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Abstract  Sulfated polysaccharides extracted from seaweeds, including Carrageenan, Fucoidan and Ulvan, are crucial bioactive com- 
pounds known for their diverse beneficial properties, such as anti-inflammatory, antitumor, immunomodulatory, antiviral, and antico- 
agulant effects. These polysaccharides form hydrogels hold immense promise in biomedicine, particularly in tissue engineering, drug 
delivery systems and wound healing. This review comprehensively explores the sources and structural characteristics of the three im- 
portant sulfated polysaccharides extracted from different algae species. It elucidates the gelation mechanisms of these polysaccharides 
into hydrogels. Furthermore, the biomedical applications of these three sulfated polysaccharide hydrogels in wound healing, drug deli- 
very, and tissue engineering are discussed, highlighting their potential in the biomedicine. 
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1 Introduction 
Hydrogels, characterized by their three-dimensional, in- 

terconnected polymeric structures and significant water con- 
tent, are well-known for their ability to absorb and retain 
substantial amount of water. The origins of hydrogels date 
back to 1960 when Wichterle and Lim developed the first 
hydrogel using poly (2-hydroxyethyl methacrylate) (HEMA). 
From then on, the field of hydrogels has rapidly evolved, 
garnering significant interest within the biomaterials science 
community. A diverse array of polymer compositions, en- 
compassing both natural and synthetic types, has been ex- 
tensively explored. Hydrogels are typically classified into 
three categories based on their polymer types: natural, syn- 
thetic, and hybrid or semi-synthetic. Natural polymers used 
in hydrogel formation include proteins such as collagen and 
gelatin, and polysaccharides, such as starch, alginate, and 
agarose.  

Polysaccharide hydrogels, with their three-dimensional 
cross-linked networks, are particularly noteworthy. They 
can absorb and retain large volume of water without disso- 
lving. Polysaccharide hydrogels’s eco-friendliness, biocom- 
patibility, unique functional attributes, and biodegradability 
make them increasingly appealing compared to conven- 
tional natural hydrogel materials. Notably, marine-derived 
natural polysaccharides are abundant and exhibit diverse 
structures, with different biological functions such as anti-  
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inflammatory, antibacterial, antiviral, and anti-tumor pro- 
perties. Algae, commonly known as seaweeds, are promi- 
nent natural sources of polysaccharides, and sulfated poly- 
saccharides are prevalent components in seaweed cell walls. 

Recently, sulfated polysaccharides derived from algae 
have attracted significant attention as functional additives 
in the pharmaceutical, food, and cosmetic industries. This 
review aims to explore the structures and functions of sul- 
fated polysaccharides derived from seaweeds, specifically 
focusing on carrageenan, fucoidan, and ulvan. The mecha- 
nisms of sulfated polysaccharide hydrogel formation and 
their biomedical applications are introduced. The emphasis 
is the unique properties and the potential uses of these sul- 
fated polysaccharide hydrogels in wound healing, tissue en- 
gineering, and drug delivery systems. 

2 Sulfated Polysaccharides from 
Different Seaweeds 
Seaweed, a plentiful marine resource, is commonly di-

vided into three groups according to its pigmentation: red 
algae (Rhodophyta), brown algae (Phaeophyta), and green 
algae (Chlorophyta) (Wassie et al., 2021). Seaweeds con- 
tain a variety of bioactive compounds, among which sul- 
fated polysaccharides are of particular interest as an im- 
portant class of biomacromolecules (Jiao et al., 2011). In 
red algae, Carrageenan is a commonly found sulfated poly- 
saccharide (Khotimchenko et al., 2020; Pradhan and Ki, 
2023), while in brown algae, fucoidan is a notable represen- 
tative (Van Weelden et al., 2019; Gao et al., 2021). Green  
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Fig.1 Biomaterial sources and biomedical applications of sulfated polysaccharide-based hydrogels. 

algae primarily contain polysaccharides such as ulvan 
(Fig.1). These sulfated polysaccharides derived from differ- 
ent seaweeds have different structural characteristics, bio- 
logical functions, and potential applications in pharmaceu- 
ticals, food, and biomaterials.  

2.1 Carrageenan from Red Seaweed 
Since the early 20th century, red seaweeds have been 

extensively consumed in Asian nations such as China, Ja- 
pan, South Korea and Thailand, and were widely recog- 
nized for their health-promoting properties. With escalat- 
ing demands from both food-related and industrial sectors, 
the cultivation of red seaweeds has notably expanded (Zhang 
et al., 2018). In China, the cultivation predominantly in- 
volves Kappaphycus, Eucheuma, Gracilaria, and Porphy- 
ra. These algae are particularly rich in polysaccharides, es- 
pecially sulfated polysaccharides concentrated within in the 
cell wall matrix (Bhatia et al., 2013). 

