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Scope of the Series

Biochemistry, the study of chemical transformations occurring within living organ-
isms, impacts all of life sciences, from molecular crystallography and genetics, to 
ecology, medicine and population biology. Biochemistry studies macromolecules - 
proteins, nucleic acids, carbohydrates and lipids –their building blocks, structures, 
functions and interactions. Much of biochemistry is devoted to enzymes, proteins 
that catalyze chemical reactions, enzyme structures, mechanisms of action and 
their roles within cells. Biochemistry also studies small signaling molecules, co-
enzymes, inhibitors, vitamins and hormones, which play roles in the life process. 
Biochemical experimentation, besides coopting the methods of classical chemistry, 
e.g., chromatography, adopted new techniques, e.g., X-ray diffraction, electron 
microscopy, NMR, radioisotopes, and developed sophisticated microbial genetic 
tools, e.g., auxotroph mutants and their revertants, fermentation etc. More recently, 
biochemistry embraced the ‘big data’ omics systems.



Initial biochemical studies have been exclusively analytic: dissecting, purifying and 
examining individual components of a biological system; in exemplary words of 
Efraim Racker, (1913 –1991) “Don’t waste clean thinking on dirty enzymes.” Today 
however, biochemistry is becoming more agglomerative and comprehensive, setting 
out to integrate and describe fully a particular biological system. The ‘big data’ me-
tabolomics can define the complement of small molecules, e.g., in a soil or biofilm 
sample; proteomics can distinguish all the proteins comprising e.g., serum; metage-
nomics can identify all the genes in a complex environment e.g., bovine rumen. This 
Biochemistry Series will address both the current research on biomolecules, and the 
emerging trends with great promise.
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Preface

Alginates are polysaccharides found in both the intercellular matrix of brown
algae and extracellularly covering some species of bacteria. They are widely used 
by the food industry, giving foods texture properties such as thickening, adhesion, 
emulsification, gelling, or fullness.

Alginate was characterized in the late nineteenth century and is currently obtained
from brown algae collected in coastal regions at sea. Alginate can constitute up
to 40% of the dry mass of these algae. Due to its unique properties, for gelling
and thickening solutions and acting as immobilization support, the material has
become a product of commercial importance. Alginate is widely used in food,
cosmetics, and medicines and also finds application in the textile and paper
industries. It is currently being used in innovative medical and pharmaceutical
applications. Due to its characteristics, it is used as a thickener, emulsion and foam
stabilizer, encapsulating agent, gelling agent, film-forming agent, and synthetic
fiber, among other possibilities. The alginate currently used is extracted from
algae; however, its production by microorganisms allows controlled exploitation of
its natural sources.

Alginate is a linear copolymer consisting of the acids α-L-guluronic and β-D-
mannuronic with 1–4 bonds. The material varies widely in terms of its proportion
between mannuronic (M) and guluronic (G) residues, as well as its sequential
structure and degree of polymerization. Thus, the material may have alternating
sequences of MG residues and blocks consisting of two or more M or G residues.
In many applications for which the material is used it has the ability to form
gels whose characteristics depend on the M/G ratio and number of cross-links
between polymer chains. Gels are formed in the presence of divalent cations such
as Ca++ or Mg++, and the presence of G residue sequences is required to exhibit
this ability.

This book is divided into the following sections: Introductory section,
Pharmaceutical and Medical Uses, and Technological Applications. The first
chapter is entitled Introductory Chapter: Alginates—A General Looking. The
second section consists of Chapters 2 through 6, respectively: Pharmacological
Effects and Utility as a Food Additive of Calcium Alginate; Current Perspective
and Advancements of Alginate-based Transplantation Technologies; The Use of
Alginate Hydrogels for the Culture of Mesenchymal Stem Cells (MSCs): In Vitro
and In Vivo Paradigms; Alginate-Based Hydrogels in Regenerative Medicine; and
Role of Alginates Combined with Natural Extracts to Prevent the Gastric Acid-
related Damage. The third and last section consists of two chapters: Importance
of Alginate Bio-Ink for 3D Bio-Printing in Tissue Engineering and Regenerative
Medicine and Application of Artificial Intelligence in Modern Healthcare
Systems.
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Chapter 1

Introductory Chapter: Alginates - A  
General Overview
Leonel Pereira and João Cotas

1. Introduction

Alginate is an anionic polymer that occurs naturally in brown algae 
(Phaeophyceae), normally present on the cell walls of these organisms.

Alginate is a structural element designated to be the seaweed’s main skeletal 
compound likewise the cellulose function in terrestrial plants, with the gel located 
in the cell walls and intercellular matrix conferring the mechanical strength and 
flexibility necessary to withstand the force of the water in which the seaweed 
grows [1]. Moreover, this function is reflected in the compositional difference of 
alginates in different seaweeds.

Alginate varies in composition of the algae from 20 to 60% dry matter, but on 
average brown algae species has 40% alginate. Alginate in brown algae occurs as gels 
containing sodium, calcium, strontium, magnesium, and barium ions [2].

Alginate is not a compound exclusively of brown algae because there are bacteria 
that can also produce alginate, but currently all commercial alginate is extracted 
from algae biomass [3].

Industrial applications of alginate are linked to the gelation, viscosity, and 
stabilizer properties that alginate attributes to the solutions and products in which 
it is present. Normally the alginate is a matrix of alginic acid bound cations, such as 
calcium, sodium, or magnesium. These ions give greater stability to the alginic acid 
molecule, where the divalent cations give alginate a very rigid conformation and a 
stable structure unlike the alginate with monovalent cations.

The biotechnological applications of alginate are based on specific effects of the 
alginate molecule and its variations depending on the covalent bonds with cations, 
such as calcium, sodium, or magnesium, and this allows for a great number of 
applications in several variations of the structure and conformation of the alginate 
molecule.

Alginates are in vogue for specialized knowledge as a pharmaceutical or 
biomedical ingredient or as compound for advanced biotechnology, and these 
investigations are turning to a more detailed study of the properties and structure 
of alginate, leading to points of scientific innovation that, associated with empirical 
knowledge, will benefit the traditional techniques of alginate exploitation.

2. History

Alginic acid was first discovered and patented (patent date: 12 January 1881) 
by the British chemical scientist E. C. C. Stanford, and he continued the work on 
its discovery, contributing to the elucidation of the chemical structure of alginic 
acid [3]. The Stanford patent explains how the alginate can be extracted by soaking 
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the algae with water or diluted acid, then extracting with sodium carbonate, and 
then precipitating the alginate present in the solution by addition of acid [4].

In the second decade of the twentieth century, some scientific groups work-
ing separately with alginate found that uronic acid was one of the constituents of 
alginic acid. Moreover, this discovery led to further study in the years to come. 
These investigations led to the discovery of D-mannuronic acid in hydrolyzed 
alginate samples. The nature of the bonds in the uronic acid residues in the alginate 
was identical to that in the cellulose, through the β 1, 4 bond.

It was only in the 1950s that with the work of Fischer and Dörfel [5], through 
a chromatographic study of uronic acids, the presence of a different uronic acid 
from what had been identified was discovered, identifying this new acid with 
L-guluronic acid. And that acid had a considerable quantity in the sample analyzed, 
and as such, a quantitative method was developed to determine the two acids pres-
ent in alginate, mannuronic acid and guluronic acid.

Thereafter, alginate was identified as a binary copolymer composed of residues 
of guluronic and mannuronic acids, but in general, it was reported that alginic acid 
was chemically homogeneous and of equal chemical structure, independent of the 
raw material from which it was extracted.

This principle had to be scientifically proven, and the alginate had to be frac-
tionated chemically from different sources to prove the theory. The development 
of fractionation techniques was done mainly by Haug [6], who helped the charac-
terization alginate as a block copolymer and in the correlation between the block 
structure and the physical properties of an alginate with that composition.

3. Chemical structure

The alginate is an unbranched biopolymer family. The alginates consist of 1,4-β-D-
mannuronic acid (M) and 1,4 α-L-guluronic acid (G) monomers, with a homogeneous 
(poly-G, poly-M) or heterogeneous (MG) block composition, which was proven by 
partial acid hydrolysis. That is, each alginate-producing species may exhibit different 
alginate compositions and as such differences in the ratio of mannuronic and guluronic 
acid blocks, varying in composition and sequence [7]. The proportions of the two acids 
vary from species to species and from different parts of the same seaweed [8].

It was proven that the alginates do not have regular repeating units and that 
the distribution of the monomers along the polymer chain could not be described; 
hence the knowledge of the monomeric composition was not sufficient to deter-
mine the sequential structure of alginates from diverse species.

Alginate is found in seaweeds as salts of different metals, primarily sodium 
and calcium, in the intercellular regions and cell walls. Its biological functions in 
seaweeds are of structural and ion exchange type. Alginate enriched in polyman-
nuronic acid is found in young cell wall tissue and/or intercellular regions, whereas 
polyguluronic-rich alginate is found in the cell wall having a high affinity for Ca2+, 
which is mainly responsible for gel strength [9]. Alginate polymer is synthesized in 
the cytoplasm and then transported to the cell surface [10].

The principal differentiation between algal and bacterial alginates at the molecular 
level is the presence of Ο-acetyl groups at C2 and/or C3 in the bacterial alginates [11].

4. Alginate extraction

The extraction methodology of alginate is recurring on the transforming 
of the insoluble mixture of the alginic acid salts prevenient of the cell wall in a 
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soluble alginate salt, which is naturally recommended for aqueous high-affinity 
polysaccharide obtained from the main species of brown algae (e.g., Fucales 
and Laminariales). The industry uses brown seaweeds mainly from the genus 
Macrocystis, Laminaria (Figure 1a), Lessonia, Ascophyllum, Alaria, Ecklonia, 
Eisenia, Nereocystis, Sargassum, Cystoseira, and Fucus (Figure 1b), with Macrocystis 
pyrifera (Figure 1c) and Ascophyllum nodosum (Figure 1d) being the principal 
resources utilized.

Various species are harvested, and some are even cultivated offshore  
(e.g., Laminaria and Alaria (Figure 1e)) for alginate production, between southern 
and northern hemispheres. The species used are generally harvested from natural 
resources. China and some northern hemisphere countries, however, cultivate these 
species, which is an expensive way of alginate production. In this case, Laminaria is 
mostly used as food, and if surplus amounts are cultivated, then it can be used for 
alginate production.

Brown seaweeds that grow in cold water and those growing at a temperature up 
to 20°C are more used because they have more alginic acid content than the brown 
seaweeds found in more warm waters. And due to more turbulent waters, the 
seaweeds produce more content than the same species in calmer waters [12].

The alginic acid appears in the seaweeds as an insoluble mixed salt. To extract it, 
it is necessary to convert the alginic acid into its soluble salt forms such as sodium or 
potassium [12]. The alginate is made alternately insoluble and soluble in solvent by 
ion exchange reactions to separate out from the other constituents of algae. As large 
molecules must diffuse out from the plant tissues, the seaweed is preferably reduced 
to small particles as a preliminary step. Therefore, the first step is to wash (dry, if 
necessary) and mill the seaweed. Alginate isolation is essentially an ion exchange 
process, and alginate is brought into solution as sodium alginate by treating it with 
a strong alkali, after a pre-treatment with hydrochloric acid before the extraction 
with sodium carbonate [13, 14]. There are several methods to separate the alginate 
from other soluble substances from the crude alginate extract solution.

For example, addition of alcohol [2] would precipitate out sodium alginate. 
Adding a solution of calcium chloride with good stirring would precipitate out cal-
cium alginate, whereas adding hydrochloric acid would precipitate out alginic acid.

Figure 1. 
(a) Laminaria ochroleuca from Ínsua beach, afife, north of Portugal; (b) Fucus ceranoides from mondego 
river estuary (coordinates: 40° 7'31.39"N, 8°46'15.76"W), center-north of Portugal; (c) Macrocystis pyrifera; 
(d) Ascophyllum nodosum from Praia do norte, Viana Do Castelo, north of Portugal; (e) Alaria esculenta 
from Eskifjördur, Iceland; ( f) Chlorella vulgaris immobilized in calcium alginate gel beads. Original images: 
(a, d, and e) University of Coimbra (MACOI), (b and f) João cotas images in public domain: (c) Shane 
Anderson.
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soluble alginate salt, which is naturally recommended for aqueous high-affinity 
polysaccharide obtained from the main species of brown algae (e.g., Fucales 
and Laminariales). The industry uses brown seaweeds mainly from the genus 
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pyrifera (Figure 1c) and Ascophyllum nodosum (Figure 1d) being the principal 
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For example, addition of alcohol [2] would precipitate out sodium alginate. 
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cium alginate, whereas adding hydrochloric acid would precipitate out alginic acid.

Figure 1. 
(a) Laminaria ochroleuca from Ínsua beach, afife, north of Portugal; (b) Fucus ceranoides from mondego 
river estuary (coordinates: 40° 7'31.39"N, 8°46'15.76"W), center-north of Portugal; (c) Macrocystis pyrifera; 
(d) Ascophyllum nodosum from Praia do norte, Viana Do Castelo, north of Portugal; (e) Alaria esculenta 
from Eskifjördur, Iceland; ( f) Chlorella vulgaris immobilized in calcium alginate gel beads. Original images: 
(a, d, and e) University of Coimbra (MACOI), (b and f) João cotas images in public domain: (c) Shane 
Anderson.
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The extraction of alginate is done by mild acid treatments that remove undesir-
able compounds (normally, hydrochloric acid) and modify the cell wall alginate 
into alginic acid to obtain the best extract efficacy because the intercellular 
mucilage has been regarded as the principal site of alginic acid [15]. The alginic 
acid is recovered as a soluble sodium form by neutralizing with sodium carbonate 
or sodium hydroxide. The insoluble residue is removed by filtration, flotation, or 
centrifugation, and the soluble alginate is precipitated by conversion into alginic 
acid or calcium/sodium alginate. The alginic acid is then converted into the required 
counter ion by neutralization with appropriate hydroxides or chlorites. The dif-
ference in the alginate recovery process depends on the source and structure of 
constituents of alginate [13].

5. Alginates as valuable resource

Alginates are used in the food, cosmetic, paper, agricultural, pharmaceutical, 
and biomedical industries and in other various industries; some are now starting 
to apply the alginates. The alginates overall are the main seaweed polymer, in terms 
of quantities, used by industry. There are different purity classes of alginates ready 
to apply for different uses; with that, the price of alginates varies according to the 
purity state and applications on the industry. For instance, the alimentary grade 
sodium alginate is priced at USD 6.5 and 11.0/kg, while pharmaceutical grade is val-
ued at USD 13 and 15.5/kg. In Asia, more specifically in the Korean peninsula and in 
Japan, Saccharina japonica (formerly Laminaria japonica) has a big demand which 
resulted in a higher price, which resulted in the introduction of buying alginates 
from other countries [16]. Alginate market is expected to grow annually between 
2 and 3%. The uses of alginate in the industry, such as textile printing, account for 
nearly half of the global market. On the biomedical, medical, and pharmaceuti-
cal industries, it has an implication of nearly 20% of the global market, and it is 
expected to grow between 2 and 4% in the global market, lying on the applications 
of alginic acid derivatives in wound healing and regular basis innovations and 
developments in controlled-release technologies. Paper industry only reports to 
nearly 5% of the global market [17].

Alginates are mainly used as thickeners and stabilizers in the food, pharmaceuti-
cal, and cosmetic industries, because they are easy to use, has a low cost, are well 
tolerated in the human, and can be easily modified for determined objective and in 
the different fields.

Today, the global seaweed industry is worth more than USD 6 billion 
per annum (approximately 12 million tons per annum in volume) of which 85% is 
in the food area for human consumption. Seaweed-derived polysaccharides  
(carrageenan, agar, and alginates) make up almost 40% of the world’s hydrocol-
loid market [18].

The global alginate market size was valued at USD 624.0 million in 2016. The 
demand for alginates in the food industry will be increasing by consumption of 
frozen desserts, ice creams, beer, and yogurt; with that, it is anticipated to push a 
salient market growth of alginate value and use.

The application of the alginates in the food industry is permitted and regulated 
by the major regulatory agencies including the FDA and European Commission, 
which stimulates the high interest in alginate. The increasing of food industry 
in Asia, due to the growth in habitants, is expected to run a higher demand of 
alginate in that area. Therefore, this alginates-based products acceptance by the 
manufacturing industries is expected to growth, such as biomedical industry and 
its high demand for alginate with high quality. The product is mainly used in the 
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pharmaceutical industry for the production of controlled-release drugs due to 
superior product performance [19].

Corporations in the market devote to the investigation and development of 
new advanced product grades to captivate costumers. Extraordinary financing by 
national governments and alginate industries on route to the growth of seaweed 
processing is predicted to help the alginate-based industry’s expansion and suc-
cess. Nevertheless, such high search for alginate can have as outcome a limited raw 
material availability, and the alginate industry is now evaluating the production 
of alginate with seaweeds of aquaculture (mainly offshore, at this moment in the 
North Atlantic Area and China).

There is a large market for any brown seaweed that has an alginate of medium to 
high viscosity or high gel strength [20].

5.1 Agricultural applications

Alginate present in the brown algae (in the form of alginic acid) constituted a 
functional element of the traditional fertilizers, allowing the water retention in the 
soils. So, the principal function of alginate on agricultural area was as a soil condi-
tioner. Being a superabsorbent (SAP) or water-retaining material is an advantage 
of alginate. They are natural materials that can absorb large amounts of water, as 
much as hundreds of times their own mass. These alginates are generally known 
in agriculture as nonionic or ionic moisture-holding hydrogels for increasing soil 
water retention, which is a basic soil property.

The reservation of moisture or water in the soil is the major process consequence 
in which all plantations depend. The large pore spaces in arenaceous soils restrain 
the soil from holding water, and the soil dries out regularly, and precious nutrients 
wash away past the plant roots. The inclusion of alginate can solve the lack of reten-
tion of water and raise nutrient disponibility. High-capacity absorbents definitely 
can upsurge the water-retention capacity in such soils.

Superabsorbents (SAP) in agricultural areas have been designed and devel-
oped to provoke an enrichment of the abiotic properties of soil by rising their 
water-retention ability, developing a better water usage efficiency, enhancing soil 
permeability and infiltration rates, contributing to lower the irrigation frequency, 
lowering the compaction shift, preventing erosion and water drainage, enhancing 
plant performance, increasing soil aeration, lowering the dissolution of fertilizers, 
developing a better adsorption capacity or enhancing the uptake of some nutrient 
elements by the plants, and provoking a raise of the microbial activity [21].

The alginate of seaweed directly suppresses the pathogens [22]. Indeed, alginate 
pellets developed as carrier material for biocontrol agents have been reported to 
reduce multiplication of Rhizoctonia (fungi) disease in potato [23], while incorpora-
tion of Ascophyllum nodosum extract into the planting medium caused delay and 
reduced incidence of Verticillium (fungi) wilt of pepper plants [24]. Therefore, it’s 
proven that alginates are involved in host defense mechanisms [25]. Of particular 
interest in agriculture are those that elicit defensive responses resulting in protec-
tion against pathogens or insect damage [26].

In other cases, the alginate will have other particular function, as the main 
characteristic of alginate as product principal emulsifier and to delivery control 
of actives ingredients in agricultural field. The active ingredient is mixed with 
alginates for their safer, easier, and more accurate handling as well as for their 
effective application in the field and, at the same time, preventing the immedi-
ate release of the active ingredient, so the main drawback associated with these 
formulations can be avoided. These alginate-based systems are able to deliver the 
active ingredient gradually for a long period of time in a specified target with 
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a desired rate [27–29]. The controlled-release systems do not release the active 
ingredient at once; this technique therefore lowers the pesticide residues in soil 
and thus reduces the direct effect of pesticide. After their degradation, these are 
helpful as compost in the field [30].

Alginate is also used as an inoculant carrier for plant growth-promoting bacteria 
[31, 32] and for bacteria with biodegradation ability [33].

5.2 Biomedical applications

The conventional role of alginate in the biomedical area includes being used as 
thickening, gel-forming, and stabilizing agents, as alginate can play a significant 
role in controlled-release drug products. But the main use of alginate in the bio-
medical area is actually in hydrogel form, used in the wound healing [34], drug 
delivery, and tissue engineering applications. Alginate hydrogels are biocompatible 
and structurally identical to the macromolecular-based components in the human 
body and can regularly be convoyed into the body by minor invasive techniques of 
administration to the select human body [35].

In this area, there is a need that the alginate used and tested is pure as maximum 
as possible, because the impurities will compromise the biocompatibility of the 
biomaterial with alginate [36].

The utmost captivating characteristics of alginate for the biomedical applica-
tions involve the natural biocompatibility, mild gelation conditions, and easy 
adaptation to assemble alginate derivatives with new properties and characteristics. 
Alginate has a safe clinical sheet for biomedical applications as a wound dressing 
material and pharmaceutical component and has been harmlessly inserted in a wide 
range of utilizations.

The conception of new biomaterials is centralized on the resemblance in the 
functions of the extracellular matrices of body tissues, as these can manage the host 
feedback/responses in an accurate behavior, and materials derived from natural 
sources have gained a lot of interest, mainly because of their inherent biocompat-
ibility. At this moment, alginate and its derivatives are one of the best chemically 
known biopolymers in the world, and it has been extensively investigated and used 
for many biomedical applications, due to its biocompatibility, low toxicity, rela-
tively low cost, and mild gelation by addition of divalent cations such as Ca2+ [37].

The great challenge in this area is complementing the physical feature of alginate 
gels with specific use in a precise utilization. Taking in consideration the great range 
of different possible cross-linking approaches, employing molecules with diversi-
fied chemical structures, molecular weights, and cross-linking capabilities will 
usually turnout gels applicable for specifics different types of application [36].

Alginate-based wound dressings keep the physiologically humid microenvi-
ronment, lowering the risks of a bacterial infection at the wound location and 
promoting an easy wound healing. Drug compounds, from small chemical drugs 
to macromolecular proteins, can be liberated from alginate gels in a skillful way, 
revolving around in the cross-links types and cross-linking methodology applied.

The therapy of acute and chronic wounds is a major need in various areas of 
medicine, and alginate-based wound dressings have various beneficial properties. 
Traditional wound dressings, such as gauze, provide principally a good barrier 
property—maintaining the wound dry by granting the evaporation of wound exu-
dates and preventing the passage of pathogens into the wound [38]. In the opposite 
way, the modern dressings, likewise the alginate dressings, contribute to a moist 
wound environment and aid an easy wound healing [39].

New wound dressing types with alginate that are more functional and bioactive 
have been studied and developed up to this date.
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Alginate gels are additionally an excellent compound for cell transplantation 
in the tissue engineering area. The main objective of tissue engineering was to 
develop and produce man-made tissue and organ replacements for patients who 
suffer the loss or failure of an organ or tissue [40]. In this field, hydrogels are 
used to deliver cells to the specific location, providing an area for new tissue for-
mation and, moreover, controlling the structure and function of the engineered 
tissue [41].

Even with recent developments in the area, the treatment of bone injuries is 
restricting because of the poor healing and complex bone healing system. In this 
case, alginate gels have been tested with success in bone regeneration by delivery of 
osteoinductive factors, bone-forming cells, or a mixture of both [42].

Alginate gels have been described to be effective for transplanting chondrogenic 
cells to recover damaged cartilage in animal models [43].

Alginate gels are also being actively investigated for their ability to mediate the 
regeneration and engineering of a variety of other tissues and organs, including 
skeletal muscle, nerve, the pancreas, and the liver. Actual plans for skeletal muscle 
regeneration involve the cell transplantation, growth factor delivery, or a combina-
tion of both approaches [44, 45], and alginate gels have been described as potential 
hypothesis in these strategies.

Alginate derivatives containing cell-adhesive peptides have been gaining signifi-
cant attraction in the last years. These derivatives are normally prepared by chemi-
cally including peptides as side chains, applying carbodiimide chemistry to connect 
via the carboxylic groups of the sugar residues. Considering that alginate intrinsi-
cally do not have mammalian cell adhesiveness, pertinent ligands are essential to 
develop and manage cellular interactions, principally for cell culture [36].With that, 
the alginate gels are now being utilized much more as a model system for mam-
malian cell culture in this field. And one of the advantages is that the gels can be 
adapted to 2D or more physiologically relevant 3D culture systems.

The absence of mammalian cell receptors joined with the low protein adsorp-
tion to the gels enables the utilization of these materials in many ways as an ideal 
blank slate, with highly specific and quantitative modes for cell adhesion that can be 
incorporated. Also development demonstrated with in vitro studies can be readily 
translated in vivo, because of the inherent biocompatibility and easy introduction 
of alginate into the body [36].

Alginate hydrogels have been widely investigated to date in many drug delivery 
applications, due to their adjustable swelling properties in response to temperature 
changes, leading to on-demand modulation of drug release from the gels [46].

Alginate is a nondegradable material in mammals, as the mammals do not have 
enzymes (i.e., alginase) that can break the alginate chains, but ionically cross-linked 
alginate-base gels can be disassociated by release of the divalent ions cross-linking 
the gel into the surrounding media. Despite the gel dissolution, the average molecu-
lar weights of many commercially available alginates are higher than the renal 
clearance threshold of the kidneys, and presumably dissolved alginate isn’t removed 
from the body with 100% efficiency [47].

Alginate has also been greatly explored in plenty drug delivery systems merged 
with chitosan, and this blend forms ionic complexes. Chitosan is a derivative of 
chitin [48].

Alginate is an attractive and exceptional contender for the protein drug delivery 
systems, considering that alginate-based materials/gels can incorporate proteins 
[49, 50]. The delivery in this scenario can be easily exploited by modifying the 
degradation rate of the gels [50].

Also, alginate can serve as an agent against heavy metal poisoning, and it is 
proven that it can be an effective coadjuvant in the case of food poisoning [51].
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On the medical side, there has been an increment of interest to use alginate as a 
pharmaceutical ingredient to treat some diseases or health problems:

Diabetes—This bioactivity is related to the hypoglycemic activity from  
alginate [52].

Cholesterol—The alginate on the assay in article [52] with rats provides interest-
ing results, with cholesterol excretion from the rats and hypocholesterolemic effect 
from alginate.

Obesity—The capacity of alginate to swell and so occupy space on the stomach 
of the patient provides a satiety effect which can help people lose weight and 
provide a management tool for the medical personnel [53];

Digestive tract problems—The alginate is used as dietary fiber and can regulate 
the intestinal tract.

5.3 Bioremediation applications

Environmental bioremediation is a profitable and promising technology, 
which can lead to complete mineralization of organic pollution. Bioaugmentation 
(introduction of selected microorganisms to supplement indigenous populations) 
is one of the bioremediation approaches [54]. Entrapment in alginate gel is a widely 
used approach for immobilization of microorganisms to improve their viability 
(Figure 1f) [55].

Alginate is a natural chelating agent and a bio-adsorbent of heavy metals in 
aqueous solution; it has high affinity and binding capacity for metal ions and, 
thus, is widely used as a heavy metal adsorbent for environmental protection [56]. 
Alginate-clay composites are suitable for environmental remediation as sorbents of 
heavy metals [57] and persistent organic pollutants [58].

5.4 Cosmetic applications

Alginates are an omnipresent ingredient of cosmetics. They usually are utilized as 
emulsifiers, consistency enhancers, and thickening agents in cosmetic formulas, form-
ing a moisture-retaining surface film. They can have some kind of active effect, such as 
skin protection, because they retain water and maintain the skin rehydrated [59].

Alginates are water-insoluble; however, they can swell, as mentioned before. 
Thus, they are like hyaluronic acid, so they can absorb more water as much as 
several hundreds of times its weight.

They are used in hand jellies and lotions, ointment bases, pomades and other 
similar preparations, greaseless creams, dentifrices, and other products that became 
more green and environmentally friendly [60, 61].

Alginate has also been described as an anti-oxidative agent and can be applied to 
prevent skin aging and cutaneous disorders. Additionally, antioxidants can help to 
maintain the organoleptic properties of cosmetic products by inhibiting lipid oxida-
tion, thus avoiding changes in appearance, odor, and flavor [62].

5.5 Food applications

Alginates are commonly used in the food industry as natural additives; they have 
codes from the European Union as food additives, and these codes vary with the ion 
type associated with alginic acid [15, 63].

