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and Drug Delivery
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Abstract  Alginate is a water-soluble polymer which has gained much attention in 
the last 20 years as suitable biomaterial for numerous applications in biomedical 
science and engineering. The strong biocompatibility in cell microenvironment and 
the possibility to process alginate solution by safe conditions to reach a stable form 
after polymer gelation – via ionic, chemical, or thermal route – make them useful to 
design different types of devices (i.e., injectable gels, porous scaffolds, micro-/
nanoparticles) which are attractive for wound healing, cell transplantation, drug 
delivery, and three-dimensional scaffolds for tissue engineering applications.

In this chapter, current potential applications of alginates in biomedical science, 
tissue engineering, and drug delivery will be discussed. After a brief overview of 
general properties of polymer and its hydrogels, we will focus on the processing 
techniques mainly used for their manufacturing, also suggesting, in the last part, 
potential uses and future perspectives for their novel applications in biomedical field.
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4.1  �Introduction

Alginates are natural polysaccharides typically obtained from brown seaweed which 
exhibit excellent biocompatibility and biodegradability that can be useful for many 
applications in the field of biomedicine. They mainly work as ionic polymers 
derived by the presence of divalent cations such as Ca2+, which confer them 
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interesting properties to fabricate micro- and nanostructured devices with improved 
molecular transport, low cytotoxicity, and relatively low-cost production, suitable 
for large applications in tissue engineering and drug delivery [1]. They are typically 
used in the hydrogel form, due to the peculiar organization of linear chains contain-
ing hydrophilic/hydrophobic ((1,4)-linked β-D-mannuronate (M)/ α-L-guluronate 
(G) blocks) [2] which concur to the assembly of stable three-dimensionally cross-
linked networks with high capability of water retention, highly scalable swelling 
properties, and molecular release kinetics. In particular, only the G-blocks of algi-
nate are mainly involved in the intermolecular cross-linking with divalent cations 
(e.g., Ca 2+) to form hydrogels with different properties [3]. However, relative M/G 
ratio, M and G sequence and block length, and molecular weight are thus critical 
factors affecting the physical properties of alginate and, ultimately, its resultant bio-
logical properties of hydrogels [4].

Besides, hydrogel-like behavior of alginates mainly contributes to the scaffold 
biomimesis, being structurally similar to the macromolecular-based components in 
the body. Their peculiar chemical properties assure a full compatibility in biological 
microenvironment, by minimizing inflammatory reactions after their administration 
into the body [5]. However, similarly to other biologically recognized hydrogels, 
alginate gels have very limited mechanical stiffness. Alginate can be easily modified 
via chemical and physical reactions to obtain derivatives having various structures, 
properties, and functions. A fine control of the structure and biological properties 
such as biodegradability, mechanical strength, gelation property, and cell affinity 
can be achieved through the combination with other biomaterials, immobilization of 
specific ligands such as peptide and sugar molecules, and physical or chemical 
cross-linking [6]. For instance, the mechanical properties of alginate gels typically 
may be enhanced by modifying the length of G-block and molecular weight. For 
example, gels prepared from alginate with a high content of G residues exhibit 
higher stiffness than those with a low amount of G residues [7]. However, an algi-
nate solution formed from high molecular weight polymer generally tends to be too 
much viscous, showing several limitations in terms of processing [8]. In this case, 
proteins or cells mixed with an alginate solution of high viscosity may be more eas-
ily damaged under the effect of high shear forces generated during mixing and 
injection into the body [9]. Hence, the elastic modulus of alginate gels can be 
increased significantly, not drastically changing the solution viscosity, by using a 
combination of high- and low-molecular-weight alginate polymers [20]. 
Alternatively, structural properties of the alginates may be varied by different chem-
ical ways. They may include natural treatments based on the use of Azotobacter 
species for the fabrication of bacterial alginates with higher concentration of 
G-blocks and, consequently, relatively higher stiffness [10] that confers a better 
control of the gel stability, drug release rates, and the cell phenotype functions. The 
most frequently used strategy still is based on the chemical cross-linking, acting 
directly on chemical groups of hydrophilic blocks [11]. Today, the current challenge 
is how to match the physical properties of alginate gels to the main requirements of 
specific applications, by properly setting chemical operational parameters and pro-
cessing modes generally used in cross-linking strategies  – i.e., various chemical 
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structures of molecules as cross-linking functionality, molecular weights, cross-
linking density will often yield gels suitable for each application. In this context, the 
implementation/revisit of manufacturing processes is a key point to design innova-
tive devices and platforms able to valorize the opportunity to manipulate alginate 
materials by green processing conditions [12] – for the safe release of molecules 
and/or cells in vitro and in vivo.

