treatment to extract laminarin from laminaria digitata.” Kim
et al. reported to extract laminarin polysaccharide from Lami-
naria japonica and confirmed its anti-apoptotic responses.*

3.3.2. Acid hydrolysis. A strong acid, generally hydrochloric
acid (HCl), is employed to break down the cell wall constituents

3214 | RSC Adv, 2024, 14, 3209-3231
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of brown algae, releasing laminarin and other soluble poly-
saccharides. After acid treatment, the mixture is neutralized
with a base (e.g., sodium hydroxide, NaOH). The neutralized
solution is subjected to several washings and purification steps
to separate laminarin. Rocher et al. have followed the same
extraction procedure to obtain fine powder of laminarin via
lyophilization.**

3.3.3. Alkaline extraction. A strong base, like NaOH, is
utilized to disrupt the cell walls of brown algae and release
laminarin into the solution. After alkali treatment, the mixture
is neutralized with an acid. This results in the laminarin's
precipitation, which is further collected and purified. Sharma
et al. extracted different constituents from seaweed species via
solvent extraction methods (acidic, alkaline, and neutral).**

Though the conventional treatments are simple and
straightforward, it is time-consuming and has low yields. Also,
severe conditions may cause the degradation of laminarin.

3.4. Modern extraction techniques for algal polysaccharides

Recent progress in technology has paved the route for innova-
tive and novel extraction methods that redefine effectiveness in
terms of yield, time, and cost-effectiveness (as depicted in
Fig. 5). These cutting-edge approaches are not only focused on
optimizing resource usage but also emphasize environmental
sustainability = by  substantially = diminishing  energy
consumption.*

3.4.1. Enzyme-assisted extraction. Enzyme-assisted extrac-
tion (EAE) presents a propitious and eco-friendly alternative to
traditional solvent-based techniques for diverse applications.
EAE includes the utilization of enzymes, such as laminarinase,
which particularly target and break down laminarin while
leaving other constituents undamaged. After an incubation
period with the enzyme, the mixture is filtered, and the filtrate is
further treated to isolate laminarin. EAE provides high catalytic
effectiveness and specificity while maintaining a mild reaction
environment.’” Moreover, the enzymes utilized in this proce-
dure are eco-friendly and non-toxic, making them appropriate
for large-scale industrial operations. Nevertheless, it is crucial
to acknowledge that the industrial application of enzymes is
slightly limited owing to their relatively high cost.*® Kim et al.
reported a substantial portion of laminarin (approximately
28.8%) underwent degradation into glucose, principally attrib-
uted to the laminarinase activity of the Microbacterium oxy-
dans.* The study of Breda et al. aimed to optimize the extraction
of laminarin from Ecklonia maxima (South African kelp),
utilizing response surface methodology. To accomplish this,
commercial cellulase Celluclast® was employed to hydrolyze it,
which revealed promising results.*

3.4.2. Ultrasound-assisted extraction. Ultrasonic-Assisted
Extraction (UAE) catches the eye as an energy-effective extrac-
tion method with distinct advantages over traditional solvent
extraction approaches. In this procedure, ultrasound waves are
utilized to disrupt the cell walls and foster the release of lami-
narin. The algae are mixed with an appropriate solvent, and
ultrasound energy is employed to improve the extraction
procedure. The resulting solution is filtered, and laminarin is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Schematic setup of (A) supercritical fluid extraction, (B) ultrasound-assisted extraction, (C) enzyme-assisted extraction, reproduced with
permission from,** copyright 2022, Springer, (D) microwave-assisted extraction,®® (E) batch-type hydrothermal extraction, reproduced with

permission from,*® copyright 2009, Taylor & Francis.

precipitated and gathered. UAE offers a cost-effective substitute
in contrast to diverse emerging extraction techniques and
exhibits substantial potential for upscaling to industrial levels.
UAE boasts further advantages such as minimal solvent utili-
zation, a high degree of automation, and the flexibility to be
integrated with other complementary approaches, which
involve supercritical fluid extraction or microwave-assisted
extraction.*" Zhu et al. utilized a low-frequency ultrasonic bath
operating at 25 kHz with a power of 550 W to extract laminarin
from Laminaria digitata.”> Kadam et al. utilized 60% ultrasonic
power amplitude and 0.1 M HCL for 15 min to extract laminarin
from Ascophyllum nodosum.**

3.4.3. Microwave-assisted extraction. Microwave-assisted
extraction (MAE) includes utilizing microwave radiation to
heat the solvent and expedite the extraction procedure. Brown
algae and the solvent are placed in a microwave oven, and
microwave energy heats the mixture. The heated mixture is,
therefore, filtered, and laminarin is acquired. In contrast to
UAE, MAE is an energy-assisted extraction approach that
reduces solvent utilization while improving the extraction yields
of definite intracellular compounds. It furnishes noteworthy
advantages in terms of effectiveness and resource conservation.
Nevertheless, it's significant to note that the heat generated
during the MAE procedure could potentially lead to the degra-
dation of heat-sensitive compounds, which is a consideration
when choosing the most appropriate extraction method.*®

3.4.4. Supercritical fluid extraction. Supercritical fluid
extraction utilizes supercritical carbon dioxide (CO,) as the
solvent. Under definite conditions of pressure and temperature,
CO, becomes a supercritical fluid with both liquid and gas
characteristics, making it an efficient solvent for the extraction
of laminarin. The supercritical CO, engages with the brown

© 2024 The Author(s). Published by the Royal Society of Chemistry

algae, dissolving laminarin and permitting its detachment after
depressurization. Supercritical CO, has earned popularity as
a solvent for extraction owing to its eco-friendly and non-toxic
attributes. It is referred to as a “green” solvent, easily avail-
able, and poses no risk of corrosion.** Furthermore, it furnishes
the advantages of being economical, non-flammable, and
extremely compatible with volatile compounds.*
essential benefits is its simple and complete removal from the
extract, leaving no detrimental residues, which differentiates it
from traditional extraction approaches.*® Nevertheless, a limi-
tation of supercritical CO, is its low polarity, making it less
efficient for extracting polar substances. This hurdle can be
overcome by integrating polar modifiers or co-solvents that
modify the supercritical fluid's polarity, thereby improving its
capability to solvate the target compounds.*”

3.4.5. Subcritical extraction. Subcritical
extraction, also referred to as hydrothermal extraction, employs
water at temperatures below its boiling point to extract lami-
narin. In a pressurized reactor, water is in a subcritical state,
improving its solvent characteristics. The resulting solution is
then treated to separate laminarin. Rajauria and his colleagues
utilized this method to extract laminarin from Laminaria
hyperborea to understand its molecular and antioxidant attri-
butes.” Vaquero et al. tried to optimize by enhancing the
extraction procedure to obtain more fucose-sulfated poly-
saccharides and antioxidants from L. hyperborea.*®

These steps ensure the efficient extraction and isolation of
laminarin from brown algae, allowing for its utilization in
various applications, including the pharmaceutical, food, and
cosmetic industries. The choice of solvent and extraction
conditions can be adjusted based on specific requirements and
the characteristics of the brown algae source.