European codes for alginates are as follows: alginic acid, E400; sodium alginate, 
E401; potassium alginate, E402; ammonium alginate, E403; calcium alginate, E404; 
and propylene glycol alginate, E405.
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Seaweed polysaccharide applications in food industries are based mainly on 
their stabilizing, emulsifying, and gel-forming ability. They are widely used as food 
additives in jams, jellies, ice creams, dairy products, etc., to improve and stabilize 
the structure of food.

Water-in-oil emulsions likewise the mayonnaise and the salad fillings are less 
liable to fractionate toward their original oil and water phases if thickened with 
alginate. When the emulsion is acidic, the sodium alginate will precipitate into 
insoluble alginic acid forms; to resolve this problem, propylene glycol alginate 
(PGA) is used for acidic emulsions, because this compound is stable in mild acid 
conditions [63].

The advantage of alginate in the food industry is that humans do not have 
enzymes to break the molecule; therefore, alginate behaves as a dietary fiber, 
enhancing the satiety and reducing the food intake of humans, lowering the energy 
intake by human, and preventing obesity [53].

5.6 Dental medicine applications

Hydrocolloids were the first elastic materials to be used in the dental field, and 
their results are fundamental to form a first “idea” about the patient’s oral health 
status.

The alginate is used as irreversible footprint compound to emulate a footprint 
faithfully, giving details in a high-definition footprint although there is an existence 
of undercuts.

The main alginate advantages are the fact that they are low cost, do not react 
adversely on the patient, and can be easily manipulated and that the technique 
can be performed within a short period of time and has simple execution, lack of 
instrumentation, and high-definition footprint, even with the presence of under-
cuts, in a single-step methodology.

Alginate picking reaction is a chemical reaction of irreversible precipitation; 
therefore they cannot return in soluble form using physical means, such as tempera-
ture, as with reversible hydrocolloids [64].

5.7 Other areas of alginate application

Packaging dominates the waste generated from plastics. Since the European 
Union synthetic plastic ban, alginate is one of the most suitable alternatives to fab-
ricate packaging material due to their nontoxicity, biodegradability, and derivability 
from renewable natural resources.

With the bibliography analysis, it can be resumed that additives such as nonma-
terial and antimicrobial compounds can improve various characteristics of the films 
and the packaging with antimicrobial activity is highly desirable in films to improve 
the shelf life of packed food products [56].

In textile printing, alginates are used as thickeners for the paste containing 
the dye. These pastes may be applied to the fabric by the use of either screen or 
roller printing equipment. These combine chemically with cellulose in the fabric. 
Alginates don’t interact with the dyes; also they can be washed out of the finalized 
textile and are considered the first-rate thickeners to the reactive dyes [20].

The principal alginate application in the paper industry is in surface sizing. 
Alginate is mixed with starch sizing giving a smooth uninterrupted film and a 
surface with less fluffing. The oil resistance derivate from alginate films allows a size 
with improved greaseproof and oil-resistant properties. This can enhance the gloss 
obtained with high gloss inks.
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If papers or boards need to be waxed, alginate in the size maintains the wax at 
the surface.

Alginates provide a better coating runnability than other similar compounds/
products, specifically in hot, on-machine coating applications.

They are also exceptional film formers and enhance the ink printability and resis-
tance. In the size, the normal mixture of alginate is 5–10% of the total weight of starch. 
Alginate is used in the starch adhesives to form corrugated boards, because it stabilizes 
the viscosity of the adhesive and allows control of its rate of penetration [20].

The applications of alginates in new areas has proven the multi-role capacity of 
alginates, such as supportive agent for silicon nanopowder to yield a stable battery 
anode that possesses reversible capacity eight times higher than that of the state-
of-the-art graphitic anodes. Improved performance characteristics prevent the 
dramatic volume changes during electrochemical alloying and de-alloying with Li, 
which typically leads to rapid anode degradation [65].

In the specialized clothing industry, the alginate anti-fire capacity was proven to 
be effective. The new alginate-based materials are showing enormous potential to 
be applied in building insulation materials and textile industry [66–68]

6. Conclusion

Humans use seaweed since the inception of civilization due to its medicinal 
properties and other properties, such as manure for the infertile soils. There is also a 
long history of alginate usage in foods as additives and as emulsifying, gelling, and 
stabilizing agents. And those characteristics open new areas and industries where 
alginate can be harnessed and used with success.

In bioremediation, the alginate can act as heavy metal chelating agent and sup-
port new technology to rehabilitate the degraded ecosystems.

This function can also serve as medical support to patients poisoned with heavy 
metals.

Although it was discovered in 1881, one of the main characteristics of alginate 
was used for a long time without notice: this was as soil conditioner by Europeans 
and other people since the Bronze Age.

Alginate is one of the easiest and low-cost natural polymers, and because of 
these particularities, alginate is the most researched polymer among all seaweed 
polysaccharides. Alginate advantages are now being explored for innovations on 
other areas, and that is improving the knowledge about alginates.

On the biomedical area, the alginate-based compounds/products will be on the 
front line of the new emergent methods and techniques evolving the human and 
animal health in various medical areas. This is happening now with wound dress-
ings and the addition of regeneration factors in the alginate-based ones.

It is believed that with the new demand of natural polymers to substitute 
synthetic polymers, the alginate from various forms will be harnessed and will gain 
new types of applications in the industries that work with polymers. That demand 
is now sorting effects with the increment of investigation and development of new 
techniques and methods to work with alginate and its subforms, such as alginate-
nanoclay complexes.
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Chapter 2

Pharmacological Effects and 
Utility as a Food Additive of 
Calcium Alginate
Fumiyoshi Kasahara, Yoko Idota, Yuuki Fukai, 
Chihaya Kakinuma and Takuo Ogihara

Abstract

Here we review the physiological effects of the calcium salt of alginate (Ca-Alg), 
focusing on our own work. First, we found that Ca-Alg promotes the excretion 
and decreases the absorption of various metals, and does so more effectively than 
sodium alginate (Na-Alg). Ca-Alg also reduced plasma cholesterol (Cho) in rats 
fed a high-Cho diet for 2 weeks. This was considered to be due to reduced intestinal 
reabsorption of bile acid, resulting from the binding of Ca-Alg and bile acid; this 
induces an increase of bile acid synthesis from Cho in the liver, leading to a decrease 
in Cho in plasma. The increase of blood triglyceride (TG) levels in rats fed a high-
fat diet for 5 weeks was significantly suppressed by Ca-Alg, leading to decreased 
fat accumulation in the liver and whole body. Ca-Alg in food was also effective in 
suppressing the postprandial increase of blood glucose level in rats and humans. An 
in vitro study suggested that Ca-Alg inhibits the interaction between α-glucosidase 
and its substrate maltose. In conclusion, Ca-Alg has a number of beneficial effects 
as a functional food ingredient, and is expected to be a safe and effective food addi-
tive for long-term use.

Keywords: calcium alginate, toxic metal, cholesterol, bile acid, triglyceride, micelle, 
fat, blood glucose level, particle size, noodles

1. Introduction

Alginic acid (Alg) is a polysaccharide derived from algae. Sodium alginate 
(Na-Alg) is commonly used in foodstuffs as a thickening agent and stabilizer, and 
is also used as a health food to suppress weight gain and lower blood cholesterol 
(Cho) [1–4]. In addition, Na-Alg has a protective action on the gastric mucosa 
[5, 6]. Moreover, when Na-Alg is ingested prior to exposure to strontium (Sr), Sr 
accumulation in the human body is decreased [7]. However, the sodium salt of Alg 
can potentially cause hypertension, a major risk factor for dyslipidemia and arterio-
sclerosis [8]. Therefore, if the calcium salt (Ca-Alg) is as effective as, or superior to, 
Na-Alg, it might prove to be of greater benefit.

In this chapter, focusing on our own work on Ca-Alg, we will firstly describe 
how Alg enhances excretion and reduces absorption of Sr and cesium (Cs) in 
rats. Secondly, we discuss the relationship between the physical parameters of 
various metal ions and their binding affinity to Alg. Thirdly, we describe the 
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is also used as a health food to suppress weight gain and lower blood cholesterol 
(Cho) [1–4]. In addition, Na-Alg has a protective action on the gastric mucosa 
[5, 6]. Moreover, when Na-Alg is ingested prior to exposure to strontium (Sr), Sr 
accumulation in the human body is decreased [7]. However, the sodium salt of Alg 
can potentially cause hypertension, a major risk factor for dyslipidemia and arterio-
sclerosis [8]. Therefore, if the calcium salt (Ca-Alg) is as effective as, or superior to, 
Na-Alg, it might prove to be of greater benefit.

In this chapter, focusing on our own work on Ca-Alg, we will firstly describe 
how Alg enhances excretion and reduces absorption of Sr and cesium (Cs) in 
rats. Secondly, we discuss the relationship between the physical parameters of 
various metal ions and their binding affinity to Alg. Thirdly, we describe the 
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Cho-lowering effect of Ca-Alg, as well as the reducing effect of Ca-Alg on blood 
triglyceride (TG) levels, which leads to reduced accumulation of fat in the liver 
and whole body in rats. Finally, we describe how Ca-Alg in food (noodles) moder-
ates the postprandial blood glucose level in rats and humans and we discuss the 
mechanism of this effect.

2. Increased excretion and reduced absorption of strontium and cesium

Although several years have passed since the nuclear power plant accident 
following a severe earthquake in Japan in March 2011, public unease over the 
possible presence of radioactive materials in foods remains. As we anticipated 
that foods or medicines containing Alg would help to reduce potential harmful 
effects, we investigated the effect of Alg on the absorption and excretion of Sr 
and Cs, whose radioactive isotopes have long half-lives (90Sr 28.8 years, 137Cs 
30.17 years). Specifically, we examined and compared the effects of Na-Alg and 
Ca-Alg on the absorption and excretion of Sr and Cs in rats, as well as investigat-
ing their safety [9].

Initially, we examined the adsorption of Sr and Cs by water-soluble Na-Alg. We 
found that Sr alone was adsorbed by Na-Alg in a concentration-dependent manner, 
as was Cs alone. On the other hand, when a mixture of Sr and Cs was used, adsorp-
tion of Cs by Na-Alg was lower than in the case of Cs alone, whereas adsorption of 
Sr by Na-Alg was the same as with Sr alone. Thus, both Sr and Cs were concentra-
tion-dependently adsorbed by Na-Alg, but adsorption of Cs by Na-Alg was partly 
blocked in the presence of Sr.

Next, rats were randomized into control (normal diet), Na-Alg, and Ca-Alg 
groups, and the changes of native Sr and Cs concentrations in plasma were 
measured after 2 weeks. In the groups fed Na-Alg and Ca-Alg, the Sr concentra-
tions were significantly decreased to 65 and 63% at 1 week, and 77 and 66% at 
2 weeks, respectively, compared with the control group. On the other hand, Cs 
concentration was significantly reduced (to 60% of the control) only at 2 weeks 
in the Ca-Alg group. Histopathological observation revealed mineral deposition, 
due to excessive ingestion of sodium, in the pelvic epithelium of the kidney in 
the Na-Alg group, and epithelial hyperplasia was observed around the deposits. 
In contrast, no abnormality at all was detected in the Ca-Alg group. These results 
indicate that Ca-Alg would be safer than Na-Alg if taken daily for protection 
against radiation damage.

We also randomized rats into control, Na-Alg, and Ca-Alg groups, and admin-
istered SrCl2 or CsCl solution. The maximum plasma concentration (Cmax), time 
to Cmax (Tmax), and area under the concentration curve for 3 hours after admin-
istration (AUC0-3 hours) were calculated from the observed data by subtracting 
the values before administration. When SrCl2 solution was orally administered 
in the Na-Alg and Ca-Alg groups, absorption of Sr was significantly decreased in 
comparison with the control group. In the Ca-Alg group, Cmax and AUC0–3 hours 
were significantly lower than in the control group after oral administration of CsCl 
solution. No significant difference of Cs plasma concentration profile between the 
control and Na-Alg groups was observed. Overall, the data suggest that absorption 
of both Sr and Cs was reduced in the Ca-Alg group, whereas absorption of Cs was 
not reduced in the Na-Alg group (Figure 1).

It should be noted that in these studies we used 10% Na-Alg or Ca-Alg in the 
diet, whereas 3–4 g/body/day of Alg is typically ingested by humans as a health 
food [1, 10]. Clinical studies will be required to identify an appropriate level of 
Ca-Alg for use as a protective agent.
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3. Mechanism of binding of alginate and metals

In the case of acute oral exposure to toxic metals, health damage can be reduced 
by immediate treatments such as induction of vomiting and/or the use of a laxative 
to promote excretion of the metal. However, in the case of chronic exposure, it is 
essential to use intrinsically safe absorption inhibitors and/or excretion accelerators 
that are suitable for long-term administration.

Although the effect of Alg on Sr or Cs absorption and excretion has already 
been reported, there is little information about its effect on other metals. 
Therefore, we investigated the relationship between the physical parameters of 
various metal ions, including toxic metal ions, and the binding affinity of these 
metal ions for Alg [11]. For this purpose, the binding constants (K, mM−1) and 
the binding amount with Alg were evaluated for Sr, Pb, Tb, Dy, Ca, Cd, Mg, 
Fe(II), Fe(III), Co, Al, Ni, Cs, Cu, Ag, Li, and K. Aqueous solutions of each 
metal salt and an equivalent amount of Na-Alg were mixed, and the amount of 
unbound metal remaining in the filtrate was determined using an atomic absorp-
tion photometer. The amount of bound metal was calculated from the amount of 
remaining unbound metal ion, and K values and the number of binding sites per 
1 mg of Alg (n) were analyzed using double-reciprocal plots. The affinity of each 
metal ion for Alg was calculated by multiplying the n and K values. Moreover, the 
relationships between charge number and radius of these metals and their bind-
ing affinity were examined.

The order of K values was as follows: Sr2+ > Pb2+ > Tb3+ > Dy3+ > Ca2+ > Cd2+ 
> Mg2+ > Fe2+ > Fe3+ > Co2+ > Al3+ > Ni2+ > Cs+ > Cu2+ > Ag+ > Li+ >K+. Moreover, 
metal ions with high K values tended to have ionic radii within the range of about 
90–120 pm. On the other hand, the order of affinity for Alg was Pb2+ > Dy3+ > Tb3+ 
> Sr2+ > Ca2+ > Mg2+ > Cd2+ >Fe2+,Fe3+ >Cs+ >Al3+ >Co2+ >Ni2+ >Cu2+ >Ag+ >K+ >Li+.

The K value and affinity for Alg both tended to be higher for divalent or tri-
valent metal ions than for monovalent ions. It is well established that Alg forms a 
cross-linked structure with divalent or trivalent metal ions, resulting in gel forma-
tion. These results might indicate that metal ions with an ionic radius of about 
90–120 pm form more robust and water-insoluble gels (Figure 2) [11].

Overall, these results indicate that Alg would be effective as an excretion accel-
erator and/or absorption inhibitor for various toxic metal ions, especially divalent 
metals such as Pb and Cd.

Figure 1. 
Plasma concentration of Sr (a) or Cs (b) after oral administration of SrCl2 to rats [9]. The data represent 
means ± S.D. (n = 5).
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It is noteworthy that the affinity between Alg and Cs is relatively small, even 
though we had previously shown that Ca-Alg is effective in promoting excretion 
and decreasing absorption of Cs in rats [9]. Therefore, not only the affinity between 
Alg and metals, but also other factors arising from the specific combination of Alg 
and metal ion, may influence excretion and/or absorption of individual metal ions 
in the presence of Alg.

4. Cholesterol-lowering effect

Heart disease and cerebrovascular disease are major causes of death in developed 
countries, accounting for about a quarter of all deaths in Japan [12]. A major factor 
in their pathogenesis is believed to be dyslipidemia [13–15], which is predominantly 
a modern lifestyle-related disease [16, 17]. Therefore, there is considerable interest 
in food additives or health foods that can decrease Cho absorption or promote Cho 
excretion.

Since Na-Alg reduces the Cho concentration in blood [9], we focused on the 
Cho-lowering effect of Ca-Alg in rats fed a high-Cho diet [18]. We first examined 
absorption of the Cho precursor taurocholate by various types of Alg in vitro, 
using Na-Alg instead of Ca-Alg, since Na-Alg is water-soluble. We found that 
high-molecular-weight, guluronic acid-rich (HMW-G) Na-Alg showed the greatest 
adsorption of taurocholate, and so we selected Ca-Alg HMW-G for the following 
in vivo study.

Rats were fed a high-Cho diet with or without 0.5–2% Ca-Alg for 2 weeks. After 
14 days, the plasma concentration of Cho, the portal plasma concentration of bile 
acid, and the bile acid content in feces were measured. Moreover, in order to moni-
tor safety, blood samples withdrawn after 14 days were used for the measurement of 
biochemical parameters. In the groups fed the high-Cho diet containing 2% Ca-Alg 
diet, the plasma concentration of Cho at 2 weeks was significantly lower than that 
of the group fed high-Cho diet alone. This result was similar to that in the group fed 
colestimide-containing diet as a positive control. Bile acid excretion in feces tended 
to increase depending on the concentration of Ca-Alg in the diet. In the group fed 
the 2% Ca-Alg diet, the portal plasma concentration of bile acid was significantly 
decreased, compared to that in the high-Cho diet group. Furthermore, the portal 

Figure 2. 
Relationships between K value, charge number and ionic radius of metal ions [11].
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concentration of bile acid was significantly lowered in the 2% Ca-Alg group. There 
was no significant difference in weight gain or diet intake among the groups during 
the 2-week experimental period. Microvesicular steatosis was increased in the high-
Cho diet and Ca-Alg groups, but remained within the physiological range. While 
several changes in biochemical parameters and histopathological findings were 
observed, all values remained within the physiological range (Figure 3).

Overall, these results indicate that Ca-Alg is effective for reducing plasma Cho. A 
possible mechanism would be enhanced fecal excretion of bile acid due to reduced 
intestinal reabsorption, which might subsequently stimulate bile acid synthesis 
from Cho in the liver, leading to a decrease of Cho in plasma (Figure 4).

Figure 3. 
Cho concentration in plasma at the end of the 2-week period with normal diet, high-Cho diet, or high-Cho diet 
containing Ca-Alg or colestimide to rats [18]. Rats were fed normal diet, high-cholesterol (Cho) diet, or high-
cholesterol diet containing Ca-Alg or colestimide. The data represent means ± S.D. (n = 6). The significance of 
differences from the high-Cho diet group was determined by means of Dunnett’s test. *p < 0.05.

Figure 4. 
A possible mechanism of Cho-lowering effect of Ca-Alg [18].
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was no significant difference in weight gain or diet intake among the groups during 
the 2-week experimental period. Microvesicular steatosis was increased in the high-
Cho diet and Ca-Alg groups, but remained within the physiological range. While 
several changes in biochemical parameters and histopathological findings were 
observed, all values remained within the physiological range (Figure 3).

Overall, these results indicate that Ca-Alg is effective for reducing plasma Cho. A 
possible mechanism would be enhanced fecal excretion of bile acid due to reduced 
intestinal reabsorption, which might subsequently stimulate bile acid synthesis 
from Cho in the liver, leading to a decrease of Cho in plasma (Figure 4).
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Cho concentration in plasma at the end of the 2-week period with normal diet, high-Cho diet, or high-Cho diet 
containing Ca-Alg or colestimide to rats [18]. Rats were fed normal diet, high-cholesterol (Cho) diet, or high-
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Figure 4. 
A possible mechanism of Cho-lowering effect of Ca-Alg [18].
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Figure 5. 
Area under the blood concentration-time curve of TG in rats after the 5-week feeding period with high-fat diet 
or high-fat diet containing Ca-Alg or high-fat diet containing RMD [24]. The data represent means ± S.D., 
n = 7. *p < 0.05, compared with high-fat diet.

5. Reduction of blood triglyceride levels

Excess lipid is stored in the form of TG in subcutaneous and internal organs in 
the body, and is broken down into fatty acids as required [19]. Dyslipidemia, with 
increased TG and Cho levels in the blood, leads to atherosclerosis, which in turn 
can lead to cardiovascular disease and stroke. Accumulation of TG can also result in 
fatty liver disease, leading to decreased hepatic function, liver cirrhosis and poten-
tial morbidity, including myocardial infarction, cerebral infarction and angina 
pectoris, and eventually cancer [20–23].

Since we previously observed that the TG level in blood was decreased by Ca-Alg 
in rats [18], we next set out to examine the effect of Ca-Alg on elevated TG levels in 
the blood, hepatic and total body accumulation of fat, and body weight in rats fed a 
TG-loaded diet for 5 weeks. We also investigated the mechanism of the TG-reducing 
effect of Alg in vitro [24].

Rats were randomized into five groups: a high-fat diet group (14% w/w lard, 
HF); 3 Ca-Alg-containing diet groups (2.5, 5 or 10% w/w Ca-Alg) and a resistant 
maltodextrin (RMD) diet group as a positive control (with 5% w/w RMD). The 
10% Ca-Alg group showed a significant reduction of body weight increase from 
the 7th day. The increase of TG in blood was also significantly suppressed, and the 
amount of TG excreted in feces was increased. Increase of body fat mass was in the 
order HF > RMD > Ca-Alg 2.5% > Ca-Alg 5% > Ca-Alg 10%, while the total weight 
of the extracted fat tissues was significantly reduced in the RMD, 5 and 10% Ca-Alg 
groups. Hepatic pathology showed clear circular vacuoles apparently representing 
TG accumulation in the HF group, while fewer vacuoles were seen in the Ca-Alg 
groups.

These results suggest that Ca-Alg lowers blood TG through direct suppression 
of TG absorption, independently of its effect on Cho. As regards the mechanism of 
Ca-Alg action, hepatic pathology showed that clear circular fatty droplets presumed 
to represent TG accumulation were present in the HF group, but were reduced in 
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the 10% Ca-Alg group. Interestingly, the concentrations of uric acid, allantoin and 
BUN in plasma were also decreased in all the Ca-Alg groups, though the mechanism 
involved is unclear (Figure 5).

We then investigated whether Alg affects lipase activity. Na-Alg was suspended 
in water, and diluted as required. When this solution was added to an emulsion 
composed of bile acid and lecithin in the presence of lipase, no decrease of lipase 
activity was observed, ruling out a direct effect on lipase. On the other hand, when 
Na-Alg was added to an emulsion composed of TG, bile acid and lecithin, the emul-
sion was well maintained, and a creaming phenomenon was confirmed after 5 days. 
When water was added to the emulsion, it disintegrated, precipitating lecithin and 
releasing TG on the liquid surface. These results suggest that Alg stabilizes bile acid 
micelles containing TG, possibly by absorbing them and forming large micelles that 
cannot be absorbed, or that are less vulnerable to lipases [24].

These results suggest that Ca-Alg suppresses absorption of TG, leading to 
reduced blood TG levels, and decreases hepatic and total body accumulation of TG, 
in addition to promoting excretion. These findings should help to provide a rational 
basis for designing future clinical trials (Figure 6).

6. Suppression of postprandial blood glucose level

Diabetics may develop serious complications such as retinopathy, nephropathy 
and neuropathy, in addition to myocardial infarction, cerebral infarction and so 
on [27, 30], even though the initial subjective symptoms may be minor. Ca-Alg is 
known to suppress the postprandial increase of blood glucose, and therefore may 
be helpful in preventing lifestyle-related diseases such as diabetes. Starch is initially 
decomposed to maltose in the gastrointestinal tract, mainly by α-amylase, before 
decomposition by α-glucosidase (maltase) to glucose. Transporters located on the 
cell membrane surface absorb glucose. Ca-Alg should inhibit at least one of these 
processes to suppress blood glucose levels since it is not absorbed from the gastroin-
testinal tract. We therefore chose to investigate which of these processes is inhibited 
by Ca-Alg, and the optimal amount and particle size of Ca-Alg in the diet required 
to suppress the postprandial increase of blood glucose in rats [25].

We first examined the effect of Ca-Alg concentration on α-glucosidase activity, 
and observed no significant change compared to the control. On the other hand, 
the amount of glucose adsorbed on Ca-Alg increased with increasing initial glucose 
concentration until it reached saturation. The direct binding affinity of glucose for 

Figure 6. 
A possible mechanism of TG-lowering effect of Ca-Alg [24].
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the 10% Ca-Alg group. Interestingly, the concentrations of uric acid, allantoin and 
BUN in plasma were also decreased in all the Ca-Alg groups, though the mechanism 
involved is unclear (Figure 5).
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basis for designing future clinical trials (Figure 6).
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processes to suppress blood glucose levels since it is not absorbed from the gastroin-
testinal tract. We therefore chose to investigate which of these processes is inhibited 
by Ca-Alg, and the optimal amount and particle size of Ca-Alg in the diet required 
to suppress the postprandial increase of blood glucose in rats [25].

We first examined the effect of Ca-Alg concentration on α-glucosidase activity, 
and observed no significant change compared to the control. On the other hand, 
the amount of glucose adsorbed on Ca-Alg increased with increasing initial glucose 
concentration until it reached saturation. The direct binding affinity of glucose for 

Figure 6. 
A possible mechanism of TG-lowering effect of Ca-Alg [24].
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Ca-Alg was low, and the values of the permeation coefficient of glucose showed no 
significant change. Moreover, it has been reported that the addition of Alg (poly-
saccharides) increases the viscosity of starch suspension, and there is a positive 
correlation between apparent viscosity and the decrease of starch digestion [26]. 
We speculate that Ca-Alg interferes physically with contact between α-glucosidase 
and maltose by increasing the viscosity of the intestinal contents. It was our 
assumption that blood glucose suppression by Ca-Alg is the result of decreased 
efficiency in starch digestion due to the inhibition of α-glucosidase. This may be 
as a result of increased viscosity of the gastrointestinal contents. We next aimed 
to define the optimum amount and particle size of Ca-Alg in the diet for the sup-
pression of postprandial blood glucose levels in rats [25]. A diet containing starch 
together with varying amounts and particle sizes of Ca-Alg was orally administered 
to rats randomized into five groups: starch with no Ca-Alg (control), or with Ca-Alg 
(3%; 270 mesh pass, 5%; 270 mesh pass, 5%; 150 mesh pass, or 5%; 80 mesh pass) 
(n = 3–4 each). Blood was sampled and the glucose level was measured before 
administration (Co). Water was added to the five types of starch with or without 
Ca-Alg and the mixtures were orally administered to conscious rats. Blood glucose 
levels were measured and the change in blood glucose level (ΔCn) was calculated. 
Starch containing 5% Ca-Alg (particle size; 270 mesh pass) significantly decreased 
the ΔCmax and ΔAUC, compared to starch containing no Ca-Alg. However, 3% 
270-mesh-pass Ca-Alg, or 5% 150- or 80-mesh-pass Ca-Alg produced no significant 
difference in ΔCmax or ΔAUC compared with the 0% Ca-Alg diet (Figure 7) [25].

The in vivo study determined 5% of 270-mesh-pass Ca-Alg to be the most 
efficient combination of amount and particle size in the suppression of postprandial 
increases in blood glucose. Compared with 0% Ca-Alg, significant decreases were 
observed in both ΔCmax and ΔAUC, confirming a decrease in both postprandial peak 
glucose level and the full amount of glucose absorbed within 2 hours of ingestion. It 
seems likely that the magnitude of action would depend on the surface area of Alg.

Our results support the idea that Ca-Alg increases the viscosity of the gastroin-
testinal contents, depending upon the surface area of the administered gel. The gel 
is expected to interfere with the interaction between α-glucosidase and maltose, 
thereby suppressing the production of glucose, and preventing a sharp rise in blood 
glucose level. Various products have been reported to moderate glucose absorption; 
for example, indigestible dextrin has been confirmed to suppress the postprandial 
increase in blood glucose level by inhibiting α-glucosidase activity [28]. It seems 

Figure 7. 
Effect of starch diets containing Ca-Alg on blood glucose level in rats [25]. Circles: ΔCmax, the difference 
between the maximum blood glucose level Cmax and the pre-feeding blood glucose level C0. Bars: ΔAUC, the 
difference between the area under the blood glucose level-time curve from 0 to 120 min after ingestion and the 
baseline value C0. The data represent means ± S.D., n = 3 or 4. *p < 0.05, compared with control.
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reasonable to consider that Ca-Alg works similarly. Moreover, it was found that 
5% of 270-mesh-pass Ca-Alg was the most effective combination of amount and 
particle size to suppress the postprandial increase of blood glucose (Figure 8).