In the last years, alginate has been variously processed to fabricate injectable 
hydrogels, microspheres, microcapsules, sponges, foams, and fibers to be used as 
cell or molecular carriers suitable for drug delivery systems or tissue engineering. In 
this chapter, we aim at overviewing all the main processing techniques used for the 
manufacturing of alginates and their derivatives, basically remarking the relation-
ships among process conditions, structure, and functions of the final devices.

4.2  �Scaffolds for Tissue Engineering

A great challenge of current tissue engineering consists in controlling the delivery 
of biologics – namely, cells, genes, and proteins – via a degradable scaffold, to pro-
mote and support in vitro tissue regeneration. In this context, scaffold design plays 
a pivotal role to properly address in vitro properties of forming tissue toward an 
effective use in clinical application. Hence, manufacturing techniques must be 
sagely optimized to manipulate scaffold properties to trigger selected mechanical, 
mass transport, and surface functionalities in order to match environmental condi-
tions to efficaciously work as in vivo models. [13]. Indeed, cell-loaded scaffolds 
have been successfully used as artificial ECM (extracellular matrix) analogue to 
provide a temporary environment able to support the cell infiltration, adhesion, pro-
liferation, and differentiation [14]. In this case, they have to furnish the required 
structural support at the beginning of tissue growth and retain cells in the defective 
area for cell growth, metabolism, and matrix production, thus playing an important 
role during the development of engineered tissues. In the last years, many polysac-
charides including alginates [15], chitosans [16], hyaluronic [17], and cellulose 
derivatives [18] have been investigated as highly porous, biomimetic scaffolds to 
overcome the limitations of two-dimensional (2D) culture systems. In particular, 
hydrophilic alginate hydrogels have raised special interest as a means to provide a 
temporary support for a variety of cell types including osteoblasts, chondrocytes, 
fibroblasts, and embryonic stem cells, showing minimal or negligible cytotoxicity 
and histocompatibility. All these results confirmed the ability of alginate-based 
scaffolds to properly degrade in vitro, promoting vascularization and elicited low 
inflammatory responses after transplantation, suggesting them as efficient cell and 
drug carrier for tissue regeneration.

4  Alginate Processing Routes to Fabricate Bioinspired Platforms for Tissue…
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4.2.1  �Phase Separation

Traditional methods for producing porous biopolymer scaffolds include gas foam-
ing, phase separation (freeze-drying), solvent casting, and particulate leaching [19]. 
In general, a polymer is first dissolved in a suitable solvent and subsequently placed 
in a mold that will be rapidly cooled until the solvent freezes. The solvent is then 
removed by freeze-drying, and pores will be left behind in the polymer. Different 
types of phase separation techniques are available, including thermally induced, 
solid-liquid, and liquid-liquid separation mechanisms [20–22].

Porous alginate-based scaffolds, foams, and sponges with interconnected porous 
structures and predictable shapes can be easily manufactured by a regular thermally 
induced phase separation (Fig. 4.1) [18]. When the temperature is low enough to 
allow freezing the solution, the phase separation mechanism induces the solid-
liquid demixing, therefore forming frozen solvent and concentrated polymer phases. 
By adjusting the polymer concentration or varying the cooling rate, phase separa-
tion could occur via different mechanisms, resulting in the formation of scaffolds 
with various morphologies. “Freeze-drying” is one of the most extensively used 
methods that produce matrices with porosity greater than 90%. The pore sizes 
depend on the growth rate of ice crystals during the freeze-drying process. After the 

Fig. 4.1  Alginate porous foams fabricated via freeze-drying technique and different bioactivation 
procedures for improving cell recognition
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removal of the liquid or frozen solvent contained in the demixed solution, the space 
originally occupied by the solvent would become pores in the prepared scaffolds. 
Obviously, in the stage of solvent removal, the porous structure contained in the 
solution needs to be carefully retained. Without freeze-drying, a rise in temperature 
during the drying stage could result in remixing of the phase-separated solution or 
remelting of the frozen solution, leading to destruction of the porous structure. In 
the case of hydrogels, the freeze-dry processing does not require additional chemi-
cals, relying on the water already present in hydrogels to form ice crystals that can 
be sublimated from the polymer, creating a particular micro-architecture. Because 
the direction of growth and the size of ice crystals are a function of the temperature 
gradient, linear, radial, and/or random pore directions and sizes can be produced 
with this methodology [23]. The mechanical properties and biodegradation rate of 
freeze-dried scaffolds can be simply modulated by changing the relative parameters 
of the polymers. Porous scaffolds formed by pure alginate are unable to provide 
enough bioactive properties to support cell metabolism due to the lack of cellular 
interaction in the molecular structures [8, 18, 24, 25]. Therefore, alginate has been 
blended with collagen and/or gelatin to enhance cell ligand-specific binding proper-
ties to fabricate hybrid scaffolds, which showed better properties for supporting 
cells [18, 26, 27]. Recently, other efforts were made to enhance the biological prop-
erties of alginate porous scaffolds. In this way, alginate was irradiated and oxidized 
to modify its degradation and covalently grafted with growth factors, lectins, and 
peptides containing a RGD (arginylglycylaspartic acid) sequence to promote cell 
adhesion and proliferation [18, 28–30]. As we have seen, the porosity and pore sizes 
of the scaffolds fabricated through this method are largely dependent on the param-
eters such as the ratio of water to polymer solution and viscosity of the emulsion. 
This technique also does not necessitate an extra leaching step, but the addition of 
organic solvents such inhibits the incorporation of bioactive molecules or cells dur-
ing scaffold fabrication. In addition, the small pore sizes obtained are another limit-
ing factor of scaffolds fabricated by phase separation [22].