One of its

water water
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3.5. Purification of algal polysaccharides

After the extraction procedure, the polysaccharides are dis-
solved in a complex mixture with varying monosaccharide
constitutions. This mixture also involves trace amounts of
proteins and phenolic compounds. Intriguingly, these accom-
panying constituents may display diverse beneficial biological
activities, both in in vitro and in vivo contexts.*

3.5.1. Ion-exchange chromatography. Ion-exchange chro-
matography (IEC) is a versatile separation method employed for
the purification and analysis of biomolecules depending on
their net surface charge. This technique operates on the prin-
ciple of reversible electrostatic interactions between charged
functional groups in a stationary phase and oppositely charged
ions present in the mobile phase. IEC can efficiently isolate
ions, small molecules, and macromolecules, like proteins and
nucleic acids. The advantages of IEC involve its high resolution
and the capability to isolate compounds with subtle differences
in charge. Additionally, IEC is generally easy to use and can be
automated for high-throughput applications. However, there
are a few drawbacks to this method. It requires careful opti-
mization of buffer conditions to accomplish the desirable
separation, which can be time-consuming. It may not be
appropriate for large molecules or those with similar charge
attributes.>®*

3.5.2. Size-exclusion chromatography. Size-exclusion chro-
matography (SEC), also referred to as gel filtration chromatog-
raphy, is an extensively utilized technique for separating and
analyzing molecules depending on their size and molecular
weight. Unlike other chromatography techniques like ion
exchange or affinity chromatography, SEC is non-absorptive. It
functions on the principle of partitioning molecules between
a stationary phase composed of porous beads or a gel matrix
with defined pore sizes and a mobile phase. Larger molecules
cannot enter the pores and are eluted first, while smaller ones
penetrate the pores and elute later, efficiently separating
molecules based on their hydrodynamic volume. The advantage
of SEC involves its capability to separate a wide range of
molecular sizes without needing prior knowledge of the
sample's chemical attributes. It's a gentle, non-destructive
technique, making it appropriate for sensitive biomolecules.
However, it's not ideal for high-resolution separations or
analyzing small molecules, principally focusing on size over
chemical characteristics.”* Sterner et al. utilized SEC to assess
both the molecular weight (Mw) of laminarin from Saccharina
latissima and any alterations in Mw resulting from the pro-
cessing via cross-flow filtration.>*

3.5.3. Affinity chromatography. Affinity chromatography
(AC) is a highly selective separation method widely utilized for
the purification and analysis of definite biomolecules. This
technique is based on the specific binding interactions between
a target molecule and a ligand immobilized on a chromatog-
raphy matrix. These interactions permit the selective capture
and subsequent elution of the target molecule while non-
specific constituents are washed away. The advantages of AC
are rooted in its noteworthy specificity. It allows the isolation of
a single biomolecule from complex mixtures with high purity.
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However, there are some hurdles to consider. AC relies on the
availability of a particular ligand for the target molecule, and
the method may not be applicable when no appropriate ligand
is known or available. The cost related to affinity resins and
ligands can be relatively high. Additionally, AC is usually not
ideal for large-scale industrial applications owing to its rela-
tively low sample loading capacity and slower flow rates.>>>®

3.5.4. Membrane filtration. Membrane filtration (MF) is
a versatile and extensively used separation method that relies
on semi-permeable membranes to isolate particles and mole-
cules from a fluid mixture based on size, shape, and other
attributes. The primary principle behind MF involves forcing
a mixture through a membrane with pores of a particular size,
withholding particles larger than the membrane's pore size
while permitting smaller molecules to pass through. The
advantages of MF are substantial. It is an efficient way of
separating and purifying diverse substances. MF is a gentle and
non-destructive procedure, making it ideal for applications
where heat or chemical treatments are inappropriate. It is also
a highly effective and environmentally friendly method, often
requiring less energy in contrast to conventional separation
techniques. However, there are certain shortcomings to
consider. Membrane fouling, the accumulation of particles and
substances on the surface of the membrane, can reduce filtra-
tion effectiveness and require frequent maintenance. The
selection of membrane material and pore size is vital and
should be tailored to the definite application, which may
include some trial and error. In some cases, the initial invest-
ment in MF systems can be comparatively high, and the tech-
nology may not be appropriate for applications demanding the
separation of very small molecules.>”*® Zhu et al. reported
utilizing membrane ultrafiltration to collect the fraction of
laminarin.>

4. Potential biomedical applications
and biological activities of laminarin

4.1. Tissue engineering

Biopolymer-based scaffolds have garnered substantial attention
within the domain of tissue engineering, principally attributed
to their capability to develop a conducive environment that
assists vital cellular functionalities and, consequently, the
regeneration of tissues.®*®> Laminarin, an underrated marine-
derived polysaccharide originating from brown algae, has
acquired increasing attention in the domain of tissue engi-
neering owing to its remarkable characteristics.

A fascinating piece of work was reported by Ma et al., who
aimed to develop a novel polysaccharide-metal complex (as
depicted in Fig. 6a), strontium Laminarin polysaccharide (LP-
Sr), with the capability to employ therapeutic impact on the
regulation of osteogenesis and angiogenesis, both crucial for
the regeneration of bone. Extensive structural and composi-
tional studies of the synthesized LP-Sr were carried out
employing various techniques, verifying the successful fabrica-
tion of this groundbreaking polysaccharide complex. The
outcomes from the biological assays revealed that LP-Sr

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic diagram for the synthesis of LP-Sr (b) osteogenic differentiation of MC3T3-E1 in various sets: (A) depictions of ALP staining
on the 7th and 14th days for the control, induced, LP, and LP-Sr groups.

(B) Illustrative pictures of Alizarin Red-stained calcium nodules exhibiting

the accumulation of extracellular calcium deposits on the 14th and 21st days, reproduced with permission from,** copyright 2021, Elsevier.

efficiently improved the proliferation of cells and stimulated the
expression of vascular endothelial growth factor (VEGF) and
epidermal growth factor-like domain-containing protein 6
(EGFL6) in human umbilical vein endothelial cells (HUVECs)
while substantially up-regulating the expression of Col1la1 and
osteocalcin in MC3T3-E1 cells. Furthermore, LP-Sr revealed
anti-inflammatory characteristics by diminishing levels of pro-
inflammatory factor IL6 in both HUVECs and MC3T3-E1 cells.
Specifically, the LP-Sr group demonstrated elevated expression
of osteogenic and angiogenic markers, particularly alkaline
phosphatase (ALP) (as shown in Fig. 6b) and CD31.% But, the
research principally relies on in vitro assays, which may not
completely replicate the complex in vivo. Thus, animal studies
are vital to comprehend the real-world impact of the poly-
saccharide complex on the regeneration of bone.