To analyze the effect of Ca-Alg on the postprandial increase of blood glucose, 
a prospective, randomized, double-blind, 3-group, 3-phase crossover study was 
undertaken among healthy Japanese adult subjects [29]. Traditional Japanese udon 
noodles were selected, and blood glucose levels were measured after ingestion of 
Ca-Alg-free udon, and noodles containing 5 or 8% Ca-Alg. We also examined the 
effect of Ca-Alg on other chemical parameters in plasma or serum. Healthy male 
and female volunteers of 20 years of age or older were divided into three groups so 
that the average BMI values in the groups were similar. Each group ingested one of 
the three types of noodles containing 0 (control), 5 or 8% Ca-Alg (weight % to flour 
and modified starch). Blood was collected by fingertip puncture for blood glucose 
measurement prior to feeding and after ingestion. The blood glucose level was mea-
sured twice at each point using a simple blood glucose meter, and the average value 
was calculated. After eating the noodles, subjects were given a tasting questionnaire 
to evaluate “chewiness”, “thickness” and “favorability” of the noodles in a 5-point 
grading system (Figure 9).

Noodles containing 5 or 8% Ca-Alg caused a significant decrease in ΔCmax 
compared to control noodles. Moreover, ΔAUC also showed a significant decrease 
in both groups. No significant difference in the time of maximum blood glucose 
level (Tmax) was observed among the three groups. This is consistent with previ-
ous findings [31] and is similar to findings with α-glucosidase inhibitors, [32, 33] 
except miglitol [34]. These results indicate that Ca-Alg suppresses the postprandial 
increase in blood glucose and reduces the total absorption amount of glucose, but 
without delaying the absorption. Thus, our previous finding that 5% Ca-Alg had a 
blood glucose-suppressing effect in rats [25] was reproduced in humans.

As for blood biochemical parameters, no significant difference in the amount 
of Ca change at 30 min after noodle feeding (ΔCa30min) was found between the 5 
and 8% Ca-Alg groups compared to the control, but ΔCa at 120 min (ΔCa120 min) 
showed a significant increase in both groups. In addition, ΔT-Cho30 min showed 
a slight tendency to decrease in both groups, and ΔT-Cho120 min was slightly 
decreased in the 8% Ca-Alg group. There was no significant change in other blood 
test values. We found that the blood Ca concentration at 120 min after eating 5 or 8% 
Ca-Alg-containing noodles remained within the normal range, 8.5–10.4 mg/dL, [35]  

Figure 8. 
A possible mechanism of blood glucose level-lowering effect of Ca-Alg [25].
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particle size to suppress the postprandial increase of blood glucose (Figure 8).
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but was significantly increased compared with the value in the control noodle group, 
suggesting that Ca derived from Ca-Alg was absorbed into the body.

The recommended amount of Ca intake in adults to help prevent diseases such as 
osteoporosis is 600–900 mg/day.[35] Since the amounts of Ca in noodles containing 
8% Ca-Alg and 5% Ca-Alg would be 500 and 320 mg, respectively, about half of the 
recommended daily intake might be provided by these noodles. The upper limit of 
tolerable daily Ca intake for Japanese adults is 2500 mg, [35] so even if these noodles 
were eaten three times a day, the upper limit would not be reached. Thus, the likeli-
hood of excessive Ca intake appears to be low.

Many substances are known to suppress glucose absorption; for example, indigest-
ible dextrin has been shown to inhibit α-glucosidase. Our work showed that Ca-Alg 
also inhibits α-glucosidase activity [25], and its effect on blood glucose level was 
similar to or more potent than that of indigestible dextrin [36]. On the other hand, 
α-glucosidase inhibitors have side effects such as abdominal distention and flatus. 
Ingestion of noodles containing 8% Ca-Alg was expected to show an α-glucosidase-
inhibitory effect equal to about 1/40th that of a single dose of acarbose [21]. Therefore, 
it is considered that the likelihood of side effects arising from α-glucosidase inhibition 
due to ingestion of noodles containing Ca-Alg is extremely low.

Our results raise the interesting possibility that the introduction of food ingredi-
ents containing Ca-Alg into the regular diet may be helpful in preventing lifestyle-
related diseases, particularly diabetes and osteoporosis, without adversely affecting 
individual eating habits.

7. Conclusion

Alg, especially Ca-Alg, has a number of beneficial physiological effects. For 
example, we have shown that Ca-Alg increases excretion and reduces the absorp-
tion of toxic heavy metals such as Sr. and Cs in rats. Moreover, Ca-Alg decreases the 
blood Cho and TG levels, as well as reducing plasma levels of uric acid, allantoin 
and BUN levels in rats. Further, Ca-Alg moderated the postprandial increase of 
blood glucose level in rats and humans. Ca-Alg has been confirmed as safe for use as 
a food additive, and is superior to Na-Alg, because there is no risk of hypertension 

Figure 9. 
Changes in blood glucose level (ΔC) after eating test noodles to volunteers [30]. The data represent 
means ± S.D., n = 15.
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due to increased sodium intake. In addition, Ca-Alg may also have a preventive 
effect on osteoporosis. Ca-Alg is convenient to take, because it is effective in solid 
form, and it appears to be suitable for long-term use as an additive or functional 
food (Figure 10).

Lifestyle-related diseases associated with high calorie intake and insufficient 
exercise have become a significant social problem [37, 38], and may lead to the 
development of cancer, heart disease and cerebrovascular disease, which are major 
causes of death [13–17, 23, 39, 40]. It will be interesting to examine further whether 
Ca-Alg may also offer potential benefits in relation to lifestyle-related diseases [36].
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Abstract

Versatile yet biocompatible bio-materials are in high demand in nearly every 
industry, with biological and biomedical engineering relying heavily on common 
biomaterials like alginate polymers. Alginate is a very common substance found in 
various marine plants which can easily be extracted and purified through cheap 
nonhazardous methods. A key characteristic of alginate polymers includes easily 
manipulatable physical properties due to its inert but functional chemical composi-
tion. Factors including its functional versatility, long-term polymer stability and 
biocompatibility have caused alginate-based technologies to draw major attention 
from both the scientific and industrial communities alike. While also used in food 
industry manufacturing and standard dental procedures, this chapter will focus on 
a discussion of the both clinical and nonclinical use of alginate-based technologies 
in transplantation for regenerative cell and drug delivery systems. In addition, we 
overview the immune system response prompted following implantation of alginate 
hydrogels. Consequences of immune cell reactivity to foreign materials, such as 
inflammation and the foreign body response (FBR), are also analyzed and current 
and future strategies for potential circumvention of severe immune responses 
toward alginate-based devices are reviewed and suggested.

Keywords: alginate, biomaterial, foreign body response, inflammation, 
transplantation, pancreatic islet, stem cell, microencapsulation

1. Introduction

Alginate was first described in the 1880s by the British chemist E.C.C Stanford 
after extracting it from seaweed using a rudimentary ion exchange method [1]. 
After the commencement of commercial production in the late 1920s, alginate 
became a widely used substance in several industries due to it numerous useful 
and nontoxic attributes. By the middle of the twentieth century, alginate was a 
major contributor to the food industry as a food-stabilizer. Today, Alginate-derived 
products contribute to the seaweed industry which had an annual production value 
of over $4.1 billion USD in 2017 [2].
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2. Sources of alginate

2.1 Brown algae source

Contributing up to 40% of the dry matter, a major raw source of alginic acid is 
derived from marine algae and kelp-like brown seaweed [3, 4]. There are several 
species of brown algae from which alginate can be derived; however, two species, 
namely Macrocystis porifera and Ascophyllum nodosum, account for most of the 
world’s supply of alginate [5]. These species of seaweed are members of a class of 
seaweed that are both large and lengthy, making these plants ideal for alginic acid 
harvesting [5]. Unlike eukaryotic animal cells, plant cells are known to contain a 
rigid cell wall composed mainly of carbohydrate polysaccharide like cellulose and 
pectin [6]. Marine plants, such as algae, contain cell walls which are maintained by 
hydrocolloid polysaccharides such as alginate, carrageen, and agar which differ-
entiate aquatic vegetation from land plants [6, 7]. These precursors can be used to 
cultivate alginic acid for market production.

2.2 Bacterial exopolysaccharide alginate source

Two types of gram-negative bacteria genera, namely Pseudomonas and 
Azotobacter, can produce alginate in the form of exopolysaccharides which consti-
tute bacterial biofilm [8, 9]. For example, Pseudomonas aeruginosa can synthesize 
alginate which contributes to the mucosal buildup of biofilms along the respiratory 
tract of patients with the disease cystic fibrosis [10–12]. The biosynthesis of algi-
nate in these bacteria genera are conducted through genetic expression of alginate 
substrate producing genes (alg), the products of which are exported to the cell 
exterior [9]. The isolation of marginally pure alginate from immobilized bacterial 
cell extracts has been reported, but the progress of advanced bacterial alginate 
isolation techniques has been slow overall [13, 14]. Although these bacteria can be 
utilized as a source of alginate, the main commercially available form of alginate is 
derived from brown algae sources.

2.3 Alginate extraction

Alginate exists in vivo as a mixture of different alginate salts including mag-
nesium, strontium, or calcium within the intracellular matrix of brown algae 
tissue [4, 15]. Alginate is the conjugate base of the alginic acid and is formed 
upon treatment with alkaline medium [4, 16]. The primary extraction of alginic 
acids from brown seaweed is performed using an alkaline ion exchange treatment 
method which can extract and separate each of the major carbohydrate constitu-
ents of the brown algae [8, 17]. The initial extraction of algal particles from brown 
algae results in semi-pure fractions of differing polysaccharides which include 
the salt form of alginate [18, 19]. A chemical purification process, usually CaCl2 
purification, involves treatment of algal particles with a mineral acid followed 
by neutralization with strong base (Figure 1). Alginate precipitates are formed 
via further ion transfer acid-base reaction which results in a product of mainly 
sodium alginate [4, 8, 18]. The sodium alginate form of alginic acid is the most 
favored form produced after extraction which is mainly due to cold water solubil-
ity [16]. Current techniques examine the quality and purity of extracted alginate 
during extraction and purification processes through several chemistry-based 
analytical assays including nuclear magnetic resonance (NMR) and infrared (IR) 
spectroscopy [16, 20]. Recent advances in computational modeling have allowed 
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researchers to construct models of precipitation stages which has allowed for 
optimization of the extraction and purification process overall [20].

3. Composition of alginate

3.1 Types of alginate polymers

Alginate is an unbranched copolymer of β-d-mannuronic acid (M group) and 
α-l-guluronic acid (G group) commercially derived from algae [8]. Hydroxyl and car-
boxyl groups are abundantly distributed across the polymer, giving rise to a plethora 
of chemically modifiable sites [21]. Commercially, alginate is blocked in either 
consecutive M, consecutive G, or alternating M & G [22]. Given that it is a polymer 
with versatile properties, alginate can be easily changed to exhibit a variety of proper-
ties tailored to the individual needs of an implant. Pre-existing properties of alginate 
are able to be chemically enhanced through manipulating the percentage of M and 
G in the material, adding immunoprotective layers that impede diffusion, as well as 
divalent cation crosslinking. Under dicationic conditions, viscous alginate transforms 

Figure 1. 
Extraction of sodium alginate from brown seaweed followed by sodium alginate purification via CaCl2 
purification.
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nesium, strontium, or calcium within the intracellular matrix of brown algae 
tissue [4, 15]. Alginate is the conjugate base of the alginic acid and is formed 
upon treatment with alkaline medium [4, 16]. The primary extraction of alginic 
acids from brown seaweed is performed using an alkaline ion exchange treatment 
method which can extract and separate each of the major carbohydrate constitu-
ents of the brown algae [8, 17]. The initial extraction of algal particles from brown 
algae results in semi-pure fractions of differing polysaccharides which include 
the salt form of alginate [18, 19]. A chemical purification process, usually CaCl2 
purification, involves treatment of algal particles with a mineral acid followed 
by neutralization with strong base (Figure 1). Alginate precipitates are formed 
via further ion transfer acid-base reaction which results in a product of mainly 
sodium alginate [4, 8, 18]. The sodium alginate form of alginic acid is the most 
favored form produced after extraction which is mainly due to cold water solubil-
ity [16]. Current techniques examine the quality and purity of extracted alginate 
during extraction and purification processes through several chemistry-based 
analytical assays including nuclear magnetic resonance (NMR) and infrared (IR) 
spectroscopy [16, 20]. Recent advances in computational modeling have allowed 
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researchers to construct models of precipitation stages which has allowed for 
optimization of the extraction and purification process overall [20].

3. Composition of alginate

3.1 Types of alginate polymers

Alginate is an unbranched copolymer of β-d-mannuronic acid (M group) and 
α-l-guluronic acid (G group) commercially derived from algae [8]. Hydroxyl and car-
boxyl groups are abundantly distributed across the polymer, giving rise to a plethora 
of chemically modifiable sites [21]. Commercially, alginate is blocked in either 
consecutive M, consecutive G, or alternating M & G [22]. Given that it is a polymer 
with versatile properties, alginate can be easily changed to exhibit a variety of proper-
ties tailored to the individual needs of an implant. Pre-existing properties of alginate 
are able to be chemically enhanced through manipulating the percentage of M and 
G in the material, adding immunoprotective layers that impede diffusion, as well as 
divalent cation crosslinking. Under dicationic conditions, viscous alginate transforms 

Figure 1. 
Extraction of sodium alginate from brown seaweed followed by sodium alginate purification via CaCl2 
purification.
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into a gel, which can then be used as an encapsulation medium for islet cells [23–25]. 
M groups lie with the main ring in an equatorial conformation, with each mer con-
nected covalently through an ether (Figure 2). With dications situating on top and on 
bottom of each layer, a “swelling” effect is noted as there is no discrete pocket between 
mers resulting in each linear polymer stacking on top of the crosslinking dication. 
In contrast, G groups lie with the main ring axial (Figure 3). These mers are also 
attached through an ether. However, these ethers create pockets large enough for dica-
tions to situate without creating a swollen stacking effect. Manipulation of molecular 
weight and composition (%G or %M) leads to varying strength and porosity of the 
gel [26, 27]. Generally, alginates with higher %G have higher comparative levels of 
elasticity and stability [22].

Along with Macrocystis porifera and Ascophyllum nodosum, another type of 
brown seaweed that is a main source of alginate is called Sargassum polycystum 
C. Agardh. One study extracted alginate from S. polycystum to examine its chemical 
makeup and viscosity in the leaf, stem and thallus regions [28]. Thallus of seaweed 
refers to undifferentiated tissues where nutrient uptake and gas exchange occurs 
[29]. Of the structures studied for S. polycystum, the leaf region was found to have 
the highest alginate yield followed by the stem region and the thallus [28]. In con-
trast, the viscosity of alginate was highest in the stem region, followed by the leaf 
region and thallus [28]. Of the M/G ratios observed, the stem region had the lowest 
M/G ratio and the highest level of G-block content, optimal properties of forming 
a rigid and stable gel [28]. Similarly, other commercial brown seaweeds such as the 
stems of Laminaria hyperborea have a high G-block content (70%) and a low M/G 
ratio (0.43) [30].

3.2 UPLVM

Purified alginate containing almost entirely M blocks with little to no G blocks 
will typically not yield the ideal type of hydrogel desired through dication cross-
linking. The lack of pockets available for crosslinking will result in a form of layers 
of alternating alginate polymers and dications. In terms of structural integrity, 
UPLVM alginate will be less porous and strong, allowing higher malleability. In 
addition, although there has been no clear consensus, studies have suggested that 
a greater percentage of M blocks in alginate cause an increased immune response 
compared to UPLVG alginate, as indicated by increased production of TNF-⍺, IL-1 
and IL-6 [31].

3.3 UPLVG

Alginate with a higher %G blocks (>60% G) will result in a material a higher 
polymer strength and available crosslinking sites for barium atoms [27]. Since 
there are sites for divalent cation network crosslinking, the cations will situate 
themselves in the “egg carton” that the G blocks form. The cations in this position 

Figure 2. 
Chemical structure of M-block monomer.
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create a resistance to shear and frictional forces that the layers undergo as alternat-
ing molecular weight increases [32]. Therefore, this orientation allows for higher 
density, strength and porosity. The carboxylate anions that lie equatorial in G 
blocks are usually protonated under acidic conditions, which are deprotonated as 
the basicity of the solution increases [33]. The alcohol groups also present in the 
polymer provide a hydrogen that is capable of being deprotonated in basic condi-
tions. Although this pH change resistance results in an increased stability of G-rich 
polymers against depolymerization, pH changes in solution will result in swelling of 
alginate capsules [34].

3.4 Mixtures

Alginate is commercially sold as a mixture of M & G blocks with varying 
purification. NovaMatrix in Norway is a widely used company that manufactures 
and distributes purified alginates [34]. Their UP LVG (ultrapure low viscosity, 
high G) alginate has at least a 1.5:1 ratio of G:M blocks, with UP LVM (ultrapure 
low viscosity, high M) alginate having a ratio of G:M of less than 1. NovaMatrix 
recommends a shelf life of 5 years for their UP LVG alginate while only 3 years 
for UP LVM alginate. Both types of alginate should ideally be stored in a fridge 
and maintained at a relatively neutral pH (between 5 and 8) so as to decrease the 
rate of depolymerization. Higher temperatures will result in an increased rate of 
polymerization, which is expanded even further in the presence of an acid or a 
base. A neutral pH will prevent acid or base catalysts from recruiting oxygen to 
initiate oxidative-reductive depolymerization. Both M-rich and G-rich alginates 
react with no significant difference when base catalyzed, but M-rich alginates are 
hypothesized to be more vulnerable to acid catalyzed depolymerization, as sup-
ported by a catalytic constant that is twice as large for M-rich alginates than that 
of G-rich alginates [35]. In addition, in the presence of oxygen and an acidic or 
alkaline environment, the phenol and carboxylate groups will react in undesired 
ways, resulting in free radical depolymerization.

3.5 Alginate derivatives

Alginate derivatives have also been created to encompass certain properties. 
One example of this is amphiphilic alginate derivatives that utilize the alginate 
backbone and synthesize it with hydrophobic moieties [8, 36]. An example of this 
is sodium alginate being conjugated with long alkyl chains via ester bonds [36]. The 
microparticles for the derivative are prepared using dispersion in a sodium chloride 
solution; this allows for encapsulation of proteins and their subsequent release by 
adding surfactants to disrupt intermolecular hydrophobic junctions or esterases 
that hydrolyze the ester bond between the alginate backbone and alkyl chains 
[36]. Other types of derivatives include dodecylamine conjugated to an alginate 
backbone via amide linkage which leads to long-term stability in aqueous media 
compared to other alginate derivatives composed of dodecyl esters which have 

Figure 3. 
Chemical structure of G-block monomer.
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into a gel, which can then be used as an encapsulation medium for islet cells [23–25]. 
M groups lie with the main ring in an equatorial conformation, with each mer con-
nected covalently through an ether (Figure 2). With dications situating on top and on 
bottom of each layer, a “swelling” effect is noted as there is no discrete pocket between 
mers resulting in each linear polymer stacking on top of the crosslinking dication. 
In contrast, G groups lie with the main ring axial (Figure 3). These mers are also 
attached through an ether. However, these ethers create pockets large enough for dica-
tions to situate without creating a swollen stacking effect. Manipulation of molecular 
weight and composition (%G or %M) leads to varying strength and porosity of the 
gel [26, 27]. Generally, alginates with higher %G have higher comparative levels of 
elasticity and stability [22].

Along with Macrocystis porifera and Ascophyllum nodosum, another type of 
brown seaweed that is a main source of alginate is called Sargassum polycystum 
C. Agardh. One study extracted alginate from S. polycystum to examine its chemical 
makeup and viscosity in the leaf, stem and thallus regions [28]. Thallus of seaweed 
refers to undifferentiated tissues where nutrient uptake and gas exchange occurs 
[29]. Of the structures studied for S. polycystum, the leaf region was found to have 
the highest alginate yield followed by the stem region and the thallus [28]. In con-
trast, the viscosity of alginate was highest in the stem region, followed by the leaf 
region and thallus [28]. Of the M/G ratios observed, the stem region had the lowest 
M/G ratio and the highest level of G-block content, optimal properties of forming 
a rigid and stable gel [28]. Similarly, other commercial brown seaweeds such as the 
stems of Laminaria hyperborea have a high G-block content (70%) and a low M/G 
ratio (0.43) [30].

3.2 UPLVM

Purified alginate containing almost entirely M blocks with little to no G blocks 
will typically not yield the ideal type of hydrogel desired through dication cross-
linking. The lack of pockets available for crosslinking will result in a form of layers 
of alternating alginate polymers and dications. In terms of structural integrity, 
UPLVM alginate will be less porous and strong, allowing higher malleability. In 
addition, although there has been no clear consensus, studies have suggested that 
a greater percentage of M blocks in alginate cause an increased immune response 
compared to UPLVG alginate, as indicated by increased production of TNF-⍺, IL-1 
and IL-6 [31].

3.3 UPLVG

Alginate with a higher %G blocks (>60% G) will result in a material a higher 
polymer strength and available crosslinking sites for barium atoms [27]. Since 
there are sites for divalent cation network crosslinking, the cations will situate 
themselves in the “egg carton” that the G blocks form. The cations in this position 
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create a resistance to shear and frictional forces that the layers undergo as alternat-
ing molecular weight increases [32]. Therefore, this orientation allows for higher 
density, strength and porosity. The carboxylate anions that lie equatorial in G 
blocks are usually protonated under acidic conditions, which are deprotonated as 
the basicity of the solution increases [33]. The alcohol groups also present in the 
polymer provide a hydrogen that is capable of being deprotonated in basic condi-
tions. Although this pH change resistance results in an increased stability of G-rich 
polymers against depolymerization, pH changes in solution will result in swelling of 
alginate capsules [34].

3.4 Mixtures

Alginate is commercially sold as a mixture of M & G blocks with varying 
purification. NovaMatrix in Norway is a widely used company that manufactures 
and distributes purified alginates [34]. Their UP LVG (ultrapure low viscosity, 
high G) alginate has at least a 1.5:1 ratio of G:M blocks, with UP LVM (ultrapure 
low viscosity, high M) alginate having a ratio of G:M of less than 1. NovaMatrix 
recommends a shelf life of 5 years for their UP LVG alginate while only 3 years 
for UP LVM alginate. Both types of alginate should ideally be stored in a fridge 
and maintained at a relatively neutral pH (between 5 and 8) so as to decrease the 
rate of depolymerization. Higher temperatures will result in an increased rate of 
polymerization, which is expanded even further in the presence of an acid or a 
base. A neutral pH will prevent acid or base catalysts from recruiting oxygen to 
initiate oxidative-reductive depolymerization. Both M-rich and G-rich alginates 
react with no significant difference when base catalyzed, but M-rich alginates are 
hypothesized to be more vulnerable to acid catalyzed depolymerization, as sup-
ported by a catalytic constant that is twice as large for M-rich alginates than that 
of G-rich alginates [35]. In addition, in the presence of oxygen and an acidic or 
alkaline environment, the phenol and carboxylate groups will react in undesired 
ways, resulting in free radical depolymerization.

3.5 Alginate derivatives

Alginate derivatives have also been created to encompass certain properties. 
One example of this is amphiphilic alginate derivatives that utilize the alginate 
backbone and synthesize it with hydrophobic moieties [8, 36]. An example of this 
is sodium alginate being conjugated with long alkyl chains via ester bonds [36]. The 
microparticles for the derivative are prepared using dispersion in a sodium chloride 
solution; this allows for encapsulation of proteins and their subsequent release by 
adding surfactants to disrupt intermolecular hydrophobic junctions or esterases 
that hydrolyze the ester bond between the alginate backbone and alkyl chains 
[36]. Other types of derivatives include dodecylamine conjugated to an alginate 
backbone via amide linkage which leads to long-term stability in aqueous media 
compared to other alginate derivatives composed of dodecyl esters which have 

Figure 3. 
Chemical structure of G-block monomer.
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a risk of hydrolysis [36]. Amphiphilic alginate derivatives that are water soluble 
have also been developed using cholesteryl groups which are synthesized using 
N,N′-dicyclohexylcarbodiimide as a coupling agent and 4-(N,N′-dimethylamino)
pyridine as a catalyst at room temperature [37]. Other derivatives include cell-
interactive alginates which are composed of cell-adhesive peptides. To prepare 
these, carbodiimide chemistry is used to combine peptide side-chains with carbox-
ylic groups on sugar molecules [36]. This is important because alginate must acquire 
the proper ligands to participate in cell-to-cell interactions since it does not innately 
have cell-adhesivity to mammalian cells [36]. The peptide sequence arginine-
glycine-aspartic acid (RGD) has been studied widely due to the copious integrin 
receptors for this ligand on a variety of cell types [38]. This, among other types of 
cell-interactive alginates, has been used for scaffolds for tissue engineering and 2-D 
and 3-D cell culture matrices.

4. Current biotechnological uses

4.1 Food industry applications

The alginate industry saw increases in production in response to the scientific 
advancements in the study of alginate properties and potential uses [39]. Currently, 
the FDA classifies alginate as meeting the guidelines of the Food Chemical Codex 
and lists over seven different uses of it in the food industry [40]. The primary 
market for alginate in the processed food market where they serve as texturing 
agents and food stabilizers [41]. The gel-like chemical properties, which are safe 
for consumption, also allow for several other uses such as increasing storage life of 
potatoes, immobilization of banana enzymes, immobilization of lactic acid bacte-
ria, and fillers in meat and fish products [39, 42]. The ability of alginate hydrogel 
to be polymerized, or gelled, into a microcapsule with a hollow core has led to the 
development of food encapsulation technologies aimed at food preservation [42]. 
Recently, researchers have shown that application of an alginate coating on egg 
shells has led to the elimination of cross-contamination from Salmonella enteritidis 
for up to 42 days [43]. Currently in the beverage industry, alginate is used as an 
emulsifying agent to maintain the stability of foam within beverages like beer [44, 
45]. Continued use in the food industry will likely increase the commercial demand 
of alginate in the future.

4.2 Pancreatic islet cell-delivery system

In 1933, Biscegeli implanted polymer matrix coated murine-derived tumor cells 
in to the abdomen of guinea pigs which remained viable without rejection, thus 
discovery prompted entire fields to research into microencapsulation technolo-
gies [46]. Several advances in biotechnological approaches to both cell microen-
capsulation and the development of drug delivery systems using alginate have 
been achieved for nearly 50 years [47]. When reconstituted in aqueous solution, 
alginate forms a hydrogel which in the presence of polyvalent cation (e.g., Ba2+, 
Ca2+, Sr2+) reorganizes into a rigid biomaterial [4]. Alginate hydrogels can be used 
to encapsulate cellular tissue and nonliving substances for therapeutic cellular-
delivery as a treatment to many diseases such as Type 1 Diabetes [48]. Xenograft 
transplantations for type 1 diabetes heavily rely on alginate hydrogels as a source 
biomaterial for encapsulation of porcine pancreatic islets. Key obstacles observed 
with porcine islet xenograft include possible transmission of hemagglutinating 

43

Current Perspective and Advancements of Alginate-Based Transplantation Technologies
DOI: http://dx.doi.org/10.5772/intechopen.87120

and lymphocytotoxic antigens, such as carbohydrate α-(1,3)-galactose, which are 
a major contributor to acute host immune rejection [49–51]. Alginate encapsula-
tion, in contrast to other biomaterials, reduces transmission of humoral immune 
response elements while allowing for the transport of nutrients and export of 
insulin across the semipermeable barrier [52]. Recently, alginate-encapsulated APIs 
were transplanted intraperitoneally into STZ-induced IDDM nonhuman primates. 
Nonhuman primates exhibited a marked decrease in exogenous insulin demands 
and lower %HbA1C in addition to normalized blood glucose values for 20–70 days. 
However, the glycemic control was reduced over time, which they concluded was 
due to decreased graft function and viability [53].