Carrageenan, a significant sulfated polysaccharide, is ex- 
tracted from red macroalgae of the Rhodophyceae class, 
particularly from species like Chondrus, Gigartina, and 
Eucheuma (Liu et al., 2019). The fundamental monosac- 
charide unit of carrageenan is D-galactopyranose, whose 
chemical structure is with hydroxyl groups substituted by 
sulfate groups. These monosaccharides are linked toge- 
ther to form the long polysaccharide chains of carrageenan 

through alternating (1→3)-β-D- and (1→4)-α-D-glycosi- 
dic bonds (Jönsson et al., 2020). The position and number 
of sulfate substituents on carrageenans categorize them in- 
to γ-, β, δ-, α-, μ-, κ-, ν-, ι-, λ-, and θ-carrageenans (Liu 
et al., 2019). The κ, ι, and λ hydrogel forms have signifi- 
cant commercial value in the market (Cunha and Grenha, 
2016) (Fig.2). Both κ-carrageenan and ι-carrageenan hold 
significant economic potential due to their gel and viscoe- 
lastic properties (Chen et al., 2019; Liu et al., 2019). They 
are capable of forming hydrogels and a three-dimensional 
double helix network through the crosslinking of neighbor- 
ing sulfate groups. In contrast, λ-carrageenan does not form 
hydrogels as it lacks the cross-linking sulfate group that is 
necessary for such structures (Lester et al., 2020; Zhong 
et al., 2020). 

Carrageenan can undergo physical or chemical cross-
linking due to the hydroxyl and sulfate groups, enhancing 
its physicochemical properties and leading to novel acti- 
vities and characteristics (Campo et al., 2009). As a vital 
biomaterial in the pharmaceutical field, carrageenan is used 
in drug formulations and has been documented to exhibit 
properties against respiratory diseases, tumor inhibition, 
and immune modulation (Pradhan and Ki, 2023). Resear- 
chers have extensively utilized carrageenan hydrogels in 
various biomedical and tissue generation applications, in- 
cluding drug delivery, wound dressing, and tissue engineer- 
ing. 
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Fig.2 Chemical structure of carrageenan. (A), monosaccharide composition; (B), conversion of various types of carragee-
nan; (C), different types of carrageenan. 

2.2 Fucoidan from Brown Seaweed 
Brown algae are a type of large seaweed belonging to 

the Phaeophyceae class within the algal phylum. They are 

predominantly found in cold marine environments, parti- 
cularly around the Arctic and Antarctic regions (Coelho  
et al., 2020). The brown color of brown algae is due to the 
presence of fucoxanthin, a carotenoid pigment. Brown al- 
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gae are crucial marine plants and serve as an important food 
source for humans and other marine organisms. The cell 
walls of brown algae are composed of various polysac- 
charides such as alginate, fucoidan, laminarin (also known 
as laminaran), and cellulose (Deniaud-Bouët et al., 2014).  

Fucoidan is a type of sulfated polysaccharides predomi- 
nantly found in brown algae and certain marine inverte- 
brates, where it mainly functions as a structural polysac- 
charide (Fitton et al., 2015). Its chemical structure contains 
uronic acid, and is similar to vertebrate glycosaminogly- 
cans (GAGs) which also consist of repetitive disaccharide 
units of an amino sugar and uronic acid. Its primary com- 

ponent is fucose, which is substituted with sulfate groups, 
It may also include other monosaccharides such as galac- 
tose, mannose, and xylose. Fucoidan can be broadly classi- 
fied into two types. One type is composed of a backbone 
of α-1,3-L-fucopyranose, while the second type consists 
of alternating α-L-fucopyranose residues linked by 1,3- and 
1,4-bonds, some of which have branched structures. The 
majority of the sulfate groups are located at the C-2 posi- 
tion, with fewer at the C-3 and C-4 positions (Zayed et al., 
2020) (Fig.3). The complexity of its structure varies signi- 
ficantly depending on the type of algae, its location, and 
the climate conditions. 

 

 
Fig.3 Chemical structure of fucoidan. 

Fucoidan has attracted significant attention due to its di- 
verse bioactive characteristics, such as anti-tumor (Van Weel- 
den et al., 2019), anti-inflammatory (Li et al., 2021), anti- 
oxidative, anticoagulant, antithrombotic, and blood glucose- 
reducing properties (Li et al., 2008). However, despite these 
promising biological attributes, the application of fucoidan 
in biomedical scaffolds encounters challenges due to its high 
water solubility. This solubility hinders the creation of co- 
hesive polymeric matrices without resorting to chemical 
crosslinking methods. Therefore, numerous studies advo- 
cate the incorporation of fucoidan with other materials such 
as chitosan, silk, gelatin, polycaprolactone, and hydroxya- 
patite to enhance its biomedical applications. 

2.3 Ulvan from Green Seaweed 
Ulvan, a water-soluble acidic polysaccharide, is derived 

from the cell walls of green seaweeds belonging to the 
Ulvales order, such as Ulva and Enteromorpha (formerly 
classified under Enteromorpha). It constitutes a significant 
portion, between 9% and 36%, of the dry weight of Ulva  

 

biomass (Tziveleka et al., 2019). 
Ulvan primarily consists of sulfated rhamnose, uronic 

acids (including glucuronic acid and iduronic acid), and xy- 
lose. The main disaccharide units found in ulvans include 
ulvanobiuronic acid 3-sulfate β-D-GlcA (1→4) α-L-Rha 3S 
→1 (type A) and α-L-IdoA (1→4) α-L-Rha 3S→1 (type B), 
while minor variations sometimes feature glucuronic acid 
branches or partially sulfated xylose in place of uronic acid 
(Kidgell et al., 2019) (Fig.4). 

