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Abstract

This review presents a green chemistry-driven strategy for the synthesis, design, and chemical
engineering of carrageenan-based hydrogel matrices embedded with green-synthesized silver
nanoparticles (AgNPs) for advanced biomedical and pharmaceutical applications. Silver nanoparticles
were fabricated through an environmentally benign route employing natural biopolymeric reducing
and stabilizing agents, eliminating the need for hazardous chemical reagents and minimizing ecological
impact. The synthesized AgNPs were subsequently incorporated into k-carrageenan hydrogel networks
under controlled physicochemical conditions to achieve uniform dispersion and stable nanocomposite
formation. Carrageenan, a naturally occurring sulfated polysaccharide derived from red seaweed,
serves as an excellent hydrogel matrix due to its intrinsic biocompatibility, biodegradability, gel-
forming capability, and bio-adhesive characteristics. Detailed evaluation of molecular-level
interactions between carrageenan polymer chains and embedded AgNPs revealed significant
modulation of hydrogel cross-linking density, viscoelastic behavior, swelling capacity, mechanical
integrity, and controlled ion-release kinetics. The resulting nanocomposite hydrogels demonstrated
enhanced physicochemical and biological functionality, including sustained silver ion release,
structural stability, and broad-spectrum antimicrobial activity against representative Gram-positive
and Gram-negative microorganisms. Furthermore, the integration of green nanoparticle synthesis with
sustainable polymer network engineering provides a scalable and eco-conscious platform for next-
generation biomaterials. The study emphasizes the potential of carrageenan—AgNP hydrogel systems
as multifunctional materials suitable for diverse biomedical applications, including antimicrobial
coatings, wound healing scaffolds, targeted drug delivery systems, biosensing interfaces, and
regenerative tissue engineering. Overall, this review underscores the importance of combining green
nanotechnology principles with advanced hydrogel design to develop safe, sustainable, and high-
performance biomedical materials. Future studies should prioritize clinical validation, scalability, and
long-term safety.
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INTRODUCTION

Nanotechnology has emerged as a key
instrument for producing novel materials with a
wide range of scientific and technological uses in
recent years. When compared to their bulk
materials, nanoparticles smaller than 100 nm have
special characteristics such a high surface to
volume ratio and strong reactivity [1]. Among
noble metallic nanoparticles, silver nanoparticles
are the subject of much research due to their
remarkable characteristics [2].
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They are mostly studied in colloidal systems because of their special electrical and, in particular,
antibacterial properties [3]. Silver nanoparticles’ antibacterial qualities have led to their incorporation
into a variety of medical devices [4]. Green-synthesised AgNPs are becoming more popular because of
their reduced toxicity, enhanced antibacterial activity, bioactive phytochemical cap, and environmental
friendliness [5, 6]. There are several uses for green synthesised silver nanoparticles when they are
incorporated into different substrates and matrices. A novel class of materials with a broad spectrum of
applications has been created by combining hydrogels with nanoparticles. Naturally, the most important
feature of hydrogel networks is their excellent suitability for both in situ and ex-situ nanoparticle
formation [7].

The free space between the gel networks act as nanoscopic domains or pots that provide excellent
growth of the nanoparticles without any aggregations due to their biocompatibility, adjustable porosity,
and capacity to replicate the extracellular matrix (ECM), hydrogels are particularly interesting in
biomedical engineering [8]. These characteristics make them appropriate for a variety of uses such as
biosensors, tissue engineering scaffolds, drug delivery systems, wound dressings, and regenerative
medicine. Additionally, their significance in therapeutic delivery has increased due to their capacity to
encapsulate and release medicines, bioactive compounds, or nanoparticles in a regulated manner [9,
10]. Current developments focus on stimuli-responsive hydrogels, which enable intelligent biological
applications by reacting to environmental cues like pH, temperature, enzymes, or light.

Hydrogels are an intriguing class of materials that have garnered significant interest in several
scientific and technical fields [11]. Three-dimensional, hydrophilic polymeric networks known as
hydrogels can absorb and hold large volumes of water or biological fluids without disintegrating. Their
distinctive structure, which resembles real soft tissues in terms of mechanical strength and flexibility,
is created by the physical or chemical crosslinking of polymer chains [12]. Hydrogels are a versatile
and optimistic biomaterial that has become indispensable in a wide range of applications, from the
biomedical and pharmaceutical fields to the environmental and industrial sectors, thanks to their
remarkable water-absorbing properties and striking resemblance to natural living tissues [13]. Both
natural polymers (such alginate, chitosan, carrageenan, gelatin, and cellulose) and synthetic polymers
(like polyvinyl alcohol, polyethylene glycol, and polyacrylamide) can be used to create hydrogels [ 14—
15]. Their mechanical qualities, biocompatibility, and degradability are all influenced by the polymer
selection, which enables customization for certain biomedical requirements [16].

Within the pharmaceutical industry, Carrageenan hydrogels have garnered more interest than other
carrageenan formulations. Carrageenan-based hydrogel beads have been the focus of much research
because of their facile gelling forming ability, biodegradability, high water absorption,
mucoadhesiveness, reversible gel formation at particular temperatures, and viscoelastic properties [75].
They have shown themselves to be a useful substrate for cell transplantation, differentiation, and
spontaneous tissue regeneration. The addition of carrageenan as a biopolymer offers sufficient
possibility for further research into the possibilities of this intriguing combination, given the well-
established flexibility of hydrogels in tissue engineering and drug administration.

Natural hydrogels and green-synthesized nanoparticles have gained popularity due to the growing
need for safe, efficient, and sustainable biomedical materials. Furthermore, by adding antibacterial, anti-
inflammatory, or regenerative qualities, including nanoparticles — like green-synthesized silver
nanoparticles — into hydrogels based on carrageenan has increased their functionality [17]. As a result,
hydrogels provide enormous potential for resolving issues in biotechnology and healthcare by serving
as a versatile platform that connects material science and biomedical innovation.

In this review, we have concentrated on the green production of silver nanoparticles using natural
reducing agents, microorganisms, or plant extracts, which provides an environmentally friendly
substitute and makes AgNPs safer for use in biomedical applications. By incorporating these AgNPs
into hydrogels, particularly those made from the biopolymer carrageenan, novel applications in tissue
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engineering, drug delivery, wound healing, regenerative medicine, and antimicrobial coating were made
possible.

