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ABSTRACT

Alginate is a versatile natural polysaccharide widely used as an extracellular matrix component in on-site bone 
regeneration therapies. Its ability to mimic key physicochemical features of the native matrix enables efficient cell 
proliferation and tissue repair. Through advanced engineering approaches, the structural and functional properties 
of alginate can be finely tuned, strengthening its position as a leading biomaterial among natural polymers. With the 
growing global burden of bone deformities, alginate-based systems have been successfully applied in bone defect 
repair, cartilage regeneration, and as scaffolds integrated with drug delivery platforms. This review outlines the fun-
damentals of hydrogels and their biomedical applications, with a focus on the distinctive characteristics of alginate 
hydrogels. It also highlights strategies for their modification, design considerations, and diverse drug delivery modes 
in bone regenerative medicine. Overall, alginate-derived hydrogels show substantial promise as effective and adapt-
able drug delivery systems for bone repair. 
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INTRODUCTION

Bones are highly dynamic, vascularized connective 
tissues composed of collagen, hydroxyapatite, and 
water. Structurally, bone exhibits distinct organization 
at the macro, micro, and nano levels, with ratios that are 
not constant and continuously remodel throughout life. 
According to Wolff’s law, when the load on a particular 
bone increases, it is inherently capable of regeneration 
and will remodel over time to become stronger and 
more resistant to loading (1). Bone damage can result 
from various factors, and approximately 15% of elderly 
individuals exhibit clinical symptoms of such damage. 
There is a growing global demand for bone grafts, which 
is limited by risks of infection and high non-union rates, 
particularly in cases of extensive bone loss (2). Due to the 
limited number of donors, medical restoration of bone 
tissue remains a significant challenge. Consequently, 
alternative approaches for permanent repair of bone 
defects are being actively explored through tissue 
engineering (3).

Tissue engineering has enabled the in vitro reconstruction 
and regeneration of bone. Significant progress has been 
made in developing biocompatible and biodegradable 
scaffolds that enhance osteogenic priming and facilitate 
the delivery of cells and growth factors to damaged 
tissues, providing support until new bone forms (4). 
The biomechanical complexity of bone necessitates 
stable treatment systems capable of promoting cell 
differentiation and maintaining mechanical integrity 
through slow degradation until bone regeneration is 
complete (5).

Various biomaterials have been evaluated as scaffolds for 
bone regeneration. Hydrogels—composed of homophilic 
or heterophilic polymers—are ideal candidates due to 
their three-dimensional porous structures. They swell in 
aqueous solutions and closely mimic the extracellular 
matrix, improving vascularization and nutrient delivery 
more efficiently than other biomaterials, which often have 
limitations in cell adhesion, migration, and proliferation 
(6). Numerous natural and synthetic polymers have 
been used to synthesize hydrogels, including chitosan, 
alginate, chondroitin sulfate, hyaluronic acid, collagen, 
polyvinyl alcohol, and polyethylene glycol (7). Among 
these, alginate hydrogels stand out for their superior 
blendability with other polymers, favorable swelling 
ratios, and controlled degradation profiles, making them 
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highly suitable for tissue-engineering applications (8).

ALGINATE HYDROGELS

Alginates are biologically agreeable and non-
immunogenic polysaccharides derived from algae (Class: 
Phaeophyceae) and bacterial sources. They contain 
consecutive blocks of gluconate and a mannuronate 
chain which varies depending upon the type of source 
(9). Depending on their composition, the alginate has 
been classified into 3 categories. For example, the 
alginate extracted from Laminaria hyperborea contains 
high G content able to form strong hydrogels. The one 
which is obtained from Macrocystis pyrifera comes under 
medium-type hydrogels due to the minimal amount 
of G:M content and the one which is obtained from 
Ascophyllum nodosum comes under weak hydrogels 
containing a high ratio of M blocks (10). Alginate 
hydrogels have specific gelation properties that help to 
encapsulate the drugs which prominently play a role in 
regenerative medicine. The cross-linking of ions with 
divalent ions improves the mechanical characteristics of 
the alginate hydrogels (11). The hydrophilicity and the 
gelation mechanisms influence the alginate hydrogels’ 
drug loading ability to render them for biomedical 
applications. Consequently, their poor mechanical 
strength limits their potential for bone regeneration due 
to its unpredictable biodegradation. Efforts have been 
made to increase the ability of hydrogel matrices to 
ameliorate defects in the bone by introducing variant 
fabrication techniques as they are modified by either 
physical, chemical and biological methods to form 
controllable materials that find applications towards 
tissue engineering (12).

Traditionally, the polysaccharide-based hydrogels 
are reinforced by either of the mentioned methods to 
improve their mechanical properties that enabled the 
alginate scaffolds with adequate properties for tissue 
regeneration applications. This was achieved through 
interactions such as hydrogen bonding, Vander Waals 
and electrostatic mechanisms (13). Alginate acts as an 
excellent temporary matrix for regenerative therapy 
aimed at restoring the structure and function of the 
damaged bone tissue. As they are natural in composition, 
they possess biocompatibility with the bone extracellular 
matrix, making them attractive materials in regenerative 
medicine. Vascularization will occur if the alginate 
hydrogels do not possess enough mechanical stiffness 
due to the disruption of the matrix which is required 
for tissue growth. The main strategy to use hydrogels 
in regenerative medicine is to maintain the structural 
integrity of the tissues. The alginate hydrogel should 
be modified by combining biomaterials to improve its 
properties (14).

Nano-engineering offers the possibility of creating 
self-assembling strategies that gained interest among 
researchers for the synthesis of scaffolds that mimic the 

native extracellular matrix molecules under mild reaction 
conditions (15). Generally, the properties of the alginate 
hydrogels are categorized based on the fabrication 
method employed and the cross-linking agents (16). 
In earlier times, the traditional alginate hydrogels were 
synthesized by free dry-lyophilization methods followed 
by ionic cross-linking (17), phase transition (18), free 
radical polymerization (19) and click reaction (20) have 
been elaborately studied for the fabrication of alginate 
scaffolds. The cross-linking agent used in regenerative 
medicine should be nontoxic, compatible with cells and 
tissues and the methods employed for synthesis should 
be done easily under less stringent operating conditions 
(21).