In a separate study by Amaral et al., Laminarin, a B-glucan,
underwent functionalization with groups of phenylboronic acid
(PBA), inserting chemical reactivity towards diol-containing
polymers by esterification of boronate. The developed
biopolymer displayed the ability to swiftly form boronate ester-
crosslinked hydrogels with poly(vinyl alcohol) (PVA) under
a physiological environment within mere seconds. These
hydrogels showcased enhanced and easily tailorable rheological
characteristics, and notably, they demonstrated a rapid self-
healing capability upon mechanical disruption. In addition,
the boronate ester bonds assisted the development of hydrogels
responsive to reactive oxygen species (ROS) and capable of
undergoing shear-thinning, allowing in situ administration and
reactivity to the local microenvironment's state of oxidation.
Most significantly, owing to their catalyst-free and mild-
crosslinking characteristics, the laminarin-PBA/PVA hydrogels
displayed no toxicity when it came to direct linkage with pre-
osteoblasts for up to 48 h, interpreting them as a highly favor-
able platform for applications in tissue engineering and delivery
of drugs.*

Laminarin (LA), a polysaccharide with a comparatively low
molecular weight, has acquired attention for its potential

© 2024 The Author(s). Published by the Royal Society of Chemistry

benefits in tackling skin impairment induced by ultraviolet B
(UVB) exposure, although this aspect remains relatively
uncharted. In this regard, Ahn et al. focused on delving into the
effect of pre-treated LA on histopathological modifications and
oxidative damage in the dorsal skin of mice after frequent UVB
exposure over a duration of five days. The outcomes revealed
that the epidermal thickness was remarkably enhanced in the
UVB-exposed group, while the LA-treated UVB group displayed
considerably less thickening. Moreover, collagen fiber's density
in the dermis was substantially decreased and disrupted in the
UVB-exposed group, in contrast with the LA-treated UVB group,
where collagen fiber density noticeably increased. Oxidative
stress was drastically elevated in the UVB group, whereas the LA-
treated UVB group displayed a significant decrease in oxidative
stress. In terms of antioxidant enzymes, the UVB group showed
a notable decrease in the expressions of superoxide dismutase 1
(SOD1), glutathione peroxidase, and catalase. On the contrary,
the LA-treated UVB group showcased considerably elevated
levels of these antioxidant enzymes, along with SOD2, in
contrast to the control group.*

Carbon-based scaffolds in three-dimensional (3D) structures
have achieved significant importance in tissue engineering
owing to their extraordinary conductivity and exceptional
topological frameworks. For particular in vivo implementations,
it is vital to have the scaffold rigid and enhance toughness to
endure compression forces from encompassing tissues.
Utilizing the benefits of graphene and hydrogels, Hao et al.
prepared a composite 3D scaffold comprised of graphene foam
(GF) and a laminarin hydrogel (LAgel) (as shown in Fig. 7a). This
scaffold was developed by immersing the GF in a precursor
solution of LA hydrogel, pursued by exposure to ultraviolet (UV)
radiation to persuade the establishment of a photocross-linked
LAgel encapsulating the GF. Remarkably, this composite scaf-
fold demonstrated increased toughness in contrast to indi-
vidual GF or LAgel structures. The 3D GF provided an
appropriate environment for the attachment and spreading of
cells, assisting the adhesion of human mesenchymal stem cells
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(@) Enhancing scaffold robustness and governing stem cell response via integrating laminarin-based hydrogel with graphene foam,

reproduced with permission from,%¢ copyright 2019, ACS. (b) Diagram illustrating the microfluidic setup utilized for producing MeLam micro-
particles. Droplets are produced within the microfluidic chip and subsequently crosslinked employing UV light, reproduced with permission
from,%” copyright 2018, Elsevier. (c) Illustrations depicting the catalyst-free crosslinking procedure between oxLAM and native gelatin, which
occurs spontaneously when these two constituents are combined in an aqueous solution at a temperature of 37 °C, (d) widefield fluorescence
microscopy examination of hASCs adhered to (C) nanopatterned and (D) non-patterned surfaces, following a 3 day incubation period, with F-
actin labeled with rhodamine (depicted in the red channel) and nuclei staining employing DAPI (shown in the blue channel), reproduced with

permission from,®® copyright 2020, Wiley.

(hMSCs). Concurrently, the in situ-formed LAgel, tailored with
the cell adhesive peptide arginine-glycine-aspartic acid (RGD),
promoted the migration of cells. These results suggested that
the combination of LAgel with the 3D GF not only improved
scaffold toughness but also enabled the delivery of bioactive
signals to govern cell behavior, emphasizing the capability of
this composite scaffold for tissue regeneration.®® Though the in
vitro outcomes showed potential, validation in in vivo models
are crucial to confirm the scaffold's efficiency and safety in
a more complicated biological environment.

In another investigation, Martins et al. successfully prepared
a highly effective one-step method for developing nearly
uniform MeLam (Methacrylated Laminarin) microparticles
integrated with Pluronic F-127 (PL) by utilizing a microfluidics
system coupled with a source of UV light (as illustrated in
Fig. 7b). The acrylate groups in MeLam also permitted the
attachment of thiolated biotin via thiol-Michael addition,
permitting further conjugation with RGD peptides. These
versatile MeLam microparticles, incorporated with PL, were
cultured with L929 cells, revealing their capability to foster cell
adhesion and proliferation. MeLam microgels offered signifi-
cant flexibility in regulating both their structural and chemical
characteristics. They could be utilized to imitate diverse tissue
environments efficiently. When cultured, these microgels could
self-assemble into frameworks with various packing densities,

3218 | RSC Adv, 2024, 14, 3209-3231

signifying capable applications in tissue engineering and
regenerative medicine.®’

To recreate the extraordinary characteristics of the visco-
elastic extracellular matrix (ECM) in innate human tissues, the
design of hydrogel is evolving from conventional covalent
crosslinking to more versatile networks with covalent bonds
that can modify over time. In this context, Lavrador et al.
developed an amine-reactive oxidized-laminarin biopolymer
proficient in crosslinking with gelatin (referred to as oxLAM-
Gelatin) network (as depicted in Fig. 7c). What's particularly
intriguing is that by cautiously adjusting the aldehyde-to-amine
ratios in the oXLAM-Gelatin hydrogels, it became feasible to
govern the speed of crosslinking precisely, the viscoelastic
characteristics, and the degradation behavior. Moreover, these
hydrogels offered an exceptional opportunity to imprint definite
nano- or microtopographical features onto ECM-like matrices
with built-in cell-adhesive elements. These patterns can be
readily generated in oxLAM-Gelatin under a physiological
environment, and the complex topography stays stable over
time. When human adipose-derived MSCs (hASCs) came into
contact with mechanically shaped oxLAM-Gelatin hydrogels,
they could sense the underlying surface's nanotopography.
Consequently, the cells aligned themselves parallelly to the
anisotropic nanoridge and nanogroove patterns (as shown in
Fig. 6d).°® Based on the outcomes, these systems can be utilized

© 2024 The Author(s). Published by the Royal Society of Chemistry
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to investigate in greater detail the substantial impact of physical
stimuli on guiding cellular responses.

The utilization of bulk hydrogels has revealed substantial
constraints in fostering the diffusion of oxygen, vital nutrients,
and metabolites. In this regard, Zargarzadeh et al. developed
laminarin-based hydrogel and presented a novel strategy for
supporting cell culture, where glucose is produced within the
hydrogel itself via its degradation, guaranteeing the survival
and operation of cells while assisting the growth of tissue. The
research demonstrated that both A549 tumor cells and hMSCs
could utilize the glucose produced by the hydrogel's degrada-
tion to thrive and proliferate, even in media of cell culture
without extra supplementation of glucose. Furthermore, the
self-sustaining hydrogels exhibited significant potential for
sustaining the survival of cells, surpassing the innate cell-laden
laminarin hydrogels over a two-week period of implantation.
Such scaffolds, equipped with capabilities of enzymatic degra-
dation, have broad applications, including tissue regeneration
and cell delivery systems.®’

For 3D bioprinting, the preparation of hydrogel bioinks,
which is dynamically crosslinked, is obtaining importance as
a groundbreaking approach to improve the production of
mechanically adjustable cell-laden frameworks for diverse
applications in 3D in vitro disease modeling and tissue engi-
neering. In this context, Amaral et al. explored a dynamic bioink
containing boronic acid-functionalized laminarin and alginate
for the bioprinting of 3D structures under a physiologically
appropriate environment. This bioink leveraged a dual cross-
linked network, integrating covalent yet reversible bonds of
boronate ester and ionic gelation by divalent cations. Remark-
ably, it possessed favorable rheological characteristics and
increased mechanical attributes due to its versatile chemistry of
crosslinking, leading to the fabrication of stable frameworks
with adaptive architecture. The cell-laden hydrogels generated
via bioprinting also exhibited uniform distribution of cells post-
printing and extraordinary viability of cells (>90%), which is
persistent over prolonged culture periods (up to 14 days) for
various cell lines.” Although the results display potential, it is
desirable to make additional refinements to the mechanical
characteristics and consider the inclusion of growth factors or
bioactive peptides. These adjustments could improve the
adhesion and proliferation of cells even further.