GREEN SYNTHESIS OF SILVER NANOPARTICLES

The fast-developing area of nanotechnology has important ramifications for material science,
agriculture, and medicine. Silver nanoparticles (AgNPs) have drawn a lot of interest among different
nanomaterials because of their multifunctional biological potential, high surface-to-volume ratio, and
broad-spectrum antibacterial qualities [18]. One of the most well-known metals, silver has been used
medicinally for more than 2000 years due to its ability to eradicate a variety of pathogenic microbes, as
well as its strong antimicrobial activity and ability to suppress germs in different ways. Additionally,
silver is a key ingredient in many wound-healing treatments [19, 20]. Silver nanoparticles (Ag NPs)
have drawn a lot of interest for their beneficial properties, such as exceptional bactericidal activity
against a variety of pathogens, given the recent rise in antimicrobial resistance to many diseases [21].
Antimicrobial resistance is less common and silver-based products are less expensive. Silver
nanoparticles (AgNPs) are presently utilized in many fields, including biological, food, medicinal,
consumer, and industrial applications, due to their special qualities. AgNPs are made in a variety of
ways, frequently with the purpose of examining their morphology or other physicochemical
characteristics. It is suggested that silver nanoparticles, which are well-known antimicrobial agents,
have anti-fungal, anti-inflammatory, anti-angiogenic, and anti-permeability properties. However, silver
ions are currently being replaced by silver nanoparticles as an alternative antibacterial agent. Microbes
are inhibited and killed by both silver ions and silver nanoparticles [22, 23].

AgNPs have historically been produced by chemical and physical processes including laser ablation,
chemical reduction, and photochemical techniques [24]. However, these methods are rarely used since
they frequently include hazardous byproducts, high energy consumption, and toxic chemicals, raising
questions regarding biocompatibility and environmental sustainability. However, the green synthesis
process, which incorporates different biological agents, provides a more environmentally benign way
to produce nano-scale functional materials. Green synthesis of AgNPs is becoming increasingly popular
due to its low cost, environmental friendliness, and capacity to safeguard human health [25]. Green
synthesis has become a viable, affordable, and environmentally beneficial way to get around these
restrictions. This method uses biological systems as reducing and stabilizing agents to produce AgNPs,
including plant extracts, microorganisms (bacteria, fungi, algae), and biomolecules. Because
phytochemicals like flavonoids, phenolics, tannins, terpenoids, and alkaloids not only convert silver
ions (Ag") to metallic silver (Ag") but also cap and stabilize the nanoparticles, improving their
biocompatibility and functional activity, plant-based synthesis is especially beneficial.
Biocompatibility, less toxicity, eco-safety, and scalability are only a few benefits of green-synthesized
AgNPs. Additionally, bioactive substances made from natural extracts are frequently applied to their
surface, strengthening their antibacterial, antioxidant, and anti-inflammatory qualities [26]. These
characteristics make them ideal for use in biological applications such as wound healing, drug delivery,
tissue engineering, and antimicrobial coatings [27, 28]. As shown in Table 1, silver nanoparticles are
synthesized from different biological sources such as plant extract, microbes, fungus and algae.

To improve the stability and biological performance of biomaterials such hydrogels, films, and
scaffolds, research has recently concentrated more on incorporating green-synthesized AgNPs into
these materials. This has created new opportunities for the creation of multifunctional nanocomposites
that are safe, effective, and environmentally friendly in tackling urgent medical issues, including the
emergence of antimicrobial resistance [29].

Table 1. Green Synthesis of silver nanoparticles from different biological sources.
S.N. Biological source |Outc0mes |Reference

Plant-based material
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1 Mikania cordata leaves

The biosynthesized AgNPs  exhibited
significant bioactivities such as antioxidant
and antimicrobial.

2 Moringa oleifera leaves

The results suggested that AgNPs prepared by
green approach can be considered as an
alternative antibacterial agent.

3 leaves of Eugenia roxburghii DC.

The AgNPs effectively inhibit biofilm
formation and the biofilm-producing bacterial
colonies.

leaf extract of Cucumis prophetarum

Shows good antibacterial activity and
antiproliferative potential against selected
cancer cell lines.

5 seed extract of Tectona grandis

Synthesized nanoparticles showed
antimicrobial activity which was investigated
by agar well diffusion method against B.
cereus, S. aureus, and E. coli.

Microbe-based material

1 Bacillus subtilis

The antibacterial efficacy of silver bio-
nanoparticles display a commitment for use as
a strong agent to treat multidrug resistant
microorganisms.

[102]

2 Escherichia coli

The antibacterial activity of  silver|
nanoparticles synthesised using both pellet and
supernatant against human pathogens.

[103]

3 Lactobacillus bulgaricus

The result showed that that AgNPs with size
(30.65-100 nm) obtained from Lactobacillus
bulgaricus were found to exhibit antibacterial
activities against selected bacterial strains.

[104]

Lactobacillus plantarum

Lactobacillus brevis

and

The antibacterial activity of Ag-NPs was
more potent against Gram-negative bacteria
than Gram-positive bacteria.

[105]

5 Bacillus licheniformis TTO1

X-ray diffraction (XRD) and transmission
electron microscopy (TEM) revealed that the
obtained AgNPs had a spherical shape and
sizes ranging from 2 to 22 nm, in which
particles from 2 to 10 nm appeared with the
highest frequency.

[106]

Fungus-based material

1 Aspergillus sydowii

In the biological application of AgNPs, it
shows effective antifungal activity against
many clinical pathogenic fungi and
antiproliferative activity to HeLa cells and
MCF-7 cells in vitro.

[107]

2 Trichoderma harzianum

The antibacterial activities of synthesized
nanosilver were evaluated against two
bacteria;  Staphylococcus  aureus  and
Klebsiella aeruginosa and it was found that
bacterial growth was significantly reduced in a
dose dependent manner.

[108]

3 Fusarium oxysporum

we have observed that aqueous silver ions
when exposed to the fungus Fusarium
oxysporum are reduced in solution, thereby
leading to the formation of an extremely stable
silver hydrosol.

[109]

Rhizopus stolonifer

They have spherical form with an average size
of 946 + 2.64 nm. The AgNPs were
characterized by UV-visible, XRD, TEM and
FT-IR spectra.