Biologically, ulvan extracted from Ulva lactuca algae de- 
monstrates a wide array of activities. It has been shown to 
possess immunoregulatory (Fernández-Díaz et al., 2017), 
anti-inflammatory (Kidgell et al., 2020), anticoagulant (Fag- 
gio et al., 2016), antitumor (Costa et al., 2010), antioxi- 
dant (Qi and Sun, 2015), and anti-hyperlipidemic properties 
(Qi et al., 2012). Structurally resembling mammalian gly- 
cosaminoglycans (GAGs), which are vital components of 
the extracellular matrix (ECM), ulvan holds promising po- 
tential in biomedicine, cosmetics, food, health products, and 
other industries (Shalaby et al., 2019). 

 
Fig.4 Main repeating disaccharide unit of ulvan. 
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3 Sulfated Polysaccharide Hydrogels 
Carrageenan, alginates, and agarose are natural sulfated 

polysaccharides derived from seaweeds, sharing similar 
structures characterized by sulfate groups. Therefore, they 
are classified as natural sulfated polysaccharides. These 
polysaccharides also contain hydroxyl groups, which are 
hydrophilic in nature, enabling them to form physically 
cross-linked hydrogels. Furthermore, chemical modifica- 
tions can introduce additional functional groups, allowing 
the formation of chemically cross-linked hydrogels. Thus, 
sulfated polysaccharides from seaweed possess the poten- 
tial to form hydrogels. Here, we briefly summarize their 
characterization methods and gelation mechanisms. 

3.1 Characterization of Sulfated Polysaccharide 
Based Hydrogels 

3.1.1 FTIR 
Fourier transform infrared (FTIR) spectroscopy plays a 

crucial role in characterizing sulfated polysaccharide hy- 
drogels, allowing for detailed analysis of their molecular 
structure and interactions. FTIR spectra provide insights 
into the presence of sulfate groups, hydroxyl groups, and 
other chemical functionalities within the polysaccharide 
backbone. Through FTIR analysis, researchers can discern 
the degree of sulfation, the types of bonding present (such 
as hydrogen bonding), and the overall conformational 
changes induced by gelation processes. This technique is 
indispensable for understanding the structural properties 
of sulfated polysaccharide hydrogels, thereby facilitating 
their development and application in various biomedical 
and industrial contexts (Arkin, 2013). 

3.1.2 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is an essential tool 
for characterizing sulfated polysaccharide hydrogels, offer- 
ing detailed visualization of their microstructural features. 
SEM provides high-resolution images that reveal the sur- 
face morphology, pore structure, and overall architecture 
of hydrogels. Through SEM analysis, researchers can exa- 
mine the uniformity of the gel network, the size and distri- 
bution of pores, and the effects of cross-linking on the gel 
structure. This technique is crucial for understanding the 
physical properties of sulfated polysaccharide hydrogels, 
which directly influence their mechanical strength, swell- 
ing behavior, and potential applications in various fields 
such as drug delivery, tissue engineering, and environmen- 
tal remediation (Fischer et al., 2024). 

3.1.3 Swelling degrees 

The degree of swelling is a critical parameter for eva-
luating the performance of sulfated polysaccharide-based 
hydrogels, as it directly relates to their capacity to absorb 
and retain water. This property is assessed by immersing 
the hydrogel sample in a solvent, typically water, and re- 
cording the increase in its weight over time until a state of 
equilibrium is reached. The swelling degree (SD) can be 

quantitatively expressed using the following formula (Ho 
et al., 2023): 

swollen dry

dry

Swelling degrees
W W

W

−
= , 

where Wswollen is the weight of the hydrogel after swelling, 
and Wdry is the initial dry weight of the hydrogel. This mea- 
surement offers valuable insights into the hydrogel’s net- 
work structure and the density of its cross-linking, which 
are pivotal for its potential applications in areas such as 
drug delivery and tissue engineering. 

3.1.4 Rheology 

Rheological studies on sulfated polysaccharide hydro-
gels are crucial for elucidating their viscoelastic properties, 
and are vital for applications in dynamic environments such 
as biomedical fields. By employing oscillatory shear tests, 
researchers can ascertain both the storage modulus (G') and 
the loss modulus (G''). The storage modulus (G') represents 
the hydrogel’s ability to store energy and thus reflects its 
elastic behavior, while the loss modulus (G'') indicates the 
energy dissipated as heat, reflecting its viscous behavior. 
These parameters are integral in determining the hydro- 
gel’s gelling properties – how it transitions from a liquid to 
a gel under stress. Additionally, these tests help in assess- 
ing the hydrogel’s viscosity, providing further insight into 
how it will flow and deform under applied forces. Under- 
standing these properties is essential for predicting how 
the hydrogel will behave under physiological conditions, 
making it indispensable in the design of biomaterials (No- 
guchi and Kobayashi., 2022; Vo et al., 2022). 

3.1.5 Mechanical properties 

The mechanical properties of hydrogels, such as tensile 
strength, compressive strength, and elasticity, are funda- 
mental for ensuring functionality in their intended applica- 
tions. These properties are typically evaluated using stan- 
dard material testing techniques, such as uniaxial tension 
or compression tests. For sulfated polysaccharide hydro- 
gels, these measurements help in optimizing formulations 
for specific applications, such as scaffolds in tissue engi- 
neering or carriers in drug delivery systems (Dattilo et al., 
2023). 