4.2. Drug delivery and anti-cancer activities

The combination of drug delivery potential and anti-cancer
characteristics makes laminarin a captivating subject for
research in the biomedical domain, holding promise for
advanced therapeutic approaches.

Can et al. introduced a unique and straightforward single-
step procedure for the fabrication of micro/nanogels employ-
ing poly(LAM) within a reverse micelle microemulsion method
(as shown in Fig. 8A). The poly(LAM) particles were produced via
the well-established Oxa-Michael addition reaction mechanism,
utilizing divinyl sulfone as the crosslinking agent. The resulting
poly(LAM) particles displayed spherical shapes and sizes
varying from 0.3 to 10 um, with a magnificent yield of 93 &+ 7%.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Moreover, these particles were chemically tailorable through
functionalization with chlorosulfonic acid, permitting versa-
tility in accommodating diverse agents, like targeting ligands.
Both unmodified and modified poly(LAM) particles revealed
outstanding blood compatibility, with hemolytic indices below
1% and blood clotting indices surpassing 90%. These findings
highlighted the substantial potential of poly(LAM) particles as
natural options for biomedical applications, especially in drug
delivery systems.” Devoted significant investigation efforts to
the development of p(LAM) particles is essential. Ongoing
research includes fine-tuning their size, conducting in vitro and
in vivo assays, and examining their targetability, drug loading
capacity, and release potentials.

In a separate investigation, Liu et al. focused on investigating
the promising synergistic inhibition of the formation of calcium
oxalate (CaOx) crystal via the utilization of Laminarin poly-
saccharides (LP), specifically degraded LP (DLP) and sulfated
DLP (SDLP) (both before and after sulfation), in conjunction
with potassium citrate (Kscit). The primary goal was to
comprehend how these compounds work together to safeguard
renal epithelial cells (HK-2 cells) from the harm caused by CaOx
crystals. When DLP or SDLP was mixed synergically with Kjcit,
the synergistic effect led to either the same amount of calcium
oxalate dihydrate (COD) at a reduced concentration or more
COD formation at the same concentration, highlighting the
improvement observed when these constituents worked
together. The synergistic groups enhanced the concentration of
soluble Ca”®" ions in the supernatant, increased the surface
charge on the surface of CaOx crystals, and efficiently hindered
crystal aggregation. Furthermore, cell experiments revealed that
the synergistic group substantially decreased the damage
caused by nano-COM crystals to HK-2 cells, causing reduced
levels of ROS, lower mortality rates, enhanced cell viability, and
improved mitochondrial membrane potential. The synergistic
groups, with SDLP-Kjcit being especially noteworthy, hold
potential as promising drugs for hindering the creation of CaOx
kidney stones.” The subsequent investigation could delve into
comprehending the mechanism by which the two groups,
individually and synergistically, hinder the formation of kidney
stones. Investigating whether the synergistic group governs
cellular processes via essential signaling pathways would be
helpful in uncovering the primary molecular mechanisms.
Moreover, it is crucial to validate the noted synergistic effects in
vivo through animal tests. This extensive strategy would offer
perceptions that could be instrumental in notifying strategies
for the prevention and treatment of kidney stone formation.

Brown seaweeds, particularly those of the Phaeophyta (PP)
group, are ample sources of beneficial polysaccharides like
Laminarin and Fucoidan. Sanniyasi et al. isolated both Lami-
narin and Fucoidan, with the maximum yields obtained from
Padina pavonica (PP) at 4.36% and Stoechospermum marginatum
(STM) at 2.32%, respectively. Excluding the report for fucoidan
from our side, we decided to focus on Laminarin, which was
found to consist of 86.91% carbohydrates. The molecular
weight of Laminarin ranged from 3 to 5 kDa. Significantly,
Laminarin did not reveal cytotoxicity against Vero cells but
demonstrated cytotoxicity against human colon cancer cells
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(A) (a) Diagrammatic representation of formation of p(LAM) particle in w/o microemulsion system, and (b) mechanism of particle

formation via Oxa-Michael addition reaction, reproduced with permission from,”* copyright 2021, Elsevier; (B) visual representation of laminarin-
based nanomedicine (HLDM) designed for delivering a photosensitizer to be employed in tumor therapy;”® (C) the mRNA expression levels of
SMP-30 in different cell lines, reproduced with permission from,”® copyright 2020, Mary Ann Liebert.

(HT-29) with an IC50 of 57 + 1.2 ug mL™". The Acriding Orange/
Ethidium Bromide assay uncovered apoptosis as the mecha-
nism of cell death induced by Laminarin. These outcomes
highlighted the potential of Laminarin sourced from PP as
a bioactive compounds for anticancer therapy.” Future research
will be advantageous from interventions involving molecular
markers. These markers can assist as crucial indicators to
comprehend and manipulate cellular processes, providing
beneficial insights into the molecular mechanisms underlying
diverse phenomena.

In another study, Remya et al. introduced an eco-friendly and
cost-efficient strategy for producing silver nanoparticles
(AgNPs) employing laminarin, a polysaccharide derived from
Turbinaria ornata. The procedure involved the extraction and
purification of laminarin, which was then subjected to
comprehensive analysis using various techniques. Subse-
quently, the AgNPs were generated employing the extracted
laminarin, and their characteristics were thoroughly assessed
via different methods. The study also evaluated the AgNPs for
their capability to scavenge free radicals and assessed their
cytotoxicity against retinoblastoma Y79 cell lines in vitro. The
outcomes indicated the induction of apoptosis, as revealed by
the arrested cell percentage in the G2/M phase determined via
flow cytometry. This finding was further substantiated by a DNA
fragmentation experiment, which showed the existence of

3220 | RSC Adv, 2024, 14, 3209-3231

double-strand breaks in the cells. The potential applications of
laminarin-based AgNPs could be extended to investigate their
molecular mechanisms, opening up prospects for in vivo drug
delivery and diverse medical applications in the future.”

To improve the effectiveness of hydrophobic drugs like cur-
cumin (Cur) in anti-cancer treatment, Yu et al. developed
a unique dual pH/redox-sensitive carrier biomaterial based on
marine laminarin, integrating photodynamic therapy (PDT).
This novel material, termed Hematin-Laminarin-
Dithiodipropionic Acid-MGK (HLDM), was synthesized and
characterized employing 1H-NMR and IR spectroscopy. Cur-
incorporated micelles were then generated via a dialysis
procedure. HLDM could self-assemble into micelles in water,
with a hydrodynamic diameter of 135 & 15 nm. Remarkably, in
vitro release investigation revealed that Cur-loaded HLDM
micelles could release up to 80% of the drug in pH- and redox-
sensitive surroundings. Moreover, cell studies uncovered that
Cur-loaded HLDM micelles demonstrated enhanced cellular
uptake and cytotoxicity against MCF-7 cells in contrast to HLDM
alone. This multifunctional biomaterial based on marine
laminarin has the capability to serve as a drug delivery system
with dual pH/redox sensitivity for the treatment of cancer.”