[110]
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5 Fusarium semitectum Highly stable and crystalline silver|[111
nanoparticles are produced in solution by
treating the filtrate of the fungus F. semitectum
with the aqueous silver nitrate solution.

Algae-based material

1 Amphiroa rigida The biomimetic synthesized AR-AgNPs|[112]
showed  antibacterial  activity  against
Staphylococcus aureus (21+0.2 mm) and
Pseudomonas aeruginosa (15+£0.2 mm).
Further, the cytotoxic effects of AR-AgNPs
against MCF-7 human breast cancer cells were
observed through acridine orange-ethidium
bromide and Hoechst staining.

2 Ecklonia cava Ecklonia cava is an effective reducing agent|[113]
for green synthesis of AgNPs with efficient
antimicrobial, antioxidant, and anticancer|
activities.

3 Asterarcys sp. Staphylococcus —aureus, Bacillus subtilis,|[114]
Klebsiella pneumoniae, and Proteus vulgaris
were among the Gram positive and Gram-
negative bacteria that were significantly
inhibited by As-AgNPs.

4 Graesiella emersonii KNUA204 This study demonstrates that extracellular|[115]
polymeric substances (EPS) from Graesiella
emersonii KNUA204 enable the green|
synthesis of silver nanoparticles (AgNPs),
offering a sustainable alternative to
conventional methods.

5 Padina pavonia The obtained nanoparticles exhibited high|[116]
stability, rapid formation of the biogenic
process (2min-3h), small size (49.58—
86.37nm) and variable shapes (spherical,
triangular,  rectangle, polyhedral and
hexagonal). Preliminary characterization of|
nanoparticles was monitored by using UV-
visible spectroscopy (UV-vis),

CARRAGEENAN HYDROGELS: STRUCTURE AND ROLE

Alginates, which are polymers from brown seaweeds that contain mannuronic acid and guluronic
acid; agar, which is composed of polymers from red seaweeds that include D-galactose and 3,6-
anhydro-L-galactose; and carrageenans are the three types of carbohydrate polymers from marine
organisms that are currently used in commerce. Certain red seaweeds (Rhodophyta) include a type of
polysaccharides called carrageenan [31]. The Rhodophyceae family of red seaweeds is the main source
of carrageenan, a naturally occurring high-molecular-weight sulfated polysaccharide. Carrageenan is
structurally composed of alternating units of 3,6-anhydro-D-galactose and D-galactose with different
levels of sulfation, which affects its functional characteristics. The Irish vernacular term “carrageen,”
which means “little rock,” is where the name “carrageenan” originates [32]. In Ireland, the extraction
of these hydrophilic colloids from red seaweeds has been known since 1810. There is little information
on the biosynthesis and genetics of carrageenan in seaweed cell walls, despite the fact that all seaweeds
that produce it as their primary cell-wall component belong to Rhodophyta [33, 34].

Carrageenan is used by pharmaceutical companies as an anticoagulant, immunomodulatory,
antihyperlipidemic, and anticancer substance [35]. Carrageenan was found to be a potent inhibitor of
HPV infections in people that are acquired by sexual contact by Buck et al. and to be able to prevent
the reproduction of the hepatitis A virus by Girond et al. Carrageenan has been used in a variety of
compositions, including hydrogel beads, tablets, microcapsules, microspheres, and nanoparticles [36].
Building upon this foundation, scientists have investigated a various form of carrageenan-based
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hydrogels, including gradient hydrogels, interpenetrating polymer networks, floating hydrogels,
nanogels, and bioinks for 3D bioprinting.

Glycosidic bonds between galactose and anhydrogalactose create a twisted helical assembly in the
structural arrangement of carrageenan. Specifically, each d-galactose and 3,6-anhydro-d-galactose unit
is bound by a-1,3 and B-1,4 glycoside linkages. Carrageenans are classified based on the degree of
substitution on their free hydroxyl groups such as the inclusion of ester sulphate or the presence of 3,6-
anhydride on the 4-linked residue. Kappa (x), iota (1), lambda (1), mu (p), nu (v), and theta () are the
six fundamental forms of these polymers [37]. However, kappa (x), iota (1), and lambda (})
carrageenans are particularly significant due to their unique gelling and viscoelastic properties. When
potassium ions are present, kappa (k), which is frequently employed in food products and biomedical
scaffolds, creates strong, stiff gels. Each disaccharide unit has one sulphate group. In the biomedical
field, it has good mechanical strength and is frequently utilised in wound dressings and scaffolds. When
calcium ions are present, iota (1) produces soft, elastic gels that are highly biocompatible and flexible
[38]. Each disaccharide molecule has two sulphate groups. Lambda (A) is mostly employed as a
thickening and stabilizer because it doesn’t gel. Each disaccharide unit has three sulphate groups. mostly
utilised in biomedical formulations, medicinal solutions, and beverages where viscosity improvement
is needed [39].

Because of its biocompatibility, biodegradability, and structural resemblance to glycosaminoglycans
found in the human extracellular matrix (ECM), carrageenan has recently drawn interest in biomedical
engineering. Because of these characteristics, carrageenan-based hydrogels are ideal for tissue
engineering scaffolds, medication delivery systems, and wound dressings. Carrageenan’s potential as a
multifunctional biomaterial is further enhanced by its capacity to form ionic cross-links and encapsulate
bioactive substances, including nanoparticles.

Carrageenan stands out as a promising candidate in the development of advanced biomaterials given
the growing demand for sustainable and environmentally friendly biopolymers, especially when paired
with nanotechnology techniques like the incorporation of silver nanoparticles for antimicrobial and
regenerative applications [40].

INTEGRATION OF AGNPS INTO CARRAGEENAN HYDROGELS

Metal-based nanoparticles, including gold and silver, can be combined with polymer hydrogels to
create hybrid materials. As long as the interactions between polymer and nanoparticles are weak, the
addition of metal nanoparticles has minimal impact on the mechanical properties of the resulting
nanocomposite hydrogels. In this instance, the polymer gel’s phase transition, thermosensitivity, and
viscoelasticity are preserved while the nanoparticle’s characteristics — such as enhanced electrical
conductivity, reaction to optical stimuli, enhanced antibacterial qualities, etc. — are incorporated into
the gel [50].