4.2.2  �Atomization

The ultimate goal of regenerative medicine is to produce bioinspired scaffolds able 
to meet specific functionalities of native microenvironment by replying their spe-
cific chemical (i.e., composition), physical (i.e., fluid transport), and morphological 
(i.e., shape, porosity) features [13]. Several investigations have been performed to 
design alternative systems able to conjugate main advantages and, simultaneously, 
remove major drawbacks of traditional porous systems. For example, micro- and 
nanoparticles have been integrated to polymer gels to realize injectable or moldable 
systems (i.e., gels, cements) able to better support cell activities, i.e., adhesion, pro-
liferation, and mineralization – in the three-dimensional (3D) cavities [31]. These 
systems offer the possibility of injecting isolated polymeric particles as vehicles to 
deliver encapsulating bioactive agents or in vitro pre-seeded cells in the defect [32, 

4  Alginate Processing Routes to Fabricate Bioinspired Platforms for Tissue…



106

33]. Alternatively, different types of micro-sized polymeric particles have been 
extensively used to assemble porous scaffolds with interconnected porosity by par-
ticle agglomeration via sintering or solubilization methods [34], mainly due to rel-
evant benefits associated with high surface area for cell expansion.

More recently, the use of polymeric microgels – i.e., sized from 10 to 1000 μm – 
is rapidly diffusing for different applications in tissue engineering and nanomedi-
cine [35]. Hydrogels in the form of capsules or particles have been largely used to 
deliver active molecules or living cells for therapeutic and cell-based disease treat-
ments [36]. Their peculiar capability to generate a highly hydrated microenviron-
ment also allows for protecting sensitive drugs, thus preserving molecular stability 
prior to the delivery at the site of injury [37]. Meanwhile, they may assure an effi-
cient transport of biological substances, such as nutrients and products from cell 
metabolism, in and out of the hydrogels, which are fundamental to protect and sus-
tain cell viability during the regeneration processes [38, 39].

In this way, several strategies have been implemented as the in situ formation of 
scaffolds by cell-induced aggregation of injected or cell-encapsulated hydrogel par-
ticles to promote the cell delivery for new scale-up biofabrication methods, such as 
organ printing [33, 40–43]. The wide versatility of these systems is mainly associ-
ated with the variables that can be tuned to obtain an optimal system for a specific 
application, such as the particle composition, size and shape, existence of porosity, 
cell culture conditions, or incorporation of bioactive agents.

During the last decades, several techniques have been used to process micropar-
ticles for different applications. The preparation of microgels or particles requires 
several considerations about their manufacturing, modification, and manipulation 
and should also ideally allow the production of large quantities of particles with a 
narrow size distribution [33].

Among them, atomization techniques are the most viable way to create systems 
that have complicated external anatomic shapes and complex internal porous archi-
tectures. In this method, an electric field is applied to a polymeric solution extruded 
from a syringe. The applied high voltage potential forces the polymer to form a jet 
that, using specific parameters, enables the formation of micro-/nanoparticles [32]. 
The great advantage of this technique over other commonly used methods is the fact 
that it is a one-step process that does not make use of organic solvents or cross-
linking agents [13]. Their ability is to create devices to achieve both a wide range of 
effective mechanical and mass transport properties as well as a low variation in 
those properties. Further the much finer feature resolution that these techniques can 
generate is beneficial for cell seeding and growth factor delivery [13, 44, 45].