3.2 Hydrogel Forming Mechanism of Sulfated 
Polysaccharide Hydrogels 

The formation of hydrogel networks from sulfated poly- 
saccharides can be classified into physical and chemical 
cross-linkings (Fig.5).  

3.2.1 Physical methods 

The principle of physical cross-linking in forming hy-
drogels from sulfated polysaccharides involves non-co- 
valent interactions such as ionic bonds, hydrogen bonds, 
and hydrophobic interactions. This method does not require 
chemical reactions to form permanent bonds, making the  
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Fig.5 Formation of hydrogel networks from sulfated polysaccharides. 

process reversible and allowing for easy modification of 
the hydrogel properties in response to environmental sti- 
muli (Hu et al., 2023). 

Alginate hydrogels, for instance, are often cross-linked 
using calcium ions, which interact with the guluronic acid 
blocks of alginate to form a gel in a process known as the 
‘egg-box’ model (Malektaj et al., 2023). This method is 
valued for its rapid gelation and ability to form hydrogels 
with varied mechanical properties and swelling behaviors, 
depending on the concentration and type of cations. Based 
on a similar principle, the sulfate groups of the aforemen- 
tioned sulfated polysaccharides can form physical cross- 
linking structures with calcium ions, among others, which 
can serve as a method for forming hydrogels through phy- 
sical cross-linking of sulfated polysaccharides (Liu et al., 
2020). 

The gelling capability of carrageenan is primarily attri-
buted to the double helical structures within its polysac- 
charide molecules. These structures stabilize in the pre- 
sence of appropriate ions, typically potassium or calcium, 
and under suitable temperature conditions, forming a cross- 
linked network. At lower temperatures, intermolecular hy- 
drogen bonding among carrageenan molecules leads to the 
formation of double helices. When the temperature increases, 
these helical structures dissociate, causing the gel to melt. 
Upon cooling, the double helices reform, resulting in ge- 
lation of the solution. This thermoreversible nature is a key 
feature of carrageenan hydrogels (Pacheco-Quito et al., 
2020). Additionally, the gelation of carrageenan can be en- 
hanced through ionic cross-linking. Specific ions, such as 
calcium, interact with the sulfate groups in carrageenan to 
form a more stable network structure, thereby enhancing 
the mechanical properties and stability of the gel. This ionic 
interaction is critical for the robust applications of carra- 
geenan hydrogels in both biomedicine and food industries. 

Ulvan is a sulfated polysaccharide rich in hydroxyl groups 
within its structure. These hydroxyl groups can engage in 
complex interactions with borate ions, where borate ions 
can cross-link with two adjacent hydroxyl groups to form 
a stable diol structure. This interaction between borate and 

the hydroxyl groups leads to the formation of a stable cross- 
linked network among ulvan molecules. When such cross- 
linking occurs among multiple ulvan molecules, a three- 
dimensional gel network can be formed. If this is combined 
with polyacrylamide to create a double network hydrogel, 
the overall network structure of the hydrogel is enhanced. 
The polyacrylamide can intertwine with the ionically cross- 
linked ulvan network, and hydrogen bonding between them 
further strengthens the mechanical properties of the hydro- 
gel (Jiang et al., 2021). This arrangement results in a hy- 
drogel with robust mechanical characteristics. 

3.2.2 Chemical methods 

Sulfated polysaccharides, characterized by their chemi-
cal structures rich in hydroxyl, carboxyl, and sulfate groups, 
can undergo various chemical modifications enabling co- 
valent crosslinking reactions between sulfated polysaccha- 
ride derivatives to form three-dimensional hydrogels. Nu- 
merous chemical crosslinking methods exist, with hydro- 
gel networks also potentially formed by dynamic covalent 
bonds, including established click chemistry reactions, 
Diels-Alder (DA) reactions, Michael addition reactions, 
Schiff base reactions, and free radical polymerization (Hu 
et al., 2019). Compared to physically crosslinked hydrogels, 
chemically crosslinked sulfated polysaccharide hydrogels 
are more stable, exhibit superior mechanical properties, and 
their degradation can be regulated. 

Photopolymerization of hydrogels currently has a wide- 
spread impact in the field of 3D printing. The double bond 
sites of the methacrylate groups exhibit high reactivity, 
which can lead to the formation of radicals upon excitation 
by a photoinitiator, resulting in free radical polymerization 
to form hydrogel (Sun et al., 2020). 

Click chemistry has attracted much attention in recent 
years due to its rapid reaction, high selection, and good bio- 
compatibility. Through the modification of click groups on 
sulfated polysaccharide, the cross-linking of two sulfated 
polysaccharide derivatives can be triggered by chemical 
cross-linking to form hydrogels (Yu et al., 2015). 
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4 Biomedical Applications of Sulfated 
Polysaccharide Hydrogels Derived 
from Seaweeds 
Sulfated polysaccharides derived from marine sources 

possess numerous biomedical activities. Based on their 
polysaccharide properties, they can be formulated into hy- 
drogels, exhibiting unique efficacy in wound healing, drug 
delivery, and tissue engineering applications. 