Innovative biomaterial production made possible by recent developments in nanotechnology has
resulted in the creation of nanogels for use in biomedical applications. Because of their promise for
regulated and prolonged drug administration, which lessens side effects and improves therapeutic
efficacy, nanogels have made tremendous strides [51]. Ensuring the stability of biomolecules within the
delivery system is a critical component of drug carrier design, and nanogels provide an efficient way to
improve this stability. The main characteristic of nanogels is their size, which is usually a few hundred
nanometers and allows for effective and targeted interactions with cells and tissues [52]. Furthermore,
different medicinal compounds, both hydrophilic and lipophilic, can functionalize the nanoparticle
component of nanogels. Because of their high surface-to-volume ratio, these molecules can bind at high
densities. Additionally, nanogels can be made to be stimuli-responsive systems, which enables
regulated and targeted drug delivery [53]. Nanogels are thought to be one of the most promising systems
since they combine the characteristics of hydrogels and nanoparticles.
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Researchers are particularly interested in silver nanoparticle-incorporated hydrogels because of their
superior antibacterial qualities and less toxicity for overcoming antibacterial resistance. Because silver
has bactericidal capabilities against bacteria, it has been used as an antimicrobial for centuries to treat
illness and prolong the shelf life of food products [41]. With the advancement of nanoscience and
nanotechnology, silver, primarily in the form of silver nanoparticles (AgNPs) and AgNPs embedded
hydrogels, has become an effective antibacterial agent for wound treatment in recent decades [42].

Silver nanoparticles (3—8 nm) give a range of polymer hydrogels electrical and antibacterial qualities.
Silver cations may typically be attached to polymer hydrogels using carboxylic acid groups as a
temporary anchoring agent. The silver is then reduced to create nanoparticles using sodium borohydride
[54]. Although the nanoparticles are scattered throughout the hydrogel matrix, this preparation
technique relies on the quantity of functional groups needed to stabilize the silver ions [55].

Excellent antibacterial qualities and the capacity to manage bacterial infections were shown by
AgNPs integrated into hydrogels. By varying the quantity of crosslinkers and monomers in the hydrogel
network and serving as a stabilizing medium, polymer-based hydrogels regulate the size and shape of
the nanostructures [43]. Their ability to deliver a variety of bioactive molecules, such as proteins,
medications, and vaccinations, has been thoroughly studied. Microemulsion, radical polymerization,
physical mixing of prepared nanoparticles, and sonication are some of the techniques used to create
nanogels. Either in situ polymer synthesis or the addition of the NP colloid to the polymer are used to
load the NPs into porous hydrogels. Additionally, NPs are incorporated into hydrogels using a
microwave radiation-based technique, and the hydrogel is stabilized by crosslinking with agents like

KCl or CaCla.

Issues with AgNPs’ dispersion frequently restrict their use as delivery vehicles. This drawback was
significantly mitigated by the addition of AgNPs to hydrogels. By lowering the minimal inhibitory
concentration (MIC) against Gram-positive bacterial and fungal (S. cerevisiae) strains while lowering
the toxicity of AgNPs, different additives, such as the counterion of positively charged Ag+ within the
hydrogel matrix, have demonstrated good antimicrobial activity in addition to avoiding nanoparticle
dispersion problems [44].In a different study, Mirzajani et al. showed that AgNPs might damage the
bacterial cell wall by interacting with the peptidoglycan layer in the S. aureus cell membrane and
disrupting the B-1-4 bonds of N-acetylglucosamine and N-acetylmuramic acid of the glycan chain [45].

Another study found that the bacteria’s internal and external production of free radicals, or reactive
oxygen species (ROS), produced favorable antibacterial characteristics [46]. AgNPs-based hydrogels
have been widely used for their antibacterial qualities, although their efficiency (more effective against
Gramme — bacteria than Gramme + bacteria), safety, and stability (both chemical and physical
instability) are still far below expectations [47].

The strong resilience of the peptidoglycan layer of the bacterial cell wall is the reason for the reduced
efficacy against Gramme + bacteria. Therefore, when creating AgNP-based hydrogels, several crucial
factors should be considered, including the antibacterial capacity against Gram-positive bacteria, the
lowering of serum albumin, and the minimization of gene toxicity [48].

To guarantee the clinical potential of the hydrogels loaded with AgNPs, several eco-friendly
synthesis techniques have been used to enhance their properties [49].

CHARACTERIZATION TECHNIQUES

Characterization is essential to maximize the performance of carrageenan-based hydrogels for
biomedical applications and to describe the structure-property correlations of these hydrogels. To
confirm the chemical structure of carrageenan, identify sulphate ester groups, and confirm hydrogel
formation and intermolecular interactions following crosslinking or blending, physicochemical
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characterization techniques like Fourier transform infrared spectroscopy (FTIR) and nuclear magnetic
resonance (NMR) are frequently used. The hydrogel network’s crystalline or amorphous nature can be
determined by X-ray diffraction (XRD), which also verifies that nanoparticles or other reinforcing
agents were successfully included. The porous architecture, pore size distribution, and internal network
homogeneity — all crucial factors controlling swelling, drug transport, and cell infiltration — are revealed
through morphological characterization using scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). Studies on swelling and degradation under physiological settings are
conducted to assess the hydrogels’ stability, environmental reactivity, and ability to absorb water. For
tissue engineering and drug delivery applications, mechanical and rheological analyses — such as
oscillatory rheology and compression testing — evaluate gel strength, elasticity, viscoelastic behavior,
and injectability. Additional information about thermal stability and composition can be obtained by
thermal analysis methods like thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC). Different characterization techniques are shown in Table 2 [123].

Table 2. Characterization techniques for carrageenan-based hydrogels.

Technique Purpose

UV-Vis Spectroscopy Confirms AgNP synthesis (peak ~420 nm).

FTIR Identifies functional groups involved in capping.
XRD Determines crystalline structure of AgNPs.
SEM/TEM Analyzes nanoparticle size and hydrogel morphology.
Swelling Ratio Evaluates hydrogel’s absorption capacity.
Mechanical Testing Assesses strength for biomedical use.