The encapsulation of living cells in a variety of soft polymers or hydrogels is 
important, particularly, for the rehabilitation of functional tissues capable of repair-
ing or replacing damaged organs (Fig.  4.2). Generally, cells are mixed with the 
encapsulation material before gelation occurs. Diverse hydrogel membranes have 
been popularly used as encapsulating materials and permit the diffusion of gas, 
nutrients, wastes, and therapeutic products smoothly. Microtechnologies have been 
adopted to precisely control the encapsulated cell number, size, and shape of a cell-
laden polymer structure [22, 46]. Many biomaterials have been proposed as 
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entrapping matrix to fulfil the specific requirements. Alginate is by far the most 
studied material for cell encapsulation, and it has been adopted for many biomedical 
applications. This material has historically been used as a protective barrier to 
enhance cell therapies, for immunoprotection of pancreatic islets, treatment of brain 
tumors, treatment of anemia, and cryopreservation [47–49]. The main benefit of 
using water-absorbable polymers for the preparation of these systems is not only to 
develop a confined barrier to entrap living xenogeneic or allogeneic cells to be 
transplanted but also to prohibit the entry of the host antibodies and immune cells. 
Besides, encapsulated cells generally show limited interactions, and the physical 
barrier concurs to mask them from the immune surveillance at a local level, thereby 
assuring a reduction of the inflammatory response after transplantation [50]. 
Microcapsule and micro-carrier systems provide a larger surface area for cellular 
attachment, provide cell protection against excessive mechanical stresses, and 
simulate an in  vivo environment [51, 52]. Recent improvements in fabrication 
technologies allow generating matrices with different conformations – i.e., core 
shell with liquid or hollow core and/or multicomponent coatings – which may 
optimally be adapted to co-culture of single/multiple cell types for molecular guided 
tissue engineering and “bio-organs” manufacturing [52, 53].

Fig. 4.2  Fabrication of alginate micro-carriers by electrohydrodynamic atomization: schematic 
approach for cell and molecular release
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Among them, electrofluidodynamic atomization (EFDA) is a promising technol-
ogy capable of generating micro-sized scaffolds, due to the opportunity to fabricate 
variously sized particles from micro- to sub-micrometric scale, by controlling a 
large set of parameters including applied voltage, biomaterial properties (e.g., con-
centration/viscosity, conductivity), and needle geometry, in order to design struc-
tures with growing complexity [54–56]. Recently, electrofluidodynamics has been 
successfully used as low-cost, high-throughput, controlled technology for the pro-
duction of full or hollow spheres from a polymer solution, by applying a high-
voltage electric field [57]. The principle of the electric field-assisted atomization is 
based on the ability of electric forces to charge solution droplets by deforming their 
interface until breaking them into smaller droplets in the micrometric/sub-
micrometric range. The jet deforms and disrupts into droplets due mainly to electri-
cal forces by the competition between coulomb forces related to surface charge and 
cohesive forces inside the droplet, without the administration of additional mechan-
ical energy to reach the liquid atomization [58]. Atomization process can be distin-
guished in electrodynamic spraying (EDS) and electrohydrodynamic atomization 
(EHDA), respectively, as a function of the collector used: EDS and EFDA [59, 60].

The former one involves the deposition of charged droplets on a grounded plate, 
by the breaking of polymer jet into nano-droplets under the solution overcharging 
conditions to form individual nanoparticles or agglomerates as a function of the 
local surface charge. The latter one is based on the deposition of charged droplets in 
a cross-linking agent solution – i.e., calcium chloride (CaCl2) for alginate particles – 
prior to the solution overcharging, by the perturbation and cutting of polymer jet 
until the formation of micro-sized particles.

Future directions should veer on the development of technically advanced sys-
tems to satisfy several demands as controlled systems, operational rigor, and 
improved quality control. Cryopreservation, banking, and subsequent culture of 
cells encapsulated in microcapsule delivery systems represent an alternative to the 
economically attractive “off-the-shelf” micro-carrier concept. With long-term deliv-
ery of therapeutic agents, the cost of encapsulated cells is offset by the cost of short 
half-life therapeutic peptides and the costs involved in organ transplantation. This 
favorable pharmaco-economics of electrodynamic atomization-based technologies 
may impact insurance companies who may favor such an approach over traditional 
therapies, creating a paradigm shift in regenerative medicine [52].