4.1 Biomedical Applications in Wound Healing 
4.1.1 Carrageenan-based hydrogels for 

wound healing 
In wound healing, carrageenan-based hydrogels can pro- 

vide a moist environment and promote cell migration due 
to their water solubility, as well as absorb wound exudate. 
These hydrogels exhibit low cytotoxicity, antibacterial, and 
antioxidant properties, indicating their potential for heal- 
ing both acute and chronic wounds (Liu et al., 2020). 

Ulagesan et al. (2023) prepared a composite hydrogel 
using natural polysaccharide κ-carrageenan and phycobili- 
protein from Porphyra yezoensis, which effectively promot- 
ed the migration of fibroblasts and accelerated wound heal- 
ing. Raghunathan et al. (2024) developed nanofibers us- 
ing natural microalgae-derived peptides, polycaprolactone  

 

(PCL), and κ-carrageenan through an electrospinning me- 
thod. These nanofibers demonstrated good biocompatibi- 
lity and significant self-healing characteristics, which ef- 
fectively resisted bacteria, promoted cell proliferation, and 
accelerated wound healing (Fig.6A). Abou-Okeil et al. (2021) 
created a hyaluronic acid/oxidation κ-carrageenan electro- 
spun nanofiber hydrogel with multifunctional properties. 
This hydrogel can inhibit both gram-positive and gram-ne- 
gative microorganisms and promote wound healing. Gouda 
et al. (2021) prepared electrospun nanofiber scaffolds that 
was composed of polyvinyl alcohol/carrageenan and par- 
tially reduced graphene oxide. These scaffolds exhibited 
effective antibacterial and inhibitory activity, as well as pro- 
moted re-epithelialization, induced hair follicle growth, re- 
duced scar formation, and successfully accelerated wound 
healing and skin repair. Sathuvan et al. (2023) developed 
a biopolymer composite film consisting of κ-carrageenan 
and coriander essential oil for wound healing (Fig.6B). This 
composite film can influence cell adhesion, F-actin tissue, 
and collagen synthesis, as well as promote mechanical in- 
duction activation in vitro and enhance wound healing in 
vivo. Khodaei et al. (2023) developed a new antibacterial 
and self-healing hydrogel made of aldehyde carrageenan 
(Fig.6C). They produced the hydrogels through NaIO oxi- 
dation, followed by the addition of dopamine and zinc ions. 
The hybrid H-OCA Dop Zn hydrogel exhibited excellent 
wound healing potential. 

  

 
Fig.6 Carrageenan hydrogels for wound healing. (A), carrageenan for nanofibers; (B), κ-Car composite film-based bioac-
tive materials; (C), carrageenan for antibacterial and self-healing hydrogel. 
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4.1.2 Fucoidan-based hydrogels for wound healing 

Fucoidan, a hydrophilic polysaccharide, is renowned for 
its significant physical properties, which makes it an ideal 
candidate for managing skin burns and wounds. These pro- 
perties include high wound exudate absorption, strong ad- 
herence to mucosal surfaces, the capacity to attract and re-
tain moisture, and oxygen permeability. Moreover, fucoi- 
dan exhibits pharmacological effects similar to heparin, such 
as anticoagulant, antithrombotic, and anti-inflammatory 
functions. 

In a recent study, a hydrogel matrix was formulated us-
ing a combination of fucoidan, chitosan, alginate, carboxy- 
methyl cellulose (CMC), and gellan gum (Fig.7A). Gellan 
gum was employed to stabilize the hydrogel in environ- 
ments containing metallic ions, while CMC was employ- 
ed to bolster the mechanical integrity of the matrix. The 
study indicated a significant acceleration in wound healing,  

 

characterized by increased expression of fibroblasts and col- 
lagen fibers. These findings highlight the potential of this 
fucoidan-based hydrogel as an effective therapeutic option 
for promoting rapid and efficient healing in the treatment 
of skin wounds (Karuppusamy et al., 2020). 

Yao et al. (2023) studied the application of fucoidan in 
enhancing the endothelialization and hemocompatibility of 
PVA hydrogels (Fig.7B). By integrating fucoidan, the re- 
searchers achieved a notable improvement in the adhesion 
and spread of endothelial cells on the PVA, while maintain- 
ed its blood compatibility. The in vivo trials of these small 
diameters, fucoidan-enhanced PVA grafts showed favor- 
able results, such as increased patency rates and a reduce- 
tion in the formation of intimal hyperplasia. This study un- 
derscores the versatility of fucoidan not only in wound heal- 
ing but also as a surface-modifying agent for PVA grafts, 
demonstrating its broader potential in the development of 
vascular implants and devices (Yao et al., 2023). 

 
Fig.7 Fucoidan hydrogels for wound healing. (A), fucoidan used in self-Ce6-CMC@H hydrogel; (B), fucoidan for PVA 
hydrogels. 

4.1.3 Ulvan-based hydrogels for wound healing 

Ulvan-based hydrogels have garnered significant atten-
tion for their potential in enhancing wound healing pro- 
cesses. These hydrogels, derived from marine sources like 
Ulva species, exhibit favorable properties that contribute to 
their therapeutic efficacy in treating various types of wounds 
(Jiang et al., 2022). 