BIOMEDICAL APPLICATIONS
Wound Healing

Recent advances in nanobiotechnology have produced a new class of hydrogel-based nanoparticles
called nanogels, which hold a great deal of promise for improving wound healing. Because of their
nanometric size, high water content, and elasticity, nanogels can, therefore, actively interact at the
cellular and interstitial levels in a wound environment, improving drug delivery into the wound more
successfully, speeding up healing, and decreasing the formation of scars. Cross-linked polymeric
networks make up hydrogel-based nanoparticles known as nanogels, which have the ability to expand
in aqueous solutions. Unlike other nanomaterials, nanogels have special benefits such biocompatibility
and flexible drug delivery [56].

Haemostasis, inflammation, proliferation, and tissue remodeling are all steps in the very intricate and
dynamic biological process of wound healing. Delayed or chronic wounds are frequently the result of
these processes being disrupted by microbial infections, oxidative stress, or protracted inflammation
[57]. Because of its capacity to maintain a moist wound environment, give controlled medication
release, provide antimicrobial protection, and demonstrate great biocompatibility, nanogel-based
wound dressings have drawn increased attention as a solution to these problems [58].

Because of its biodegradability, non-toxicity, hydrophilicity, and structural similarity to
glycosaminoglycans found in the extracellular matrix (ECM), carrageenan, a naturally occurring
sulfated polysaccharide extracted from red seaweeds, has become a promising biopolymer for nanogel
fabrication in wound healing applications. Nanogels have adjustable gel strength, elasticity, and
viscosity depending on the type of carrageenan (k-, y-, or A-), enabling customization for various
wound-healing needs [59].

Effective moisture retention, which is crucial for fibroblast migration and cell proliferation, and
regulated drug distribution made possible by ionic interactions of sulphate groups within the polymer
network are two benefits of carrageenan-based nanogels in wound care [60]. These nanogels show
strong antibacterial action and prevent biofilm formation when combined with antimicrobial agents
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such silver nanoparticles (AgNPs), antibiotics, or plant-derived bioactives [61, 62]. Additionally, by
imitating the extracellular matrix, carrageenan nanogels enhance tissue regeneration, angiogenesis, and
collagen deposition. According to recent research, carrageenan—AgNP nanogels greatly improve wound
contraction and epithelialization in animal models while exhibiting potent antibacterial activity against
common wound pathogens like Escherichia coli, Staphylococcus aureus, and Pseudomonas aeruginosa
[63]. Specifically, the soft, elastic gel structure of B-carrageenan-based nanogels allows good adhesion
to wound surfaces without producing damage during dressing replacement. When taken as a whole,
these characteristics make carrageenan-based nanogels platforms for enhanced wound care that are eco-
friendly, sustainable, and multipurpose. In vitro tests of K-carrageenan hydrogels prepared for wound
healing applications using poly (N-vinyl-2-pyrrolidone), potassium chloride, and polyethylene glycol
revealed excellent results, including effective fluid absorption, high elasticity, flexibility, soft texture,
good mechanical strength, good transparency, and adhesion to the wound surface with a painless
removal [64]. This hydrogel will have a better chance of being approved if it can pass testing for gas
permeability, water evaporation control, bacterial infection prevention, and biocompatibility in both in
vitro and in vivo investigations. The initial findings demonstrated that this CG form satisfies some of
the most crucial ideal dressing characteristics, including high elasticity, flexibility, painless removal,
good transparency and mechanical strength, and efficient fluid absorption [65]. The ideal wound
dressing must be bio-compatible, bio-adherent to the wound surface and non-adhesive to the wound
bed, painless and trauma-free to remove, easy to apply and replace, biodegradable, affordable, elastic
but resistant, semi-permeable (allows gas exchange but prevents microorganisms) and compatible with
therapeutic agents. Along with protecting against mechanical, bacterial, infectious, and thermal factors,
it should also relieve pain and create a moist wound environment. It should also have debridement
activity, non-toxic and non-antigenic qualities, high absorption of excess exudate, and healing/re-
epithelialization capability. Because biopolymers are biodegradable, bioactive, and encourage tissue
regeneration and wound healing through cell migration and proliferation, they are among the most
widely utilised materials that combine most of these advantages. “Smart” biomaterials have applications
in soft electronics, drug delivery, regenerative medicine, 4D bioprinting, artificial life, and synthetic
biology.

Because they alter their characteristics and release kinetics, biomaterial-based wound dressings can
contain medications and antibiotics. In addition to moisturizing dry wounds and/or absorbing liquids
and exudates from wet ones, biomaterials employed in wound healing should support autolytic
debridement. Additionally, the healing process would be quicker and more seamless if they stimulate
angiogenesis in poorly perfused wounds, modify the immune cells within the wound, and increase the
migration and invasion of fibroblasts and keratinocytes, thereby preventing or treating a potential
infection.

AgNPs stop bacterial infections, and carrageenan keeps the site wet, which encourages the production
of collagen and re-epithelialization [66].

Drug Delivery

Nanogels are cross-linked polymeric networks at the nanoscale that have a high-water content,
adjustable porosity, and superior drug-loading capability. Nanogels have drawn a lot of interest in
improved drug delivery systems because of their capacity to encapsulate therapeutic molecules, shield
them from enzymatic or chemical degradation, and allow for regulated and targeted release (Oh et al.,
2009 [67]). The three main forms of carrageenan, a sulfated polysaccharide derived from red seaweeds,
are k-, -, and A-carrageenan. Each of these forms exhibits unique sulfation patterns and gelation
behaviors, enabling the rational design of nanogels with customized drug delivery characteristics
(Necas & Bartosikova, 2013 not in bib). Strong ionic interactions with positively charged medications,
proteins, or nanoparticles are made possible by carrageenan’s negatively charged sulphate groups,
which improve colloidal stability and drug encapsulation effectiveness [68—73].

Compared to separate delivery methods, the incorporation of nanoparticles into hydrogel matrix has
synergistic benefits. While the hydrogel network acts as a barrier against degradation and quick
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removal, extending therapeutic efficacy, nanoparticles contained in hydrogels enhance drug stability,
inhibit premature release, and enable sustained and localized distribution. Additionally, by
functionalizing nanoparticles with certain ligands and creating hydrogels that react to environmental
triggers like pH, temperature, or enzyme activity, nanoparticle-hydrogel composites can be produced
for targeted and stimuli-responsive drug delivery [72—76]. This method improves treatment efficacy
and lowers off-target effects by enabling targeted medication release at inflammatory or sick tissues.