4.3  �Design of Carriers for Drug Delivery

4.3.1  �Emulsion

Alginate has many possible applications in the area of drug delivery due to their low 
cost, low toxicity, biocompatibility, and biodegradability [61, 62]. Alginate micro-
spheres have been widely used as carriers for the controlled release of active agents 
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due to their low immunogenicity and their muco-adhesive properties [63]. In addi-
tion, alginate matrices have the ability to encapsulate protein and DNA while main-
taining their biological activities and have shown very strong bioadhesive abilities 
making alginate a promising candidate for site-specific mucosal delivery [64–66]. 
Moreover, the alginate polymer also finds application as a surfactant stabilizer in 
oil-water emulsions in microbead preparation. Alginate surfactants serve to lower 
the interfacial energy between the phases, thereby increasing the stability and life-
time of the emulsion. In fact, an emulsion is a thermodynamically unstable system 
consisting of at least two immiscible liquid phases, one of which is dispersed as 
globules in the other liquid phase, stabilized by the presence of an emulsifying 
agent, as can be observed in Fig. 4.3. Emulsions fall into a greater class of two-phase 
systems known as colloids, with the special characteristic that both the dispersed 
and continuous phases are liquid. Depending on the volume fraction of the phases, 
both water-in-oil and oil-in-water emulsions can be formed. There is a rule which 
governs the emulsion formation, known as the Bancroft rule: emulsifiers and emul-
sifying tend to promote dispersion of the phase in which they do not dissolve well; 
for example, proteins dissolve better in water than in oil and therefore tend to form 
oil-in-water emulsions, promoting the dispersion of oil droplets throughout a con-
tinuous phase of water. Emulsions can be prepared through various methods of agi-
tation, as the two phases are immiscible and droplets will not form spontaneously, 
such as sonication, which can produce droplets of 100–400nm. Alginate microbeads 
for drug delivery can be easily prepared by emulsion-gelation technique. As reported 
by Putta S.K. et al. [67], an example of alginate microbead preparation consists of 
sodium alginate dissolution in purified water to form a homogeneous polymer solu-
tion. The drug is added to the solution and mixed thoroughly with a stirrer to form a 
viscous dispersion. The dispersion is then added in an oil phase such as heavy liquid 
paraffin while stirring at sufficiently high speed to emulsify the added dispersion as 
fine droplets. Then appropriate amount of calcium chloride solution (15% w/v) is 
transferred into the emulsion while stirring to complete the gelation reaction and to 

Fig. 4.3  (a) Two 
immiscible liquids not 
emulsified. (b) An 
emulsion of phase B 
dispersed in Phase A. (c) 
The unstable emulsion. (d) 
The green surfactant as an 
emulsion stabilizer
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produce spherical rigid microbeads. The microbeads are collected by decantation 
and washed repeatedly with petroleum ether. The product is then air dried overnight 
at room temperature to obtain discrete microbeads. This method of preparation 
shows many advantages [68]; first of all it is easy, mild, and inexpensive preparation 
technique, it is stable, and it is suitable to encapsulate broad categories of drugs such 
as macromolecules, protein, and others.

By emulsion technique various alginate microbeads have been prepared with dif-
ferent therapeutic applications, such as the encapsulation of a water-soluble drug as 
ranitidine hydrochloride (peptic ulcer drug) in sufficient amount and that could be 
delivered in the stomach for a prolonged period of time without using any organic 
solvent and any time-consuming step in the preparation, so opening new treatment 
of gastric acidity and ulcer [69]. Furthermore, for the delivery of acyclovir, antiviral 
medication, oil entrapped acyclovir floating alginate beads used as floating con-
trolled drug delivery systems have been also realized. The beads showed the excel-
lent sustaining properties as compared to the conventional dosage form. The 
designed therapeutically efficacious gastro-retentive formulation of acyclovir, com-
bining an excellent buoyant ability and a suitable drug release pattern, could possi-
bly be advantageous in terms of increased bioavailability of acyclovir [70]. 
Therefore, alginate microspheres appear, technologically, as a promising antigen 
delivery system; in fact, the alginate microspheres were easy to prepare, and the 
mean diameter of beads increased with the increase in the amount of the oil phase. 
The encapsulation efficiency of bovine serum albumin (BSA), chosen as model 
antigen, was very high. The beads showed excellent sustaining properties as com-
pared to the conventional beads [71]. As regards the treatment of diabetes, insulin, 
an antidiabetic drug, has been formulated in the alginate microspheres intended for 
oral administration in order to directly deliver them in the intestinal region without 
drug degradation in the stomach. Process and formulation variables were of utmost 
importance for size and encapsulation properties. Encapsulated insulin produced 
the same bioavailability in diabetic rats as short-acting insulin formulation showing 
that insulin integrity was maintained during microspheres manufacturing and recov-
ery [72]. Besides, the emulsion-gelation method was successfully utilized for the 
formulation of floating alginate beads of clarithromycin, antibiotic used to treat 
various bacterial infections, including strep throat, pneumonia, skin infections, 
Helicobacter pylori infection, and Lyme disease, among others. The adopted 
method for the estimation of clarithromycin showed good linearity. The formulated 
floating alginate beads have shown high percentage of drug loading, encapsulation 
efficiency, particle size, and very low moisture content. In vitro dissolution study 
showed that, among the formulations, the formulation containing 2 percent sodium 
alginate solution and 5 percent calcium chloride solution along with 500  mg 
hydroxypropyl methylcellulose (HPMC) and 5 ml of sunflower oil released clar-
ithromycin for prolonged time (12 h) [73].
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4.3.2  �Layer by Layer

Alginate microbeads can be also prepared by layer by layer technique, generally to 
make multilayered beads. An advantage of these multilayered alginate beads can be 
due to their ability to allow simultaneous encapsulation of cells within the alginate 
core and delivery of other factors/cells from the outer layer of alginate. Growth fac-
tors can be encapsulated and delivered from the outer layer with release kinetics 
determined by its composition [74, 75].