4.3 Stem cell-delivery system

With the application of FDA regulations and recent advances in stem cell-related 
technologies, there has been an increase in need for viable targeted delivery system 
for therapeutics [54–57]. The biocompatibility and relative ease of production 
of alginate hydrogels makes alginate an important candidate for production of 
immune-isolated stem cell delivery systems [8, 58, 59]. A major disease model 
currently researching stem cell-related therapies is for the treatment of type 1 
diabetes, among insulin-dependent conditions. Recently, insulin-producing human 
SC-derived β-cells encapsulated with alginate polymers were implanted in immune-
competent mice. Multiple studies report glycemic control with immuno-isolated 
β-cells in mice, some resulting in up to 174 days of glycemic correction, in addition 
to detection of human C-peptide in mouse serum [60, 61]. A 2019 study showed 
similar results after transplanting human pluripotent stem cell-derived (iPSCs) 
β-cells into immunocompetent mice which resulted in glycemic control for more 
than 150 days [62]. Other disease models have also used alginate microencapsula-
tion for therapeutic use of xenogeneic stem cell-delivery. Researchers have reported 
functional alginate encapsulated adrenal SCs for use in adrenal hormone insuf-
ficiency diseases [63, 64]. Successful alginate encapsulation of neural embryonic 
stem cells was also reported for targeted cell-delivery serving possible treatment for 
neural tissue repair in several neurological disorders [65]. Microencapsulation of 
stem cells is a very active field of research and advances with this technology have a 
wide range of clinical applications.

4.4 Cryoprotective use of alginate microencapsulation

Transplantations can sometimes rely heavily on transportation or storage of 
tissues before the procedure. Cryopreservation, known as a viable option for tissue 
preservation and storage, can have severe effects on the viability and function of 
tissues during the freezing/thawing processes and from use of cryoprotective agents 
[66]. Alginate microcapsules have demonstrated the ability to maintain structure, 
slow cooling process, reduce effects of ice crystal formation on tissue, and regulate 
influx of cryoprotective agents during cryopreservation [67, 68]. First used in preser-
vation of plant cells, use of an alginate coating has been observed to have cryoprotec-
tive properties [69–72]. Success with plant cell preservation catalyzed the research 
into alginate cryoprotective potential with other tissue types. Alginate coatings of 
beneficial probiotic bacteria have demonstrated maintenance of viability and func-
tion through the cryopreservation process which has potential applications in yogurt 
and probiotic preservation [73–75]. An augmented necessity of tissue preservation 
methods has caused a rise in research related to cryopreservation for storage and 
distribution of animal cells. Alginate microencapsulation of cells offers significant 
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a risk of hydrolysis [36]. Amphiphilic alginate derivatives that are water soluble 
have also been developed using cholesteryl groups which are synthesized using 
N,N′-dicyclohexylcarbodiimide as a coupling agent and 4-(N,N′-dimethylamino)
pyridine as a catalyst at room temperature [37]. Other derivatives include cell-
interactive alginates which are composed of cell-adhesive peptides. To prepare 
these, carbodiimide chemistry is used to combine peptide side-chains with carbox-
ylic groups on sugar molecules [36]. This is important because alginate must acquire 
the proper ligands to participate in cell-to-cell interactions since it does not innately 
have cell-adhesivity to mammalian cells [36]. The peptide sequence arginine-
glycine-aspartic acid (RGD) has been studied widely due to the copious integrin 
receptors for this ligand on a variety of cell types [38]. This, among other types of 
cell-interactive alginates, has been used for scaffolds for tissue engineering and 2-D 
and 3-D cell culture matrices.

4. Current biotechnological uses

4.1 Food industry applications

The alginate industry saw increases in production in response to the scientific 
advancements in the study of alginate properties and potential uses [39]. Currently, 
the FDA classifies alginate as meeting the guidelines of the Food Chemical Codex 
and lists over seven different uses of it in the food industry [40]. The primary 
market for alginate in the processed food market where they serve as texturing 
agents and food stabilizers [41]. The gel-like chemical properties, which are safe 
for consumption, also allow for several other uses such as increasing storage life of 
potatoes, immobilization of banana enzymes, immobilization of lactic acid bacte-
ria, and fillers in meat and fish products [39, 42]. The ability of alginate hydrogel 
to be polymerized, or gelled, into a microcapsule with a hollow core has led to the 
development of food encapsulation technologies aimed at food preservation [42]. 
Recently, researchers have shown that application of an alginate coating on egg 
shells has led to the elimination of cross-contamination from Salmonella enteritidis 
for up to 42 days [43]. Currently in the beverage industry, alginate is used as an 
emulsifying agent to maintain the stability of foam within beverages like beer [44, 
45]. Continued use in the food industry will likely increase the commercial demand 
of alginate in the future.

4.2 Pancreatic islet cell-delivery system

In 1933, Biscegeli implanted polymer matrix coated murine-derived tumor cells 
in to the abdomen of guinea pigs which remained viable without rejection, thus 
discovery prompted entire fields to research into microencapsulation technolo-
gies [46]. Several advances in biotechnological approaches to both cell microen-
capsulation and the development of drug delivery systems using alginate have 
been achieved for nearly 50 years [47]. When reconstituted in aqueous solution, 
alginate forms a hydrogel which in the presence of polyvalent cation (e.g., Ba2+, 
Ca2+, Sr2+) reorganizes into a rigid biomaterial [4]. Alginate hydrogels can be used 
to encapsulate cellular tissue and nonliving substances for therapeutic cellular-
delivery as a treatment to many diseases such as Type 1 Diabetes [48]. Xenograft 
transplantations for type 1 diabetes heavily rely on alginate hydrogels as a source 
biomaterial for encapsulation of porcine pancreatic islets. Key obstacles observed 
with porcine islet xenograft include possible transmission of hemagglutinating 
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and lymphocytotoxic antigens, such as carbohydrate α-(1,3)-galactose, which are 
a major contributor to acute host immune rejection [49–51]. Alginate encapsula-
tion, in contrast to other biomaterials, reduces transmission of humoral immune 
response elements while allowing for the transport of nutrients and export of 
insulin across the semipermeable barrier [52]. Recently, alginate-encapsulated APIs 
were transplanted intraperitoneally into STZ-induced IDDM nonhuman primates. 
Nonhuman primates exhibited a marked decrease in exogenous insulin demands 
and lower %HbA1C in addition to normalized blood glucose values for 20–70 days. 
However, the glycemic control was reduced over time, which they concluded was 
due to decreased graft function and viability [53].

4.3 Stem cell-delivery system

With the application of FDA regulations and recent advances in stem cell-related 
technologies, there has been an increase in need for viable targeted delivery system 
for therapeutics [54–57]. The biocompatibility and relative ease of production 
of alginate hydrogels makes alginate an important candidate for production of 
immune-isolated stem cell delivery systems [8, 58, 59]. A major disease model 
currently researching stem cell-related therapies is for the treatment of type 1 
diabetes, among insulin-dependent conditions. Recently, insulin-producing human 
SC-derived β-cells encapsulated with alginate polymers were implanted in immune-
competent mice. Multiple studies report glycemic control with immuno-isolated 
β-cells in mice, some resulting in up to 174 days of glycemic correction, in addition 
to detection of human C-peptide in mouse serum [60, 61]. A 2019 study showed 
similar results after transplanting human pluripotent stem cell-derived (iPSCs) 
β-cells into immunocompetent mice which resulted in glycemic control for more 
than 150 days [62]. Other disease models have also used alginate microencapsula-
tion for therapeutic use of xenogeneic stem cell-delivery. Researchers have reported 
functional alginate encapsulated adrenal SCs for use in adrenal hormone insuf-
ficiency diseases [63, 64]. Successful alginate encapsulation of neural embryonic 
stem cells was also reported for targeted cell-delivery serving possible treatment for 
neural tissue repair in several neurological disorders [65]. Microencapsulation of 
stem cells is a very active field of research and advances with this technology have a 
wide range of clinical applications.

4.4 Cryoprotective use of alginate microencapsulation

Transplantations can sometimes rely heavily on transportation or storage of 
tissues before the procedure. Cryopreservation, known as a viable option for tissue 
preservation and storage, can have severe effects on the viability and function of 
tissues during the freezing/thawing processes and from use of cryoprotective agents 
[66]. Alginate microcapsules have demonstrated the ability to maintain structure, 
slow cooling process, reduce effects of ice crystal formation on tissue, and regulate 
influx of cryoprotective agents during cryopreservation [67, 68]. First used in preser-
vation of plant cells, use of an alginate coating has been observed to have cryoprotec-
tive properties [69–72]. Success with plant cell preservation catalyzed the research 
into alginate cryoprotective potential with other tissue types. Alginate coatings of 
beneficial probiotic bacteria have demonstrated maintenance of viability and func-
tion through the cryopreservation process which has potential applications in yogurt 
and probiotic preservation [73–75]. An augmented necessity of tissue preservation 
methods has caused a rise in research related to cryopreservation for storage and 
distribution of animal cells. Alginate microencapsulation of cells offers significant 
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degree of cryoprotection during cryo processing [76, 77]. Transplantation research 
has particularly benefited from use of alginate technologies during cryopreserva-
tion. Recent studies in pancreatic islet transplantation have demonstrated that use of 
alginate microencapsulation helps maintain islet viability during preservation and 
improves islet secretory function during transplantation [67, 78, 79]. A 10 years study 
using encapsulated rat, pig, human islets showed that alginate encapsulated islets 
maintained significantly higher viability, secretory function, and yield compared to 
nonencapsulated islets after cryopreservation for 10 years [80]. Like pancreatic islets 
grafts, cryopreservation is also used for preservation of stem cells before transplanta-
tion. Alginate encapsulation has been shown repeatedly to improve both yield and 
function of multiple stem cell lines, including human stem cells [81, 82]. Recently, the 
use of alginate microcapsules improved viable recovery of human adipose-derived 
stem-cells after 72-h storage in hypothermic conditions [83]. The overall benefits of 
cryoprotection via alginate encapsulation will ensure relevance in future research of 
cell preservation and transplantation.

4.5 Conjugated alginate potential as drug-delivery system

Due to the relative feasibility of conjugation and semi-permeable wall struc-
ture of alginate microcapsules shows promising secretory capabilities for robust 
nanoparticle drug-delivery systems [8, 84–86]. Recently researchers have been 
able to conjugate alginate microcapsules with anti-HIV zidovudine nanoparticles. 
Results showed significant improvements in internalization of the nanoparticle 
into glioma cells during in vitro experiments marking for potential use as a targeted 
viral drug delivery system [87]. Another study demonstrated the conjugation of 
sodium alginate with graphene oxide which is known to create functional groups 
for synthesis. GO-conjugated alginate hydrogels readily loaded the anticancer drug 
oxorubicin hydrochloride (DOX·HCl) and caused high cytotoxicity when exposed 
to immortal HeLa cell lines [88]. When islet containing alginate microcapsules were 
conjugated with VEGF, increases in angiogenesis, islet viability, and islet function 
were observed [89]. More recently, similar benefits were observed through increases 
in bone formation and blood vessel growth after biomineral-conjugated alginate 
microcapsules containing MSCs were transplanted into sheep with ovine iliac crest 
bone defects [90]. The versatile conjugation behavior of alginate hydrogels has 
impressive potential for a variety of future medical applications in transplantation.

5. Immune response

5.1 Alginate purity effect on immunogenicity

Crude unpurified alginate has been shown to provoke the immune system which 
then causes fibrosis around the microcapsule [91]. This overgrowth of immune-
cells and fibroblasts interferes with the transfer of nutrients, hormones, and other 
proteins via the semi-permeable membrane of the capsule [92]. This is a difficult 
problem to avoid especially since the industrial processing used for extraction can 
leave contaminates in the alginate like polyphenols, endotoxins and algal proteins 
[92, 93]. Purification is a technique utilized to minimize the amount of contamina-
tions in the alginate gels. Commercially available sodium alginate can be purchased 
in several different purified states including “ultra-purified” form from companies 
like Novamatrix® for use in hydrogel production [94–96]. Although this is highly 
purified there are still small concentrations of contaminants in the alginate that 
can prompt a severe foreign body response [91, 97]. If the alginate biomaterials 
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hold living tissue within a drug-delivery system, the foreign body reaction tends to 
reduce the survivability of those tissues [92, 98].

5.2 Inflammation and the foreign body response

The human immune system is broken into two parts, the innate and adaptive 
immune systems, which both work in tandem to defend and destroy external bac-
teria, viruses and various other microbes that may infiltrate a host’s body [99]. The 
first aspect of the foreign body response (FBR) is the innate immune system which 
has no flexibility or memory to foreign antigens. This is followed by the adaptive 
immune system which generates a custom response to each specific pathogen while 
simultaneously building an immunological memory [92]. Alginate hydrogels used 
in implantations are highly purified so as to not present antigens on their surface 
and thus should not cause T cell activation due to antigen-presentation [100]. 
Despite lacking these immunoreactive properties, within nanoseconds of entering a 
host, biomaterials initiate an inflammatory FBR due to biomaterial surface interac-
tions with tissue, proteins, and blood [100, 101]. The foreign body response results 
in fibrotic overgrowth surrounding the implanted alginate hydrogels which essen-
tially isolates the biomaterial from host’s body [102]. This fibrotic overgrowth is 
initiated by a sequence of cascading events including injury formation, recruitment 
of immune cells and fibroblasts, and cell adhesion which leads to fibrous tissue 
deposition [103]. Two stages of inflammation, namely acute followed by chronic, 
facilitate the foreign body response once alginate biomaterials are implanted [102].

It was determined that the immunogenic properties of alginate polymers were 
not directly responsible for the overgrowth around capsules but do contribute 
to is formation. In order for the immune cells to adhere to the cell surface, there 
must be a significant amount of protein adsorption or anchor sites for immune cell 
adhesion [92, 102]. Instead, the immune response occurs in the tissue immediately 
surrounding the alginate structure [92]. Studies have demonstrated that within a 
few days after alginate biomaterial implantation into animals, immune cells and 
differentially activated macrophages (i.e., stadia, granulocytes, and basophils) 
collect around, but not on, the alginate surface [92, 104]. This acute inflammatory 
period is characterized by the recruitment of macrophages and neutrophils in 
addition to the release of histamine and fibrinogen adsorption from mast cells to 
surrounding tissue [92, 102]. This is all done without significant immune cell adhe-
sion to alginate biomaterials. A key player in immune cell recruitment are pattern 
recognizing receptors (PRRs) which act as sensors on cells of the innate immune 
system by responding to evolutionary conserved molecules with can contaminate 
alginate biomaterials [92]. Even after purification, lipoteichoic acid and LPS, the 
most commonly known endotoxin, can remain and are recognized by Toll-like 
Receptors (TLRs) [52]. It has been demonstrated that recognition of PAMPs by 
TLRs causes the activation of macrophages through the NF-κB pathway [105]. 
NF-κB results in the transcriptional upregulation of genes most associated with 
cytokine and chemokine production which serve to intensify humoral response 
[105]. Within a week, the initial acute inflammatory period transitions to a chronic 
inflammatory period.

The chronic inflammatory stage is characterized by the accumulation of 
lymphocytes and monocytes, among other mononuclear cells, in the tissue 
surrounding the alginate biomaterial [106, 107]. It was discovered in vitro that 
lymphocytes can adhere to alginate biomaterial surfaces, but when placed in 
co-cultures with macrophages, they appeared to attach predominantly to the 
macrophage rather than the alginate microcapsule surface [100]. Further research 
has suggested that macrophage adhesion and fusion to biomaterial surface is 
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degree of cryoprotection during cryo processing [76, 77]. Transplantation research 
has particularly benefited from use of alginate technologies during cryopreserva-
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microcapsules containing MSCs were transplanted into sheep with ovine iliac crest 
bone defects [90]. The versatile conjugation behavior of alginate hydrogels has 
impressive potential for a variety of future medical applications in transplantation.
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then causes fibrosis around the microcapsule [91]. This overgrowth of immune-
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problem to avoid especially since the industrial processing used for extraction can 
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in several different purified states including “ultra-purified” form from companies 
like Novamatrix® for use in hydrogel production [94–96]. Although this is highly 
purified there are still small concentrations of contaminants in the alginate that 
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Despite lacking these immunoreactive properties, within nanoseconds of entering a 
host, biomaterials initiate an inflammatory FBR due to biomaterial surface interac-
tions with tissue, proteins, and blood [100, 101]. The foreign body response results 
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deposition [103]. Two stages of inflammation, namely acute followed by chronic, 
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assisted by T lymphocytes [100]. Both macrophages and lymphocytes secrete 
inflammatory mediators. Examples of these include cytokines IL-1β, IL-6, and 
TNFα and chemokines IL-8, MCP, MIP-1β, and ENA-78, all of which are known to 
activate and recruit inflammatory effector cells such as neutrophils, monocytes, 
T lymphocytes, and natural killer cells [100, 105]. Similarly, it was discovered 
that certain cytokine, chemokine levels, matrix metalloproteinases (MMPs) 
and tissue inhibitor MMPs (TIMP), fluctuated over time which suggests that T 
lymphocyte-macrophage interactions have the ability to facilitate the chronic 
inflammatory phase of the FBR [100, 108]. There have been in vivo studies that 
have shown active T cells in response to synthetic materials during an inflamma-
tory response; however, in vitro studies have shown a lack of lymphocyte response 
to alginate biomaterials [100, 109]. A novel focus of study regarding mitogens, 
which are functional groups on the surface of biomaterials, led to the hypothesis 
that they can possibly trigger lymphocytes via cross-linking of glycoproteins, but 
these mitogenic properties have not been observed [100]. The chronic inflamma-
tory period usually subsides 2 weeks after implantation and any longer periods 
of inflammation are usually the result of infection [100, 102]. A combination of 
granulation, fibroblast infiltration, and macrophage/fibroblast surface adhesion 
result in the final fibrotic encapsulation of alginate biomaterials.

5.3 Immuno-modulation of alginate hydrogels

To overcome the challenges of inflammation and fibrosis associated with 
the foreign body response after alginate hydrogels are implanted, researchers 
are currently trying to establish technologies for potential immune modulation. 
Research into alginate immune-modulation methods currently involves the use 
of bioactive nanoparticles, immune regulatory cells, hydrogel surface topogra-
phy, and passive non-fouling agents [110]. In the past bioactive nanoparticles, 
like ketoprofen, have shown potential to modulate the degree of inflammation 
during FBR [111]. A recent study was able to load monoclonal antibody IgM 
nanoparticles during alginate encapsulation of pancreatic islets. This resulted 
in localized controlled release of the monoclonal antibody after implanta-
tion which decreased the immune response against transplants [112]. An islet 
transplantation study using the anti-inflammatory nanoparticle rapamycin, 
demonstrated reduced fibrosis and sustained glycemic control improvement 
[113]. Mesenchymal-derived stem cells have been shown to have a wide range of 
regenerative effects on several tissue injury types because of their multipotent 
capacity [114]. Several recent studies have demonstrated immune modulation 
of alginate hydrogels through co-delivery of MSCs with cell-delivery systems. 
This can help reduces inflammation and can modulate T-cell toxicity while also 
boosting wound healing properties and blood vessel formation of the graft site 
[115–117]. A better understanding of the mechanism of FBR in the future will 
help improve immune modulation technologies for transplantations involving 
alginate hydrogels.

6. Clinical relevance of alginate-based biomaterials

6.1 Type 1 diabetes mellitus treatment

While extensively performed in animal models for several decades, islet 
xenotransplantations have taken more time in advancing to clinical human 
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studies around the world. This is because the area of xenografts in general is 
still a highly regulated area in the transplantation field and is being studied 
heavily in animal models [118, 119]. In the United States, the stringent FDA 
regulations for all xenotransplantations has provided certain standards which 
must be achieved pre-clinically before moving to clinical trials [120]. This has 
made initiation of clinical trials involving alginate xenografts very slow in the 
United States. Nonetheless, here have recently been a small amount of clinical 
islet xenotransplantation trials that have been conducted outside of the US using 
porcine islet xenografts to treat IDDM in human subjects (Table 1). The first 
phase I/IIa clinical trial saw 7 T1DM patients receive up to 3 implantations of 
encapsulated neonatal porcine islets which resulted in 5 patients with improved 
blood glucose levels and two patients which achieved insulin independence for 
up to 32 weeks post-transplantation [121, 122]. From 2000 to 2003 in a clinical 
trial in Mexico, two cohorts totaling 21 IDDM patients underwent xenograft 
implantation of a collagen-covered pre-vascularized scaffold which housed 
250,000 islets with 30,000–100,000 Sertoli cells. After the first transplanta-
tion HbA1C showed significant reductions, with decreases in exogenous insulin 
demands observed for up to 4 years, and glucose stimulated C-peptide detected 
in urine for up to 4 years; in addition, zoonotic transmission of porcine microor-
ganisms was not detected for the duration of the study [123–125]. Unfortunately, 
the human clinical trial in Mexico did not include a control population under 
exogenous insulin therapy that could further validate the results [121]. In 
patients who received a steroid-based regimen 33–62% decrease in insulin 
requirements for up to 1 year with detectable presence of porcine C-peptide 
compared to two patients, which received steroid-free regimen, who saw change 
in IDDM conditions [126]. A comprehensive 2011 study, 14 IDDM patients 
were given 5000–20,000 IE/kg intraperitoneally via laparoscopy using wild-
type pre-weaned juvenile porcine islets without immunosuppressive therapy 
for 52 weeks [127]. Overall, 8 of the 14 patients showed a moderate decrease in 
insulin administration and HbA1C levels. A nonsignificant reduction in severe 
hypoglycemic events, or unaware hypoglycemic episodes, was also observed in 
the same patients [127, 128]. Alginate-based macrodevices have been the topic 
of heavy research since the late 1940s and recently have been tested clinically 
as a scaffold for therapeutic islet-delivery [115]. Patients with T1D have been 
subcutaneously implanted with macroencapsulated, bioartificial pancreatic βAir 
(BetaO2 Technologies Ltd., Israel) device; the study designed to monitor for 
180 days post-transplantation followed by removal of the device, and 6 months 
of follow-up afterwards. The device involved oxygen pumps which allowed for 
daily refueling of oxygen to devices while in-vivo. For the duration of the study, 
islets in the device did not face any immune rejection and survived to time of 
explant. Although there were no rejections in the body, the overall efficacy of the 
islets was low and metabolic control was absent; C-peptide levels were detected 
on day 1 of post-transplantation in all patients (range 0.028–0.093 nmol/L) 
and remained detectable up until 2–4 weeks but for one patient detectable up 
to 3 months post-transplantation [129, 130]. Continued research into alginate 
immune-isolation of pancreatic islet xenografts will continue to develop and will 
be tested clinically in the future.

6.2 Wound healing treatment

Alginate has shown effectiveness as a constituent of acellular matrix skin grafts 
to reduce wound healing duration, which is especially poor with diabetic patients 
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during FBR [111]. A recent study was able to load monoclonal antibody IgM 
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regenerative effects on several tissue injury types because of their multipotent 
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This can help reduces inflammation and can modulate T-cell toxicity while also 
boosting wound healing properties and blood vessel formation of the graft site 
[115–117]. A better understanding of the mechanism of FBR in the future will 
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studies around the world. This is because the area of xenografts in general is 
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heavily in animal models [118, 119]. In the United States, the stringent FDA 
regulations for all xenotransplantations has provided certain standards which 
must be achieved pre-clinically before moving to clinical trials [120]. This has 
made initiation of clinical trials involving alginate xenografts very slow in the 
United States. Nonetheless, here have recently been a small amount of clinical 
islet xenotransplantation trials that have been conducted outside of the US using 
porcine islet xenografts to treat IDDM in human subjects (Table 1). The first 
phase I/IIa clinical trial saw 7 T1DM patients receive up to 3 implantations of 
encapsulated neonatal porcine islets which resulted in 5 patients with improved 
blood glucose levels and two patients which achieved insulin independence for 
up to 32 weeks post-transplantation [121, 122]. From 2000 to 2003 in a clinical 
trial in Mexico, two cohorts totaling 21 IDDM patients underwent xenograft 
implantation of a collagen-covered pre-vascularized scaffold which housed 
250,000 islets with 30,000–100,000 Sertoli cells. After the first transplanta-
tion HbA1C showed significant reductions, with decreases in exogenous insulin 
demands observed for up to 4 years, and glucose stimulated C-peptide detected 
in urine for up to 4 years; in addition, zoonotic transmission of porcine microor-
ganisms was not detected for the duration of the study [123–125]. Unfortunately, 
the human clinical trial in Mexico did not include a control population under 
exogenous insulin therapy that could further validate the results [121]. In 
patients who received a steroid-based regimen 33–62% decrease in insulin 
requirements for up to 1 year with detectable presence of porcine C-peptide 
compared to two patients, which received steroid-free regimen, who saw change 
in IDDM conditions [126]. A comprehensive 2011 study, 14 IDDM patients 
were given 5000–20,000 IE/kg intraperitoneally via laparoscopy using wild-
type pre-weaned juvenile porcine islets without immunosuppressive therapy 
for 52 weeks [127]. Overall, 8 of the 14 patients showed a moderate decrease in 
insulin administration and HbA1C levels. A nonsignificant reduction in severe 
hypoglycemic events, or unaware hypoglycemic episodes, was also observed in 
the same patients [127, 128]. Alginate-based macrodevices have been the topic 
of heavy research since the late 1940s and recently have been tested clinically 
as a scaffold for therapeutic islet-delivery [115]. Patients with T1D have been 
subcutaneously implanted with macroencapsulated, bioartificial pancreatic βAir 
(BetaO2 Technologies Ltd., Israel) device; the study designed to monitor for 
180 days post-transplantation followed by removal of the device, and 6 months 
of follow-up afterwards. The device involved oxygen pumps which allowed for 
daily refueling of oxygen to devices while in-vivo. For the duration of the study, 
islets in the device did not face any immune rejection and survived to time of 
explant. Although there were no rejections in the body, the overall efficacy of the 
islets was low and metabolic control was absent; C-peptide levels were detected 
on day 1 of post-transplantation in all patients (range 0.028–0.093 nmol/L) 
and remained detectable up until 2–4 weeks but for one patient detectable up 
to 3 months post-transplantation [129, 130]. Continued research into alginate 
immune-isolation of pancreatic islet xenografts will continue to develop and will 
be tested clinically in the future.

6.2 Wound healing treatment

Alginate has shown effectiveness as a constituent of acellular matrix skin grafts 
to reduce wound healing duration, which is especially poor with diabetic patients 
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Number 
of 
subjects 
(n)

Porcine islet 
types used

Number 
of islets 
transplanted/
kg of body 
weight

Transplantation 
site

Study outcome Reference

12 Neonatal + 
Sertoli cells 
encapsulated 
in scaffold

14,000–21,000 Scaffold in 
subcutaneous 
space

• Deceased 
exog-
enous insulin 
requirement 
for up to 4 
years (50%)

• No serum 
C-peptide 
detected

[124, 125]

7 Encapsulated 
neonatal

5000–1000 Intraperitoneal 
space

• Two patients 
achieve 
independence 
for 32 weeks

• 6 Patients 
demonstrate 
lower HBA1c

[154]

1 Encapsulated 
fetal

15,000 Intraperitoneal 
space

• -12-week 
period of 30% 
reduction 
in insulin 
requirement

• Improvement 
in glycemic 
control for 14 
weeks

• Detectable 
C-peptide for 
11 months

• Live Islet 
detected for 
9.5 years

[127]

14 Encapsulated 
pre-weaned

5000–20,000 Intraperitoneal 
space

• Moderate 
decrease 
in insulin 
requirement 
in 57% of 
patients

• Major 
reduction in 
hypoglycemic 
episodes

[127]

8 Encapsulated 
pre-weaned

5000–20,000 Intraperitoneal 
space

Patients that 
received 
20,000/kg 
maintain 7% 
HbA1c for 600 
days. Reduced 
Hypoglycemic 
events

[123]

Table 1. 
Selected clinical encapsulated islet xenotransplantations in humans. IE is used to denote islet equivalents that 
make up the graft which are implanted during transplantation.
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[131–133]. A large multicenter study involving 75 patients with 100 wounds (50% 
UT grade 3 wounds) was conducted using an alginate containing GraftJacket® 
matrix skin graft. The study resulted in 91% of complete wound closure averaging 
around 9.6 weeks indicating the graft was a safe option for complex lower extremity 
wounds [134]. Recent clinical studies with an alginate containing skin graft known 
as AlloPatch® have shown the effectiveness in wound healing even when elevated 
HbA1C levels witnessed in one patient [135]. Several alginate-based skin grafts 
are commercially available for advanced wound healing which include Nu-Gel® 
(Systagenix), Tegagel® (3M GmbH)), Curasorb® Alginate (Medtronic), Sorbsan® 
(B. Braun Melsungen AG), and Kendall™ Hydrocolloid Dressing (Medtronic) 
[136]. Advances in the development of alginate matrices will continue to contribute 
to skin regeneration therapy improvements in the future.