Because of their hydrophilic matrix and ionic functional groups, carrageenan-based nanogels have a
high drug-loading capacity that makes it possible to effectively encapsulate both hydrophilic and
hydrophobic medicines. Their cross-linked structure facilitates sustained and regulated medication
release, which lowers the frequency of doses and increases patient compliance. Carrageenan is a food-
grade, pharmaceutically approved polysaccharide that exhibits good biocompatibility and low toxicity,
making it appropriate for use in biomedical applications. These nanogels are adaptable carriers that can
deliver proteins, peptides, antibiotics, anticancer medicines, small-molecule medications, and natural
bioactives. Applications include protein or peptide delivery through enhanced mucoadhesion and
bioavailability; transdermal delivery via hydrogel patches; anticancer therapy utilizing the enhanced
permeability and retention (EPR) effect; and oral drug delivery, where pH-responsive swelling protects
acid-sensitive drugs.

While k-carrageenan nanogels have shown sustained antibiotic release with prolonged antimicrobial
efficacy, recent studies have shown that k-carrageenan nanogels co-loaded with doxorubicin and
curcumin exhibit enhanced cytotoxicity towards cancer cells while reducing systemic toxicity. All
things considered, carrageenan-based nanogels are a versatile and sustainable drug delivery system
whose promise in cancer therapy, antimicrobial treatment, and regenerative medicine is greatly
increased by their integration with nanotechnology [77-81].

Drug delivery systems (DDS), which provide targeted distribution, controlled release, and increased
drug bioavailability, are essential for successful treatment outcomes. Because of their high-water
content and adjustable characteristics, hydrogels have become a promising DDS. Therapeutic
compounds are frequently transported using nanogels. To minimize the amount of carrier needed, an
effective nanodelivery system should have a high drug-loading capacity. Because of its chemical
makeup, which has been verified by in vivo research in animal models, nanogel-based drug delivery
formulations increase the efficacy and safety of many medications, including some anti-cancer
medications. Targeted administration of medications with high therapeutic efficacy and anticipated low
toxicity to adjacent tissues is part of cancer treatment. The following list of benefits is guaranteed by
nanogel technology: cancer, autoimmune disorders, diabetes, opthalmic, neurodegenerative, and anti-
inflammatory action.

Advanced drug delivery systems can be developed by combining the characteristics of metal
nanoparticles with carrageenan hydrogels. Hezaveh et al. investigated the effects of nanoparticles on
drug release properties in the gastrointestinal system using modified kappa-carrageenan nanocomposite
hydrogels. They discovered that adding magnetic and silver nanoparticles to carrageenan hydrogels
produced varied drug releases across the GI tract, suggesting the possibility of controlled drug delivery.
Carrageenan has been found to be a good choice for vaginal, oral, transdermal, pulmonary, ophthalmic,
and drug delivery applications [82—86].

Tissue Engineering

By combining biomaterials, bioactive compounds, and cells, tissue engineering seeks to replace or
regenerate damaged tissues to restore normal physiological function. Choosing the right biomaterial is
crucial because it needs to be biocompatible, biodegradable, have the right amount of mechanical
strength, and be able to replicate the natural extracellular matrix (ECM). Because of their innate
bioactivity and ECM-like characteristics, natural polymers have drawn more attention to tissue
engineering applications.
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Because of their high-water content, ionic sulphate groups, adjustable mechanical properties, and
ability to incorporate growth factors, medications, or nanoparticles, carrageenan-based nanogels offer
a flexible substrate for tissue engineering. Negatively charged sulphate groups promote cellular
signaling and tissue regeneration by improving cell adhesion, proliferation, and growth factor binding.
Additionally, by choosing particular carrageenan types, the mechanical properties of carrageenan
nanogels can be customized; for example, K-carrageenan creates strong, rigid gels that are appropriate
for bone tissue engineering, while y-carrageenan creates softer, more elastic matrices that resemble
cartilage and neural tissues [87-91].

Additionally, carrageenan-based nanogels facilitate the regulated distribution of bioactive substances
that promote angiogenesis, osteogenesis, and tissue remodeling such as cytokines, bone morphogenetic
protein-2 (BMP-2), and vascular endothelial growth factor (VEGF). These nanogels exhibit outstanding
biocompatibility and have been demonstrated to promote fibroblast, osteoblast, and chondrocyte
proliferation without causing cytotoxic effects. Additionally, adding nanoparticles to carrageenan
nanogels — such as silver nanoparticles (AgNPs), hydroxyapatite, zinc oxide, or gold nanoparticles —
improves their antimicrobial activity, osteoconductivity, and angiogenesis, increasing their potential as
sophisticated scaffolds for tissue engineering.

According to recent research, k-carrageenan/hydroxyapatite nanogel composites greatly enhance
osteoblast proliferation and bone matrix mineralization in vitro, underscoring its potential for use in
bone tissue engineering. Similarly, B-carrageenan-based nanogels have shown extracellular matrix
deposition and chondrogenic differentiation, which makes them attractive options for cartilage
regeneration. The addition of green-synthesized nanoparticles to carrageenan nanogels enhances their
eligibility for multifunctional tissue engineering scaffolds by producing synergistic antibacterial and
regenerative properties.

All things considered, carrageenan-based nanogels offer a biocompatible, versatile, and sustainable
biomaterial platform for tissue engineering, with uses in the regeneration of bone, cartilage, skin,
neurones, and blood vessels. They are useful materials in the development of regenerative medicine
because of their ECM-mimicking qualities, adjustable mechanics, and ability to distribute bioactive
substances [92-94].

Creating functional substitutes for damaged organs and tissues is the aim of tissue engineering.
Because they serve as scaffolding to promote the growth of new tissues and cell proliferation,
biomaterials are crucial in this field. Due to their high-water content and tissue-like properties,
hydrogels are particularly attractive for this function. The creation of numerous biomaterials has led to
notable developments in the field of tissue engineering. Carrageenan hydrogel has become one of these
promising options. Ossa evaluated the injectability of hydroxyapatite nanorod-based carrageenan-based
injectable bone substitutes and found that they had good injectability.