Researchers have explored diverse approaches to harness 
ulvan’s benefits in wound healing. Ren et al. (2022) de- 
monstrated the integration of human umbilical cord me- 

senchymal stem cells (hUC MSCs) into ulvan-based hydro- 
gels. Their study highlighted ulvan’s role in promoting cell 
proliferation and migration, which is crucial for accelerat- 
ing wound closure, particularly in diabetic patients (Ren 
et al., 2022). Kikionis et al. (2022) developed non-woven 
nanofiber patches incorporating ulvan and polyethylene 
oxide (PEO). These patches exhibited potent anti-inflamma- 
tory properties, which is essential for reducing inflamma- 
tion and facilitating effective wound healing without ad- 
verse reactions. Their innovative approach underscores ul- 
van’s versatility in managing chronic wounds. Sulastri et al. 
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(2023) formulated ulvan polysaccharide hydrogel films em- 
bedded with silver nanoparticles. This formulation can not 
only control inflammation but also promote re-epithelia- 
lization, angiogenesis, showing strong antibacterial effects. 
Such multifaceted benefits highlight ulvan’s potential as a 
therapeutic agent for enhancing wound healing. 

Ulvan-based hydrogels represent a promising avenue in 
wound care, leveraging their biological activities to address 
various aspects of the wound healing process. Further re- 
search on optimizing ulvan’s properties and exploring new 
formulations holds promise for advancing clinical applica- 
tions in wound management. 

4.2 Biomedical Applications of in Drug 
Delivery Systems 

4.2.1 Carrageenan-based hydrogels for 
delivery systems 

Carrageenan has been increasingly employed as a bene- 
ficial compound in pharmaceutical formulations due to its 
unique physicochemical properties. These properties make 
carrageenan suitable as a delivery modifier in controlled- 
release systems, such as stabilizing agents, permeability en- 
hancers, disintegrators, coatings, thickeners, and solubili- 
zers. Additionally, carrageenan can facilitate sustained drug 
release by forming complexes with drugs and by its ability 
to form gels through heat-reversible gelation and ionic in- 
teractions. This is attributed to the strong anionic surface 
charge of carrageenan, which is helpful in the delivery of 
molecules such as anticancer drugs and proteins. 

Santhamoorthy et al. (2023) developed a dual stimuli-re- 
sponsive hydrogel using magnetic iron oxide nanoparticles 
and κ-carrageenan, achieving high drug loading and en- 
hanced release with pH and temperature stimuli, demon- 
strating its biocompatibility for cancer therapy applications. 
Furthermore, Safarpour et al. (2023) introduced a red blood 
cell membrane vesicle-laden methacrylate kappa-carragee- 
nan (KaMA) composite hydrogel, significantly enhancing 
compressive strength, toughness, and controlled drug re- 
lease, while supporting fibroblast cell growth for soft tis- 
sue engineering applications. 

These advancements highlight the versatility and effica- 
cy of carrageenan-based hydrogels in drug delivery, offer- 
ing promising solutions for sustained and controlled thera- 
peutic applications. 

4.2.2 Fucoidan-based hydrogels for delivery systems 

Recent research has explored the application of fucoidan 
in drug delivery systems. In a study by Egle and his collea- 
gues, self-assembled fucoidan/chitosan (FU_CS) hydrogels 
were engineered to counteract the rapid degradation and 
swift release of bioactive factors from Platelet-rich fibrin 
(PRF), a substance derived from human blood (Fig.7A). 
The findings from this study demonstrate that PRF/FU_ 
CS hydrogels facilitate sustained release of growth factors, 
significantly enhancing the potential of fucoidan/chitosan 
(FU_CS) hydrogels for wound healing and tissue regene- 
ration (Egle et al., 2024).  

Dou et al. (2023) developed a composite hydrogel using 

fucoidan and calcium alginate, incorporating probiotics to 
create bioactive patches for oral ulcers (Fig.8B). The ma- 
terial demonstrates excellent wet adhesion, appropriate 
swelling, and robust mechanical properties. It facilitates su- 
stained release of probiotics and exhibits good storage sta- 
bility. The inclusion of fucoidan significantly enhances the 
physicochemical properties of the composite hydrogel. This 
innovative approach holds considerable potential for the 
management of oral ulcers (Dou et al., 2023). 

Rao et al. (2022) engineered a polyelectrolyte complex 
matrix using chitosan and fucoidan extracted from Fucus 
vesiculosus, and specifically designed for diabetic wound 
therapy (Fig.8C). This matrix was utilized to administer 
platelet-rich plasma (PRP), which is enriched with growth 
factors and cytokines. The innovative formulation facilitat- 
ed a sustained release of PRP for up to 72 h at 37℃, sig- 
nificantly promoting cell proliferation and collagen depo- 
sition in the in vivo experiments (Rao et al., 2022). 

4.2.3 Ulvan-based hydrogels for delivery systems 

The hydrogel based on ulvan has been extensively stud-
ied in drug delivery. The efficacy of drugs or bioactive 
compounds depends on factors such as degradation, release 
rate, effective concentration, and interactions with targets 
(Chyzy et al., 2020). Polysaccharide gels, with their lar- 
ger pores, can effectively load drugs with maintaining their 
activity and ensuring a slow-release effect (Goller and Tur- 
ner, 2020). 