PROPERTIES OF ALGINATE HYDROGELS

Molecular weight and solubility
The mechanical characteristics and degradation rate of 
alginate hydrogels are influenced by the molecular weight 
(MW) of alginate. Essentially, higher MW diminishes the 
responsive positions accessible for deterioration, thus 
encouraging a low rate of degradation (22). Moreover, 
degradation additionally impacts the mechanical 
characteristics attributable to the changes in structure 
at the atomic levels as well as molecular levels. The 
tuning capability of alginate helps in cell differentiation, 
proliferation and migration for its application in tissue 
engineering. The requirement of the gel strength varies 
depending on the tissue type requiring the regeneration 
and the mechano-responsive ability of gels can be 
altered according to the type of native tissues (23).

Surface properties
The great importance of alginate hydrogels application 
in tissue regeneration engineering is due to the 
surface properties. The alginate network is made up of 
hydrophilic, and water-soluble networks that resemble 
the same as that of the extracellular matrix material found 
in the living tissues. The surface also possesses carboxyl 
groups at their backbone which is responsible for the pH 
responsiveness properties, and it influences the swelling 
capability of the hydrogels. The surface properties 
have been enhanced by the addition of cross-linking 
agents during the gelation process (24) and numerous 
microscopic (scanning electron, scanning tunneling, 
atomic force) and spectroscopic (Fourier transform 
infrared) techniques are available to characterize the 
surface properties of the hydrogels (25), (26). Alginates 
can be formulated into different forms like beads, fiber, 
sponge and each of which promotes the growth of cells 
in culture and produces a response making it suitable for 
tissue regeneration applications.

Rheological properties
As the hydrogels will endure massive strain deformation, 
which can end in structural damage after breakage. 
when the flowability of the gels can be assessed by 
using the rheological studies alginate hydrogel showed 
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nonlinear properties and failure behavior, this showed 
the thixotropic behavior of the hydrogels. This behavior 
makes them indispensable for tissue engineering 
applications (27). Researchers put an effort to modify the 
rheological properties by devising techniques to modify 
them with bio-functional moieties and to adjust their 
biophysical properties which further permit their fitting 
to the regeneration applications. A lot of reports have 
been done using injectable hydrogels as they provide 
an agreeable cell atmosphere, while the hydrogels 
encounter fewer shears and more supplements nearby 
during the infusion (28). Additionally, the gels can be 
formed and take up the state of the cavity or on the other 
hand space where the tissue is required to recover.

Biocompatible properties
Alginate has high water content and enables the super 
hydrophilic diffusing surface to make it applied in the 
biomedical field (29). Alginate has appeared to advance 
the angiogenesis process, a significant application in the 
engineering of tissues, where the continued existence 
of cells in huge implants relies upon the development 
of fresh blood vessels (30). Also, great osteogenesis has 
been seen when utilizing alginate/gelatin frameworks 
in bone tissue designing (31). As the biocompatibility 
of alginate hydrogels has been broadly assessed within 
as well as outside the living organisms, the effect of 
the alginate structure plays an important role in their 
properties.

Degradation properties
Alginate hydrogels serve as excellent assistance material 
for the growth of tissue, then undergo degradation 
once the proliferation of the cells occurs. The hydrogel 
degradation profile should be balanced with the 
regeneration of the cells so that it allows cells to absorb 
nutrients properly and gives enough space to grow (32). 
The design of the hydrogel in such a way that it should 
increase the chances of immunogenic reaction, thereby 
controlling the rate of degradation rate (33). By structural 
modification and composition, monitored degradation 
of gels can be achieved (34). Recently, laser-controlled 
hydrogel degradation methods have emerged which 
appear to be promising in this process of synthesis of 
biomimetic scaffolds (35).

CONVENTIONAL METHODS FOR ALGINATE 
HYDROGEL PREPARATION

Currently, the preparation of hydrogels from 
natural polymers has shown intrinsic benefits when 
compared with synthetic polymers owing to natural 
biocompatibility, especially for biomedical applications 
(36). Among the various natural polymers (eg.: chitosan, 
collagen, and hyaluronic acid), the preparation of 
alginate hydrogels is given an increasing interest due 
to its unique nature of gelation and lack of use of 
crosslinkers which results in low-cost products (37). 
Alginate hydrogels are commonly prepared by two 

modes by changing the pH of the solution, either acid 
gels or ionotropic gels. Later, the advancements were 
at molecular levels using engineering approaches that 
involve the protonation of polymer chains using thawing 
or lyophilization techniques. Phase-induced separation 
technologies in combination with supercritical drying 
enable the formation of lyogels or aerogels. Because of 
their hydrocolloid nature, the alginate hydrogels can 
be regulated to a broad spectrum of gel networks. As a 
consequence, the alginate hydrogels found their marked 
potential as tissue engineering materials (38).

Physical cross-linking methods
The physical crosslinking methods are normally used 
for the preparation of hydrogels as it requires very mild 
conditions for preparation. This method does not include 
the exploitation of chemical cross-linking agents, while 
the resulting hydrogel properties are mainly dependent 
on type and density of cross-linking, in addition to the 
concentration of the polymer used for formulation. The 
hydrogels which are cross-linked by physical means 
are more effective for tissue regeneration as it does not 
use any crosslinking agent which may affect the cells 
and their biological activities. Ionic cross-linking is the 
most employed method of cross-linking for fabricating 
hydrogels (39), apart from guest host chemistry (40), 
cell cross-linking (41), covalent cross-linking (42) and 
thermo-gelation methods (43). 

Ionic cross-linking
This is the most frequently employed method for the 
formulation of alginate hydrogels by means of sodium 
ion exchange from the units of glucuronic acid using 
the divalent cations. Chloride, sulfate and carbonates 
of calcium are generally utilized intermediaries for 
the cross-linking the alginates ionically. Despite that, 
it regularly prompts fast and inadequately controlled 
gelation because of its high dissolvability in an aqueous 
solution. Such cross-linked alginate hydrogel has 
indicated a biocompatible property as well as shown 
self-healing and reversible dissociation properties under 
physiological milieu. The mechanical feature of the 
alginate hydrogels which are cross-linked physically 
can be controlled by optimizing the process parameters 
such as the concentration of G residues in the alginate, 
gelation rate, gelation temperature. From the reports, 
it was found that the ionically cross-linked hydrogel 
exhibits many excellent characteristic features such as 
reversible nature and self-recovering capabilities by 
modulating the pH conditions (44). Alginate hydrogels 
are designed as stimuli-responsive biomaterials through 
ionic cross-linking methods resulting in the configuration 
of stimuli-responsive 3D printable materials that possess 
minimal toxicity on epithelial cells utilized for a broad 
range of applications (45).