Although nanogels have been extensively studied for medication delivery, their use in tissue
engineering is still relatively new. Controlled distribution of growth factors and other active ingredients
that can encourage cell adhesion, direct cell differentiation, and direct tissue creation is also necessary
for regenerative medicine. Compared to conventional tissue engineering materials, hydrogels provide a
few advantages. In terms of mechanical, chemical, and biological characteristics, they can be made to
resemble the natural environment of various tissues. To promote tissue regeneration, they can also be
tailored to transport various bioactive substances, including growth factors, cytokines, and medications.
In tissue engineering, a variety of hydrogels, including synthetic and natural hydrogels, have been
utilised to replicate different kinds of tissues such as skin, cartilage, bone, and nerve tissue [95-99].

As is widely known, appropriate scaffolds that promote cell adhesion and proliferation as well as
control the delivery of active ingredients that can promote cell differentiation and tissue creation are
necessary for regenerative medicine. The controlled, stepwise release of active substances, such as
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growth factors, cytokines, or other morphogenetic factors, and the fine tuning of the scaffold’s texture
and mechanical properties, which are also crucial for controlling cell behavior, are two important levels
at which nanogels may be relevant.

In addition to supporting cell attachment and proliferation when paired with growth factors, nanogels
offer scaffolding for the regeneration of skin, cartilage, bone, insertable discs, and soft tissues [100—
105].

Antimicrobial Coatings

The need for innovative antimicrobial coatings that are efficient, biocompatible, and environmentally
sustainable has increased due to the quick development of antimicrobial resistance (AMR) and the rising
prevalence of infections linked to medical devices. In addition to being non-toxic, biodegradable, and
compatible with biomedical surfaces, an ideal antimicrobial coating should prevent bacteria adherence
and biofilm development [84]. Carrageenan functions as a sophisticated antimicrobial delivery system
appropriate for thin-film coatings when it is prepared into nanogels. Antimicrobial compounds such
silver nanoparticles (AgNPs), zinc oxide (ZnO), antibiotics, and essential oils can be effectively
encapsulated and released over time thanks to the high surface area, water-retention capacity, and
negatively charged sulphate groups of carrageenan nanogels [106—111].

Broad-spectrum antimicrobial activity against Gram-positive and Gram-negative bacteria, such as
Escherichia coli and Staphylococcus aureus, as well as fungal pathogens, such as Candida species, is
greatly increased when metal nanoparticles are incorporated into carrageenan nanogels. Furthermore,
on biomedical surfaces, nanogel-based coatings successfully limit microbial adhesion and biofilm
development, which is crucial for reducing chronic and device-associated infections.

Additionally, controlled and sustained release of antimicrobial drugs is made possible by
carrageenan-based nanogels, extending therapeutic efficacy and lowering the frequency of dosing.
Because carrageenan is a food- and pharmaceutical-grade polysaccharide, it has good biocompatibility
and can be used in implant coatings, surgical sutures, wound dressings, and catheters. According to
recent research, k-carrageenan nanogel films loaded with AgNPs dramatically lower bacterial load
while remaining compatible with fibroblasts and keratinocytes, which speeds up wound healing.
Comparably, carrageenan—ZnO nanogel coatings have demonstrated extended antibacterial action with
low cytotoxicity, underscoring its promise for biological devices that are resistant to infection [112—
117].

All things considered, carrageenan-based nanogels offer a sustainable and multipurpose
antimicrobial coating approach that blends controlled antimicrobial release, biocompatibility, and
infection prevention. A next-generation approach to lowering microbial contamination and battling
AMR in hospital settings is provided by its integration with nanotechnology.

Since bacterial biofilms exhibit a high resistance to antibiotics and biomaterial-associated infections
are infamously persistent and challenging to eradicate, bacterial attachment and subsequent biofilm
formation on implant surfaces pose a serious problem from both an economic and healthcare
perspective. The development of surface coatings to stop initial bacterial adherence and biofilm
formation as a substitute platform has received a lot of attention in recent decades due to the growing
issue of antibiotic resistance. These antimicrobial surface coatings are primarily based on three
strategies: an antibacterial (bactericidal) strategy that kills bacteria either before or after they meet the
surface, an antifouling strategy that can drastically reduce the amount of initial bacterial attachment,
and a third strategy based on triggered bacterial detachment. Some techniques create multifunctional
surfaces by combining methodologies [118—121].

Regardless of the substrate material, colloidal particles are recognised to have exceptional ability to
form well-organized films based on their physical adsorption capabilities.
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Surface coverings using hard colloidal particles, like polystyrene nanoparticles, have been attempted
numerous times. However, because of the limited particle-surface contact point, these coatings were
discovered to be unstable under physiological conditions. According to this perspective, nanogels may
adhere to surfaces firmly and produce impressively homogeneous coatings because they are soft,
malleable colloidal particles. Physical adsorption makes it simple to create nanogel-based surface
coatings without the need for harsh chemical processes like grafting or covalent binding.

Furthermore, by simply adjusting the chemical functions of the adsorbed nanogel particles, the
properties of the nanogel-coated surface can be changed.

Nanogels offer a lot of promises such as antibacterial and/or antifouling coatings for medical
implants. They are strong candidates as antimicrobial surface coatings due to their advantages, which
include high water content, suitable chemical and physical structures, superior mechanical capabilities,
and excellent biocompatibility.

By rejecting the bacteria and so reducing the formation of biofilms, antifouling surfaces are intended
to decrease the initial bacterial attachment. These surface coatings are typically made with hydrogels,
which can produce a hydration layer in an aqueous environment, aside from zwitterion-based surfaces
and polymer brush coatings. Because of their affinity for water and ability to produce a hydration layer
that acts as a physical barrier against bacterial adherence and protein adsorption, hydrogels have been
employed in the field of biomaterials.

Strong hydration qualities can be exhibited by antifouling hydrogel surfaces in physiological settings
like serum or salt solutions. As previously stated, hydrogels having a nano-sized feature exhibit
behaviors comparable to those of nanogels. The superior tunable-chemical characteristics and film-
forming capabilities of hydrogel-inspired nanogels have led to the development of numerous
applications in the biomedical area, including antifouling surfaces [122—123].