The water insolubility of many bioactive compounds, in- 
cluding the polyphenol curcumin known for its diverse bio- 
logical activities such as anti-tumor effects, limits their app- 
lications. Bang et al. (2019) modified ulvan through che- 
mical modification, creating an acetylated ulvan nano-gel 
that can self-assembly to effectively carry and deliver wa- 
ter-insoluble bioactive compounds. Tziveleka et al. (2018) 
prepared lysozyme/ulvan complexes under physiological 
pH conditions with various charge ratios, which can effect- 
tively preserve lysozyme’s antibacterial activity. In another 
study, they incorporated ulvan into liposomes, enhancing 
the physical and chemical properties, as well as the stabi- 
lity of liposomes by interacting with neutral, negatively 
charged, or positively charged lipids (Tziveleka et al., 2022). 

4.3 Biomedical Applications of Tissue Engineering 
4.3.1 Carrageenan-based hydrogels for 

tissue engineering 
In recent years, natural carrageenan has demonstrated 

significant potential for the development of hydrogels with 
valuable properties such as high swelling rate, thermal sta- 
bility, and mechanical qualities (Popa et al., 2011; Yegap- 
pan et al., 2018). These hydrogels can be applied in vari- 
ous biomedical fields, including tissue engineering and 
wound healing (Yegappan et al., 2018). For example, in 
bone tissue engineering, hydrogels composed of collagen- 
hydroxyapatite/κ-carrageenan have been utilized. κ-carra- 
geenan has been employed as a crosslinker to enhance the 
composite’s properties by reducing hygroscopicity and im-  



CUI et al. / J. Ocean Univ. China (Oceanic and Coastal Sea Research) 2024 23: 1329-1346 

 

1338 

 
Fig.8 Fucoidan hydrogels used in the drug delivery. (A), fucoidan is used in self-assembled fucoidan/chitosan (FU_CS) hy- 
drogels; (B), fucoidan for bone tissue engineering scaffold preparation; (C), fucoidan for Nap-FFGRGD@FU hydrogel. 
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proving biodegradability (Feng et al., 2017). Another study 
focused on creating a porous bioactive hydrogel for bone 
tissue engineering (Fig.9A), which consisted of calcium si- 
licate, carrageenan, and sodium alginate (Popa et al., 2011; 
Feng et al., 2017; Yegappan et al., 2018). 

Interestingly, the hydrogel showed the growth of hydro- 
xyapatite crystals on its surface when immersed in simu- 
lated body fluid at 37 . This hydrogel also demo℃ nstrated 
potential as a drug delivery platform for diclofenac, which 
can be used to treat postoperative acute inflammation dur- 
ing bone tissue engineering. In another study, an alginate/ 

κ-carrageenan hydrogel was developed using 3D bioprint- 
ing. The incorporation of κ-carrageenan in the hydrogel in- 
creased its potential as a bio-ink, which can be used in the 
fabrication of 3D printing systems with excellent mecha- 
nical properties (Kim et al., 2019). Zhang et al. (2016) uti- 
lized polyvinyl alcohol (PVA) and carrageenan to create a 
biomimetic hydrogel system with a unique pore structure 
(Fig.9B). This hydrogel exhibited a hub pore structure, 
which is different with non-directional scaffolds prepared 
with traditional methods. The biomimetic hydrogel was able 
to mimic the biochemical and physical cues of the natural 

 

 
Fig.9 Carrageenan hydrogels for tissue engineering. (A), carrageenan for a porous bioactive hydrogel; (B), carrageenan 
for the preparation of PVA-CAR scaffolds. 
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Fig.10 Fucoidan hydrogels used in the field of tissue engineering. (A), fucoidan is used in self-assembling hydrogels; (B), 
fucoidan for bone tissue engineering scaffold preparation; and (C), fucoidan for Nap-FFGRGD@FU hydrogel. 
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cartilage extracellular matrix, promoting the proliferation 
and differentiation of chondrocyte cells in vitro, thus show- 
ing potential for cartilage repair. Tytgat et al. (2019) also 
developed a scaffold using methacrylamide-modified ge- 
latin and κ-carrageenan. 

4.3.2 Fucoidan-based hydrogels for 
tissue engineering 

Researchers have considered utilizing fucoidan to pro-
duce self-assembling hydrogels through co-assembly or 
conjugation with peptides and polysaccharides, as shown 
in Fig.10A. These hybrid hydrogels exhibited favorable me- 
chanical strength and biological functions, making them 
suitable for applications in tissue engineering (Radvar and 
Azevedo, 2019).  

Lowe and colleagues synthesized scaffolds for bone tis- 
sue engineering (Fig.10B), incorporating chitosan, alginate, 
and fucoidan sourced from Fucus vesiculosus. Their find- 
ings indicate that integrating fucoidan significantly boosts 
the secretion of various biomarkers by human adipose tis- 
sue-derived stem cells. Furthermore, the team engineered 
three-dimensional scaffolds using fucoidan, nano-hydroxya- 
patite, and chitosan. This composition was pivotal in pro- 
moting the release of essential factors critical for osteo- 
blast proliferation and tissue formation, highlighting fuc- 
oidan’s vital role in enhancing bone regeneration (Lowe 
et al., 2016). 