6.3 Clinical uses in dentistry

The hydrophilic nature of alginate along with hydrogel forming and biocompat-
ible nature has made it a staple hydrocolloid for application in the field of dentistry 
[137]. Alginate-based gels have traditionally been used in dentistry to provide 
the dentist with impressions of teeth and bitemarks which can then be used as a 
template for dental implants [138–140]. Alginate is frequently used in clinical trials 
to obtain impressions when comparing various dental procedures [141–144]. In a 
recent clinical trial, silicone was found to be favored among patients in terms of 
comfortability although alginate impressions were found to be a cheaper procedure 
option [145, 146]. Alginate-containing matrices have also been tested for advanced 
periodontitis treatment, when compared to the normal 0.2% chlorhexidine treat-
ment alginate-containing Emdogain® saw significant reduction in plaque viability 
[147]. These alginate-containing enamel matrices have also shown significant clini-
cal regenerative capabilities for periodontal disease symptoms such as intrabony 
defects and gingival recession [148, 149].

7. Future direction for alginate-based biotechnologies

The development and use of alginate macro/micro devices for implantation 
have met both improvements and challenges. Specifically, alginate has been used 
in the production of microcapsules as well as scaffolds as a way to implant encap-
sulated islet cells in vivo. The use of natural polymers such as alginate introduces 
immunogenic and foreign body responses, which impact the functionality of the 
device over time [150]. For example, the mechanical integrity or structure of the 
device could be compromised, or it can decompose while inside the recipient. 
As a potential solution, alginate can be chemically modified so its properties can 
be better controlled against inflammatory response and mechanical stress [151]. 
This chemical modification includes both ionic and covalent crosslinks within 
alginate polymers which will increase the mechanical stability of both scaffolds 
and microcapsules [151]. This method of using two types of crosslinking to 
create the microbeads compared to using only covalent crosslinking has shown 
results of greater stability of these microcapsules within cells after weeks follow-
ing implantation [151]. Furthermore, in the long run, purification techniques 
of alginate hydrogels can be improved to decrease PAMP concentration which 
would help reduce FBR [92]. Purifying alginate gels of PAMPs can be difficult 
for those with a high G content, which are stronger and more viscous. However, 
the use of chemical extraction or dialysis methods as well as specific purifica-
tion methods would be required to remove these molecules. Another potential 
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reduction 
in insulin 
requirement

• Improvement 
in glycemic 
control for 14 
weeks

• Detectable 
C-peptide for 
11 months

• Live Islet 
detected for 
9.5 years

[127]

14 Encapsulated 
pre-weaned

5000–20,000 Intraperitoneal 
space

• Moderate 
decrease 
in insulin 
requirement 
in 57% of 
patients

• Major 
reduction in 
hypoglycemic 
episodes

[127]

8 Encapsulated 
pre-weaned

5000–20,000 Intraperitoneal 
space

Patients that 
received 
20,000/kg 
maintain 7% 
HbA1c for 600 
days. Reduced 
Hypoglycemic 
events

[123]

Table 1. 
Selected clinical encapsulated islet xenotransplantations in humans. IE is used to denote islet equivalents that 
make up the graft which are implanted during transplantation.
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[131–133]. A large multicenter study involving 75 patients with 100 wounds (50% 
UT grade 3 wounds) was conducted using an alginate containing GraftJacket® 
matrix skin graft. The study resulted in 91% of complete wound closure averaging 
around 9.6 weeks indicating the graft was a safe option for complex lower extremity 
wounds [134]. Recent clinical studies with an alginate containing skin graft known 
as AlloPatch® have shown the effectiveness in wound healing even when elevated 
HbA1C levels witnessed in one patient [135]. Several alginate-based skin grafts 
are commercially available for advanced wound healing which include Nu-Gel® 
(Systagenix), Tegagel® (3M GmbH)), Curasorb® Alginate (Medtronic), Sorbsan® 
(B. Braun Melsungen AG), and Kendall™ Hydrocolloid Dressing (Medtronic) 
[136]. Advances in the development of alginate matrices will continue to contribute 
to skin regeneration therapy improvements in the future.

6.3 Clinical uses in dentistry

The hydrophilic nature of alginate along with hydrogel forming and biocompat-
ible nature has made it a staple hydrocolloid for application in the field of dentistry 
[137]. Alginate-based gels have traditionally been used in dentistry to provide 
the dentist with impressions of teeth and bitemarks which can then be used as a 
template for dental implants [138–140]. Alginate is frequently used in clinical trials 
to obtain impressions when comparing various dental procedures [141–144]. In a 
recent clinical trial, silicone was found to be favored among patients in terms of 
comfortability although alginate impressions were found to be a cheaper procedure 
option [145, 146]. Alginate-containing matrices have also been tested for advanced 
periodontitis treatment, when compared to the normal 0.2% chlorhexidine treat-
ment alginate-containing Emdogain® saw significant reduction in plaque viability 
[147]. These alginate-containing enamel matrices have also shown significant clini-
cal regenerative capabilities for periodontal disease symptoms such as intrabony 
defects and gingival recession [148, 149].

7. Future direction for alginate-based biotechnologies

The development and use of alginate macro/micro devices for implantation 
have met both improvements and challenges. Specifically, alginate has been used 
in the production of microcapsules as well as scaffolds as a way to implant encap-
sulated islet cells in vivo. The use of natural polymers such as alginate introduces 
immunogenic and foreign body responses, which impact the functionality of the 
device over time [150]. For example, the mechanical integrity or structure of the 
device could be compromised, or it can decompose while inside the recipient. 
As a potential solution, alginate can be chemically modified so its properties can 
be better controlled against inflammatory response and mechanical stress [151]. 
This chemical modification includes both ionic and covalent crosslinks within 
alginate polymers which will increase the mechanical stability of both scaffolds 
and microcapsules [151]. This method of using two types of crosslinking to 
create the microbeads compared to using only covalent crosslinking has shown 
results of greater stability of these microcapsules within cells after weeks follow-
ing implantation [151]. Furthermore, in the long run, purification techniques 
of alginate hydrogels can be improved to decrease PAMP concentration which 
would help reduce FBR [92]. Purifying alginate gels of PAMPs can be difficult 
for those with a high G content, which are stronger and more viscous. However, 
the use of chemical extraction or dialysis methods as well as specific purifica-
tion methods would be required to remove these molecules. Another potential 



Alginates - Recent Uses of This Natural Polymer

50

solution to overcome graft failure is to use smaller islet cell graft volumes with 
vascularized membranes to produce stable neovascularization near the grafted 
tissue [152]. Using a macroencapsulation device such as TheraCyte and loading 
it with islet cells of smaller volume can increase blood supply near the site of 
encapsulation [152].

Given the molecular composition of alginate and its ability to crosslink and 
form hydrogels, this biomaterial can be used in an array of medical and clinical 
applications. Unfortunately, the implantation of alginate induces an immune 
response of the host, producing setbacks that current labs are attempting to solve. 
Because of both macrophages mediated and T-cell mediated immune response, 
the alginate macro/micro device loses its viability and long-term function once 
it is implanted in the host. Strategies aiming to reduce or prevent fibrosis on 
alginate encapsulated cells present conflicting results. Newly developed capsules 
contain alginate without a polycation layer shown improvement potential because 
the pro-inflammatory characteristic of polycations have been connected to 
fibrotic growth around capsules [153]. For alginate beads, removing the polyca-
tion layer can lead to less stability and more permeability to cytokines and growth 
factors [153].

Currently, the main focus regarding implantable alginate hydrogels is to address 
problems such as immune response, adequate sources of oxygen, and fibrosis. 
As more alginate-based devices are being brought into clinical application, these 
strategies among others should be considered and pursued for current and future 
alginate-based device production.
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Chapter 4

The Use of Alginate Hydrogels for 
the Culture of Mesenchymal Stem 
Cells (MSCs): In Vitro and In Vivo 
Paradigms
Michail E. Klontzas, Hicham Drissi  
and Athanasios Mantalaris

Abstract

Alginate hydrogels have been widely used in stem cell cultures due to their 
biocompatibility, malleable nature, high water content, enhanced mass transport 
properties, and their functionalization with bioactive molecules providing cues that 
modulate cell proliferation and differentiation. Mesenchymal stem cells (MSCs) are 
extensively utilized in clinical cellular therapies because of their differentiation effi-
ciency, their immunosuppressive properties, and them not being tumorigenic when 
implanted in vivo. MSCs are isolated from numerous fetal and adult tissues, suitable 
for both autologous and allogeneic applications. Consequently, alginate hydrogels/
MSCs have been applied in vivo for the treatment of a wide variety of musculo-
skeletal, cardiac, neural, and endocrine disorders. This chapter will review the use 
of alginate hydrogels (physical properties and functionalization) for MSC culture 
in vitro (various culture systems) and the application of alginate/MSC implants 
(animal models and human applications) for cellular therapy purposes in vivo.

Keywords: alginate, mesenchymal stem cells, MSCs, in vivo, in vitro, hydrogels

1. Introduction

Alginate has been extensively used for tissue engineering and regenerative medi-
cine purposes [1]. Its ability to form hydrogels under mild gelation conditions in the 
presence of ions such as Ca2+, Ba2+, and Sr2+ renders it suitable for cell-based appli-
cations where exposure to harsh crosslinking buffers can lead to cell damage. When 
alginate is exposed to a crosslinking solution, l-guluronic residues of adjacent 
polysaccharide strands are connected forming a hydrogel [2, 3]. Alginate hydrogels 
possess the advantages of natural biomaterials such as excellent biocompatibility 
and abundance in nature with a low cost, properties which render it an excellent 
candidate for cell-based regenerative medicine applications [4]. However, the lack 
of alginate bioactivity requires functionalization with a wide variety of molecules 
promoting adhesion and modulation of stem cell fate. The purpose of this chapter is 
to provide an overview of the use of alginate hydrogels with mesenchymal stem cells 
(MSCs) which represent one of the most widely used stem cell type and the only 
stem cell type currently in clinical use.
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stem cell type currently in clinical use.
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2. Mesenchymal stem cells (MSCs) for tissue engineering

MSCs are multipotent stem cells with the ability to proliferate and differentiate 
into a variety of mature cells, mainly osteocytes, chondrocytes, and adipocytes [5].

MSCs can be isolated from a multitude of adult and fetal tissues including but 
not limited to the bone marrow, adipose tissue, peripheral blood, synovial tissue, 
placenta, Wharton’s jelly, and umbilical cord blood. Importantly, it has been shown 
that MSCs isolated from different tissue sources possess differential proliferation and 
differentiation capacity toward various lineages [6] (Figure 1). Since their description 
by Friedenstein et al. [7], MSCs have been evolved as the stem cell type with the most 
regenerative medicine applications and the only stem cell type used in clinic to date.

MSCs represent attractive stem cell candidates for the use in tissue engineering 
and regenerative medicine applications for a variety of reasons. Firstly, they have 
the ability to proliferate and differentiate producing tissues, which are clinically 
relevant for regenerative medicine purposes such as musculoskeletal and neural 
tissues. In addition, they offer the possibility of autologous use, which can avoid 
adverse immune responses to allogeneic cells while also possessing an immuno-
modulatory capacity being able to regulate the immune environment even when 
implanted in an allogeneic fashion. Finally, the use of MSCs avoids the ethical short-
comings of embryonic stem cell (ESC) use and is not associated with the formation 
of teratomas which is a characteristic of pluripotent stem cell implantation (ESCs 
and induced pluripotent stem cells—iPSCs) [8–10]. Recently, protocols for the 
derivation of MSCs from iPSCs have also enabled the production of unlimited MSC 

Figure 1. 
Tissue sources and properties of mesenchymal stem cells.
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numbers by exploiting the unlimited proliferation capacity of iPSCs prior to their 
differentiation to MSCs [11–13].

The use of MSCs for tissue engineering and regenerative medicine purposes 
requires the robust characterization of MSCs at several levels. At the moment, the 
International Society for Cell and Gene Therapy (ISCT) has posed the minimal 
criteria that need to be fulfilled so that a cell population is characterized as MSCs. 
These include the adherence to plastic; the presence (≥95%) of surface markers 
including CD73, CD90, and CD105; and the absence (≤2%) of hematopoietic 
markers (CD34, CD45, CD79a or CD19, CD14 or CD11b, and HLA II). Finally, cells 
characterized as MSCs should possess the capacity to differentiate to osteoblasts, 
chondroblasts, and adipocytes in vitro [14]. Other surface markers have been 
utilized over the years for the characterization of MSCs including Stro-1, CD271, 
CD146, and MSCA-1, but their use has not yet been established as a routine for MSC 
research [15–18]. Recently, omics strategies have emerged as promising alterna-
tives for the comprehensive evaluation of MSC quality at the undifferentiated and 
differentiated states [11, 19–23].

3.  The use of alginate hydrogels and MSCs in tissue engineering and 
regenerative medicine applications

Due to the lack of bioactive molecules on the alginate structure, alginate hydro-
gels used for cell-based applications require functionalization with molecules which 
can aid cell adhesion, increase cellular proliferation, and/or guide stem cell dif-
ferentiation toward the desired cell lineages. In an attempt to increase cell adhesion 
on alginate hydrogels, a wide variety of extracellular matrix proteins or protein 
fragments have been employed. The most commonly used molecules include colla-
gen, gelatin (product of collagen hydrolysis), and arginylglycylaspartic acid (RGD) 
peptide, which is the functional adhesion sequence in several extracellular matrix 
(ECM) proteins. Gelatin has been widely utilized for the enhancement of cell adhe-
sion and differentiation in alginate hydrogels [24] either mixed [25] or crosslinked 
with alginate [26]. It has also been shown that crosslinking of alginate with gelatin 
reduces gelatin leak over prolonged culture while enhancing cell adhesion and 
vascular endothelial growth factor (VEGF) secretion compared to natural alginate 
and RGD-alginate [27].

Oxidized alginate has been widely used for tissue engineering purposes. Alginate 
can be oxidized with the use of agents including sodium permanganate (KMnO4) 
and periodate, to produce two free aldehyde groups on the alginate backbone, 
offering enhanced in vitro and in vivo. Alginate oxidation is necessitated by the lack 
of natural alginate degrading enzymes in mammals, which is translated to a slower 
biodegradation of alginate hydrogels [28, 29]. Additionally, free aldehyde groups 
offer sites for possible crosslinking with amine group-containing molecules, which 
can be used for the robust functionalization of hydrogels used for tissue engineering 
[29, 30]. Similarly to natural alginate, a wide range of biomolecules have been used 
for the functionalization of oxidized alginate. The most commonly used are gelatin 
and RGD, which have been shown promote cell adhesion and viability [31] .

3.1 In vitro paradigms of alginate/MSC constructs

Culture of MSCs in alginate hydrogels has been attempted for applications 
ranging from the regeneration of bone, cartilage, and tendon to the repair of dam-
aged myocardium and trachea. Most of the initial data on the use of alginate/MSC 
constructs have been obtained in vitro (Table 1).



Alginates - Recent Uses of This Natural Polymer

66

2. Mesenchymal stem cells (MSCs) for tissue engineering

MSCs are multipotent stem cells with the ability to proliferate and differentiate 
into a variety of mature cells, mainly osteocytes, chondrocytes, and adipocytes [5].

MSCs can be isolated from a multitude of adult and fetal tissues including but 
not limited to the bone marrow, adipose tissue, peripheral blood, synovial tissue, 
placenta, Wharton’s jelly, and umbilical cord blood. Importantly, it has been shown 
that MSCs isolated from different tissue sources possess differential proliferation and 
differentiation capacity toward various lineages [6] (Figure 1). Since their description 
by Friedenstein et al. [7], MSCs have been evolved as the stem cell type with the most 
regenerative medicine applications and the only stem cell type used in clinic to date.

MSCs represent attractive stem cell candidates for the use in tissue engineering 
and regenerative medicine applications for a variety of reasons. Firstly, they have 
the ability to proliferate and differentiate producing tissues, which are clinically 
relevant for regenerative medicine purposes such as musculoskeletal and neural 
tissues. In addition, they offer the possibility of autologous use, which can avoid 
adverse immune responses to allogeneic cells while also possessing an immuno-
modulatory capacity being able to regulate the immune environment even when 
implanted in an allogeneic fashion. Finally, the use of MSCs avoids the ethical short-
comings of embryonic stem cell (ESC) use and is not associated with the formation 
of teratomas which is a characteristic of pluripotent stem cell implantation (ESCs 
and induced pluripotent stem cells—iPSCs) [8–10]. Recently, protocols for the 
derivation of MSCs from iPSCs have also enabled the production of unlimited MSC 

Figure 1. 
Tissue sources and properties of mesenchymal stem cells.

67

The Use of Alginate Hydrogels for the Culture of Mesenchymal Stem Cells (MSCs): In Vitro and…
DOI: http://dx.doi.org/10.5772/intechopen.88020

numbers by exploiting the unlimited proliferation capacity of iPSCs prior to their 
differentiation to MSCs [11–13].

The use of MSCs for tissue engineering and regenerative medicine purposes 
requires the robust characterization of MSCs at several levels. At the moment, the 
International Society for Cell and Gene Therapy (ISCT) has posed the minimal 
criteria that need to be fulfilled so that a cell population is characterized as MSCs. 
These include the adherence to plastic; the presence (≥95%) of surface markers 
including CD73, CD90, and CD105; and the absence (≤2%) of hematopoietic 
markers (CD34, CD45, CD79a or CD19, CD14 or CD11b, and HLA II). Finally, cells 
characterized as MSCs should possess the capacity to differentiate to osteoblasts, 
chondroblasts, and adipocytes in vitro [14]. Other surface markers have been 
utilized over the years for the characterization of MSCs including Stro-1, CD271, 
CD146, and MSCA-1, but their use has not yet been established as a routine for MSC 
research [15–18]. Recently, omics strategies have emerged as promising alterna-
tives for the comprehensive evaluation of MSC quality at the undifferentiated and 
differentiated states [11, 19–23].

3.  The use of alginate hydrogels and MSCs in tissue engineering and 
regenerative medicine applications

Due to the lack of bioactive molecules on the alginate structure, alginate hydro-
gels used for cell-based applications require functionalization with molecules which 
can aid cell adhesion, increase cellular proliferation, and/or guide stem cell dif-
ferentiation toward the desired cell lineages. In an attempt to increase cell adhesion 
on alginate hydrogels, a wide variety of extracellular matrix proteins or protein 
fragments have been employed. The most commonly used molecules include colla-
gen, gelatin (product of collagen hydrolysis), and arginylglycylaspartic acid (RGD) 
peptide, which is the functional adhesion sequence in several extracellular matrix 
(ECM) proteins. Gelatin has been widely utilized for the enhancement of cell adhe-
sion and differentiation in alginate hydrogels [24] either mixed [25] or crosslinked 
with alginate [26]. It has also been shown that crosslinking of alginate with gelatin 
reduces gelatin leak over prolonged culture while enhancing cell adhesion and 
vascular endothelial growth factor (VEGF) secretion compared to natural alginate 
and RGD-alginate [27].

Oxidized alginate has been widely used for tissue engineering purposes. Alginate 
can be oxidized with the use of agents including sodium permanganate (KMnO4) 
and periodate, to produce two free aldehyde groups on the alginate backbone, 
offering enhanced in vitro and in vivo. Alginate oxidation is necessitated by the lack 
of natural alginate degrading enzymes in mammals, which is translated to a slower 
biodegradation of alginate hydrogels [28, 29]. Additionally, free aldehyde groups 
offer sites for possible crosslinking with amine group-containing molecules, which 
can be used for the robust functionalization of hydrogels used for tissue engineering 
[29, 30]. Similarly to natural alginate, a wide range of biomolecules have been used 
for the functionalization of oxidized alginate. The most commonly used are gelatin 
and RGD, which have been shown promote cell adhesion and viability [31] .

3.1 In vitro paradigms of alginate/MSC constructs

Culture of MSCs in alginate hydrogels has been attempted for applications 
ranging from the regeneration of bone, cartilage, and tendon to the repair of dam-
aged myocardium and trachea. Most of the initial data on the use of alginate/MSC 
constructs have been obtained in vitro (Table 1).
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Functionalization of alginate has been achieved with molecules mimicking the 
ECM, the most commonly used of which are RGD and gelatin. RGD has been used 
to increase adhesion in photo cross-linked alginate hydrogels which were found to 
maintain viability and promote proliferation of bone marrow MSCs [32] and muscle 
differentiation of umbilical cord MSCs in alginate-fibrin hydrogels [33]. Tyramine 
has been also cross-linked to alginate to increase MSC adhesion [34]. In hydrogels 
functionalized with RGD, it has been shown that high cell density favors cell-cell 
contact and promotes osteogenic differentiation [35] as well as increasing survival 
and VEGF secretion from MSC spheroids [36]. The combination of RGD with a 
matrix metalloproteinase cleavable peptide (proline-valine-glycine-leucine-iso-
leucine-glycine) in alginate has been shown to promote adhesion and allow better 

First author 
[reference]

Year Type of hydrogel MSC type

Park Y [43] 2005 Alginate Synovial MSCs

Coates EE [42] 2013 Methacrylated alginate-HA Bone marrow MSCs

Tohamy KM 
[45]

2018 Sodium alginate (SA)/hydroxyethylcellulose 
(HEC)/hydroxyapatite (HA)

Bone marrow MSCs

Yeatts A [60] 2011 Alginate Bone marrow MSCs

Wang M [61] 2016 Alginate-HA Bone marrow MSCs

Chen B [56] 2013 Strontium crosslinked alginate Bone marrow MSCs

Weber M 
[41]***

2002 Alginate C3H10T1/2 MSC cell 
line

Hsu S [50] 2011 Alginate/nano-sized calcium-deficient 
hydroxyapatite/RGD

Placental MSCs and 
bone marrow MSCs

Schütz K [58] 2017 Alginate/methylcellulose Bone marrow MSCs

Kolambkar Y 
[64]

2007 Alginate Amniotic fluid MSCs

Liu J [33] 2012 Alginate-fibrin-RGD Umbilical cord MSCs

Du W-J [65] 2016 Alginate-HA Bone marrow and 
adipose MSCs

Straccia M [66] 2015 Alginate-chitosan Bone marrow MSCs

Maia F [35] 2014 Alginate-RGD Bone marrow MSCs

Huang J [59] 2016 Alginate-gelatin-carboxymethyl chitosan Bone marrow MSCs

Karunanithi P 
[38]

2016 Alginate-fucoidan Bone marrow MSCs

Klontzas ME 
[20]

2019 Oxidized alginate-GHK Umbilical cord blood 
MSCs

Jose S [39] 2014 Alginate-GHK Bone marrow MSCss

Sarker B [53] 2017 Oxidized alginate-gelatin Adipose tissue MSCs

Bernhardt A 
[46]

2009 Alginate-gelatin-HA Bone marrow MSCs

Wang Y [47] 2014 Oxidized alginate-gelatin-N-succinyl chitosan Bone marrow MSCs

Zhao L [48] 2010 Alginate-calcium phosphate Umbilical cord MSCs

Zhou H [49] 2011 Alginate-fibrin Umbilical cord MSCs

Table 1. 
Representative in vitro studies combining alginate-based hydrogels with MSCs.
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elongation of MSCs than RGD alginate [37]. Increased chondrogenesis has been also 
demonstrated with the incorporation of fucoidan (a heparan sulfate analogue) in 
alginate hydrogels seeded with bone marrow MSCs [38]. Glycine-histidine-lysine 
(GHK), a tripeptide fragment 0f osteonectin (a bone ECM protein), has been 
cross-linked with natural alginate and oxidized alginate achieving enhanced VEGF 
secretion from bone marrow MSCs [39] and increased osteogenic differentiation of 
umbilical cord blood MSCs compared to oxidized alginate with gelatin [20]. Finally, 
functionalization of alginate with RGD has been shown to promote adipose tissue 
MSC chondrogenesis via integrin-dependent transforming growth factor (TGF)-β3 
activation [40].

One of the most common applications of alginate/MSC constructs is for carti-
lage tissue engineering. It has been shown that cells differentiated to chondroblasts 
in alginate hydrogels produce more collagen type II than in monolayer where they 
predominantly produce collagen type I [41]. In addition, photocrosslinked alginate/
hyaluronic acid injectable hydrogels have been shown to support the chondrogenic 
differentiation of bone marrow MSCs for cartilage tissue engineering [42]. Alginate 
hydrogels have been also combined with synovial MSCs showing chondrogenic gene 
expression and collagen type II deposition under the effect of bone morphogenetic 
protein-2 (BMP-2). However, the authors noted that full progression of chondro-
genesis was not feasible [43]. Interestingly enough when applied to bone marrow 
MSCs in RGD-alginate hydrogels, BMP-2 has promoted osteogenic differentiation 
showing that it favors osteogenic differentiation [44].

Several studies have demonstrated the suitability of alginate hydrogels in 
combination with MSCs for bone tissue engineering. Sodium alginate (SA)/
hydroxyethylcellulose (HEC)/hydroxyapatite (HA) hydrogels have been combined 
with bone marrow MSCs for bone tissue engineering maintaining high cell viability 
and proliferation [45]. Alginate-gelatin-hydroxyapatite [46] and oxidized alginate-
gelatin-N-succinyl chitosan hydrogels [47] have been shown to promote the osteo-
genic differentiation of bone marrow MSCs. Injectable hydrogels have been also 
tested for the repair of bone defects such as alginate-calcium phosphate [48] and 
alginate-fibrin hydrogels [49] combined with umbilical cord MSCs. Such materi-
als enable the direct injection of the hydrogel paste in a bone defect and have been 
shown to promote osteogenic differentiation of MSCs facilitating fracture healing. 
Hydroxyapatite (calcium-deficient) and RGD have also been combined with algi-
nate for cartilage regeneration showing that placental MSCs could perform better 
chondrogenesis than bone marrow MSCs [50]. However, RGD-functionalized 
alginate has been also shown to enhance osteogenic differentiation, mineralization, 
and viability [51, 52]. Oxidized alginate hydrogels have been also widely utilized 
for bone tissue engineering. It has been cross-linked with fibrin achieving high 
cell viability and osteogenic differentiation of Wharton’s jelly MSCs compared to 
plain natural and oxidized alginate [49]. Sarker and co-workers have described 
the crosslinking of oxidized alginate with gelatin hydrogels for bone regeneration, 
demonstrating enhanced osteogenesis of adipose tissue and increase of VEGF 
secretion from MG-63 osteosarcoma cells compared to plain alginate and RGD-
functionalized alginate [27, 53]. Other groups have also confirmed the suitability of 
oxidized alginate for the osteogenic differentiation of adipose-derived MSCs [53] 
and muscle differentiation of Wharton’s jelly MSCs [54].

Apart from bone and cartilage regeneration, alginate hydrogels have found a 
limited number of other applications such as the regeneration of nucleus pulposus 
of the intervertebral disk, the cryopreservation of MSCs, and the  three-dimensional 
printing of cellularized structures. Specifically, alginate hydrogels outperform 
chitosan hydrogels in glycosaminoglycan deposition and the production of col-
lagen type II for nucleus pulposus engineering [55]. In addition, they have been 
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elongation of MSCs than RGD alginate [37]. Increased chondrogenesis has been also 
demonstrated with the incorporation of fucoidan (a heparan sulfate analogue) in 
alginate hydrogels seeded with bone marrow MSCs [38]. Glycine-histidine-lysine 
(GHK), a tripeptide fragment 0f osteonectin (a bone ECM protein), has been 
cross-linked with natural alginate and oxidized alginate achieving enhanced VEGF 
secretion from bone marrow MSCs [39] and increased osteogenic differentiation of 
umbilical cord blood MSCs compared to oxidized alginate with gelatin [20]. Finally, 
functionalization of alginate with RGD has been shown to promote adipose tissue 
MSC chondrogenesis via integrin-dependent transforming growth factor (TGF)-β3 
activation [40].

One of the most common applications of alginate/MSC constructs is for carti-
lage tissue engineering. It has been shown that cells differentiated to chondroblasts 
in alginate hydrogels produce more collagen type II than in monolayer where they 
predominantly produce collagen type I [41]. In addition, photocrosslinked alginate/
hyaluronic acid injectable hydrogels have been shown to support the chondrogenic 
differentiation of bone marrow MSCs for cartilage tissue engineering [42]. Alginate 
hydrogels have been also combined with synovial MSCs showing chondrogenic gene 
expression and collagen type II deposition under the effect of bone morphogenetic 
protein-2 (BMP-2). However, the authors noted that full progression of chondro-
genesis was not feasible [43]. Interestingly enough when applied to bone marrow 
MSCs in RGD-alginate hydrogels, BMP-2 has promoted osteogenic differentiation 
showing that it favors osteogenic differentiation [44].