In a separate study, Yu et al. introduced nano-scaled parti-
cles based on laminarin conjugates as a platform for the
photosensitizer protoporphyrin IX (Pp IX) in PDT for breast
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cancer cells (MCF-7) of humans (as illustrated in Fig. 8B). The
carrier constituent, named Hematin-Laminarin-
Dithiodipropionic Acid-MGK (HLDM), is amphiphilic and
displays dual sensitivity to pH and redox changes. It also serves
as a carrier for incorporating hydrophobic drugs, improving
their solubility, and enhancing biocompatibility. In this study,
the researchers developed Pp IX-loaded HLDM nanomicelles
with an average diameter of 149.3 £+ 35 nm in neutral water.
Experimental results revealed that these micelles were capable
of inducing PDT, which led to the destruction of cancer cells
upon exposure to definite wavelength light, as evidenced by
their phototoxicity and production of ROS. Apoptosis experi-
ments displayed damage to the nucleus caused by the micelles.
In vivo, PDT impact was evaluated employing a tumor-bearing
nude mouse model with MCF-7 cells, showing substantial
anti-tumor effectiveness.”

A specific oxidation procedure utilizing 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO), in combination with
NaBr and NacClO, led to the formation of glucoglucuronan (LAO)
from Laminarin obtained from Sargassum thunbergii. Compo-
sitional analysis of LAO revealed a molar ratio of glucuronic
acid (GlcA) to glucose (Glc) at 12.7 : 1. LAO's backbone consisted
of (1 — 3)-linked B-o-GlcpA interspersed with (1 — 3,1 — 6)-
linked B-p-Glcp, and terminated with B-p-GlcpA. LAO revealed
an inhibitory effect on the proliferation of human lung cancer
A549 cells in vitro. Western blotting demonstrated up-
regulation of TSC2 at an LAO concentration of 3.80 mg mL ™,
while FAK, PI3K, P-AKT, and mTOR were down-regulated,
signifying LAO's inhibition of proliferation of cancer cells via
the FAK/PI3K/AKT/mTOR pathway. LAO also inhibited the
binding of heparin to fibroblast growth factor 1 (FGF1). LAO's
inhibition of heparin binding to FGF2 fluctuated between 15%
and 28%, suggesting that LAO selectively interacted with FGF1,
contributing to its inhibitory impact on A549 cell prolifera-
tion.”” Describing the strong interaction between LAO and
FGF1, but not FGF2 poses a question due to the specific
demands of these FGFs. FGF1 requires a heparan sulfate/
heparin (HS/HP) with 6-sulfo groups, while FGF2 needs sHP/
HS with IdoA2S residues. As a suggested explanation, it is
proposed that the glucuronic acid residues of LAO may substi-
tute for the sulfate groups, fostering interactions with both
FGF1 and FGF2. To obtain a more profound knowledge of this
phenomenon, further experimentation has to be planned,
aiming to elucidate the particular molecular mechanisms
involved in the interaction between LAO and FGFs.

In a different investigation, Tian et al. explored the distinct
functions of laminarin originating from Laminaria japonica in
the context of hepatocellular carcinoma and its possible asso-
ciations with senescence marker protein-30 (SMP-30). The
administration of laminarin for 48 h led to a noteworthy
reduction in viability and a dose-dependent enhancement in
apoptosis rates of both cells of Bel-7404 and HepG2. In addi-
tion, the injection of laminarin resulted in a substantial
decrease in tumor volumes (starting on the 10th day) and tumor
weights (30 days post-injection) in mice, also succeeding in
a dose-dependent pattern. Furthermore, treatment with lami-
narin at a concentration of 35 mg mL ™" for 48 h considerably

© 2024 The Author(s). Published by the Royal Society of Chemistry
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upregulated expression of SMP-30 in Bel-7404 and HepG2 cells,
although it had no such impact on normal liver cells (LO2) (as
depicted in Fig. 8C).”® While the common effects of laminarin
on hepatocellular carcinoma (HCC) cells have been examined,
the precise impact on cell invasion and migration, along with
the metastatic behavior of tumors in vivo, remains vague.
Further research is warranted to thoroughly investigate these
particular aspects and offer a more extensive understanding of
the potential role of laminarin in controlling HCC cell behavior
and tumor metastasis.

Over the recent decades, there has been a substantial rise in
focus on the prevention of cancer and the investigation of anti-
cancer mechanisms, driven by the escalating worldwide cancer
mortality rates. Zhu et al. reported that optimized laminarin
extracts displayed enhanced cytotoxicity against A549, A431,
and Caco-2 carcinoma cells, leading to the death of cancer cells
in a manner dependent on both time and dosage. Conversely,
these extracts demonstrated decreased cytotoxicity in BEAS-2B
normal human bronchial epithelial cells compared to
commercial laminarin.*> The optimized extraction and purifi-
cation techniques displayed in this research were highly scal-
able. Consequently, future research will concentrate on further
refining the method and probing the development of a bio-
refinery concept. This will include further optimization steps
to improve efficacy and sustainability, laying the cornerstone for
extensive applications and potential commercialization of the
extracted product.

Ovarian cancer (OC) is a challenging condition to detect in
its earlier stages, contributing to the higher mortality rates
noticed in the United States. The conventional treatment
protocol for OC includes extensive cytoreductive surgery fol-
lowed by chemotherapy based on platinum compounds.
Nonetheless, the progress of chemoresistance often guides
relapse in advanced OC patients. Thus, Bae et al., in their study,
validated that laminarin inhibited cell proliferation and
obstructed cell cycle advancement in OC cells by controlling
intracellular signaling pathways. Moreover, laminarin caused
cell apoptosis via mechanisms involving DNA fragmentation,
the production of reactive oxygen species, the commencement
of apoptotic signals, endoplasmic reticulum (ER) stress, the
controlling of calcium levels, and the modification of the ER-
mitochondria interplay. Significantly, laminarin revealed no
cytotoxicity in a zebrafish model, and in a zebrafish xenograft
model, it efficiently impeded the growth of OC cells.” Fig. 9
outlines various mechanisms of cancer prevention attributed to

brown algae polysaccharides, as reported in different
investigations.
4.3. Wound healing

Laminarin has appeared as a favorable candidate for applica-
tions in wound healing. Its potential lies in its capability to
enhance the body's natural healing mechanisms and furnish
a conducive environment for the recovery of wounds. Lami-
narin's engagement in wound healing begins with its capability
to foster adhesion, migration, and proliferation of cells. These
attributes are vital for the formation of granulation tissue and
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Fig. 9 A schematic diagram showing brown-seaweed polysaccharides exhibiting various cancer prevention approaches and crucial cellular
cancer-fighting mechanisms, reproduced with permission from,®° copyright 2017, Elsevier.

the re-epithelization of wounds. Laminarin's interaction with
fibroblasts and endothelial cells facilitates the deposition of
collagen and angiogenesis, which are fundamental procedures
in the wound healing cascade. Moreover, laminarin's anti-
inflammatory and antioxidant characteristics substantially
contribute to its efficiency in wound healing. By decreasing
inflammation and combating oxidative stress, laminarin fosters
the creation of a suitable microenvironment for the repair of
tissue. It aids in reducing complications linked with excessive
inflammation and facilitates faster healing. Here, we explore
the multifaceted role of laminarin in wound healing and its
advantages in this context.