Photo-activated ionic gelation
Normally, ionic gelation occurs through in situ gelation, 
diffusion gelation and gelation through cooling. 
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The major limitation of ionic gelation is due to the 
development of calcium gradient which resulted in a 
high crosslinking rate leading to the uneven distribution 
of cations (46). Photoactivated gelation is a type of ionic 
gelation that has been broadly used for the gelation of 
alginate utilizing ultraviolet radiation or visible light 
for cross-linking. The process involves the reaction 
between alginate and calcium carbonate solutions 
with a photo-acid generator as a cross-linking agent. 
These photo initiators undergo photolysis upon UV 
radiation and do the process of ionic cross-linking. The 
mechanical property associated with alginate is variable 
according to the amount of irradiation, time of exposure 
and concentration of the alginate. As the concentration 
of photo-initiators and irradiation intensity increase, 
gelation time increases which results in static, as well 
as dynamic scaffolds with native properties of the 
extra-cellular matrix, applied for tissue regeneration 
applications (47).

Thermo-gelation
Thermal gelation includes the polymeric cross-linking 
which has been widely investigated in the applications 
of delivering the drugs (48). In this method, the swelling 
properties changed with the changes in the temperature. 
This type of fabrication can be done by using repeated 
cycles of freezing and thawing. As the alginate is not 
thermosensitive, the growing proportion of the gels 
is expanded through the grouping of sodium-based 
alginates by a steady temperature which diminishes 
at expanded temperature.  Hence, the alginate comes 
under temperature-responsive polymers that can 
change stages of sol-gel close to the temperature of 
physiological activity, which empowers the injectable 
property of hydrogels, and they are reported to have 
high mechanical strength (49). Alginate gels are 
effectively copolymerized with synthetic polymers that 
possess sensitivity near body temperature and leads to 
the potential carrier in drug delivery applications.

Host – guest interactions
One of the simplest methods of obtaining supramolecular 
hydrogels can be obtained host-guest interaction, 
hydrogen bonding interaction, electrostatic interaction, 
ionic interactions and most importantly the non-covalent 
interaction such as host-guest interaction phenomenon 
(50). With this phenomenon, multi responsive hydrogels 
are yielded using transient and reverse cross-linking 
which facilitates the yield of dual cross-linked polymers 
(51). Alginate hydrogels prepared by these methods have 
served to mimic stress and strain responsive scaffolds 
which are currently considered for the engineering of 
bone tissues, tendon and cartilage due to their bio-
adhesive properties

Covalent cross-linking
These kinds of chemical methods have been broadly 
researched in favour of overcoming the limitations that 
occur in previous methods. The covalent chemical 

methods of cross-linking have been applied to improve 
network stability with improved mechanical properties 
(52). This type of covalent cross-linking enhances the 
properties of alginate hydrogels so that the cells can 
grow without any disturbance in the cleavage of the 
polymer chains. Alginate has likewise been covalently 
cross-connected and oxidized trying to enhance the 
properties of alginate hydrogels. An impediment to this 
methodology is the restricted debasement of covalently 
crosslinked alginate gels since cells do not discharge the 
vital compounds for polymer cleavage. The significant 
objective of these methods was to plan and create a 
framework with the accompanying qualities: shape-
memory properties for the help of insignificant intrusive 
implantation; a debasement rate with a similar period 
as new tissue arrangement; and a surface structure 
to help ideal partiality of cultivated cells. Likewise, 
the framework ought to have the ability to deliver 
consolidated development elements to help in tissue fix 
(53).

Cell cross-linking
Although a series of  strategies have been evolved over 
years to produce alginate hydrogels, the capacity of cells 
to add to gel development has been to a great extent 
disregarded. Cell-mediated crosslinking to the multiple 
polymeric structures of the gels can be done as long as the 
polymer chains possess explicit ligands to bind with the 
receptors on the cells outer surface. As the alginates have 
no such bioactive ligands for the receptors present on 
the cells to bind, it has been modified with cell adhesion 
peptide molecules resulting in a cross-linked network 
structure. This initiated the cell's ability to bind to the 
chains through receptor-ligand interactions. Conversely, 
the non-modified alginates added with cells resulted in 
unevenly structure, because of the predominance of cell-
to-cell interactions in the framework. Peptide-modified 
alginate hydrogels have resulted in uniform distribution 
of cells within the solution and enzyme possesses high 
mechanical integrity due to specific receptor-ligand 
interactions (54), (55). 

Enzyme enabled cross-linking
Enzymes are of the greatest importance in biochemical 
reactions due to their enantioselectivity, chemo 
selectivity and regio-selectivity. The best significance 
of enzyme compounds lies in their capacity to catalyze 
the synthesis of a series of optically purified products. 
These preferences of enzymes are regularly restricted 
by their short life span and their recuperation and 
reuse. However, enzymes have additionally been 
widely read for cross-linking of various biopolymers, 
especially alginates and alginate-derived bioproducts 
(56). Enzymatically cross-linked hydrogels are prepared 
using oxidative coupling techniques which have 
emerged as an innovative method designed to prepare 
the injectable hydrogels (57; 58). Reports suggested 
that the crosslinking of polymer conjugate was done 
in presence of enzymes, namely, transglutaminase, 
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horseradish peroxidase, peroxidases, phosphatases and 
tyrosinase. Other than selectivity, these compounds 
intervened with a cross-linking approach likewise 
displays quick gelation, in addition to the effectively 
adjustable mechanical properties through changing the 
centralization of horseradish peroxidase and hydrogen 
peroxide (59). Injectable hydrogels made of alginate- 
phenol are formed by in situ gelling procedures involve 
the use of horseradish peroxidase enzymes. A similar 
research procedure was followed for polymer –catechol 
and it was found that the later one has significantly 
adhesive properties than the former conjugates (60).