Several studies have demonstrated the suitability of alginate hydrogels in 
combination with MSCs for bone tissue engineering. Sodium alginate (SA)/
hydroxyethylcellulose (HEC)/hydroxyapatite (HA) hydrogels have been combined 
with bone marrow MSCs for bone tissue engineering maintaining high cell viability 
and proliferation [45]. Alginate-gelatin-hydroxyapatite [46] and oxidized alginate-
gelatin-N-succinyl chitosan hydrogels [47] have been shown to promote the osteo-
genic differentiation of bone marrow MSCs. Injectable hydrogels have been also 
tested for the repair of bone defects such as alginate-calcium phosphate [48] and 
alginate-fibrin hydrogels [49] combined with umbilical cord MSCs. Such materi-
als enable the direct injection of the hydrogel paste in a bone defect and have been 
shown to promote osteogenic differentiation of MSCs facilitating fracture healing. 
Hydroxyapatite (calcium-deficient) and RGD have also been combined with algi-
nate for cartilage regeneration showing that placental MSCs could perform better 
chondrogenesis than bone marrow MSCs [50]. However, RGD-functionalized 
alginate has been also shown to enhance osteogenic differentiation, mineralization, 
and viability [51, 52]. Oxidized alginate hydrogels have been also widely utilized 
for bone tissue engineering. It has been cross-linked with fibrin achieving high 
cell viability and osteogenic differentiation of Wharton’s jelly MSCs compared to 
plain natural and oxidized alginate [49]. Sarker and co-workers have described 
the crosslinking of oxidized alginate with gelatin hydrogels for bone regeneration, 
demonstrating enhanced osteogenesis of adipose tissue and increase of VEGF 
secretion from MG-63 osteosarcoma cells compared to plain alginate and RGD-
functionalized alginate [27, 53]. Other groups have also confirmed the suitability of 
oxidized alginate for the osteogenic differentiation of adipose-derived MSCs [53] 
and muscle differentiation of Wharton’s jelly MSCs [54].

Apart from bone and cartilage regeneration, alginate hydrogels have found a 
limited number of other applications such as the regeneration of nucleus pulposus 
of the intervertebral disk, the cryopreservation of MSCs, and the  three-dimensional 
printing of cellularized structures. Specifically, alginate hydrogels outperform 
chitosan hydrogels in glycosaminoglycan deposition and the production of col-
lagen type II for nucleus pulposus engineering [55]. In addition, they have been 
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used for the cryopreservation of MSCs avoiding minimizing the effects of freezing 
and thawing on stem cell viability [56], and various formulations of alginate such 
as oxidized alginate-gelatin [57], alginate/methylcellulose [58], and alginate-
gelatin-carboxymethyl chitosan [59] have been found to be suitable for 3D printing 
applications.

Finally, it should be mentioned that there is a constantly increasing use of 
dynamic bioreactor cultures for the cultivation of alginate/MSC constructs. For 
example, dynamic perfusion bioreactor cultures of bone marrow MSCs in alginate 
hydrogels have been shown to enhance early in vitro osteogenic commitment and 
late osteogenesis [60, 61], and dynamic cultures incorporating compression forces 
have been used for chondrogenic differentiation purposes [62].

Despite the encouraging in vitro results, it needs to be noted that in vitro data 
do not necessarily correlate to the efficiency of hydrogels in vivo. As shown by 
Yang et al. who performed a direct in vitro-in vivo comparison of differentiation in 
alginate-gelatin hydrogels with MSCs, subcutaneous implantation in mice inhibits 
tri-lineage differentiation despite the efficient in vitro differentiation [63]. These 
results highlight the fact that caution is needed when extrapolating in vitro results 
to the in vivo setting.

3.2 In vivo paradigms of alginate/MSC constructs

Various types of alginate hydrogels have been shown to promote bone healing 
in animal models (Table 2). Injectable materials such as chitosan-alginate-BMP-2 
and alginate-hydroxyapatite (HA)-mineralized microsphere combinations have 
been used in conjunction with MSCs to promote bone healing in vivo, dem-
onstrating the efficient formation of trabecular bone [67, 68]. When used for 
bone tissue engineering, alginate hydrogels are usually seeded with MSCs and 
are allowed to gradually obtain higher mechanical stability as a result of ECM 
deposition and mineralization. However, tough alginate hydrogels have been also 
developed in order to achieve high mechanical stability which has been shown to 
promote bone healing [69]. Additionally, animal experiments have shown that 
when RGD is used for alginate modification, faster stress relaxation of alginate 
hydrogels [70] and high peptide density are linked to more efficient osteogenic 
differentiation than low peptide density which was linked to cell migration [71]. 
This correlates with results showing that increasing RGD concentrations inhibit 
chondrogenic differentiation in vitro [72]. Rottensteiner et al. utilized oxidized 
 alginate-gelatin-nano-Bioglass hydrogels for bone regeneration identifying evi-
dence of in vivo vascularization without adverse reactions, despite the cytotoxic 
action of Bioglass in vitro [73]. Additionally, Paul et al. successfully treated critical 
size calvarial defects with serum-loaded oxidized alginate-gelatin-biphasic calcium 
phosphate hydrogels with rat BM MSCs [74]. Importantly, encapsulation of MSCs 
in oxidized and natural alginate hydrogels increases vascularization which is of 
utmost importance in bone tissue engineering and the repair of vascular lesions 
[75] such as hind limb ischemia [76].

The ability of alginate hydrogels with MSCs to repair cartilage defects in animal 
models has been demonstrated in a variety of studies with various MSC types and 
hydrogel formulations. Chung et al. have compared a variety of hydrogel formulations 
including alginate, HA, chitosan, pluronic, and combinations of them seeded with 
umbilical cord blood MSCs. Their results demonstrated that even though alginate 
mixed with pluronic and chitosan achieved a certain degree of healing in rat knee 
cartilage defects, it was 4% hyaluronic acid which resulted in the optimal cartilage 
repair with macroscopic and microscopic appearance of adjacent healthy cartilage [77]. 
High-quality repair of in vivo rabbit cartilage defects has been shown with the use of 
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bone marrow MSCs and natural alginate [78]. Alginate has been also combined with 
polylactic acid to promote in vivo cartilage repair with bone marrow MSCs [79]. In vivo 
cartilage differentiation in alginate hydrogels has been also attempted for the repair of 
tracheal tissue with the combination of adipose tissue MSCs and chondrocytes [80]. 
Synovial MSCs have also been co-cultured with chondrocytes transgenic for TGF-β3 in 
alginate hydrogels, demonstrating that TGF-β3 release can induce synovial MSC chon-
drogenesis [81]. The simultaneous activation of TGF-β3 and BMP-2 genes in MSC laden 
alginate hydrogels showed superior chondrogenesis compared to the isolated delivery 
of each one of the factors where cells progressed to endochondral osteogenesis instead 
of chondrogenesis [82]. Interestingly, alginate was found more capable in promoting 
endochondral osteogenesis than chondrogenesis when compared to chitosan [83]. 

First author 
[reference]

Year Type of hydrogel MSC type Application

Zhang F [81] 2012 Alginate Co-culture of synovial 
MSCs with transgenic 

chondrocytes

Cartilage 
regeneration

Yu J [85] 2010 Alginate-RGD Bone marrow MSCs Myocardial 
regeneration

Yang C [63] 2009 Alginate-gelatin 
porous scaffolds

Bone marrow MSCs Regeneration of 
multiple tissues

Leijs M [91] 2017 Alginate Bone marrow MSCs Inflammatory 
diseases

Steiner D [92] 2018 Oxidized 
alginate-gelatin

Bone marrow MSCs Vascularization

Wang S [90] 2016 Alginate Umbilical cord MSCs Skin wound healing

Rottensteiner 
[73]

2014 Oxidized alginate with 
nano-Bioglass®

Bone marrow MSCs Bone regeneration

Chung J [77] 2014 Alginate combined 
with pluronic, HA, 

and chitosan

Umbilical cord blood Cartilage 
regeneration

Re’em T [84] 2012 Alginate with TGF-β1 Bone marrow MSCs Cartilage 
regeneration

Sondermeijer H 
[86]

2018 Alginate-cyclic RGD Bone marrow MSCs Cardiac 
regeneration

Park D [67] 2005 Alginate-chitosan-
BMP-2

Bone marrow MSCs Bone regeneration

Schon LC [88] 2014 Alginate Bone marrow MSCs Tendon 
regeneration

Hashemibeni B 
[80]

2012 Alginate Adipose MSCs and 
chondrocytes

Tracheal repair

Ho SS [93] 2016 Oxidized 
methacrylated 
alginate-RGD

Bone marrow MSCs Bone regeneration

Moshaverinia 
A [89]

2014 RGD-alginate with 
TGF-β3

Gingival and 
periodontal MSCs

Tendon 
regeneration

Ingavle GC [68] 2019 Alginate-HA-
mineralized 

microspheres

Bone marrow MSCs Bone regeneration

Table 2. 
Representative in vivo studies combining alginate-based hydrogels with MSCs.
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used for the cryopreservation of MSCs avoiding minimizing the effects of freezing 
and thawing on stem cell viability [56], and various formulations of alginate such 
as oxidized alginate-gelatin [57], alginate/methylcellulose [58], and alginate-
gelatin-carboxymethyl chitosan [59] have been found to be suitable for 3D printing 
applications.

Finally, it should be mentioned that there is a constantly increasing use of 
dynamic bioreactor cultures for the cultivation of alginate/MSC constructs. For 
example, dynamic perfusion bioreactor cultures of bone marrow MSCs in alginate 
hydrogels have been shown to enhance early in vitro osteogenic commitment and 
late osteogenesis [60, 61], and dynamic cultures incorporating compression forces 
have been used for chondrogenic differentiation purposes [62].

Despite the encouraging in vitro results, it needs to be noted that in vitro data 
do not necessarily correlate to the efficiency of hydrogels in vivo. As shown by 
Yang et al. who performed a direct in vitro-in vivo comparison of differentiation in 
alginate-gelatin hydrogels with MSCs, subcutaneous implantation in mice inhibits 
tri-lineage differentiation despite the efficient in vitro differentiation [63]. These 
results highlight the fact that caution is needed when extrapolating in vitro results 
to the in vivo setting.

3.2 In vivo paradigms of alginate/MSC constructs

Various types of alginate hydrogels have been shown to promote bone healing 
in animal models (Table 2). Injectable materials such as chitosan-alginate-BMP-2 
and alginate-hydroxyapatite (HA)-mineralized microsphere combinations have 
been used in conjunction with MSCs to promote bone healing in vivo, dem-
onstrating the efficient formation of trabecular bone [67, 68]. When used for 
bone tissue engineering, alginate hydrogels are usually seeded with MSCs and 
are allowed to gradually obtain higher mechanical stability as a result of ECM 
deposition and mineralization. However, tough alginate hydrogels have been also 
developed in order to achieve high mechanical stability which has been shown to 
promote bone healing [69]. Additionally, animal experiments have shown that 
when RGD is used for alginate modification, faster stress relaxation of alginate 
hydrogels [70] and high peptide density are linked to more efficient osteogenic 
differentiation than low peptide density which was linked to cell migration [71]. 
This correlates with results showing that increasing RGD concentrations inhibit 
chondrogenic differentiation in vitro [72]. Rottensteiner et al. utilized oxidized 
 alginate-gelatin-nano-Bioglass hydrogels for bone regeneration identifying evi-
dence of in vivo vascularization without adverse reactions, despite the cytotoxic 
action of Bioglass in vitro [73]. Additionally, Paul et al. successfully treated critical 
size calvarial defects with serum-loaded oxidized alginate-gelatin-biphasic calcium 
phosphate hydrogels with rat BM MSCs [74]. Importantly, encapsulation of MSCs 
in oxidized and natural alginate hydrogels increases vascularization which is of 
utmost importance in bone tissue engineering and the repair of vascular lesions 
[75] such as hind limb ischemia [76].

The ability of alginate hydrogels with MSCs to repair cartilage defects in animal 
models has been demonstrated in a variety of studies with various MSC types and 
hydrogel formulations. Chung et al. have compared a variety of hydrogel formulations 
including alginate, HA, chitosan, pluronic, and combinations of them seeded with 
umbilical cord blood MSCs. Their results demonstrated that even though alginate 
mixed with pluronic and chitosan achieved a certain degree of healing in rat knee 
cartilage defects, it was 4% hyaluronic acid which resulted in the optimal cartilage 
repair with macroscopic and microscopic appearance of adjacent healthy cartilage [77]. 
High-quality repair of in vivo rabbit cartilage defects has been shown with the use of 
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bone marrow MSCs and natural alginate [78]. Alginate has been also combined with 
polylactic acid to promote in vivo cartilage repair with bone marrow MSCs [79]. In vivo 
cartilage differentiation in alginate hydrogels has been also attempted for the repair of 
tracheal tissue with the combination of adipose tissue MSCs and chondrocytes [80]. 
Synovial MSCs have also been co-cultured with chondrocytes transgenic for TGF-β3 in 
alginate hydrogels, demonstrating that TGF-β3 release can induce synovial MSC chon-
drogenesis [81]. The simultaneous activation of TGF-β3 and BMP-2 genes in MSC laden 
alginate hydrogels showed superior chondrogenesis compared to the isolated delivery 
of each one of the factors where cells progressed to endochondral osteogenesis instead 
of chondrogenesis [82]. Interestingly, alginate was found more capable in promoting 
endochondral osteogenesis than chondrogenesis when compared to chitosan [83]. 

First author 
[reference]

Year Type of hydrogel MSC type Application

Zhang F [81] 2012 Alginate Co-culture of synovial 
MSCs with transgenic 
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Yu J [85] 2010 Alginate-RGD Bone marrow MSCs Myocardial 
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Yang C [63] 2009 Alginate-gelatin 
porous scaffolds

Bone marrow MSCs Regeneration of 
multiple tissues

Leijs M [91] 2017 Alginate Bone marrow MSCs Inflammatory 
diseases

Steiner D [92] 2018 Oxidized 
alginate-gelatin

Bone marrow MSCs Vascularization

Wang S [90] 2016 Alginate Umbilical cord MSCs Skin wound healing

Rottensteiner 
[73]

2014 Oxidized alginate with 
nano-Bioglass®

Bone marrow MSCs Bone regeneration

Chung J [77] 2014 Alginate combined 
with pluronic, HA, 
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Umbilical cord blood Cartilage 
regeneration
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Finally, TGF-β1-releasing alginate hydrogels have been used to promote chondrogenesis 
of MSCs, demonstrating in vitro increase of chondrogenic markers and healing of 
articular cartilage defects in mice [84].

Another important application of alginate/MSC constructs is the treatment 
of myocardial lesions. Yu et al. combined RGD-functionalized alginate hydrogels 
with human bone marrow MSCs showing that they could improve left ventricular 
function after myocardial infarction in a rat acute myocardial infarction model [85]. 
Cyclic RGD in alginate hydrogels has been also shown to promote neoangiogenesis 
and cardiac neovascularization, improving cardiac function in animals post-
myocardial infarction [86]. Finally, when alginate hydrogels are used for cardiac 
regeneration, it has been shown that G-type alginates possess properties suited for 
the regeneration of cardiac tissue [87].

MSCs have been combined with alginate hydrogels for tendon repair purposes 
in animal model of tendon tears. For example, rat Achilles tendon lesions have been 
treated with hydrogels loaded with MSCs [88] showing healing of higher qual-
ity than surgical meshes and sutures. In addition, RGD-functionalized hydrogels 
loaded with TGF-β3 and loaded with periodontal and gingival MSCs were found to 
efficiently produce tendon tissue when implanted subcutaneously in mice [89].

Alginate hydrogels have also been widely utilized as wound dressings either 
alone or in combination with MSCs. For this application, various types of MSCs 
have been used including umbilical cord MSCs [90] and bone marrow MSCs in 
alginate-chitosan hydrogels with antibacterial properties [66].

Finally, alginate hydrogels have been used to protect MSCs from the local 
immune response elicited when allogeneic cells are implanted in vivo. They have 
been shown to provide protection from the immune system increasing the survival 
of MSCs in the hostile environment of the host-releasing immunomodulatory 
 factors [91].

4. Conclusions

In conclusion, alginate/MSC constructs have been used for a wide variety 
of regenerative medicine applications, ranging from musculoskeletal to cardiac 
tissue repair. MSCs isolated from adult and fetal tissues have been combined with 
alginate hydrogels functionalized with extracellular matrix components, miner-
als, and other natural polymers and evaluated in vitro and in vivo. In vitro studies 
demonstrated the ability of alginate hydrogel at different formulations to support 
MSC growth and differentiation toward several lineages, whereas in vivo data 
have shown that when alginate-based materials are combined with MSCs, they can 
achieve successful healing of bone and cartilage defects, myocardial tissue after 
myocardial infarction, tendon tears, and skin wound. Nonetheless, evaluation 
of safety and efficacy of the constructs is required prior to clinical use. Existing 
in vitro and in vivo data demonstrate the potential of alginates to play an important 
future role in regenerative medicine, reaching the bedside and achieving regenera-
tion of damaged tissues.
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Abstract

This chapter presents the following multipotential applications of alginate-
based hydrogels in tissue healing and drug delivery. It contains state of the art and 
summary of the literature reports, which demonstrate that alginate-based hydrogels 
have a great potential in tissue healing. Sodium alginate (SA) is mainly used in 
medical devices for healing of wounds, scars, injuries of bones, regeneration of 
joint cartilage, and scaffold for cell growth and in drug delivery systems (DDSs). 
The latest literature describes the effects of laboratory tests and in vivo, which 
confirm the validity of its use as a biomaterial. Alginate biodegradable scaffolds can 
be a template that provides a suitable substrate for cellular growth while matching 
the physiochemical properties of the native extracellular matrix (ECM). Matching 
scaffold stiffness to the surrounding tissue and optimising its rate of degradation 
ensure that the infiltrating cells remain viable, maintain their desired phenotype 
and coordinate their response over the entirety of the wound healing process.

Keywords: sodium alginate hydrogels, regenerative medicine, artificial organs, 
bioresorbable hydrogels, tissue healing

1. Introduction

Advances in tissue regeneration are possible due to development in the areas 
of engineering of the cells, materials and tissue architecture. Cell engineering 
mainly use genetic tools, mesenchymal stem cells or indecent pluripotent stem cells. 
Engineering of materials developed novel chemistries, growth factors and biome-
chanical conditions, whereas engineering of tissue architecture proposed novel 
techniques for manufacturing of scaffolds for cell growth, i.e., by using decellular-
ised organs, 3D printing and self-assembly structures [1]. These three research areas 
are crucial for progress in tissue healing, and they must be compatible with each 
other. The stem cells will not grow properly on toxic material or in toxic biochemi-
cal and biomechanical conditions. For proper tissue healing, micromovements 
between the tissue structures—cells and extracellular matrix—are crucial. Like in 
bone growth, Wolff ’s law states: If loading on a particular bone increases, the bone will 
remodel itself over time to become stronger to resist that sort of loading [2, 3]. To develop 
new achievements in material design to improve tissue regeneration, it is necessary 
to analyse the interactions between the material and tissue on macro-, micro- and 
nanoscales. It is important to consider cell-matrix interactions and cell-cell interac-
tions in the design and fabrication of hydrogels such as tissue engineering scaf-
folds because these interactions significantly affect the cell phenotype such as cell 
growth, adhesion and differentiation [32].



Alginates - Recent Uses of This Natural Polymer

80

[84] Re’em T, Kaminer-Israeli Y, Ruvinov 
E, Cohen S. Chondrogenesis of hMSC 
in affinity-bound TGF-beta scaffolds. 
Biomaterials. 2012;33:751-761

[85] Yu J, Du KT, Fang Q , Gu Y, Mihardja 
SS, Sievers RE, et al. The use of human 
mesenchymal stem cells encapsulated 
in RGD modified alginate microspheres 
in the repair of myocardial infarction in 
the rat. Biomaterials. 2010;31:7012-7020

[86] Sondermeijer HP, Witkowski P, Seki 
T, Van Der Laarse A, Itescu S, Hardy 
MA. RGDfK-peptide modified alginate 
scaffold for cell. Tissue Engineering. 
Part A. 2018;24:740-751

[87] Ceccaldi C, Fullana SG, Alfarano 
C, Lairez O, Calise D, Cussac D, et al. 
Alginate scaffolds for mesenchymal 
stem cell cardiac therapy: Influence 
of alginate composition. Cell 
Transplantation. 2012;21:1969-1984

[88] Schon LC, Gill N, Thorpe M, Davis 
J, Nadaud J, Kim J, et al. Efficacy of a 
mesenchymal stem cell loaded surgical 
mesh for tendon repair in rats. Journal 
of Translational Medicine. 2014;12:1-9

[89] Moshaverinia A, Xu X, Chen C, 
Ansari S, Zadeh HH, Snead ML, et al. 
Application of stem cells derived 
from the periodontal ligament or 
gingival tissue sources for tendon 
tissue regeneration. Biomaterials. 
2014;35:2642-2650

[90] Wang S, Yang H, Tang Z, Long G, 
Huang W. Wound dressing model of 
human umbilical cord mesenchymal 
stem cells-alginates complex promotes 
skin wound healing by paracrine 
signaling. Stem Cells International. 
2016;3269267:1-8

[91] Leijs MJC, Villafuertes E, Haeck JC, 
Koevoet WJLM, Fernandez-Gutierrez 
B, Hoogduijn MJ, et al. Encapsulation 
of allogeneic mesenchymal stem cells 
in alginate extends local presence and 

therapeutic function. European Cells & 
Materials. 2017;33:43-58

[92] Steiner D, Lingens L, Fischer L, 
Köhn K, Detsch R, Boccaccini AR, 
et al. Encapsulation of mesenchymal 
stem cells improves vascularization 
of alginate-based scaffolds. Tissue 
Engineering Part A. 2018;24:1320-1331

[93] Ho SS, Vollmer NL, Refaat MI,  
Jeon O, Alsberg E, et al. Bone 
morphogenetic protein-2 promotes 
human mesenchymal stem cell survival 
and resultant bone formation when 
entrapped in photocrosslinked alginate 
hydrogels. Advanced Healthcare 
Materials. 2016;5:2501-2509

81

Chapter 5

Alginate-Based Hydrogels in 
Regenerative Medicine
Agnieszka Kaczmarek-Pawelska

Abstract

This chapter presents the following multipotential applications of alginate-
based hydrogels in tissue healing and drug delivery. It contains state of the art and 
summary of the literature reports, which demonstrate that alginate-based hydrogels 
have a great potential in tissue healing. Sodium alginate (SA) is mainly used in 
medical devices for healing of wounds, scars, injuries of bones, regeneration of 
joint cartilage, and scaffold for cell growth and in drug delivery systems (DDSs). 
The latest literature describes the effects of laboratory tests and in vivo, which 
confirm the validity of its use as a biomaterial. Alginate biodegradable scaffolds can 
be a template that provides a suitable substrate for cellular growth while matching 
the physiochemical properties of the native extracellular matrix (ECM). Matching 
scaffold stiffness to the surrounding tissue and optimising its rate of degradation 
ensure that the infiltrating cells remain viable, maintain their desired phenotype 
and coordinate their response over the entirety of the wound healing process.

Keywords: sodium alginate hydrogels, regenerative medicine, artificial organs, 
bioresorbable hydrogels, tissue healing

1. Introduction

Advances in tissue regeneration are possible due to development in the areas 
of engineering of the cells, materials and tissue architecture. Cell engineering 
mainly use genetic tools, mesenchymal stem cells or indecent pluripotent stem cells. 
Engineering of materials developed novel chemistries, growth factors and biome-
chanical conditions, whereas engineering of tissue architecture proposed novel 
techniques for manufacturing of scaffolds for cell growth, i.e., by using decellular-
ised organs, 3D printing and self-assembly structures [1]. These three research areas 
are crucial for progress in tissue healing, and they must be compatible with each 
other. The stem cells will not grow properly on toxic material or in toxic biochemi-
cal and biomechanical conditions. For proper tissue healing, micromovements 
between the tissue structures—cells and extracellular matrix—are crucial. Like in 
bone growth, Wolff ’s law states: If loading on a particular bone increases, the bone will 
remodel itself over time to become stronger to resist that sort of loading [2, 3]. To develop 
new achievements in material design to improve tissue regeneration, it is necessary 
to analyse the interactions between the material and tissue on macro-, micro- and 
nanoscales. It is important to consider cell-matrix interactions and cell-cell interac-
tions in the design and fabrication of hydrogels such as tissue engineering scaf-
folds because these interactions significantly affect the cell phenotype such as cell 
growth, adhesion and differentiation [32].



Alginates - Recent Uses of This Natural Polymer

82

Hydrogels, as cross-linked polymeric networks, contain hydrophilic groups that 
promote swelling due to interaction with water. They have been in use for clini-
cal applications since the 1960s, initially for use in ocular applications including 
contact lenses and intraocular lenses due to their favourable oxygen permeability 
and lack of irritation leading to inflammation and foreign body reaction, which 
was observed with other plastics. Hydrogels used in regenerative applications 
can be based on naturally or synthetically derived polymers. By most definitions, 
native tissues, particularly the extra-cellular matrix, are hydrogels and derivatives 
of these and other naturally based systems which are in widespread use [4, 5]. In a 
three-dimensional, cross-linked network of hydrophilic polymer, hydrogels offer 
properties such as flexibility in mechanical properties, biocompatibility, capacity to 
retain large ratio of solvent and ability to be prepared in an injectable form among 
others. These have made them as a potential candidate for use in biomedical and 
pharmaceutical applications such as tissue engineering [22, 24].

Molecules used for fabricating hydrogels range from natural polymers, such as 
dextran, gelatine and hyaluronic acid (HA), to synthetic polymers, such as polyeth-
ylene glycol (PEG), polyacrylamide (PAAm) and polyvinyl alcohol (PVA). Natural 
and synthetic polymers have their own advantages such as biocompatibility and high 
mechanical strength, respectively. Different cross-linking methods for 3D construc-
tion of hydrogel scaffolds include chemical cross-linking with covalent bond, electro-
static interaction, hydrogen bond interaction and self-assembly of polymer chains [6].

Hydrogels from natural polymers have a great potential in regenerative medicine 
because of their biocompatibility, biodegradability, mechanical properties, bio-
resorption ability and relative low cost. Among them, sodium alginate, a polysac-
charide derived from brown seaweed, is widely investigated and used in biomedical 
applications. Alginate is highly hydrophilic and able to absorb wound exudate 
maintaining moist microenvironment. Alginate dressings are also useful as delivery 
platform in order to provide a controlled release of therapeutic substances (e.g., 
pain relieving and antibacterial and anti-inflammatory agents) [7], which will be 
discussed in the following sections.

2. Alginate hydrogels in tissue regeneration

Sodium alginate is classified in the group of hydrogels used in regenerative 
medicine and medical technology applications, and it is the second most abundant 
polysaccharide on earth, derived from seaweed, and contains β-D-mannuronate 
(M blocks) and β-L-guluronate subunits (G blocks) bonded with 1,4 linkage. 
The mechanical properties of these gels can be modulated depending on the 
divalent cation used to achieve cross-linking. Bivalent and trivalent cations such 
as Ca2+, Ba2+, Mg2+, Fe2+ and Al3+ covalently bind alginate G blocks to form a three- 
dimensional structure called “egg box”. For example, the use of barium or strontium 
instead of calcium leads to more rigid gels. M and G blocks can be combined in 
different sequences or alternately ensuring that bivalent cation cross-linked poly-
mer chains form a 3D structure capable of binding large amounts of water, drugs 
and bioactive substances supporting tissue regeneration. Results of studies revealed 
that sodium alginate cross-linked with calcium ions stimulates proliferation and 
differentiation of osteoblasts in vitro [4, 38, 61].