Laminarin has displayed potential in the synthesis of AgNPs.
Nevertheless, laminarin's innate constraints include its weak
reduction potential for metal ions, resulting in the creation of
AgNPs with reduced content and larger sizes. To overcome this
difficulty, Sharma et al. inserted aldehyde groups to alter

laminarin, thereby improving its reduction potential,

3222 | RSC Adv,, 2024, 14, 3209-3231

decreasing the time for synthesis, and enhancing the density of
AgNPs. This modification was affirmed via 1H NMR and FT-IR
analyses, which established the presence of aldehyde groups
on the dialdehyde-modified laminarin (DLAM). As a result,
DLAM revealed the capability to promote the rapid, in situ
synthesis of ultrasmall-sized spherical AgNPs (less than 10 nm),
as proved by TEM images. The aldehyde and carboxyl groups in
DLAM performed as reducing and anchoring agents, efficiently
converting Ag ions into AgNPs-DLAM. AgNPs-DLAM demon-
strated significantly improved antibacterial activity against E.
coli and S. aureus in contrast to silver ions, inducing morpho-
logical alterations and pore formation in bacterial cells (as
shown in Fig. 10A). Furthermore, AgNPs-DLAM revealed the
capability to inhibit the formation of bacterial biofilm, while
maintaining negligible toxicity towards human keratinocytes.
Remarkably, AgNPs-DLAM also encouraged the migration of
human keratinocytes, signifying its potential for competent
wound healing.®*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(A) (b) Fluorescence microscopy pictures displaying E. coli and S. aureus cells subjected to treatment with AgQNPs-DLAM, stained with

SYTO9 (in green, representing live cells) and PI (in red, indicating dead cells), (c) SEM images of E. coli and S. aureus following their exposure to
AgNPs-DLAM. The arrows in the images highlight the presence of pores formed in the bacterial cells, reproduced with permission from,8*
copyright 2022, Elsevier. (B) Visual illustrations of wound sites in rats over a period of 13 days, where various treatments were applied, which
involved sterile physiological serum (control), emulbase, “CICAFLORA" cream, and a cream containing Cystoseira barbata laminarin (CBL),

reproduced with permission from,?* copyright 2018, Elsevier.

In another investigation, Amaral et al. developed a meth-
acrylated laminarin-based (LAM-MET) micropatterned hydrogel
patch incorporated with drugs and designed for applications
such as wound healing. The improved adhesion characteristics
are achieved by introducing hydroxypyridinone groups to the
LAM-MET material, succeeded by microfabrication of the patch
employing soft lithography and UV/vis-irradiation. This results
in a membrane featuring micropillars with a high aspect ratio.
In line with the biomimetic strategy, a drug patch is tailored by
combining the microfabricated dressing with drug particles
finely milled to fit the spaces between the pillars. This design
allowed for the controlled release of the drug offered inherent
antibacterial characteristics against E. coli and P. aeruginosa,
and enhanced biocompatibility in contrast to the bare micro-
patterned patches.®

In a separate study, Sellimi et al. aimed to evaluate the
wound-healing potential of a cream formulated with laminarin
from the brown seaweed Cystoseira barbata (CBL). The anti-
bacterial and antioxidant characteristics of CBL were assessed,
demonstrating notable effects against both Gram-positive and
Gram-negative bacteria. The wound coloration study (as depic-
ted in Fig. 10B) showed an initial consistent color indicating the
formation of a blood clot during the first three days. In their
research, from the 3rd day, the blood clot transformed into
a scab, which contracted in treated rats. Nevertheless, control
group rats displayed a more substantial inflammatory reaction,
with edema and wound oozing. By the 7th day, the scabs gave
rise to a red coloration, corresponding to tissue granulation
with the wound's expanding edges in control group rats. The

© 2024 The Author(s). Published by the Royal Society of Chemistry

CBL-based cream demonstrated substantial wound-healing
effectiveness, with contraction of the wound reaching 98.57%
after treatment for thirteen days. Histological examination
revealed enhanced deposition of collagen, improved fibroblast
and vascular densities, and well-ordered dermal tissue in the
CBL-treated group in contrast to the control groups.>

In treating melanomas, surgical resection is the traditional
method; nevertheless, this strategy often results in disease
recurrence. Hence, there is a pressing demand for the progress
of scaffold membranes integrating biological agents. In this
context, Kim et al. employed an electrospinning technique to
develop biocomposite nanofibrous membranes, which are
constituted of poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV), laminarin, and depolymerized laminarin. These
membranes displayed an interconnected pore framework, with
alterations in pore size concerning the molecular weight of
laminarin. The inclusion of hydrophilic depolymerized lami-
narin substantially decreased the contact angles, improving the
hydrophilicity of the membranes. In vitro tests displayed that
fibroblasts showed increased proliferation rates on the nano-
fibrous membranes as the content of depolymerized laminarin
rose, principally owing to the antioxidant attributes related to
low molecular weight laminarin. On the contrary, the prolifer-
ation of melanoma on the nanofibrous membranes was effi-
ciently suppressed owing to enhanced secretion of tumor
necrosis factor-o, a consequence of the existence of depoly-
merized laminarin. These outcomes highlighted the capability
of PHBV/depolymerized laminarin biocomposite membranes as
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favorable biomaterials for applications in wound dressing and
as well as cancer therapy.*

4.4. Anti-oxidant, anti-inflammatory, anti-diabetic, and
other activities

Laminarin, a B-(1,3)-glucan, holds noteworthy characteristics,
including anti-inflammatory and anti-oxidative properties.
Nevertheless, its definite impact on human dermal fibroblasts
adult (HDFa) and normal human epidermal keratinocytes
(NHEK) remains to be interpreted. Thus, Ozanne et al. delved
into the effect of laminarin on mitochondrial and antioxidant
activities in skin cells. The outcomes unveiled a decrease in
mitochondrial activities after 72 hours of treatment with lami-
narin, beginning at concentrations of 500 pg mL~"' for NHEK
cells and 100 ug mL " for HDFa cells, all while maintaining cell
viability. Hyaluronic acid and type I procollagen levels stayed
unaffected across diverse laminarin concentrations. Neverthe-
less, a pronounced antioxidant effect was noticed at concen-
trations as low as 1 pg mL " for HDFa cells under conditions
concerning both H,0, and UVA radiation, while NHEK cells
demonstrated a similar effect at concentrations of 10 pg mL "
and 1 pug mL ™' under the respective conditions. Moreover,
laminarin treatment caused modifications in cell surface
glycosylation and cytokine secretions in skin cells.** Despite the
advancements made, additional experiments are essential to
determine the optimal concentration of the active compound
for efficient availability in the dermis or epidermis. Further
research will help tune the application and dosage, ensuring the
required therapeutic impacts while reducing possible side
effects or limitations.