Chemical cross-linking methods
Covalent linking occurs between the polymer chains, 
and their connections are strong with excellent 
mechanical properties when contrasted with that 
of other modes of cross-linked hydrogels. This 
chemical cross-linking occurs through growth of chain 
polymerization and by solution polymerization besides 
suspension polymerization with cross-linking agents. 
Hydrogels of high molecular weight can be possible 
by means of chemical cross-linking of biologically 
derived polymers and chemically synthesized materials. 
This approach allows the formation of high molecular 
weight hydrogels with the help of natural and synthetic 
polymers (61). Functional cross-linkers like Bis-
compounds are used to cross-link with the hydrophilic 
polymers’ operable groups employing reactions such 
as addition. A chemical reaction that comes under 
“click chemistry” is highly favorable for the fabrication 
of functional hydrogels that have advantages such as 
exceptional returns under gentle conditions, fewer by-
products, high explicitness and selectivity (62), (63). A 
wide range of functional groups is available as attractive 
materials in the polymer components for cross-linking 
to occur. Here, we represent a few old-style chemical 
cross-linking techniques, including (1) Diels–Alder (64), 
(2) Schiff base (65), (3) Oxime reaction (66) and (4)
Michael-type expansion (67). The properties pertaining
to physicochemical nature of "click" alginate hydrogels
exhibit a high utility for cell encapsulation and long-
term implantation, especially in tissue engineering
applications.

MODERN METHODS FOR ALGINATE HYDROGEL 
SYNTHESIS

A wide range of procedures is accessible to the synthesis 
of hydrogel-supported scaffold networks. The modern 
preparation strategies are being utilized to assist scientists 
for incorporating new age permeable scaffolds. 

Emulsification-diffusion methods
Emulsification techniques involve the use of hydrophilic 
surfactants for the polymers to emulsify and diffuse 
into the system. The effect of surfactant concentration 
determines the swellability and it can be controlled by 
either increasing the alginate to surfactant ratio or by Figure 1: Drug delivery in bone regeneration using alginate hydrogels

decreasing the agitation speed (68). The aerodynamic 
properties of the alginate microgels can be improved 
by using these emulsion polymerization techniques 
which make them act as an excellent drug carrier 
(69). High energy and low energy stirring mechanisms 
are employed to produce nano emulsions of alginate 
through micro-fluidic technologies which result in the 
nanoparticles of controlled size and polydispersity 
(70). Small diameter beads can be synthesized using 
this method which is mainly based on certain process 
parameters such as the concentration of the precursors 
used, the ratio of the emulsion, mixing speed, reaction 
pH, and temperature.  This technique has the potential 
for enhancing the encapsulation of the drug molecules 
which is more applicable in the biomedical field (71).

Photolithography techniques
Electrochemical principles are used for the preparation 
of biomaterials which allows controlling the shape 
and structure of hydrogels by changing the position of 
electrodes Figure. 1. 3D alginate hydrogels produced by 
this technique and used for culturing of cells promote 
cell attachment and cell proliferation (72). There are 2 
different methods under this category mask and mask less 
photolithography has been reported for the fabrication 
of tissue constructs. This technology generates designs 
by using computer tomographic images and magnetic 
resonance images (73). Lithography based techniques 
offer intelligent therapeutic solutions that offer high 
precision dosing of drugs with good dissolution rates 
(74). Tissue scaffolds which have been fabricated using 
advanced microfabrication technologies such as soft 
lithography and nanoimprint lithography, help us to 
study the cell culture and cell behavioral research (75). 
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in the field of medicinal applications and the main 
requirement for therapeutic applications is to design 
the hydrogels with a high order of purity. However, the 
alginate is being extracted from natural sources so there 
is a possible occurrence of metals and toxins. Thus, 
extensive research has been done for the purification of 
alginate hydrogels in vitro as well as in vivo (86). The 
results revealed that biocompatibility corresponded to 
the varying levels of purity, and it is also found that 
alginate hydrogel with high gluconate content resulted 
in poor biocompatible hydrogels. So, it was confirmed 
that physicochemical as well as mechanical properties 
influence the biocompatibility properties of alginate 
hydrogels (87).

Vascularization
Initially, more efforts have been initiated for the bone 
defects therapy using engineered grafts. The progress has 
been raised with the use of suitable biomaterials, but it 
faces limitations in the vascularization process. Currently, 
the effort has been moved on to the tissue engineering 
methods which are emerging as a potent alternative to 
the grafts. The stimulation of lymph angiogenesis for the 
treatment of cardiovascular disorders has been by using 
injectable alginate hydrogels. It helps to reverse the 
disorders which occur due to the lymphatic dysfunction 
by sustained delivery of angiogenic factors to establish 
new blood vasculature (88). Alginate-aker injectable 
composite hydrogels effectively promote the new bone 
formation by inducing osteogenesis in a concentration 
dependent manner by initiating the movement and 
osteogenic specialization of mesenchymal stem cells 
originated from human bone-marrow to the injured area 
(89).

Degradation
Alginate hydrogels seem to be the promising polymeric 
material that promotes the controlled delivery of 
therapeutics, thereby limiting the biological agents from 
degradation while the release of drugs (90). Gluronic and 
mannuronic residues present in the alginate hydrogels 
undergo partial oxidation which makes them susceptible 
to hydrolytic degradation. The differing degradation 
rates can be accomplished by changing the proportion 
of the alginate without bringing any alterations in their 
mechanical properties (91). The photo-crosslinked 
alginate hydrogels loaded with osteogenic materials able 
to deliver their materials to the sporadic measured bone 
imperfections accordingly. It has control over material 
degradation when contrasted with ionically cross-linked 
hydrogels (92).

MODULATION STRATEGIES FOR TISSUE 
REGENERATION

Physical modulation mechanisms
Conventional ionic crosslinking is commonly used to 
prepare alginate hydrogels, but it offers limited control 
over gelation kinetics. Studies show that their mechanical 

These techniques are substrate-specific and able to 
produce complex 3D constructs with high precision, but 
they face limitations due to the use of photo initiators. 
cell-laden microgels produce shape-controlled 
hydrogels for governing cellular interactions (76). With 
the aid of computer technology, multi-phase 3D tissue 
models have been fabricated using techniques such 
as stereolithography, selective laser sintering, powder-
assisted and extrusion-built 3D printing (77).  Jual jet 
electrospinning systems are used for the preparation 
of polyelectrolyte nanofibers which facilitate the cell 
adhesion properties by varying the feed rate (78). 