Coating the alginate core with a perm-selective layer polymer may reduce or pos-
sibly completely eliminate the requirements of immunosuppressive drugs when 
delivering allogeneic or xenogeneic cells. Alginate microcapsules are typically 
coated with a polycation, such as poly-L-ornithine (PLO) or poly-L-lysine (PLL). 
The positive cationic chains interact with the negative alginate core to form a 
polycation-polyanion complex that coats the entire alginate surface. This layer influ-
ences the rate of diffusion of solutes and is typically designed to limit the immune 
system from recognizing the cells contained within the core. PLO and PLL play an 
important role in transport, but their positive charge results in inflammatory response 
following implantation, so to avoid this the surface is coated with an outer mono-
layer of alginate to prevent direct contact of cells from the host with the polycation.

Delivery of fibroblast growth factor-1 (FGF-1) from multilayered alginate beads, 
made of two alginates layers with in between a PLO layer, has been shown to stimu-
late blood vessel formation around encapsulated cells [76, 77]. In order to achieve 
the success in islet trasplantation, the local tissue response, including vasculariza-
tion and modulation of the foreign body response, is essential. These multilayer 
structures allow for delivery of factors directly around the encapsulated cells in 
order to provide both therapeutic cells and local control of tissue development. The 
procedure for generating multilayer alginate microbeads, shown in Fig. 4.4, involves 
first the synthesis of uncoated alginate microbeads followed by coating of the poly-
cation layer and, finally, the generation of an outer alginate layer. Briefly, to prepare 
uncoated alginate microspheres, low and high viscosity alginate solution is extruded 
in a flask containing the cross-linking solution (such as CaCl2 or Ba) for a defined 
period of time with continuous stirring. The resulting gelled spherical microbeads 
to be covered by a polycation layer (e.g., PLL or PLO) are transferred into the poly-
cation solution. After, the polycation solution is removed and washes are performed, 
an alginate solution of desired concentration is transferred onto the alginate micro-
beads previously created and incubated for a defined time to allow for alginate to 
interact with polycation layer. Then, the microbeads are transferred into the cross-
linking solution to allow formation of outer layer [78].

Furthermore, multilayer sodium alginate beads have been successfully developed 
to improve the oral availability of conventional anticancer drug [79, 80]. To improve 
these, nanoparticles have been immobilized on multilayer alginate beads, by 
dropping aqueous chitosan/carboxymethylchitosan (CS/CMS) blended with algi-
nate into CaCl2 solution [81]. The cross-linker between –COO- groups on alginate 
and Ca2+ occurred from external of alginate matrix to form the compact core of 
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multilayered bead. The alginate matrix could protect encapsulated doxorubicin 
(DOX) loaded CS/CMS nanoparticles from undesirable drug release in gastric 
juices but too rapidly releases the intact DOX:CS/CMS nanoparticles in the small 
intestine. To overcome this limitation, it has been constructed a porous core of mul-
tilayer beads by internal gelation method to improve their ability of drug control 
release. By dropping aqueous CS/CMS nanoparticles blended with alginate and 
CaCO3 into hydrochloric acid, the cross-linking between Ca2+ and –COO- groups on 
alginate occurred from interior of alginate matrix to form a compact core with 
porous structure in multilayer bead. The cross-linking effect is strengthened in the 
core of porous multilayer beads, and it may overcome undesirable drug release 
encountered in nanoparticle multilayer beads, to prolong the contact time between 
the formulation and the small intestinal mucosa, thereby potentially enhancing drug 
delivery efficacy. Concluding, alginate beads loaded with drug are important in the 
drug delivery by oral route as well as other routes, as sustained and controlled 
release formulations. As these microbeads are biocompatible, nontoxic, and biode-
gradable, so they may be better used and, i.e., they have paved a better way for 
controlled/sustained release of drug through the use of natural, biodegradable 
material.