In a different study, Lee et al. delved into the potential
impact of topically administering laminarin employing a mouse
model of Balb/c of oxazolone-induced atopic dermatitis-like
skin lesions. The findings uncovered that the laminarin's
topical application to the mice's ears guided substantial devel-
opments in the severity of dermatitis, involving a decrease in
swelling. Further, a study through histological examination
unveiled that topical laminarin efficiently mitigated the thick-
ening of both the epidermis and dermis, along with a reduction
in infiltration of mast cells within the skin lesion. Furthermore,
serum immunoglobulin E (IgE) levels demonstrated a note-
worthy decrease upon topical laminarin treatment. Further-
more, the application of laminarin topically led to the
suppression of proinflammatory cytokines, such as interleukin-
1B, tumor necrosis factor-o, monocyte chemoattractant protein-
1, and macrophage inflammatory protein-1a in the skin lesion-
induced by oxazolone.** Nonetheless, to gain an extensive
knowledge of the therapeutic potential of laminarin, more in-
depth research is required. These investigations should dive
into the particular mechanisms underlying the therapeutic
impacts, providing a more detailed picture of the compound's
mechanism of action.

A biodegradable and biocompatible microcarrier, sourced
from laminarin, a low molecular weight marine polysaccharide
known for its biological activity, such as immune modulation
and antimicrobial characteristics, is proposed in a study by
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Castanheira and his colleagues. Through novel modifications of
laminarin via click chemistry, controlled-size microparticles
were generated (as depicted in Fig. 11a). These microparticles
displayed a 40% release of fluorescein isothiocyanate-dextran
(70 kDa) after 24 h and complete degradation within 11 days
under physiological environment. When tested with human
adipose stem and L929 cell lines at microparticle concentra-
tions up to 100 ug mL ™", no cytotoxic effects or disruption to the
cell membranes or nuclei were noticed.*®

In a separate investigation, Jayapala et al. enzymatically
hydrolyzed laminarin utilizing a 0.2 M Hydrochloric acid (HCI)
solution, resulting in the production of laminar-
ioligosaccharides. The outcomes from 1H and 13C NMR anal-
ysis revealed that laminarioligosaccharides consist of both B(1-
6)-associated and B(1-3)-associated glucose. Moreover, the 2
hour hydrolysate displayed a remarkably high reductive capa-
bility and total antioxidant activity, similar to 7.1 pug quercetin
and 6.7 pg vitamin C, respectively. This hydrolysate also
demonstrated significant inhibitory effects, with 42.9% inhibi-
tion in the 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) assay
and  27.4%  inhibition in  the  2,2"-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid (ABTS)) assay. In addi-
tion, the 2 hour laminarioligosaccharides displayed exceptional
inhibitory effects on the activities of a-amylase (32.2% inhibi-
tion) and a-glucosidase (58.8% inhibition). These findings
suggested that laminarin's HCI hydrolysis to produce laminar-
ioligosaccharides could be a favorable strategy for obtaining low
molecular weight saccharides with improved biological activi-
ties, especially in terms of their antioxidant and antidiabetic
characteristics.?” Nevertheless, a detailed comprehension of
individual hydrolyzed saccharides, involving their character-
ization, bioavailability, and activity, requires comprehensive
investigations.

Laminarinases are enzymes belonging to the family of
glycoside hydrolase 16 (GH16) that disrupt B-1,3-glycosidic
bonds in laminarin. In a study by Li et al., a laminarinase ob-
tained from the marine Flavobacteriaceae species Tamlana sp.
PT2-4 was examined at both structural and functional levels.
Utilizing a homology model, the researchers determined a large
active groove within Lam1092, which served as a plausible
pathway for hydrolyzing bent substrates. To improve its anti-
oxidant characteristics, eight specific residues were picked for
mutagenesis, guided by the interactions of Lam1092 with Lam4/
Lamé6. The investigation resulted in establishing eight Lam1092
mutants, and the hydrolysates produced by two of these
mutants (G361A and H466A) displayed significantly improved
antioxidant characteristics.®® The elucidation of the properties
and catalytic mechanisms of Lam1092, as described in this
research, holds the potential to serve as a beneficial reference
for identifying novel laminarinases.

In another experiment, Jiang et al. focused on investigating
the influence of laminarin (LMA) on the preparation of early-
stage embryos of porcine and the underlying mechanisms.
The outcomes revealed substantial enhancements in the
developmental capability of early-stage embryos of porcine
when exposed to LMA in the course of in vitro culture. Notably,
the existence of 20 pg mL~" LMA guided an enhanced rate of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Novel laminarin microparticles were synthesized via a microemulsion procedure, which showed biodegradability and non-cyto-

toxicity;® (b) in 4-cell embryos, mitochondrial dysfunction was prevented by LMA. (A) Visualization of 4-cell stage embryos using JC-1 staining
(100x magnification), reproduced with permission from,®® copyright 2018, Elsevier; (c) the antiviral activity of LAM and acLAMs was evaluated in
a viral plague assay. {a} Vero cells were infected with HSV-1 in the presence of LAM, acLAMs, or ACV. After infection, the cells were fixed and
stained with crystal violet dye, and the number of viral plaques was quantified. {e} Potential mechanisms of action for the antiviral activity of LAM,

modified with permission from,** copyright 2022, Elsevier.

cleavage, rates of blastocyst formation, rate of hatching, and
total number of cells in the blastocyst in contrast to the control
group. LMA also diminished the production of intracellular
ROS induced by H,0,. Furthermore, LMA enhanced intracel-
lular levels of glutathione and enhanced membrane potential of
mitochondria (as shown in Fig. 11b). In addition, LMA up-
regulated the expression of genes related to activation of
zygotic genome (YAP1), pluripotency (OCT4, NANOG, and
SOX2), and hatching (COX2, GATA4, and ITGAS5) during early-
stage embryo development of porcine.*

Functional dyspepsia, often attributed to gastrointestinal
dysmotility, is a common problem. In So, Liu et al. focused on
investigating the regulatory impact of fucoidan and laminarin
on mice undergoing functional dyspepsia induced via loper-
amide. Focusing on laminarin, the findings revealed that it
efficiently alleviated the dysfunction by principally influencing
gastrointestinal hormones (motilin and ghrelin), the cholin-
ergic pathway, total bile acid levels, expression of c-kit protein,
and the expression of a gene associated with contraction of
gastric smooth muscle (ANO1 and RYR3). Moreover, the inter-
vention with laminarin had a prominent impact on the
composition of the gut microbiota, which involves alterations in
the abundance of various species, such as Muribaculaceae,
Lachnospiraceae, and Streptococcus.®® The connection between
the abundance of these species and their role in the modulating
of gastrointestinal motility is still unclear. Speculations con-
cerning the functions of these bacteria remain hypothetical and
should be confirmed through further experiments in the future.

In a separate investigation, Li et al. aimed to evaluate the
efficiency of two functional zwitterionic laminarins, namely

© 2024 The Author(s). Published by the Royal Society of Chemistry

zwitterionic sulfonate (LZS) and zwitterionic carboxylate (LZC),
in a mouse model with dextran sulfate sodium (DSS)-induced
ulcerative colitis (UC). The results showed that, in contrast to
UC mice, the treated mice displayed enhanced composition and
diversity of gut microbiota. Remarkably, there was an
improvement in Bacteroidetes and a reduction in Firmicutes.
Moreover, the study revealed the alleviation of colitis by LZS and
LZC, as evidenced by enhanced intestinal mucosa integrity,
such as a higher number of goblet cells, increased production of
mucin protein, preservation of collagen, and reduced intestinal
fibrosis.”*

To examine the neuroprotective effects of pre-treated lami-
narin against ischemia-reperfusion (IR) injury in aged animals
and the underlying mechanisms, Park et al administered
laminarin intraperitoneally (at a dose of 50 mg kg ') to aged
gerbils for seven days before subjecting them to IR injury (5
minute transient ischemia). IR injury in gerbils treated with
avehicle caused the death of pyramidal neurons in the region of
hippocampal CA1 five days post-IR. Nonetheless, pretreatment
with laminarin efficiently shielded the CA1 pyramidal neurons
from IR-induced damage. In the laminarin-treated gerbils, the
generation of superoxide anions, expression of 4-hydroxy-2-
nonenal, and levels of pro-inflammatory cytokines were
substantially reduced in the CA1 pyramidal neurons following
IR. Furthermore, laminarin treatment notably enhanced the
expression of superoxide dismutase and anti-inflammatory
cytokines (IL-4 and IL-13) in the CA1 pyramidal neurons both
before and after IR.”” While the current results indicate
a promising impact, further research is necessary to delve into
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more specific molecular mechanisms underlying the noticed
effects.