Gas foaming technique
Gas-in-liquid foam templates involve the use of inert 
gas as templates and biocompatible polymers for the 
preparation of interconnected scaffolds.  The inert gases 
such as carbon dioxide or nitrogen have been bubbled 
at high pressure into the polymer solution. The porosity 
has been controlled while designing the 3D scaffolds. 
Alginate scaffolds, which are highly porous with tunable 
morphology and excellent mechanical properties 
were designed using gas foaming techniques (79). This 
technique eliminates the use of surfactants and due to 
this porosity, an increase in the mass transfer of oxygen 
and nutrients into the scaffolds takes place (80). Based 
upon the concentration of alginate used for the synthesis, 
the alginate foams can be designed for cell attachment, 
proliferation and retrieval (81). The major drawback of 
this method is that it fails to control the morphology of 
the structures. To overcome these limitations, micro-
fluidic technologies have been introduced.

Electro-spinning technique
Electro-spinning is a solution-based approach that 
involves the preparation of fibers formed from natural/
synthetic polymeric solutions by applying a high voltage 
(82). The process parameters such as concentration, 
conductivity and viscosity along with surface tension 
could be optimized and the environmental conditions 
were maintained to produce fibers with tunable 
properties (83). Electro-spinning procedures have high 
control over the diameter, composition and porosity 
of the nanofibers that leads to wide applications in the 
health care and biomedical field (84). As the sodium 
alginate is polyelectrolyte in nature, it possesses high 
conductivity and surface tension which is the key 
factor for the formation of fibers using electro-spinning 
procedures and it is also found that the composition 
affects morphology as well as the drug release behavior 
(85). Sodium alginate electro spinning with polyacrylic 
acid using a single needle resulted in fibers with 
a diameter of 278 nm and porosity around 42 nm 
employed successfully in bone tissue engineering (78).

DESIGN STRATEGIES OF ALGINATE HYDROGELS 
FOR BONE REGENERATION
Biocompatibility
Alginate has been broadly evaluated as a biomaterial 
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characteristics can be modulated by adjusting parameters 
such as pH, temperature, and alginate concentration 
(93). Optimizing these factors enhances the suitability of 
alginate for injectable scaffold applications. However, 
ionically crosslinked hydrogels often exhibit low drug-
loading capacity, restricting their use in regeneration 
therapies. To overcome these limitations, structural 
properties can be tailored by increasing the molecular 
weight (MW) of alginate, improving its suitability for 
hard-tissue engineering.

Composite scaffolds composed of alginate and 
hydroxyapatite, fabricated through phase-separation 
techniques, exhibit porous interconnected structures that 
promote osteosarcoma cell adhesion and enhance bone 

tissue formation. Higher alginate MW also improves 
mechanical strength compared with nanohydrogel 
counterparts (94). Chemical modifications of the alginate 
backbone can further refine its properties, enabling the 
formation of porous scaffolding matrices that support 
3D cellular organization and new tissue development.
Advances in microscale engineering techniques now 
allow the design of complex structural and cellular 
gradients within hydrogels. Various analytical methods 
have been employed to evaluate and optimize the 
mechanical properties of these scaffolds, as summarized 
in Table I and Table II.

Chemical modulation mechanisms
Alginate hydrogels exhibit high swelling and slow 

Table I: Different formulations of hydrogels

Hydrogel type Alginate hydrogel for-
mulations

Type of cross-link-
ing

Physical 
aspects

Applications Remarks References

Homo-polymeric Alginate hydrogels Physical, chemical, 
enzymatic and irra-
diation techniques

Microspheres 
and beads

Encapsulation 
carrier

80% drug release 
within 4 hrs

(95)

Hetero-poly-
meric

Oxidized alginate gela-
tin hydrogel

Covalent cross-link-
ing

Scaffolds Osteogenic 
differentiation 
of murine bone 
marrow

Support osteogen-
ic differentiation 
without using any 
supplements

(96)

Co-polymeric Methacrylic acid and 
sodium-2-acrylami-
do-2-methyl-1-propane 
sulfonate on to sodium 
alginate (SA) hydrogels

Free radical graft 
polymerization

Graft polymers System for con-
trolled delivery 
of drugs

pH reversibility fa-
vors controlled drug 
delivery

(97)

Hybrid 
composites

Hydroxyapatite- alginate 
nanocomposite

Electrospinning and 
biomimetic in situ 
synthesis

Nanofibers Bone tissue 
regeneration

Increased tensile 
strength and elastic 
modulus

(98)

Interpenetrating 
polymer 
networks

Alginate /gelatin semi 
IPN

Double cross-link-
ing

IPN hydrogels 3D bioprinting Tunable hydrogels 
with improved 
physiochemical 
and biochemical 
properties

(99)

Table II: Different methods for formulations of alginate hydrogels in bone repair

Type of material Highlights Proposed applications References

Alginate as injectable scaf-
folds

Reversible chemistry to enhance controlled degradation
Native to extracellular matrix
Permeability to nutrients

Regeneration of bones
Cartilage and spinal cord repair
Cardiac regeneration

(100)

Alginate Electrospun nano-
fibers

The ratio of large surface area to volume
Enhanced porosity
Stability

Wound healing
Tissue engineering
Cancer therapy
Sensors

(78)

Alginate Bioink Improved mechanical properties on blending with other 
polymers

3D tissue printing
Wound healing
Drug delivery

(101)

Alginate hydrogel laden 
paper scaffolds

Enhanced in vivo tissue regeneration Osteogenic differentiation (102)

Alginate/ dialdehyde/ gelatin 
–bioactive glass

Good cell adherence and proliferation
No inflammatory reactions

Bone tissue regeneration (103)

Alginate nanocomposites Electrical conductivity, antibacterial, antioxidation, mag-
netic responsiveness

Tissue engineering
Antimicrobial biomaterials

(104)

Alginate microspheres Improved viability and proliferation of cells
Increased expression of cartilage-specific gene

Cell drug delivery
Cartilage tissue engineering

(105)
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degradation under physiological conditions, which 
limits their direct use in bone and tissue regeneration. 
Chemical modification of alginate functional groups 
offers a practical strategy to control swelling behavior 
and drug release in acidic or basic environments. 
Various modification approaches have been explored, 
including esterification, amidation, reductive 
amination, copolymerization, phosphorylation, and 
graft polymerization (106).