2.1 Wounds and skin

As the largest organ of the human body, the skin plays a pivotal role in main-
taining homeostasis as well as protecting the internal organs from the external 
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environment. Cutaneous injuries, especially chronic wounds, burns and skin wound 
infections, require long-term treatment. In the United States, chronic wounds affect 
6.5 million patients, with about 18% of diabetic patients over the age of 65 suffer 
from non-healing foot ulcers [36]. Wound healing is a complex and highly regulated 
physiological process that involves various cell types (i.e., immune cells, endothelial 
cells, keratinocytes and fibroblasts) and pathways, activated and coordinated in 
order to restore the tissue integrity and homeostasis [7, 8]. In the proliferation phase 
of a wound formation, epithelialisation occurs, and newly formed granulation 
tissue consisting of endothelial cells, macrophages and fibroblasts begins to cover 
and fill the wound area by producing new extracellular matrix (ECM). The pres-
ence of the new extracellular matrix is crucial for proper healing because it provides 
conditions for sustaining cells and blood vessels, which provide nutrients needed to 
restore the tissue integrity and homeostasis [9]. The extracellular matrix also serves 
as a porous and pliable scaffold for supporting the movement of cells, nutrients and 
growth factor through the wound environment. Studies on chemical composition 
of ECM during wound healing indicate that the deposition of a number of matrix 
components is different in chronic and acute wounds. Therefore, drug-incorporated 
scaffolds are particularly promising for synergistically accelerating the healing 
process of chronic wounds [36, 37].

Summa et al. [7] examined wound-healing potential of the hydrogel films 
containing sodium alginate (NaAlg) 3 g/100 ml of H2O with the addition of 10% 
of the antiseptic povidone iodine (PVPI). The films were tested on a wound model 
on male mice, and the results showed significant reduction of the wound area and 
enhancement of re-epithelialisation in comparison to two groups: control and 
commercial products. The authors reported a significant reduction of the unhealed 
area after 3 days, and the wound closure was achieved within 12 days, which was 
more rapid and efficient than the other two groups. Histological results confirmed 
that NaAlg/PVPI films cause positive architectural changes on cellular level during 
the new tissue formation; the distance between tips of migrating epithelial tongues 
was the smallest in comparison to the other two groups. NaAlg/PVPI hydrogel 
films and their polysaccharide chains organised in a 3D structure on micro level 
enhance the wound healing and induce cell proliferation, whereas the presence of 
antiseptic povidone iodine in the films prevent bacterial infections. The authors did 
not examine the biomechanical properties of the NaAlg/PVPI films, so the elasticity 
and strength of these films are unknown, but the obtained results show that these 
films have biomechanical properties similar to mice skin.

Alginate-based hydrogels for wound healing with antibacterial components 
were also presented by Kaczmarek-Pawelska et al. [11]. Alginate hydrogel discs 
were obtained by cross-linking of sodium alginate solution with 0.5 M CaCl2. 
Moreover, the researchers examined different alginate concentrations, 0.10, 0.15 
and 0.20 mg/ml H2O, and two antibacterial agents: metronidazole and silver 
nanoparticles (AgNP). The results showed that the obtained hydrogels have 
mechanical characteristics similar to the human skin, so the material is biome-
chanically compatible and proper for wound healing, but the value of Young 
modulus decreased with increasing sodium alginate concentration from 8 MPa 
for 0.1 mg/ml to 1.2 MPa for 0.2 mg/ml of sodium alginate. Due to the research 
of Edwards, the Young modulus value of the skin is from 0.3 to 30 MPa [12]. 
The high range of this value is caused by the individual features of the samples 
donor. Mechanical tests revealed that for the hydrogel samples containing silver 
nanoparticles, the mechanical properties are similar for each sodium alginate 
concentration. The difference in sodium alginate concentration determines 
the cross-linking level, when the cross-linking agent (CaCl2) concentration is 
the same in every case examined. The cross-linking level influences the sample 
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elasticity and elongation under loading. Antibacterial tests revealed that hydrogels 
with the addition of metronidazole and AgNP inhibits the bacterial growth after 
18 h in comparison to control pure sodium alginate hydrogel. In the case of Gram-
negative Escherichia coli, both of the aseptic additives inhibit the bacterial growth, 
but sodium alginate hydrogel with silver nanoparticles gives better results in tests 
with Gram-positive Staphylococcus aureus. The effectiveness of silver nanoparticles 
released from sodium alginate hydrogel is twice as great as metronidazole.

In the case of the sodium alginate hydrogels, the antibacterial activity and 
biocompatibility of the sodium alginate hydrogels also depend on the type of cation 
used as a cross-linking agent. Zhou et al. carried out in vitro and in vivo studies 
of the different cross-linking agents and examined copper, zinc, strontium and 
calcium ions. The results showed that zinc-cross-linked hydrogel had a spectrum of 
antibacterial activities, cell viability, mechanical strength and the ability of wound 
closure by promoting fibroblast migration, vascularisation, collagen deposition and 
the formation of granulation tissue. Wound healing (Figure 1) was compared in the 
six groups of rats during 21 days; it was found that ion-cross-linked hydrogels could 
accelerate the wound repair on rat model, especially the zinc- and strontium-cross-
linked hydrogels [18].

Wichai et al. [10] proposed another wound dressing containing sodium alginate. 
The authors obtained membranes from bacterial cellulose (BC) incorporated with 
sodium alginate (AG), chitosan (CS) and copper sulphate (Cu). Moreover, they 
also examined how different amounts of sodium alginate and chitosan influence 
the membrane properties. Both of the polymers were used in different concentra-
tions: 0.2, 0.4, 0.6, 0.8 and 1.0% w/v. The results showed that the presence of 
sodium alginate increased the swelling ratio, but the tensile strength decreased with 
high alginate concentration in the membrane. Alginate in the BC/AG composite 
enhanced the molecular motion of BC and perturbed the hydrogen bond of the BC 
composite. Furthermore, it can be as the cause of the reduced mechanical strength. 
Cytotoxicity of the membranes was evaluated in tests with mouse fibroblasts (L929) 
and human dermal fibroblasts (HDFa), in comparison to commercially available 
wound dressings: Acticoat®, Askina® and BluRibbon®. The results of these tests 
show that BC/AG/Cs-Cu composite membranes appear to display excellent anti-
bacterial activity against E. coli and good biocompatibility when compared with the 
Acticoat®, Askina® and BluRibbon® commercial wound dressings.

Figure 1. 
The area of wound healing and general wound observation after treating with the ion-cross-linked hydrogels, 
nonionically cross-linked sodium alginate hydrogels such as control group and petrolatum gauze group at 
different times [18].
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Novel dressings for skin injury healing contain alginate alone or, much more 
often, as a component of a multicomponent material, with, e.g., polyvinyl alcohol 
[13, 14, 19, 20], gelatine [13, 20], silk fibroin [15, 16], hyaluronic acid [17] or even 
graphene oxide [21]. These components are added to increase the mechanical 
properties, hydrophilicity and adhesion of the cells to the scaffolds. Moreover, to 
target cell response, the additives like collagen [13] and hormones such as triiodo-
thyronine may be added [20].To support the healing process at the cellular level and 
recreate favourable architecture for the cell proliferation, the hydrogel scaffolds 
are produced by electrospinning. The high surface-to-volume ratio of nanofibers 
has been proven to be beneficial for the loading and delivery of drugs for wound 
recovery. Sobhanian [13] extracted collagen from rat tail and successfully grafted it 
on a nanofibrous scaffold from polyvinyl alcohol/gelatine/alginate. Modification of 
the scaffold with collagen increased its hydrophilicity and adhesion of the fibroblast 
cells. Collagen grafting resulted in the improved cell viability and proliferation 
on the scaffold. The obtained results confirmed that the as-prepared scaffold is 
hydrophilic and had acceptable bio-response and tensile properties. Tang et al. [14] 
produced and examined polyvinyl alcohol/alginate electrospun membrane with 
the addition of honey as an ancient natural wound-healing agent. The addition of 
honey in the nanofibers efficiently inhibited the growth of both Gram-positive bac-
terium (S. aureus) and Gram-negative bacterium (E. coli) and exhibited better anti-
bacterial effect against Gram-positive bacterium than Gram-negative bacterium. 
Satish et al. [20] proposed a dressing for patients who suffer from chronic wounds 
caused by diseases such as diabetes. It is formulated in the form of a lyophilised 
hydrogel comprising alginate, gelatine and polyvinyl alcohol (AGP), with the aim 
to absorb exudates, maintain a moist environment and enhance interaction with 
the tissues. To enhance the healing potential of the dressing, they add triiodothyro-
nine (active form of thyroid hormone) which plays a significant role in repair and 
regeneration of tissues (samples AGPT). The biomechanical properties of obtained 
hydrogels were proper for skin healing. Animal experiment studies (full-thickness 
excision wounds created in Wistar rat model) substantiated the explicit potential of 
the scaffold to encourage faster wound healing.

The advance in 3D bioprinting can offer precise cell patterning in predefined 
spatial locations, which enables the recapitulation of architectural organisation of 
native skin. However, the current bio-inks for skin cell printing are mostly alginate, 
collagen, fibrin or their mixture, which remain suboptimal [36].

2.2 Articular cartilage

Articular cartilage is a highly specialised and organised tissue that lines the ends 
of long bones and is integral to the functioning of all joints. It provides lubrication 
and mechanical strength to resist compressive and tensile forces that are essential 
for weight-bearing and movement. The cartilage has a unique extracellular matrix, 
which is comprised of an interpenetrating network of collagen and negatively 
charged proteoglycans and contains only one cell type—chondrocytes. Defects 
in cartilage do not heal properly because the cartilage has a limited regenerative 
capability [26]. Regeneration of articular cartilage remains an unmet medical need, 
which imposes a heavy burden on global economy and on the health-care commu-
nity. Articular cartilage repair is still a huge challenge for researchers and clinicians. 
Articular cartilage defects mainly result from mechanical trauma (e.g., sports 
injuries). Patients with acute traumatic joint injuries have a higher chance of devel-
oping posttraumatic osteoarthritis, a degenerative condition that results in severe 
pain and disability, eventually requiring a total joint replacement [29]. Similar 
to cartilage, hydrogels retain a large portion of water, which provides lubrication 
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used as a cross-linking agent. Zhou et al. carried out in vitro and in vivo studies 
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calcium ions. The results showed that zinc-cross-linked hydrogel had a spectrum of 
antibacterial activities, cell viability, mechanical strength and the ability of wound 
closure by promoting fibroblast migration, vascularisation, collagen deposition and 
the formation of granulation tissue. Wound healing (Figure 1) was compared in the 
six groups of rats during 21 days; it was found that ion-cross-linked hydrogels could 
accelerate the wound repair on rat model, especially the zinc- and strontium-cross-
linked hydrogels [18].

Wichai et al. [10] proposed another wound dressing containing sodium alginate. 
The authors obtained membranes from bacterial cellulose (BC) incorporated with 
sodium alginate (AG), chitosan (CS) and copper sulphate (Cu). Moreover, they 
also examined how different amounts of sodium alginate and chitosan influence 
the membrane properties. Both of the polymers were used in different concentra-
tions: 0.2, 0.4, 0.6, 0.8 and 1.0% w/v. The results showed that the presence of 
sodium alginate increased the swelling ratio, but the tensile strength decreased with 
high alginate concentration in the membrane. Alginate in the BC/AG composite 
enhanced the molecular motion of BC and perturbed the hydrogen bond of the BC 
composite. Furthermore, it can be as the cause of the reduced mechanical strength. 
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and human dermal fibroblasts (HDFa), in comparison to commercially available 
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[13, 14, 19, 20], gelatine [13, 20], silk fibroin [15, 16], hyaluronic acid [17] or even 
graphene oxide [21]. These components are added to increase the mechanical 
properties, hydrophilicity and adhesion of the cells to the scaffolds. Moreover, to 
target cell response, the additives like collagen [13] and hormones such as triiodo-
thyronine may be added [20].To support the healing process at the cellular level and 
recreate favourable architecture for the cell proliferation, the hydrogel scaffolds 
are produced by electrospinning. The high surface-to-volume ratio of nanofibers 
has been proven to be beneficial for the loading and delivery of drugs for wound 
recovery. Sobhanian [13] extracted collagen from rat tail and successfully grafted it 
on a nanofibrous scaffold from polyvinyl alcohol/gelatine/alginate. Modification of 
the scaffold with collagen increased its hydrophilicity and adhesion of the fibroblast 
cells. Collagen grafting resulted in the improved cell viability and proliferation 
on the scaffold. The obtained results confirmed that the as-prepared scaffold is 
hydrophilic and had acceptable bio-response and tensile properties. Tang et al. [14] 
produced and examined polyvinyl alcohol/alginate electrospun membrane with 
the addition of honey as an ancient natural wound-healing agent. The addition of 
honey in the nanofibers efficiently inhibited the growth of both Gram-positive bac-
terium (S. aureus) and Gram-negative bacterium (E. coli) and exhibited better anti-
bacterial effect against Gram-positive bacterium than Gram-negative bacterium. 
Satish et al. [20] proposed a dressing for patients who suffer from chronic wounds 
caused by diseases such as diabetes. It is formulated in the form of a lyophilised 
hydrogel comprising alginate, gelatine and polyvinyl alcohol (AGP), with the aim 
to absorb exudates, maintain a moist environment and enhance interaction with 
the tissues. To enhance the healing potential of the dressing, they add triiodothyro-
nine (active form of thyroid hormone) which plays a significant role in repair and 
regeneration of tissues (samples AGPT). The biomechanical properties of obtained 
hydrogels were proper for skin healing. Animal experiment studies (full-thickness 
excision wounds created in Wistar rat model) substantiated the explicit potential of 
the scaffold to encourage faster wound healing.

The advance in 3D bioprinting can offer precise cell patterning in predefined 
spatial locations, which enables the recapitulation of architectural organisation of 
native skin. However, the current bio-inks for skin cell printing are mostly alginate, 
collagen, fibrin or their mixture, which remain suboptimal [36].

2.2 Articular cartilage

Articular cartilage is a highly specialised and organised tissue that lines the ends 
of long bones and is integral to the functioning of all joints. It provides lubrication 
and mechanical strength to resist compressive and tensile forces that are essential 
for weight-bearing and movement. The cartilage has a unique extracellular matrix, 
which is comprised of an interpenetrating network of collagen and negatively 
charged proteoglycans and contains only one cell type—chondrocytes. Defects 
in cartilage do not heal properly because the cartilage has a limited regenerative 
capability [26]. Regeneration of articular cartilage remains an unmet medical need, 
which imposes a heavy burden on global economy and on the health-care commu-
nity. Articular cartilage repair is still a huge challenge for researchers and clinicians. 
Articular cartilage defects mainly result from mechanical trauma (e.g., sports 
injuries). Patients with acute traumatic joint injuries have a higher chance of devel-
oping posttraumatic osteoarthritis, a degenerative condition that results in severe 
pain and disability, eventually requiring a total joint replacement [29]. Similar 
to cartilage, hydrogels retain a large portion of water, which provides lubrication 
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and decrease of coefficient of friction (COF). The presence of water also plays an 
important role in the mechanical behaviour of the hydrogel structure [23].

Arjmandi and Ramezani [22] proposed and examined hybrid hydrogel-based on 
alginate (ALG)-polyacrylamide with the addition of silica nanoparticles (SiNP), as 
a candidate for cartilage replacement. They proved that its mechanical properties 
result from the structure of the ALG/PAAm hydrogel. The presence of covalent 
cross-links between two entangled polymer chains, between amine and carboxyl 
groups of PAAm and ALG, respectively, implies the load sharing of both networks. 
Alginate forms a short chain that can dissipate strain energy via recoverable break-
ing of ionic cross-links, meaning that after the unloading, the ionic cross-linking 
can be reformed, thus will be healing the damage, while the long-chained poly-
acrylamide network remains intact, contributing to stabilisation of the structural 
deformation. Moreover, the silica nanoparticles, located in a three-dimensional 
hydrogel structure, enhance mechanical properties and also encourage cell prolif-
eration. Hydrogel SiNP-ALG-PAAm showed ultralow COF, coupled with high wear 
resistance, and tunable elastic and viscoelastic behaviour suggesting these biomate-
rials as promising candidates for use as a cartilage replacement.

The biomechanical properties of the hydrogels come from a combination of 
compositions of different factors and cross-linking levels, but they also can be 
determined by molecular weight and chemical properties of the hydrogel. This 
relationship was described by Fenbo et al. [25], Lee et al. [27] and Chen et al. [28]. 
It was found that hydrogels formed from alginate exhibited faster stress relaxation, 
which facilitated the promotion of cartilage matrix formation by chondrocytes. 
Moreover, 3D microenvironment, especially the elastic and relaxation moduli of the 
cell culture matrix, can regulate the metabolic properties of the living cells. Authors 
improve that molecular weight and chemical properties of the polymers used for 
the cell culture matrix influence on the three-dimensional cell culture system. 
Fenbo et al. examined high-molecular-weight alginate/chondroitin sulphate (CS) 
and low-molecular-weight ALG/CS (B) cross-linked by strontium. The dynamic 
rheology results suggest that the storage and loss moduli increase with the increase 
of molecular weight of alginate applied during fabrication. Cell results revealed that 
chondrocytes encapsulated with alginate hydrogels exhibited the best results on 
maintaining cell viability and inhibiting cell death [25].

Also the presence of the bioactive proteins placed in hydrogels based on sodium 
alginate plays a role in regeneration of the articular cartilage. Ruvinon et al. 
obtained injectable growth factor-loaded affinity-binding alginate hydrogel [29]. 
They were the first to conduct the evaluation of acellular and injectable growth 
factor-biomaterial combination therapy for the treatment of articular cartilage 
defects with a 6-month follow-up period in a large animal model. As growth fac-
tors, they use TGF-β1 and BMP-4, which were conjugated with alginate sulphate 
obtained from sodium alginate. Macroscopical and histological assessment of the 
cartilage defects treated with growth factor affinity-bound hydrogel showed effec-
tive reconstruction of articular cartilage layer, with major features of hyaline tissue, 
such as a glossy surface and cellular organisation. Physical nature of the applied 
hydrogel ensured its shear resistance, seamless integration and topographical 
matching to the surroundings and opposing articulating surface [29].

A great potential in articular cartilage regeneration has also a mixture of alginate 
with collagen as a bio-ink for 3D cell printing. Yang et al. [31] printed scaffolds and 
compared properties and biocompatibility in vitro of three types of the bio-ink: 
sodium alginate (SA) alone, sodium alginate with collagen type I (COL) and sodium 
alginate with agarose (AG). The results showed that the mechanical strength was 
improved in both SA/COL and SA/AG groups compared to SA alone. The addition 
of COL or AG has little impact on gelling behaviour, demonstrating the advantage 
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as bio-inks for 3D printing. Among the three scaffolds, SA/COL could distinctly 
facilitate cell adhesion, accelerate cell proliferation and enhance the expression of 
cartilage-specific genes and may be a promising 3D bioprinting bio-ink for cartilage 
tissue engineering [31].

Alginate hydrogels have also a great potential in cartilage healing when mixed 
with hyaluronic acid [30, 32–35]. What deserves special attention is the research 
results. An et al. [32] presented hyaluronic acid-alginate hybrid hydrogel modi-
fied with biomimetic peptides. They enrich hydrogels with RGD peptide, which is 
widely used for enhancing cell-matrix interactions, and HAV peptide to increase 
cell-cell interactions. The authors prove that the precise control of cell-cell interac-
tions using a scaffold is essential to regulate the cell phenotype and chondrogenic 
differentiation. Furthermore, the combination of these two peptides in hyaluronic 
acid-alginate hydrogels had a synergistic effect on the chondrogenesis of encapsu-
lated chondrocytes, and the presented biomaterials are potentially useful for the 
tissue, especially cartilage regeneration [32].

2.3 Bone

The bone is a typical complex tissue with hierarchical structure that consists of 
approximately 70% of nano-hydroxyapatite (HA,Ca10(PO4)6(OH2)) and 30% of 
collagen by weight. Water (with some dissolved non-collagenous organic matter) 
is the third elementary component. The ratio of volume and weight fractions of 
hydroxyapatite/collagen/water is not constant and is an individual characteristic. 
Among the natural polysaccharides, alginate is widely used as a biomaterial for 
bone tissue engineering next to chitin and chitosan. Alginate, due to it scaffold-
forming ability, is a promising material for tissue engineering [38].

The biomechanical bone system is complicated; therefore, the requirements 
for treatment systems are high. The perfect biomaterial for bone healing should be 
biocompatible, have a sufficient surface area, be nontoxic with three-dimensional 
structure and have porosity with pore size more than 100 μm. The biomaterial 
should also support cell adhesion, migration and proliferation. For proper tissue 
growth, biomaterial should improve vascularisation that is crucial for cell migration 
and proliferation into the desired direction. Moreover, it should be biodegradable, 
be a carrier for drugs and growth factors and have mechanical properties equivalent 
to cortical bone [38].

Current literature report presented by Purohit et al. [39] describes fabrica-
tion of a nanocomposite scaffold of graphene oxide (GO), gelatine and alginate 
(GA). The properties of the obtained scaffold qualify it as a material supporting 
bone healing. The presence of graphene oxide in the gelatine-alginate scaffold 
increases its biomechanical strength. Hydrogels without the addition of graphene 
oxide have a compressive strength of 30 MPa, while those containing GO 44 MPa. 
Moreover, the presence of graphene oxides enhanced the hydrophilicity of the 
scaffold and provided slow degradation (~30% in 28 days). In vitro studies 
confirmed that an osteoblast cell line (MG-63) growth over the nanocomposite 
scaffolds revealed an enhancement in the cell attachment and proliferation as 
compared to the gelatine-alginate scaffold.

Scaffolds are crucial for bone tissue engineering since their compositions and 
properties could significantly affect the seeded cell behaviour. Zheng et al. [43] 
developed an interpenetrating network hydrogel by utilising Ca2+ from calcium 
silicate (CS) to simultaneously cross-link silk fibroin (SF) and sodium alginate. 
Obtained scaffolds, with different contents of calcium silicate, were systematically 
evaluated by physical and in vitro characterisations. Researchers found that calcium 
silicate inside the porous structure of hydrogel scaffolds enhance hydrophilicity, 
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and decrease of coefficient of friction (COF). The presence of water also plays an 
important role in the mechanical behaviour of the hydrogel structure [23].
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Fenbo et al. examined high-molecular-weight alginate/chondroitin sulphate (CS) 
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Also the presence of the bioactive proteins placed in hydrogels based on sodium 
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as bio-inks for 3D printing. Among the three scaffolds, SA/COL could distinctly 
facilitate cell adhesion, accelerate cell proliferation and enhance the expression of 
cartilage-specific genes and may be a promising 3D bioprinting bio-ink for cartilage 
tissue engineering [31].

Alginate hydrogels have also a great potential in cartilage healing when mixed 
with hyaluronic acid [30, 32–35]. What deserves special attention is the research 
results. An et al. [32] presented hyaluronic acid-alginate hybrid hydrogel modi-
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forming ability, is a promising material for tissue engineering [38].
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for treatment systems are high. The perfect biomaterial for bone healing should be 
biocompatible, have a sufficient surface area, be nontoxic with three-dimensional 
structure and have porosity with pore size more than 100 μm. The biomaterial 
should also support cell adhesion, migration and proliferation. For proper tissue 
growth, biomaterial should improve vascularisation that is crucial for cell migration 
and proliferation into the desired direction. Moreover, it should be biodegradable, 
be a carrier for drugs and growth factors and have mechanical properties equivalent 
to cortical bone [38].

Current literature report presented by Purohit et al. [39] describes fabrica-
tion of a nanocomposite scaffold of graphene oxide (GO), gelatine and alginate 
(GA). The properties of the obtained scaffold qualify it as a material supporting 
bone healing. The presence of graphene oxide in the gelatine-alginate scaffold 
increases its biomechanical strength. Hydrogels without the addition of graphene 
oxide have a compressive strength of 30 MPa, while those containing GO 44 MPa. 
Moreover, the presence of graphene oxides enhanced the hydrophilicity of the 
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confirmed that an osteoblast cell line (MG-63) growth over the nanocomposite 
scaffolds revealed an enhancement in the cell attachment and proliferation as 
compared to the gelatine-alginate scaffold.

Scaffolds are crucial for bone tissue engineering since their compositions and 
properties could significantly affect the seeded cell behaviour. Zheng et al. [43] 
developed an interpenetrating network hydrogel by utilising Ca2+ from calcium 
silicate (CS) to simultaneously cross-link silk fibroin (SF) and sodium alginate. 
Obtained scaffolds, with different contents of calcium silicate, were systematically 
evaluated by physical and in vitro characterisations. Researchers found that calcium 
silicate inside the porous structure of hydrogel scaffolds enhance hydrophilicity, 
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degradation, compression resistance and bioactivity. The scaffolds containing 
higher amount of calcium silicate have better biocompatibility and promote the 
osteogenic differentiation in vitro.

Sodium alginate can be easily manufactured in microspheres with three- 
dimensional net structures using cross-linking with calcium ions [40]. Hydrogels 
formed as microspheres possess some advantages for use in biomedical applications 
because of the larger specific surface area that can improve cell adhesion, proliferation 
and drug delivery. Bi et al. [40] obtained sodium alginate microspheres with the addi-
tion of chitosan (CS) and hydroxyapatite. Doxorubicin hydrochloride (Dox) was used 
as a drug model to study the drug loading behaviour of HA nanoparticles and hydrogel 
composite microspheres. In vitro examinations confirmed that the prepared HA/SA/
CS/Dox drug-loaded microspheres support regeneration of the bone defects and also 
provide drug delivery with control of the drug release. However, the actual process of 
the material in vivo has not been studied. The results indicate that the hydroxyapatite/
alginate hydrogel microsphere has potential in bone healing and as a drug carrier [40].

A combination of hydroxyapatite, in nano-form (nHA), and sodium alginate 
was also recently examined by Nabavinia et al. [45]. Nano-hydroxyapatite com-
bined with sodium alginate showed a statistically significant impact on swelling 
reduction and improvement of stability and mechanical strength of hydrogels, 
respectively. The authors mixed SA/nHA with gelatine, to improve the cell adhe-
sion and proliferation activities. In the research, the microcapsules were formed 
from solutions with a different content of each ingredient. The results show that 
the addition of the gelatine significantly increased swelling ratio at initial phase of 
incubation, similar to the degradation rate. Young modulus of the microcapsules 
was 0.19 MPa ± 0.02. Swelling ratio of examined hydrogel was 52% ± 8 for 24 h, 
and degradation rate of microspheres was 12% ± 4 (96 h). The addition of nano-
hydroxyapatite in hydrogel significantly increased proliferation of the microen-
capsulated osteoblast cells. Examinations of cell surface receptors and protein 
adsorption onto hydrogel inhibit high cell proliferation and activity. The presence of 
gelatine in hydrogel microcapsules increases the cell proliferation, and they may be 
proper to build blocks for modular bone tissue [45].

Another use of the complex of sodium alginate and chitosan as a material for 
bone regeneration is proposed by Lee et al. [41]. The authors developed an inject-
able material, new calcium phosphate cement (CPC) system, incorporated with 
chitosan/alginate complex. Hydrogel biomaterial was produced by the interaction 
between cationic and anionic polymers: chitosan and alginate. In the studies, 
the bioactivity of cement without the polymer addition was compared with the 
cement containing the mixture of alginate and chitosan. Both of the cements were 
implanted in a rabbit femoral head defect model for 1 and 3 months. After 3 months 
of implantation, micro-computed tomography revealed better bone formation after 
implantation of cement that contains polymers than without it. The results indicate 
the potential value of the CPC system containing alginate-based polymer complex 
as an injectable bone substitute. The obtained cement system, based on chitosan/
alginate mixture, may also serve as a drug carrier for faster bone healing [41].