A. Uncoated alginate microspheres

B. Alginate coated by a polycation layer

C. Alginate-polcation-alginate

Alginate beads
crosslinked in  

calcium, barium

Polycation
bath (e.g. PLL, PLO) 
allows the fomation

of alginate beads
with immuno-

protective barrier

Beads with alginate 
crosslinked to form 
outer alginate layer

Fig. 4.4  Multilayered alginate microbeads consist of a perm-selective membrane around the algi-
nate core (a–b) followed by an outer layer alginate (c). The outer layer alginate allows for encap-
sulation of proteins and growth factors while also maintaining biocompatibility
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4.4  �Applications in Regenerative Medicine and Industrial 
Pharmacology

Industrial applications of alginates, based on their gelling, viscosifying, and stabiliz-
ing properties, account for the quantitatively most important uses of alginates. In 
comparison, emerging and knowledge-demanding specialty applications within bio-
technology and medicine are based on biological effects of the alginate molecule, of 
alginate molecular building blocks, or of alginate’s unique, gentle, and almost tem-
perature-independent sol/gel transition in the presence of multivalent cations (e.g., 
Ca2+), which makes alginate highly suitable as an immobilization matrix for biocata-
lysts such as living cells [82]. The conventional role of alginate in pharmaceutics 
includes serving as thickening, gel forming, and stabilizing agents, as alginate can 
play a significant role in controlled release drug products. Oral dosage forms are cur-
rently the most frequent use of alginate in pharmaceutical applications, but the use of 
alginate hydrogels as depots for tissue-localized drug delivery is growing [53].

Alginate gels have been investigated for the delivery of a variety of low-
molecular-weight drugs and are likely most useful when a primary or secondary 
bond between the drug and the alginate can be exploited to regulate the kinetics of 
drug release. Alginate gels are typically nanoporous, leading to rapid diffusion of 
small molecules through the gel. However, incorporation into beads formed from 
partially oxidized alginate in the presence of both calcium ions and adipic acid dihy-
drazide (combination of ionic and covalent cross-linking) led to a prolonged release 
due to the increased number of cross-links and resultant reduced swelling [83–85]. 
The controlled and localized delivery of antineoplastic agents has also been achieved 
using partially oxidized alginate gels. Multiple drugs can be loaded into alginate-
based gels for simultaneous or sequential delivery, as the chemical structure of the 
drug and mode of incorporation will dramatically alter the release kinetics [53, 86–
88]. Alginate has also been widely exploited in many drug delivery applications in 
combination with chitosan, as the combination forms ionic complexes [44, 53, 88].

Alginate gels are increasingly being utilized as a model system for cell culture in 
biomedical studies. These gels can be readily adapted to serve as either 2D or more 
physiologically relevant 3D culture systems. RGD-modified alginate gels have been 
most frequently used as in vitro cell culture substrates to date. Further, the number 
of cells adherent to the gels, as well as the growth rate, was strongly dependent on 
the bulk RGD density in the gels. The length of the spacer arm between the RGD 
peptide and the alginate chain is a key parameter in regulation of cellular responses. 
Recent studies utilizing alginate gels as 3D cell culture substrates have revealed key 
insights regarding stem cell and cancer biology. The fate of mesenchymal stem cells 
was demonstrated to be controlled by the elastic modulus of the RGD-alginate gels 
in which they were encapsulated, as differentiation down fat and bone pathways was 
promoted at different values of gel stiffness. Strikingly, and in contrast to 2D culture 
systems used in previous mechanotransduction studies, the control over stem cell 
fate was related to the number of adhesive bonds formed between the gel and the 
cells, as well as alterations in the receptors cells utilized to adhere to the RGD pep-
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tides in 3D versus 2D culture. The cells actively reorganized on the nanoscale the 
adhesion ligands presented from the gels. Alginate gels have also been used to 
examine how a 3D culture microenvironment influences cancer cell signaling and 
tumor vascularization [53, 89–92]. Alginate has also been combined with inorganic 
materials to enhance bone tissue formation. Alginate/hydroxyapatite (HAP) com-
posite scaffolds with interconnected porous structures were prepared by several 
methods to enhance the adhesion of bone cells. Also cell-encapsulating alginate gel 
beads were introduced into calcium phosphate cement and demonstrated potential 
for bone tissue engineering under moderate stress-bearing conditions [53, 93–96].

In this context, alginate has demonstrated great potential for the fabrication of 
micro-sized devices for many applications in drug delivery, tissue engineering, and 
cancer therapy. Most attractive features of alginate in biomedical field include bio-
compatibility, mild gelation conditions, and simple modifications to prepare alginate 
derivatives with new properties. Alginate has a track record of safe clinical uses as a 
wound healing dressing material and pharmaceutical component; it has been safely 
implanted in a variety of applications, including islet cell transplantation [50, 53]. As 
one looks to the future, the alginate-based materials used in medicine are likely to 
evolve considerably. In wound healing, and more generally drug delivery applica-
tions, precise control over the delivery of single vs. multiple drugs or sustained vs. 
sequential release in response to external environmental changes is highly desirable. 
Dynamical control over delivery can potentially improve the safety and effectiveness 
of drugs, providing new therapies. On-demand drug release from alginate gels in 
response to external cues such as mechanical signals and magnetic fields can be used 
to design active depots of many drugs, including therapeutic cells. The introduction 
of appropriate cell-interactive features to alginate will also be crucial in many tissue 
engineering applications. The type of adhesion ligands and their spatial organization 
in gels are key variables, as they can regulate cell phenotype and the resultant func-
tion of regenerated tissues. Further, current understating of fundamental properties 
of alginate and developing of new types of cell and tissue-interactive alginate gels 
may enable future advances in biomedical science and engineering [53].