One of the most common techniques is oxidation, 
in which acetal groups in alginate are converted 
into oxidized forms that degrade more readily under 
physiological conditions. Another widely studied strategy 
is sulfation using chlorosulfuric acid, which imparts 
heparin-like characteristics and enhances growth-
factor release (107). Researchers have also developed 
injectable hydrogels by combining alginate with 
gelatin and borax as a cross-linking agent. Composite 
hydrogel formulations are increasingly used as bioinks 
for 3D printing of bone tissue constructs, supported by 
chemical reactions such as Michael addition, chain 
polymerization, and radical polymerization.

Early alginate hydrogel modifications involved Michael-
type crosslinking with dithiothreitol to tune mechanical 
stiffness. Unmodified methacrylated polymers have 
also been adapted using photoinitiators. Alginate 
methacrylation with methacrylic anhydride introduces 
esterified hydroxyl groups that undergo photo-
crosslinking under long-wave UV light, enabling fluid-
to-solid transitions under physiological conditions. This 
method has been effectively used to encapsulate bovine 
nucleus pulposus cells, making the resulting hydrogels 
suitable as biomaterial scaffolds for NP repair (108).

Schiff-base crosslinked hydrogels, formed through 
dynamic covalent interactions, provide tunable 
mechanical and biological properties that meet diverse 
tissue requirements. These hydrogels can be generated in 
situ with embedded cells, tissues, or bioactive molecules 
under physiological conditions, forming reversible, pH-
sensitive, and biocompatible polymer networks. Such 
properties make Schiff-base alginate hydrogels highly 
promising for biomedical applications (109).

Bio-functional modulation mechanisms
The biosynthesis of alginate relies on inexpensive algal 
sources, and understanding these pathways enables the 
production of tailored polymers. Variations in structural 
composition, acetylation levels, and molecular 
modifications significantly influence polymer properties 
and potential applications. The need to enhance the 
material characteristics of naturally derived algal 
alginates has driven interest in microbial production. 
Microbial biosynthesis proceeds through four major 
phases: (i) precursor formation, (ii) polymerization 
and transfer across the cytoplasmic membrane, (iii) 

periplasmic modification, and (iv) export of the 
processed alginate across the outer membrane (110).

With clearer insight into these mechanisms, biosynthetic 
steps have been optimized, and alginate-modifying 
enzymes are now engineered through genetic and 
protein engineering approaches. These advances have 
enabled the production of microbial alginates with user-
defined and application-specific properties (111).

The ability of alginate hydrogels to mimic extracellular 
matrix (ECM) characteristics offers significant 
potential for supporting cell proliferation and tissue 
regeneration. Efforts have focused on improving 
the biological performance of alginate hydrogels to 
achieve compatibility with various cell types in vitro. 
Controlled degradation properties, achieved through 
irradiation techniques, have enhanced cell adhesion 
and proliferation in bone grafting applications. 
Additionally, encapsulating chondrocytes in oxidized 
alginate hydrogel matrices has demonstrated excellent 
cell migration and integration, particularly in cartilage 
tissue engineering (112).

DRUG DELIVERY FORMULATIONS OF ALGINATE 
HYDROGELS FOR BONE REGENERATION

Drug delivery through alginate hydrogels improves 
patient compliance, as they can deliver both low–
molecular weight drugs and large macromolecules in a 
controlled manner, often requiring only minimal doses 
to achieve therapeutic effects (113). Owing to their 
unique absorption properties, alginates are extensively 
used in oral drug formulations. Among polysaccharides, 
alginate is one of the most widely used biomaterials 
for bone tissue regeneration because it supports cell 
adhesion, migration, and proliferation. Its inherent 
porosity and mechanical stability further enhance bone 
repair.

Alginate hydrogels are biodegradable and therefore 
suitable as carriers for a variety of therapeutic agents at 
both micro- and nanoscale levels (114). Their 3D network 
structure enables effective encapsulation and delivery 
of growth factors, bioactive molecules, and proteins 
(115). Current research explores multiple alginate-
based systems—including hydrogels, microspheres, 
scaffolds, and composite carriers—for bone regenerative 
medicine. Layer-by-layer engineered microcapsules for 
controlled loading and sustained release have gained 
particular attention recently.

Since native alginate lacks active functional groups, it 
is often chemically modified or blended with polymers 
or natural bioactive materials to improve cell–cell 
communication and biological performance, making 
it an effective platform for growth factor–mediated and 
stem cell–based therapies.
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Alginate microbeads
Alginate microbeads are promising candidates for bone 
regeneration due to their excellent biocompatibility and 
suitability as hydrogel-based microspheres. Alginate 
readily forms microspheres through ionic cross-linking 
and emulsion–evaporation methods (116, 117). These 
techniques produce stable, small-sized beads, and the 
addition of 2% surfactant supports cell growth during 
encapsulation. Alginate–CPC microbeads containing 
mesenchymal stem cells demonstrated a 2.4-fold 
increase in alkaline phosphatase activity in osteogenic 
medium, indicating strong potential for orthopedic bone 
regeneration (118, 119).

The high surface area of microbeads enhances cell 
viability, osteogenic differentiation, and proliferation. 
Alginate microspheres have also been synthesized 
for sustained delivery of hydroxyapatite, showing 
encouraging effects in healing bone defects (120). Hybrid 
alginate microspheres loaded with bone morphogenetic 
proteins and transforming growth factor-β (TGF-β) have 
been developed to induce osteogenic differentiation of 
mesenchymal stem cells, though large-scale production 
remains challenging (121, 122). Additionally, alginate 
microbeads sized 550–650 µm encapsulating Wharton’s 
jelly–derived MSCs have been used for targeted growth 
factor release in bone tissue (123, 124).