In another investigation, Sun et al. uncovered that laminarin
demonstrated the ability to hinder inflammation, oxidative
stress, and apoptosis in PC12 cells subjected to oxygen-glucose
deprivation and reoxygenation (OGD/R). It achieved this by
regulating the PTEN/PI3K/AKT pathway. These findings offered
fresh perspectives on laminarin's protective mechanisms
against cerebral hypoxia and ischemia, suggesting that lami-
narin holds promise as a treatment alternative for ischemic
stroke.”® However, the current research has not confirmed the
impact of Laminaria polysaccharides on brain injury in hypoxic
mice.

Long et al., in another study, synthesized a unique single
helical B-glucan by introducing acetyl groups instead of some of
the hydroxyl groups in Laminarin. The resulting single helical
conformation displayed remarkable water stability, which was
evidenced through Congo red assay depending on induced
circular dichroism. The in vitro anti-viral tests revealed the
efficient inhibition of replication of herpes simplex virus type 1
by the triple helical acetylated Laminarin (acLMA) (as shown in
Fig. 11c). The possible mechanism for anti-viral activity of
laminarin has been depicted in Fig. 11c. Remarkably, the
unraveling of the triple helix framework, whether partially or
entirely, governed to the loss of its anti-viral attributes.**

5. Conclusion and future outlooks

Marine polysaccharides are a diverse class of complex carbo-
hydrates originating from different marine sources, which
involve seaweed, microalgae, and other aquatic organisms.
Among the various marine sources of these polysaccharides,
brown algae portray a prominent category. Laminarin, an
adaptable polysaccharide from brown seaweed, has garnered
substantial attention in the biomedical domain owing to its
extensive range of applications and beneficial properties. It
assists as an invaluable resource for diverse biomedical
purposes. Laminarin-based scaffolds have been utilized in
tissue engineering to provide a biocompatible and biodegrad-
able framework for cell growth and tissue regeneration. These
scaffolds foster attachment and proliferation of cells, making
them a suitable choice for reconstructive medicine. Laminarin's
versatility as a drug delivery carrier is noteworthy. Its novel
properties permit for controlled drug release, making it an
outstanding candidate for targeted and sustained drug delivery
systems, especially for cancer treatment. It can improve the
solubility of hydrophobic drugs and enhance their bioavail-
ability. Laminarin-based dressings have also exhibited wound
healing potential. These formulations showed antibacterial
properties, stimulated collagen production, and enhanced
tissue regeneration. They are beneficial for treating chronic
wounds and encouraging faster recovery. Laminarin's antioxi-
dant activity is assigned to its capability to scavenge free radi-
cals and decrease oxidative stress. This feature can have
applications in avoiding or alleviating oxidative damage in
diverse diseases, including neurodegenerative conditions.
Laminarin also exhibits anti-inflammatory properties by
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modulating the immune reaction. It can decrease pro-
inflammatory cytokines and alleviate inflammatory condi-
tions, making it a potential therapeutic alternative for diseases
marked by chronic inflammation. Though laminarin has shown
diverse advantages, the purity of commercially available lami-
narin may vary, influencing its performance in various appli-
cations. The scarcity of preclinical research on laminarin
employing in vitro and in vivo studies indeed emphasizes
a critical gap in our comprehension of this natural poly-
saccharide's full potential. In particular, more comprehensive
in vitro and in vivo assays can shed light on laminarin's thera-
peutic characteristics, mechanisms of action, and possible
benefits. Further clinical studies can validate these outcomes
and pave the way for the progress of new therapeutics based on
laminarin. In the ever-evolving landscape of biomedicine, it is
imperative that investigators explore the signaling pathways
and molecular interactions via which laminarin employs its
effects. This will furnish a foundation for growing targeted
therapies that leverage the unique characteristics of laminarin,
potentially enhancing patient outcomes across different
medical conditions. Exploring laminarin's synergistic effects
with other biopolymers or drugs to improve its therapeutic
potential is also necessary for wound healing, anti-
inflammatory treatments, and antioxidant therapies.

As we look to the future, fostering collaboration between
investigators, clinicians, and industry professionals will be vital
in progressing our knowledge of laminarin and harnessing its
biomedical potential to its fullest extent.

Abbreviations

NaOH Sodium hydroxide

EAE Enzyme-assisted extraction

UAE Ultrasonic-assisted extraction

MAE Microwave-assisted extraction

CO, Carbon dioxide

IEC Ion-exchange chromatography

SEC Size-exclusion chromatography

AC Affinity chromatography

MF Membrane filtration

LP-Sr Strontium laminarin polysaccharide

VEGF Vascular endothelial growth factor

HUVECs Human umbilical vein endothelial cells

EGFL6  Epidermal growth factor-like domain-containing
protein 6

ALP Alkaline phosphatase

PBA Phenylboronic acid

PVA Poly(vinyl alcohol)

ROS Reactive oxygen species

LA Laminarin

UVB Ultraviolet B

SOD1 Superoxide dismutase 1

3D Three-dimensional

GF Graphene foam

LAgel Laminarin hydrogel

hMSCs  Human mesenchymal stem cells
RGD Arginine-glycine-aspartic acid
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MeLam Methacrylated laminarin
PL Pluronic F-127

ECM Extracellular matrix

oxLAM  Oxidized laminarin

hASCs  Human adipose-derived MSCs
CaOx Calcium oxalate

LP Laminarin polysaccharides

DLP Degraded laminarin polysaccharides

SDLP Sulphated degraded laminarin polysaccharides
K3cit Potassium citrate

COD Calcium oxalate dihydrate

PP Padina pavonica

AgNPs  Silver nanoparticles

Cur Curcumin

PDT Photodynamic therapy

HLDM  Hematin-laminarin-dithiodipropionic acid-MGK
Pp IX Protoporphyrin IX

LAO Glucoglucuronan

GlcA Glucuronic acid

Gle Glucose

oC Ovarian cancer

ER Endoplasmic reticulum

DLAM  Dialdehyde-modified laminarin

LAM- Methacrylated laminarin

MET

CBL Cystoseira barbata

PHBV Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
HDFa Human dermal fibroblasts adult

NHEK  Normal human epidermal keratinocytes
HCl Hydrochloric acid

LMA Laminarin

LZS Zwitterionic sulfonate

LZC Zwitterionic carboxylate

DSS Dextran sulfate sodium

ucC Ulcerative colitis

IR Ischemia-reperfusion

acLMA  Acetylated laminarin
FGF-1 Fibroblast growth factor-1
HS/HP  Sulfate/heparin
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