4.5  �Conclusions and Future Trends

Alginate is one of the most frequently used polysaccharides in biomedical field, to 
fabricate building blocks or scaffolds for tissue repair and regeneration as well as 
micro-sized devices for drug delivery applications. The peculiar hydrogel-like struc-
ture makes them promising as scaffolds able to integrate either cells or bioactive 
molecules for tissue engineering. The success of tissue constructs is highly depen-
dent on the design of the alginate-based scaffolds including the physical, chemical, 
and biological properties. In this context, physical and/or chemical modifications 
have been carried out to design ex novo polymers with the desired properties and 
functions, despite several limitations still concern the chance to meet all the design 
parameters simultaneously (e.g., degradation, swelling, and mechanical properties).
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In the future perspective, alginate-based materials used in medicine are likely to 
evolve rapidly. To date, alginate gels played a fairly passive role in the clinical use 
for wound healing applications. Future dressings will likely play a much more 
active role of alginates in the controlled delivery of more bioactive agents to facili-
tate wound healing. Indeed, the use of alginate gels to incorporate bioactive mole-
cules may assure the preservation of local concentrations of biological factors, such 
as proteins, for extended time periods. Besides, in the current drug delivery applica-
tions, a precise control over the delivery of single vs. multiple drugs or sustained vs. 
sequential release in response to external environmental changes is highly desirable. 
So, the use of active alginate gels may contribute to dynamically control the deliv-
ery mechanisms by improving the safety and effectiveness of drugs, for the discov-
ery of new therapies. On-demand drug release from alginate gels in response to 
external cues (i.e., mechanical [97] and/or electromagnetic [98] stimuli) can be used 
to design active depots both for therapeutic drugs and cells.

Moreover, they will allow incorporating cell induction ligands such as growth 
factors directly to the scaffold surfaces for a controlled delivery of bioactive signals 
such as functional DNAs or siRNAs by appropriate spatial and temporal way. For 
this purpose, the introduction of appropriate cell-interactive features to alginate will 
also be crucial in many tissue engineering applications. The type of adhesion ligands 
and their spatial organization in gels are key variables, as they can regulate cell 
phenotype and the resultant function of regenerated tissues. In the place of RGD 
peptides extensively exploited as a cell adhesion ligand in the last years, multiple 
ligands and/or a combination of ligands and soluble factors could be alternatively 
considered to properly address specific biomolecular mechanisms for the replace-
ment of tissues and organs. In this context, a deeper understating of fundamental 
properties of alginate as well as the development of new tissue-interactive alginate 
gels with novel chemical and physical moieties could enable future advances in 
biomedical science and engineering. For instance, it could be possible to design 
interpenetrating polymer networks by using alginates as building blocks for the 
design of pharmaceutics and drug delivery vehicles (i.e., drugs, biomolecules, pro-
teins) in the form of films, microspheres, and depot matrices. By their assembly, the 
peculiar gelling ability with divalent cations offers the unique opportunity to fabri-
cate smart systems able to change and/or adjust their mechanical and drug release 
properties in response to an external stimulus. For instance, new interpenetrated 
systems based on the combination of alginates with other natural polymers, mainly 
including polysaccharides with intrinsic bioactivity such as chitin or cellulose deriv-
atives, have been recently exploited to improve the performances of multiple drug 
delivery systems. In this case, the synergistic behavior of interacting polysaccharide 
networks able to exert new features with respect to the single ones will concur to the 
design of novel in vitro models for fundamental studies to understand and tailor 
their physicochemical and biological properties, as well as for development of smart 
systems that fulfil unmet medical and pharmaceutical needs.

Meanwhile, the design and creation of new alginate polymers with better or dis-
tinct properties can potentially be achieved using genetic engineering techniques to 
control bacterial synthesis. Various polypeptides and proteins with improved struc-
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tural properties and novel functions have already been prepared by this approach 
and explored for biomedical applications [99]. The ability to chemically or physi-
cally engineer new classes of alginates with precisely controlled functionalities, 
unlike the limited repertoire available from natural sources, designed for a specific 
application, paves toward an enormous revolution for the future use of alginate in 
biomedical field.
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