Alginate nanoparticles
Conventional therapies often struggle to deliver 
drugs effectively to bone tissue, increasing the risk of 
infections and unwanted side effects in other organs. 
Nanoparticle-based systems overcome these limitations 
by providing improved drug targeting; their small size 
and high surface-area-to-volume ratio enable controlled 
and site-specific delivery.

Alginate–chitosan nanocarriers encapsulated with iron/
bovine lactoferrin have shown promising therapeutic 
effects in osteoarthritis, with significant improvements 
observed in arthritis-induced mice models (125). 
Alginate–octacalcium phosphate–nanobioactive glass 
composites produced through layer-by-layer deposition 
have also been evaluated for mesenchymal stem cell–
mediated regeneration. These nanocomposite hydrogels 
demonstrated excellent tensile strength and enhanced 
cell proliferation due to their strong interaction with 
physiological fluids and bone tissue, leading to rapid 
bone formation (126).

Using lower concentrations of nanobioactive glass 
(12.5% w/w) with biopolysaccharides further supports 
efficient bone regeneration, representing a key 
advantage of nanostructured formulations. Additionally, 
incorporating MG-63 cells into alginate–dialdehyde 
gelatin nanocomposites-maintained cell viability while 
enhancing osteogenic activity, as confirmed by EDC 
analysis (127).

Alginate fibers
Alginate nanofibers serve as effective cell scaffolds by 
providing a matrix suitable for tissue development, 
overcoming the limited cellular interaction seen in porous 
scaffolds. To better mimic extracellular matrix properties, 
alginate has been nanoscaled using electrospinning 
techniques. Recent studies have optimized solution 
properties to enhance the applicability of alginate 
nanofibers in regenerative medicine (128). Electrospun 
alginate nanofibers have also been used for the sustained 
release of recombinant bone morphogenetic protein-2 
(BMP-2) (129, 130). These studies showed that the degree 
of alginate sulfation significantly improves growth factor 
entrapment, which in turn influences release kinetics 
and ultimately the outcome of tissue regeneration.

Growth factor–mediated delivery using nanofibers has 
proven clinically effective in treating bone fractures and 
defects. In another approach, peptide-modified alginate 
hydrogels were incorporated into nanofiber mesh tubes 
to release recombinant human BMP-2 (rhBMP-2), 
demonstrating strong potential for repairing large bone 
defects (131).

Injectable scaffolds
Scaffolds exhibit good hydrophilicity and bioactivity, yet 
they still face challenges in bone tissue engineering due 
to compositional limitations. Mesenchymal stem cells 
have been incorporated into injectable alginate scaffolds, 
enabling in-situ tissue formation and subsequent bone 
generation. Nanocomposite scaffolds combining 
graphene oxide with alginate have been tested for their 
bone-healing potential using MG-63 osteoblast cells. 
In vitro results showed that graphene oxide–enhanced 
scaffolds increased swelling capacity by nearly 700% 
and reduced degradation rates by approximately 30% 
over 28 days (132).

Injectable alginate hydrogels synthesized through ionic 
cross-linking have also been used for the sustained 
release of vascular endothelial growth factors (VEGF-C 
and VEGF-D), promoting effective lymphangiogenesis 
(133). High levels of endothelial sprouting were achieved 
when growth factors were released consistently. Alginate 
hydrogels are particularly well-suited for localized drug 
delivery because of their ability to control both the site 
and rate of release. Additionally, alginate-based delivery 
systems require comparatively lower doses to produce 
therapeutic effects (134).

ALGINATE MEDIATED DRUG DELIVERY MODES IN 
BONE REGENERATIVE MEDICINE

Stem cell-mediated therapy 
Stem cells are specialized human cells capable of self-
renewal and differentiation into various cell types that 
perform distinct functions in the body. Hematopoietic 
stem cells (HSCs) and mesenchymal stem cells (MSCs) 
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derived from bone marrow can differentiate into 
osteogenic, myocardial, chondrogenic, and adipogenic 
lineages. In recent years, MSCs isolated from individual 
patients have been successfully used in treatments, 
significantly reducing the risk of immunological 
rejection (135–137). Several studies on bone repair 
have demonstrated the therapeutic potential of MSCs in 
tissue regeneration. Compared with HSCs, MSCs exhibit 
superior proliferation and differentiation capacity toward 
mature osteoblasts, making them the most widely used 
stem cell type in regenerative applications.

However, this approach faces limitations, including 
difficulty in obtaining high-quality cells for in-
vitro expansion, challenges in selecting appropriate 
biological microenvironments, and inadequate oxygen 
supply during culture (138). To address these issues, in-
vivo tissue engineering strategies use scaffolds—with or 
without cells—to promote tissue regeneration based on 
patient needs (139).

Researchers have explored alginate scaffolds to 
deliver biomolecules required for tissue regeneration. 
Because alginate lacks intrinsic bioactive sites, it must 
be functionalized for cell-based applications. Protein 
functionalization has improved cell adhesion, as 
demonstrated in composite chitosan/alginate hydrogels 
photo-encapsulated with MSCs and BMP-2, which 
promoted osteogenic differentiation in vitro (140). In 
addition, alginate hydrogels with higher matrix elasticity 
enhanced MSC-mediated osteogenesis. Alginate 
hydrogel beads containing MSCs and fibronectin 
implanted in calvarial bone defects prevented cell loss 

and supported rapid bone tissue formation (141).

Growth-factor–mediated drug delivery
Natural bone repair relies on a signaling cascade in 
which growth factors recruit osteoprogenitor cells 
and stimulate their migration, proliferation, and 
differentiation into osteoblasts (142). To mimic this 
biology, many studies have encapsulated growth factors 
such as BMPs (143), IGF (144), FGF (145), VEGF (146), 
and SDF-1α (147) within hydrogel matrices to induce 
osteogenesis (Table III).

Growth factors exert their effects by binding to specific 
receptors on target cells, triggering downstream events 
such as phosphorylation and gene expression that drive 
tissue formation (156, 157). Scaffolds further support 
these processes by facilitating cellular attachment and 
colonization. Mineralization within hydrogel systems 
can also be enhanced by incorporating chondrogenic 
growth factors (158).