LIMITATIONS AND CHALLENGES

The clinical translation of nanoparticle-hydrogel systems for antimicrobial delivery is still
exceedingly difficult, despite tremendous advancements and encouraging laboratory-scale outcomes.
The translational gap between experimental success and clinical application is highlighted by the fact
that no antibacterial nanoparticle-hydrogel composite has been commercially available to far and only
a few numbers have progressed into clinical trials. Concerns about in vivo safety, long-term toxicity,
biodegradation, and clearance of the hydrogel matrix and the integrated nanomaterials, especially for
internal or injectable applications, are significant barriers to clinical translation. Longer residence
durations and delayed clearance may cause immunological reactions or chronic inflammation, despite
the fact that hydrogels are typically thought of as biocompatible and biodegradable. Furthermore,
careful control over gelation kinetics is essential for injectable or in situ-forming nanoparticle-hydrogel
systems to guarantee appropriate localization, mechanical integrity, and therapeutic efficacy at the
target site.

Nanomaterials’ unexpected in vivo behavior adds to the challenge of their therapeutic translation.
Because of their interactions with proteins and biomolecules in physiological settings, nanoparticles are
prone to aggregation, which can change their stability, biodistribution, and targeting efficacy [96].
Because non-biodegradable nanoparticles can accumulate in organs and cause chronic toxicity and
long-term negative effects, safety considerations are especially important. These elements make
regulatory approval more difficult and need for thorough pharmacokinetic and toxicological testing.

Before being widely used in clinical and industrial settings, several material-specific issues need to
be resolved, despite the fact that carrageenan-based nanogels have shown significant promise in drug
delivery, wound healing, tissue engineering, and antibacterial applications. While y-carrageenan gels
are rather soft, pure k-carrageenan gels are frequently brittle, which limits their mechanical stability
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under physiological settings and affects their longevity as scaffolds, coatings, or implantable
biomaterials. Because carrageenan nanogels are extremely sensitive to pH and ionic strength, they may
cause excessive swelling, shrinkage, or destabilization in biological fluids, which could jeopardize in
vivo repeatability and controlled drug release. Furthermore, because carrageenan is a naturally
occurring polymer, its molecular weight and sulfation patterns vary from batch to batch, making
standardization and large-scale production difficult.

Concerns about long-term clinical use have also been raised questioning the safety of highly sulfated
carrageenan types, especially A-carrageenan, which may cause cytotoxic effects or inflammatory
reactions at high doses. The efficacy of carrageenan nanogels for extended drug administration or tissue
regeneration may be further diminished by rapid breakdown under physiological settings. Furthermore,
carrageenan’s encapsulation efficacy for hydrophobic compounds is still limited, making sustained and
targeted delivery difficult, even if it is quite effective for ionic loading of hydrophilic medicines. Lastly,
it is still challenging to produce carrageenan-based nanogels on a large scale with consistent
physicochemical properties. The absence of standardized manufacturing procedures, high production
costs, and contradictory safety reports pose major obstacles to regulatory approval by organisations like
the FDA and EMA.

FUTURE DIRECTIONS

Because of its special qualities — such as high-water content, biocompatibility, biodegradability, and
adjustable drug release behavior — nanoparticle-incorporated hydrogels have a wide range of extremely
intriguing prospects. The capacity to accurately control drug release kinetics, which can be set in
accordance with the intended therapeutic outcome, is one of these hybrid systems’ most important
advantages in drug administration. Because of this characteristic, hydrogels loaded with nanoparticles
are especially well suited for long-term and sustained drug delivery applications, particularly in the
management of inflammatory and chronic illnesses. By preserving localized drug concentrations, the
inclusion of nanoparticles to hydrogel matrix not only minimizes systemic side effects but also increases
drug bioavailability and the physicochemical stability of both medicines and nanoparticles.

Furthermore, by functionalizing nanoparticles or creating responsive hydrogel networks that interact
specifically with particular cells or tissues, hydrogels containing nanoparticles can be designed for
targeted drug delivery. This kind of targeted delivery lowers the possibility of antimicrobial resistance
linked to subtherapeutic medication concentrations while simultaneously improving therapeutic
efficacy and reducing off-target exposure. These systems are quite adaptable and can be made to work
with medications that have different molecular sizes, charges, and solubilities. A variety of
antimicrobial agents, such as antibiotics, antifungal agents, and antiviral drugs, can be delivered on-
demand and site-specific thanks to the development of stimuli-responsive hydrogels, which react to pH,
temperature, enzymes, or redox conditions.

Future research avenues for carrageenan-based systems include polymer blending and crosslinking
techniques, such as mixing carrageenan with chitosan, alginate, or polyethylene glycol (PEG), to
enhance mechanical stability and obtain more precise control over drug release profiles. It is anticipated
that nanoparticle reinforcement using hydroxyapatite, zinc oxide, or silver nanoparticles will further
improve structural performance and antimicrobial efficiency. A possible path for next-generation
biomedical materials is the creation of smart carrageenan hydrogels with stimuli-responsive behavior,
3D-printed carrageenan—AgNP scaffolds, and hybrid composites containing bioactive peptides or
herbal extracts. To ensure long-term safety, biodegradability, and therapeutic efficacy prior to
successful clinical translation, however, thorough in vivo research, standardization of raw materials,
scalable production procedures, and carefully planned clinical trials are crucial.

All things considered, hydrogels containing nanoparticles — especially those based on carrageenan —
represent a flexible and potent platform for the future creation of sophisticated antimicrobial drug
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delivery systems. Significant advancements in their functionality, design, and practical biomedical
applications are anticipated because of ongoing interdisciplinary research.

CONCLUSION

In this review, we began by defining biomaterials and outlining the essential properties required for
their effective application in tissue engineering and regenerative medicine. We then explored the
various formats in which biomaterials are utilized, with a focused emphasis on carrageenan-based
hydrogels. A major strength of this review is its comprehensive and up-to-date discussion on the
biomedical applications of carrageenan-based hydrogels. The integration of green-synthesized silver
nanoparticles into carrageenan hydrogels has shown significant promise in antimicrobial and
regenerative biomedical applications. The natural, biocompatible, and eco-friendly nature of both
components makes this composite a potent alternative to synthetic materials. With further optimization,
these systems may revolutionize future biomedical devices, dressings, and delivery platforms.
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