Zhao and colleagues engineered a hydrogel, termed Nap- 
FFGRGD@FU, which draws inspiration from the natural 
structure of cartilage (Fig.10C). This hydrogel comprises 
marine-derived fucoidan (FU) and a peptide known as Nap- 
FFGRGD, assembled through a simple self-assembling pro- 
cess. The architecture of Nap-FFGRGD@FU hydrogels 
mirrors the natural cartilage, featuring an interwoven net- 
work of collagen-like fibers and proteoglycans. Fucoidan 
not only mimics the structural attributes of cartilage but al- 
so imparts significant biological activity. Additionally, the 
inclusion of the Arg-Gly-Asp (RGD) sequence within the 
peptide furnishes cellular attachment sites, thereby enhances 
the hydrogel’s functionality. This synergistic effect facili- 
tates the production of the extracellular matrix (ECM) and 
the reduction of reactive oxygen species (ROS), which sup- 
ports a conducive environment for chondrocyte interaction 
and ECM integration (Zhao et al., 2023). 

4.3.3 Ulvan-based hydrogels for tissue engineering 

Ulvan-based hydrogels have shown remarkable poten-
tial in tissue engineering due to their versatile properties 
and biocompatibility. Mariia et al. (2021) developed a com- 
posite hydrogel combining chitosan and ulvan with cellu- 
lose nanocrystals (CNCs), significantly enhancing mecha- 
nical properties and cell proliferation capacity. This inno- 
vation underscores the mechanical robustness and bioac- 
tivity required for effective tissue engineering scaffolds. 
Terezaki et al. (2022) advanced this field by designing an 
electrospun nanofiber system incorporating ulvan and gela- 
tin. Their system exhibited accelerated wound contraction 
and anti-inflammatory properties, which are crucial for tis- 

sue regeneration and healing. Jiang et al. further contri- 
buted by synthesizing a composite hydrogel (PEP-PAM) 
from Enteromorpha prolifera polysaccharides (Fig.11A). 
This hydrogel demonstrated strong mechanical strength, 
self-healing capabilities, and tissue adhesion, promoting 
cell proliferation and migration that is essential for tissue 
repair and regeneration (Jiang et al., 2021). Jiang et al. al- 
so developed an injectable double-network hydrogel (OPAB) 
characterized by adjustable gelation, pH-sensitive biode- 
gradability, and efficient wound healing capabilities through 
curcumin nanoparticle delivery (Fig.11B). This hydrogel 
represents a significant advancement in providing adapt- 
able and responsive scaffolds for tissue engineering (Ji- 
ang et al., 2024). Yang et al. created an antioxidant nano- 
fiber facial mask using E. prolifera polysaccharides, show- 
ing superior antioxidant capacity and moisture retention, 
highlighting its potential for skin tissue applications (Yang 
et al., 2024). 

Collectively, these studies illustrate the versatile appli-
cations and significant benefits of ulvan-based hydrogels 
in tissue engineering, paving the way for innovative solu- 
tions in regenerative medicine and therapeutic interventions. 

5 Summary and Prospect 
Marine-derived sulfated polysaccharides, due to their 

structural similarity to the extracellular matrix (ECM) of 
human cells, represent a sustainable and natural alternative 
to mammalian polysaccharides for biomedical applications. 
These polysaccharides offer significant advantages, inclu- 
ding reduced zoonotic disease risk and fewer social and re- 
ligious constraints. Hydrogels derived from marine sulfat- 
ed polysaccharides exhibit exceptional water retention, bio- 
compatibility, biodegradability, and customizable structural 
and network morphologies. These properties enable them 
to replicate the complex architecture of natural ECM, there- 
by enhancing cellular functions and signaling pathways 
while inhibiting bacterial growth. Consequently, these hy- 
drogels hold immense potential in the field of biomedical 
materials research and development. Despite their broad 
applicability and cost-effectiveness, the commercial appli- 
cation of marine-derived sulfated polysaccharide hydro- 
gels faces several challenges. These include the potential 
introduction of harmful substances during hydrogel modi- 
fication processes and difficulties in controlling the pore 
size, mechanical strength, swelling capacity, and responsi- 
veness to external stimuli without grafting or utilizing single- 
component formulations. Recent advancements in materials 
science and biomedicine have catalyzed interest in the de-
velopment of composite, functionalized, and smart hydro- 
gel materials. There is a growing focus on creating a con- 
trollable sulfated polysaccharide hydrogel system capable 
of mimicking the properties of skin, internal organs, bones, 
and other human tissues, thereby advancing the field of re- 
generative medicine. Marine sulfated polysaccharides are 
expected to play a pivotal role in the future exploration and 
development of innovative biomaterials, paving the way 
for new therapeutic strategies and methods.  
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Fig.11 Ulvan-based hydrogels for tissue engineering. (A), PEP/PAM hydrogels (to be continued). 
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Fig.11 Ulvan-based hydrogels for tissue engineering. (B), an injectable double-network hydro-gel (OPAB) characterized by 
adjustable gelation, pH-sensitive biodegradability, and efficient wound healing capabilities through curcumin nanoparticle 
delivery (continued). 
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