Alginate-based hydrogels have been engineered for 
controlled, spatiotemporal release of growth factors. 
For instance, degradable alginate hydrogels loaded 
with bone progenitor cells and a combination of BMP-2 
and TGF-β3 accelerated bone formation in SCID mice. 
Another study demonstrated that alginate scaffolds 
loaded with VEGF, PDGF-BB, and TGF-β1 showed 
differential binding interactions, with fibroblast growth 
factor displaying the strongest affinity. These interactions 
directly influence the release rate of each growth factor 
(159).

Table III: Role of different growth factors in alginate mediated drug delivery in bone regeneration

Alginate formula-
tion

Formulation 
method

Type of growth 
factors

Biomedical applica-
tions

Merits References

Alginate- collagen 
microsphere

Entrapment FGF family Bioengineering of 
tissues

High uniformity microspheres 
with enhanced cell viability

(148)

Alginate hydrogel Gamma irradi-
ation

VEGF family Lymph angiogenesis Sustained bioactive release (133)

Alginate
 Nano scaffolds

Electro-spinning rhBMP-2 Bone repair Improved infiltration of os-
teo-progenitor cells

(149)

Alginate –heparin 
hydrogel

Photo-cross 
linking

BMP-2 Osteogenesis Enhanced peripheral bone for-
mation about 1.9 fold

(150)

Alginate mi-
cro-beads

Eight nozzle 
flow-focusing 
device method

VEGF, IGF-1, FGF-1, 
PDGF, HGF and 
NGF

Revascularization, cell 
therapy

Prolong the cell survival and 
stimulation of resident cells

(151)

Alginate- PLGA 
microcapsule

Electro-dropping PDGF and VEGF Angiogenesis Angiogenic sprouting is more 
active and controlled release

(152)

Alginate hydrogel Gamma-irradia-
tion and oxidized 
irradiation

BMP-2 and BMP-7 Tissue engineering Bone mineral density is high (153)

Alginate hydrogel 
bioink

Entrapment and 
crosslinking

Platelet-rich plasma Stem cell recruitment 
and tissue regeneration

Compatible with commercial 
bioprinters and patient specific

(154)

Alginate/gelatin/SiO
2
 

(AGS) hydrogels
Freeze casting Growth factors Bone tissue regenera-

tion, drug delivery
Patient specific 
evaluation of virtual bone defects

(155)
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Gene delivery
Different strategies were performed by the researchers 
for performing bone regeneration using growth factors. 
As they require larger doses and their half-life is very 
short, they go for an alternative mode of administration. 
Gene therapy has evolved to improve healing using 
recombinant proteins. This has been performed in vivo 
as well as ex vivo. Most commonly, the adenoviruses 
are used for transfection of the genes for aiding the 
delivery of growth factors for a particular duration 
which promotes tissue regeneration (160). The inclusion 
of genes alone in certain cases does not activate the 
cells instead of genetically engineered stem cells that 
were required to produce the therapeutic activity. This 
is accomplished by using non-viral methods in which 
mode of administration can be done through injection or 
with the help of biomaterial under the in vivo approach 
(161). 

In the case of ex vivo, it does not require the cells to 
be transfected instead, the stem cells are harvested and 
transduced outside the body and then placed in bone 
fracture gaps (162). Alginate hydrogels loaded with 
BMP-2 CDNA have been tested in vivo as well as in vitro 
for osteogenic differentiation. It appears to be promising 
in delivering the growth factors and it is confirmed by 
elevation of alkaline phosphatase in in-vitro conditions, 
and it is established by collagen and osteocalcin 
production in the mineralized alginate matrix in vivo 
(163). Similarly, in another study, the encapsulation of 
BMP-2 genes complexed with nanohydroxyapatite/MSC 
inside the networks of alginate was shown excellent 
differentiation in the chondrogenic lineages (164).

CHALLENGES AND PROSPECTS

Successful bone regeneration therapy has been achieved 
by creating feasible interaction among the antigenic 
factors, cells and hydrogel matrices. Among the various 
characteristic polymers, alginates are viewed as the 
ideal material for encapsulation of proteins or cells and 
their delivery to the target site is also at a controlled rate. 
Alginate hydrogels are biocompatible scaffolds and so 
effectively applied in the bone regeneration processes. 
Although the alginate hydrogels showed advantages 
in extracellular matrix generation, drug encapsulation 
and degradation, but still it faces challenges in the 
healing of bone repair as it lacks blood vessels that 
must be resolved. Designing methods also concentrate 
more on the biocompatibility nature of the hydrogels 
but it fails to meet the mechanical stability properties 
that sometimes may lead to disruption while doing 
the process of bone healing. The main aim of the 
hydrogel matrices is to improve the formation of bone 
by mediating the beneficial interrelationship with that 
of surrounding tissues. The optimization could be done 
to enhance bone repair, regeneration done by changing 
the polymer concentration, loading of bioactive growth 
factors. Efforts are taken to optimize the properties of the 

hydrogels by modulating their mechanism concerning 
the external stimuli. Injectable alginate hydrogels have 
been designed with improved cell adhesion properties 
and have been used in regenerative applications, but it 
has its limitations in mechanical properties. Efforts have 
also been undertaken to enhance the mechanical features 
by adding calcium phosphate to the alginate hydrogel 
beads along with the encapsulation of umbilical derived 
MSC. These results in a stem cell construct of injectable 
type with load-bearing capability showed enhanced 
mechanical properties during bone regeneration in a 
minimally invasive manner. As the alginate hydrogel 
lacks cell adhesion capabilities, it has been blended 
with other polymers, and it acts as an integral asset for 
the clinical treatment of bone deformities later.

CONCLUSION

Despite the significant existing challenges, the 
development of alginate hydrogel with a high swelling 
ratio, poor degradation profile, comparatively high 
compressive strength than other natural polymers, 
and elastic modulus undoubtedly holds assurance for 
bone-related illnesses therapy. Alginate can cointegrate 
with other polymeric materials that help in improving 
the diffusive properties of the hydrogels.  This helps in 
maintaining the controlled delivery of high molecular 
weight as well as low molecular weight drugs 
effectively. The advancements in technologies support 
the generation of alginate hydrogels and their derivatives 
have shown greater potential in osteoinduction and 
osteo-generation. The researchers have to put efforts 
into improving the scale-up, regulatory studies and 
clinical trials of alginate hydrogel matrices will make it 
the ideal alternatives for bone regenerative applications 
in near future.
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