Also a novel bone cement was presented by Shi et al. [46]. Authors use two 
calcium-binding agents, citric acid (CA) and sodium alginate. They were mixed 
with α-tricalcium phosphate (α-TCP) cement to improve the physicochemical prop-
erties of a novel biomaterial. The combination of citric acid and sodium alginate 
accelerated the binding of cement, increased its mechanical properties, delayed the 
process of hydration and prevented the formation of unclean earlandite phase. The 
results show that sodium alginate-citric acid hydrogel networks provided a strong 
cohesive action through the tight chelation with calcium ions during the hydration 
process of bone cements [46].
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Macroporous biomaterials prepared from sodium alginate were proposed by 
Catanzano et al. [44] and Park et al. [42]. The first team of scientists designed 
natural bioactive scaffolds mimicking bone tissue. These bioactive scaffolds have to 
possess physicochemical properties suitable to address biological response towards 
newly formed bone tissues. Authors improve that the scaffold porosity and pore size 
play a crucial role in cell migration, adhesion and proliferation; thus they increase 
the cell-material surface interaction area and induce osteogenic signals transmis-
sion between cells. The authors proposed the development of macroporous alginate 
foams (MAFs) of porous and well-interconnected structure, useful to enhance 
growth and osteogenic differentiation of human mesenchymal stem cells (hMSCs) 
[44]. The second team [42] synthesised bio-ink, based on sodium alginate, alginate 
sulphate and a growth factor—bone morphogenetic protein 2. Authors used algi-
nate sulphate, because it is a structural mimic of heparin and can strongly bind with 
the growth factors to prolong their activities. The exanimated mixture of alginate/
alginate sulphate had good rheological properties that were not changed, after the 
addition of alginate sulphate, so it is proper to be used in 3D printing to obtain 
a structure with appropriate porosity. The bio-inks containing alginate sulphate 
displayed greater and more prolonged BMP-2 activities than the control bio-ink 
containing alginate only. Moreover, alginate/alginate sulphate bio-inks exhibited 
an improved retention of bone morphogenetic protein 2 in 3D-printed scaffolds. 
An optimal composition of alginate/alginate sulphate 3D-printed constructions to 
stimulate osteoblastic proliferation and differentiation in vitro is 3% alginate and 
2% alginate sulphate [42].

2.4 Drug delivery

This paper describes the use of hydrogels based on sodium alginate as a mate-
rial for the regeneration of specific tissues. Hydrogels were often enriched with an 
active substance to induce a specific tissue reaction, and they may also be classified 
as drug delivery systems (DDSs). But the largest group of drugs is not delivered 
directly to the tissue, but via oral or inhalation routes.

Poor aqueous solubility is a major problem faced in the formulation of active 
pharmaceutical ingredients, and it causes poor bioavailability. Although several 
formulation strategies have been proposed to solve this problem, a modest suc-
cess has been achieved in meeting the requirements of commercially viable drug 
delivery systems. Therefore, extensive research on the development of optimum 
DDSs is still necessary. Nanoscale colloidal carrier systems developed from natural 
compounds such as lipids, proteins and polysaccharides for encapsulation of poorly 
soluble drugs have been promisingly successful recently [48].

Many drug delivery systems are still in the research phase. Table 1 shows 
an overview of the latest achievements and DDSs development on the basis of 
sodium alginate.

A novel DDSs for pulmonary drug delivery was proposed by Athamneha et al. 
[47]. As the authors declare, no hybrid formulations based on hyaluronic acid and 
alginate have been developed for inhalation routes so far. The researchers prepared 
porous aerogel microspheres consisting of the mixture of alginate and hyaluronic 
acid. Authors examined the mixture and alginate alone to improve aerodynamic 
properties of microspheres, to be delivered in the lower respiratory tract. The par-
ticles were prepared via the emulsion-gelation process with subsequent supercritical 
CO2 drying. Mixture of hyaluronic acid and alginate showed positive effect, pre-
vented particle agglomeration and also improved biodegradation. The microsphere 
properties result from the fact that there is a hydrogen bond between carboxylate 
groups of ALG and the amide of the N-acetyl-D-glucosamine, which prevents the 
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degradation, compression resistance and bioactivity. The scaffolds containing 
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separation of components from the microsphere structure. The physicochemical 
and aerodynamic properties of the microspheres provided their potential suitability 
as a drug carrier for the pulmonary tract [47].

3. Conclusions

This chapter summarises the most frequent uses of sodium alginate in regenera-
tive medicine and the studies on tissue regeneration. Sodium alginate is mainly used 
in medical devices for healing of wounds, scars, injuries of the bones, regeneration 
of joint cartilage, scaffolds for the cell growth and as a carrier of drug. The latest 
literature describes the effects of laboratory tests and in vivo, which confirm the 
validity of its use as a biomaterial. But there are more reports on the use of sodium 
alginate as a material for healing of other tissues as well. Sodium alginate is rarely 
used alone; most commonly it can be found in a mixture with other polymers, 
such as hyaluronic acid and polyvinyl alcohol, even with graphene oxide. Alginate-
based hydrogels, due to their 3D polymer structure, support tissue regeneration on 
macro-, micro- and nanoscales. But due to its unique properties, sodium alginate is 
a substrate with a great potential as a hydrogel, not only in regenerative medicine 
but also in many different spheres of life.
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Chapter 6

Role of Alginates Combined with 
Natural Extracts to Prevent the 
Gastric Acid-Related Damage
Francesca Uberti, Lorenzo Secondini, Ian Stoppa, 
Mietta Catera and Claudio Molinari

Abstract

The human stomach is extremely vulnerable to various attacks able to cause 
erosion and mucosal epithelium damage which lead to gastrointestinal tract bleed-
ing and/or ulcer perforations and finally worsen the original disease. A prolonged 
exposition to strong acidic environment causes coagulation necrosis resulting from 
the desiccating action of the acid on proteins in exposed tissues with inflammation 
and accumulation of intracellular radical oxygen species. Therapeutic strategies 
aim to treat both symptoms and epithelial damage with chemical or mechanical 
approaches. In this context, alginates seem to have great importance, especially if 
combined with other molecules known to have some properties on gastric epithelial 
cells, for example, vitamin D3, extract of prickly pear and olive leaves, and a tyndal-
ized probiotic. This natural composition is able to exert a gastroprotective effect 
to maintain or restore the integrity of gastric epithelium through an antioxidant 
pathway, inhibiting apoptosis and activating survival kinases better than other 
pharmacological or natural active principles.

Keywords: alginates, vitamin D3, prickly pear, olive leaves, tyndalized probiotic

1. Introduction

The impact of gastric diseases on human health is a worldwide problem in 
modern society [1, 2]. For example, in the USA, studies have reported gastroin-
testinal illness rates in the range of 0.5–2 episodes/year/person and incidence of 
5–100 episodes/1000/week according to seasons and age. The number of episodes 
of gastrointestinal illnesses is similar in both 40-year-old studies and in recent 
ones [3, 4]. The gastrointestinal disorder, including chronic gastritis, duodenal 
and gastric ulceration, adenocarcinoma, and gastric mucosa-associated lymphoid 
tissue (MALT), may have a common cause which is gastroesophageal reflux disease 
(GERD). The cardinal symptom is heartburn caused by the involuntary move-
ment of gastric contents to the esophagus that occurs several times a day, mainly in 
postprandial period [5]. In particular, most reflux episodes are of short duration, 
asymptomatic, and limited to the distal esophagus [6]. However, some episodes 
occur with typical symptoms such as burning sensation in the chest that can also 
extend to the throat, gastric pain, episodes of regurgitation, dysphagia, and sen-
sation of bolus in the throat [7]. One of the risk factors is bad eating habits that 
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Abstract

The human stomach is extremely vulnerable to various attacks able to cause 
erosion and mucosal epithelium damage which lead to gastrointestinal tract bleed-
ing and/or ulcer perforations and finally worsen the original disease. A prolonged 
exposition to strong acidic environment causes coagulation necrosis resulting from 
the desiccating action of the acid on proteins in exposed tissues with inflammation 
and accumulation of intracellular radical oxygen species. Therapeutic strategies 
aim to treat both symptoms and epithelial damage with chemical or mechanical 
approaches. In this context, alginates seem to have great importance, especially if 
combined with other molecules known to have some properties on gastric epithelial 
cells, for example, vitamin D3, extract of prickly pear and olive leaves, and a tyndal-
ized probiotic. This natural composition is able to exert a gastroprotective effect 
to maintain or restore the integrity of gastric epithelium through an antioxidant 
pathway, inhibiting apoptosis and activating survival kinases better than other 
pharmacological or natural active principles.

Keywords: alginates, vitamin D3, prickly pear, olive leaves, tyndalized probiotic

1. Introduction

The impact of gastric diseases on human health is a worldwide problem in 
modern society [1, 2]. For example, in the USA, studies have reported gastroin-
testinal illness rates in the range of 0.5–2 episodes/year/person and incidence of 
5–100 episodes/1000/week according to seasons and age. The number of episodes 
of gastrointestinal illnesses is similar in both 40-year-old studies and in recent 
ones [3, 4]. The gastrointestinal disorder, including chronic gastritis, duodenal 
and gastric ulceration, adenocarcinoma, and gastric mucosa-associated lymphoid 
tissue (MALT), may have a common cause which is gastroesophageal reflux disease 
(GERD). The cardinal symptom is heartburn caused by the involuntary move-
ment of gastric contents to the esophagus that occurs several times a day, mainly in 
postprandial period [5]. In particular, most reflux episodes are of short duration, 
asymptomatic, and limited to the distal esophagus [6]. However, some episodes 
occur with typical symptoms such as burning sensation in the chest that can also 
extend to the throat, gastric pain, episodes of regurgitation, dysphagia, and sen-
sation of bolus in the throat [7]. One of the risk factors is bad eating habits that 
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can aggravate gastroesophageal reflux and can contribute to the delayed gastric 
emptying with an increase of acid secretion in the stomach [8]. In the human 
stomach, the acid environment (pH 1 to 2) acts both as a primary defense against 
infections and intervenes in the early stages of digestion [9]. The gastrointestinal 
epithelium is a fundamental barrier protecting the gastrointestinal mucosa from 
damage through the ability of epithelial cells to spread and migrate across the 
basement membrane to repair the damage [4]. However, gastric acid (HCl) secreted 
from gastric parietal cells has been reported to determine gastric mucosal injuries, 
and, consequently, a prolonged exposition to strong acidic environment causes 
coagulation necrosis in exposed tissues [10]. A mild gastritis condition can cause 
long-lasting damage resulting in cellular injury which in turn causes inflammation 
[11] that creates further free radical-dependent tissue destruction [12, 13]. This 
injury involves DNA and can lead to stomach cancer genesis [14]. Some recent 
studies have shown that non-steroidal anti-inflammatory drugs (NSAIDs) are one 
of the most common causes of damage on the gastric mucosa through the produc-
tion of free oxygen radicals (ROS) leading to lipid peroxidation and apoptosis [10, 
15] of cells. In particular, superoxide anion (O−2) produced by mitochondria is the 
main cause of oxidative damage [16] and plays a critical role in the pathogenesis of 
gastric disorders [17]. Around 30 million people consume NSAIDs globally every 
day [18] since they are prescribed because of their efficacy in the management of 
pain, inflammation, and fever [19]. Adverse effects associated with NSAIDs, such as 
alterations in renal function, effects on blood pressure, hepatic injury, and platelet 
inhibition, are a challenge in clinical treatment optimization [20]. However, gastric 
mucosal perforation and bleeding are a major concern as well as the worst outcome 
of prolonged NSAID therapy [21]. NSAIDs are able to induce gastric mucosal lesions 
because of their acidic properties [22]. The mechanism behind gastric damage 
involves a highly acidic gastric environment that favors the migration of nonion-
ized lipophilic NSAIDs into the epithelial cells [23]. Diclofenac is the most widely 
prescribed NSAID for treating pain, inflammation, and several forms of cancer [24, 
25]. The main clinical problem exerted by diclofenac is toxicity related to oxidative 
injury of tissues, which appears to play a role in the pathophysiology of digestive 
tract ulceration [18, 25, 26]. For this reason, in order to prevent the damage, NSAID 
treatments are usually associated to proton-pump inhibitors (PPI) [27]. However, 
the anatomical and functional integrity of gastric mucosa rely on the balance 
between aggressive and defensive mechanisms [19]; for this reason, the success of 
pharmacological treatments in prevention or healing of gastric lesions depends both 
on the blockade of acid secretion and on the enhancement of mucosal protective 
factors [19]. In addition, current evidence suggests that PPI are also associated with 
numerous side effects such as hypergastrinemia, enteric infections, adverse car-
diovascular events, and increased mortality rates [23]. Basing on these data, it can 
therefore be assumed that gastric acid can induce ROS production, lipid peroxida-
tion, and apoptosis through a mechanism similar to that observed by NSAIDs 
[10]. For this reason, ROS, including H2O2, are a major cause of cellular oxidative 
damage [16], and they play a critical role in the pathogenesis of gastric disorders 
[2, 17]. After a gastric mucosa damage, several events occur in order to restore the 
integrity of the layer; normal epithelial repair consists of restitution of functions 
and regeneration of anatomical integrity involving epithelial proliferation followed 
by a remodeling phase [28]. During restitution, epithelial cells spread through the 
basement membrane to restore cell continuity, a process that is independent of cell 
proliferation. The clinical need to prevent or restore the damage of gastric mucosa 
in early stage encourages the search of novel agents able to counteract both the 
adverse effects of drugs and hyperacidic conditions with a better safety profile, 
in particular using natural compounds. A new group of widely used molecules 
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includes alginates, a polymer of alginic acid derived from the cell wall of various 
brown algae. Alginate-based compounds have been available for several decades 
[29] and are listed as inactive ingredients with a substantial and independent 
benefit from alginate formulation [29]. Recently, there is a new growing interest 
in alginates as a therapy for GERD, including patients with continued symptoms 
despite acid suppression therapy [30]. Alginates are polysaccharides composed 
of two β-d-mannuronic acid (M) and α-1-glucuronic acid (G) monomers which 
are held together by β 1,4 bonds; these monomers are not organized in repeated 
units, and they can be considered as a set of heterogeneous molecules since they are 
distributed as several different repetitions called M, G, or MG blocks [31, 32]. These 
alginates are able to block the HCl reflux in a mechanic manner; indeed, they do not 
have any pharmacologic property [33]. The mechanism of action of alginates has 
been called “rafting”, which means that in the presence of gastric acid, they form a 
gel in which carbon dioxide (resulting from the splitting of bicarbonate) is trapped. 
Then the gel is carried to the top of the gastric contents neutralizing the acidity and 
preventing the ascent of acid material into the esophagus [34]. The advantage of 
alginate-based reflux suppressants over antacid alone is that they provide rapid and 
longer-lasting symptom relief [35].

Subsequently, it was seen that it is useful to associate alginates with natural 
substances. This association has been found to be effective in promoting stomach 
health, reducing inflammation, and supporting the immune system. Zinc, a 
micronutrient involved in multiple functions, is able to act as a coenzyme on several 
enzymes that protect cells against free radical damage [36]. Furthermore, zinc has 
direct effects against inflammation, as it helps to stabilize the membrane of mast 
cells, responsible for inflammation [37]. Other natural products with antioxidant 
property seem to play an active role in the stomach well-being, such as blueberries 
or licorice, that they are able to reduce the production of cytokines and at the same 
time to increase the production of the mucous membrane of the stomach [38]. 
Moreover alginate/antacid system has been used as a carrier of probiotic, drugs, and 
plant extracts [39]. For example, alginate/bicarbonate combined with two herbal 
gastroprotective extracts (Opuntia ficus-indica and Olea europaea) has been success-
fully evaluated in patients with GERD [39]. However, the most common treat-
ments for gastroesophageal reflux includes different molecules such as magnesium 
hydroxide or aluminum hydroxide (commercially named Maalox®) in which they 
absorb gastric acidity, reducing the pH and reducing/reversibly blocking acid secre-
tion by parietal cells. The effectiveness of these preparations is due to their ability to 
exert a buffering effect on the gastric pH [40], but the adverse effect is that they can 
cause an accumulation of aluminum which is a common cause of neurodegenera-
tion and neurotoxicity [40].

Recent studies have explored a possible role of vitamin D3, the active form of 
vitamin D, on gastroprotection as one of the extra skeletal effects this vitamin has 
[4, 23]. Vitamin D3 binds its receptor VDR which is present in several tissue targets 
in the digestive system, in particular in the oral region, and in epithelial cells of the 
oral cavity, tongue, and gums. In addition, vitamin D3 appears to have a therapeutic 
role in gastric mucosa as well, stimulating cell proliferation and differentiation [41] 
and regulating endocrine/paracrine gastrin and pepsinogen secretions [42]. Finally, 
vitamin D3 acts on smooth muscle cells in the pyloric region and in different areas of 
the small intestine [42]. Furthermore, the low plasmatic level of vitamin D3 is found 
to be responsible for an insufficient emptying of the stomach, swelling, constipation, 
and intestinal irritation [42]. After the binding between vitamin D3 and its recep-
tor, several intracellular events involved in different mechanism start, including the 
protective role against oxidative stress [43], the regulation of autophagic pathways 
through the regulation of ATG16L1, a protein complex necessary for autophagy [44], 



Alginates - Recent Uses of This Natural Polymer

98

can aggravate gastroesophageal reflux and can contribute to the delayed gastric 
emptying with an increase of acid secretion in the stomach [8]. In the human 
stomach, the acid environment (pH 1 to 2) acts both as a primary defense against 
infections and intervenes in the early stages of digestion [9]. The gastrointestinal 
epithelium is a fundamental barrier protecting the gastrointestinal mucosa from 
damage through the ability of epithelial cells to spread and migrate across the 
basement membrane to repair the damage [4]. However, gastric acid (HCl) secreted 
from gastric parietal cells has been reported to determine gastric mucosal injuries, 
and, consequently, a prolonged exposition to strong acidic environment causes 
coagulation necrosis in exposed tissues [10]. A mild gastritis condition can cause 
long-lasting damage resulting in cellular injury which in turn causes inflammation 
[11] that creates further free radical-dependent tissue destruction [12, 13]. This 
injury involves DNA and can lead to stomach cancer genesis [14]. Some recent 
studies have shown that non-steroidal anti-inflammatory drugs (NSAIDs) are one 
of the most common causes of damage on the gastric mucosa through the produc-
tion of free oxygen radicals (ROS) leading to lipid peroxidation and apoptosis [10, 
15] of cells. In particular, superoxide anion (O−2) produced by mitochondria is the 
main cause of oxidative damage [16] and plays a critical role in the pathogenesis of 
gastric disorders [17]. Around 30 million people consume NSAIDs globally every 
day [18] since they are prescribed because of their efficacy in the management of 
pain, inflammation, and fever [19]. Adverse effects associated with NSAIDs, such as 
alterations in renal function, effects on blood pressure, hepatic injury, and platelet 
inhibition, are a challenge in clinical treatment optimization [20]. However, gastric 
mucosal perforation and bleeding are a major concern as well as the worst outcome 
of prolonged NSAID therapy [21]. NSAIDs are able to induce gastric mucosal lesions 
because of their acidic properties [22]. The mechanism behind gastric damage 
involves a highly acidic gastric environment that favors the migration of nonion-
ized lipophilic NSAIDs into the epithelial cells [23]. Diclofenac is the most widely 
prescribed NSAID for treating pain, inflammation, and several forms of cancer [24, 
25]. The main clinical problem exerted by diclofenac is toxicity related to oxidative 
injury of tissues, which appears to play a role in the pathophysiology of digestive 
tract ulceration [18, 25, 26]. For this reason, in order to prevent the damage, NSAID 
treatments are usually associated to proton-pump inhibitors (PPI) [27]. However, 
the anatomical and functional integrity of gastric mucosa rely on the balance 
between aggressive and defensive mechanisms [19]; for this reason, the success of 
pharmacological treatments in prevention or healing of gastric lesions depends both 
on the blockade of acid secretion and on the enhancement of mucosal protective 
factors [19]. In addition, current evidence suggests that PPI are also associated with 
numerous side effects such as hypergastrinemia, enteric infections, adverse car-
diovascular events, and increased mortality rates [23]. Basing on these data, it can 
therefore be assumed that gastric acid can induce ROS production, lipid peroxida-
tion, and apoptosis through a mechanism similar to that observed by NSAIDs 
[10]. For this reason, ROS, including H2O2, are a major cause of cellular oxidative 
damage [16], and they play a critical role in the pathogenesis of gastric disorders 
[2, 17]. After a gastric mucosa damage, several events occur in order to restore the 
integrity of the layer; normal epithelial repair consists of restitution of functions 
and regeneration of anatomical integrity involving epithelial proliferation followed 
by a remodeling phase [28]. During restitution, epithelial cells spread through the 
basement membrane to restore cell continuity, a process that is independent of cell 
proliferation. The clinical need to prevent or restore the damage of gastric mucosa 
in early stage encourages the search of novel agents able to counteract both the 
adverse effects of drugs and hyperacidic conditions with a better safety profile, 
in particular using natural compounds. A new group of widely used molecules 

99

Role of Alginates Combined with Natural Extracts to Prevent the Gastric Acid-Related Damage
DOI: http://dx.doi.org/10.5772/intechopen.88135

includes alginates, a polymer of alginic acid derived from the cell wall of various 
brown algae. Alginate-based compounds have been available for several decades 
[29] and are listed as inactive ingredients with a substantial and independent 
benefit from alginate formulation [29]. Recently, there is a new growing interest 
in alginates as a therapy for GERD, including patients with continued symptoms 
despite acid suppression therapy [30]. Alginates are polysaccharides composed 
of two β-d-mannuronic acid (M) and α-1-glucuronic acid (G) monomers which 
are held together by β 1,4 bonds; these monomers are not organized in repeated 
units, and they can be considered as a set of heterogeneous molecules since they are 
distributed as several different repetitions called M, G, or MG blocks [31, 32]. These 
alginates are able to block the HCl reflux in a mechanic manner; indeed, they do not 
have any pharmacologic property [33]. The mechanism of action of alginates has 
been called “rafting”, which means that in the presence of gastric acid, they form a 
gel in which carbon dioxide (resulting from the splitting of bicarbonate) is trapped. 
Then the gel is carried to the top of the gastric contents neutralizing the acidity and 
preventing the ascent of acid material into the esophagus [34]. The advantage of 
alginate-based reflux suppressants over antacid alone is that they provide rapid and 
longer-lasting symptom relief [35].

Subsequently, it was seen that it is useful to associate alginates with natural 
substances. This association has been found to be effective in promoting stomach 
health, reducing inflammation, and supporting the immune system. Zinc, a 
micronutrient involved in multiple functions, is able to act as a coenzyme on several 
enzymes that protect cells against free radical damage [36]. Furthermore, zinc has 
direct effects against inflammation, as it helps to stabilize the membrane of mast 
cells, responsible for inflammation [37]. Other natural products with antioxidant 
property seem to play an active role in the stomach well-being, such as blueberries 
or licorice, that they are able to reduce the production of cytokines and at the same 
time to increase the production of the mucous membrane of the stomach [38]. 
Moreover alginate/antacid system has been used as a carrier of probiotic, drugs, and 
plant extracts [39]. For example, alginate/bicarbonate combined with two herbal 
gastroprotective extracts (Opuntia ficus-indica and Olea europaea) has been success-
fully evaluated in patients with GERD [39]. However, the most common treat-
ments for gastroesophageal reflux includes different molecules such as magnesium 
hydroxide or aluminum hydroxide (commercially named Maalox®) in which they 
absorb gastric acidity, reducing the pH and reducing/reversibly blocking acid secre-
tion by parietal cells. The effectiveness of these preparations is due to their ability to 
exert a buffering effect on the gastric pH [40], but the adverse effect is that they can 
cause an accumulation of aluminum which is a common cause of neurodegenera-
tion and neurotoxicity [40].

Recent studies have explored a possible role of vitamin D3, the active form of 
vitamin D, on gastroprotection as one of the extra skeletal effects this vitamin has 
[4, 23]. Vitamin D3 binds its receptor VDR which is present in several tissue targets 
in the digestive system, in particular in the oral region, and in epithelial cells of the 
oral cavity, tongue, and gums. In addition, vitamin D3 appears to have a therapeutic 
role in gastric mucosa as well, stimulating cell proliferation and differentiation [41] 
and regulating endocrine/paracrine gastrin and pepsinogen secretions [42]. Finally, 
vitamin D3 acts on smooth muscle cells in the pyloric region and in different areas of 
the small intestine [42]. Furthermore, the low plasmatic level of vitamin D3 is found 
to be responsible for an insufficient emptying of the stomach, swelling, constipation, 
and intestinal irritation [42]. After the binding between vitamin D3 and its recep-
tor, several intracellular events involved in different mechanism start, including the 
protective role against oxidative stress [43], the regulation of autophagic pathways 
through the regulation of ATG16L1, a protein complex necessary for autophagy [44], 



Alginates - Recent Uses of This Natural Polymer

100

and the ability to inhibit apoptosis by increasing the expression of endothelial 
nitric oxide synthase (eNOS) leading to the nitric oxide (NO) production [43]. In 
this context, vitamin D3 can exert some beneficial effects on gastric tissue. For this 
reason, its use in association with other gastroprotective agents such as alginates can 
increase therapeutic efficacy of the formulation in respect to the efficacy that would 
be obtained only with gastroprotective drugs. Indeed, this effect is described in a 
recent study in which this association (vitamin D3 and raft-forming alginates, buf-
fers, polysaccharides, and biophenols named Aquilea Reflux®) could be of greater 
efficacy when compared to other gastroprotectants (e.g., Maalox® or Gaviscon®) 
or other natural extracts (e.g., Neobianacid®) [4, 23]. Aquilea Reflux® is a dietary 
supplement that combines the properties of calcium alginate in a buffer solution, 
resulting from alkaline salts useful to counteract situations of high acidity, with a 
tyndalized probiotic (Pylopass®) and an extract of prickly pear and olive leaves 
(Mucosave®). The extract of prickly pear is useful for its emollient and soothing 
characteristics at the level of the digestive system. All these agents were added to 
vitamin D3. This study demonstrates for the first time that the combination between 
alginate-based gastroprotector agent and vitamin D3 has a beneficial effect joining the 
effects of a mechanical barrier with the modulation of intracellular pathways in order 
to maintain or restore the integrity of gastric epithelium. Indeed, Aquilea Reflux® 
is able to improve the adhesivity of cells which is crucial on cell migration involving 
two important extracellular matrix glycoproteins, vitronectin and fibronectin. This is 
more important because it indicates that vitamin D3 is able to improve the beneficial 
effects induced by alginates, thus supporting data about the mechanism of gastropro-
tection induced by alginates [45]. Another important element is a time of adhesion, 
which is an important reparative event; the combination is able to occur rapidly, 
confirming other data about the reparative events following acute gastric injury [46]. 
Since there is evidence that oxidative stress plays an important role in the pathogen-
esis of acute gastric injury [47–49], Aquilea Reflux® has been also tested to verify if it 
is able to improve both cell viability and cell proliferation after H2O2 or HCl exposure. 
This combination significantly reduced ROS production and decreased cell viability 
loss, suggesting that cell damage and cytotoxicity can be reduced.

These results suggest that it may exert a better gastroprotective effect through 
an antioxidant pathway, inhibiting apoptosis and activating survival kinases. Such 
effect was stronger in preventing epithelial damage than what was observed using 
other gastroprotective agents such as Gaviscon®, Maalox®, or proton-pump 
inhibitors. Ultimately, it can be said that alginate-based gastroprotectors combined 
with vitamin D3 have beneficial properties on gastric epithelial cells, joining the 
effects of a mechanical barrier with the modulation of intracellular pathways 
in order to maintain or restore the integrity of gastric epithelium. In addition, 
comparing the activity to other natural products, such as Neobianacid® which is 
a mixture of polysaccharides and flavonoids able to improve the protection of the 
stomach and the esophagus thanks to the presence of Poliprotect® and a flavonoid 
fraction (Matricaria recutita and Glycyrrhiza glabra), the combination composed 
of alginates plus vitamin D3 appears to have significant effects. Indeed, this com-
bination significantly reduced ROS production and decreased cell viability loss 
after the injury, suggesting that cell damage and cytotoxicity can be prevented, 
exerting a better gastroprotective effect through an antioxidant pathway, inhibiting 
apoptosis, and activating survival kinases. Such effect was stronger in preventing 
epithelial damage than what was observed using other gastroprotective agents such 
as Neobianacid® (Figure 1).

These data show that it is possible to improve the beneficial effects of alginates 
by combining active ingredients that are capable of intervening at the cellular 

101

Role of Alginates Combined with Natural Extracts to Prevent the Gastric Acid-Related Damage
DOI: http://dx.doi.org/10.5772/intechopen.88135

level to improve viability and to reduce the production of ROS, from which 
significant damage to the gastric mucosa originates. The formulation called 
Aquilea Reflux®, with its combination of chemical, mechanical, and biological 
agents, has proven to be effective in preventing cellular alterations caused by 
NSAIDs in both acid and hyperacidic conditions, reducing ROS production and 
apoptotic mechanism, and increasing the activation of survival kinases and cell 
proliferation.

Figure 1. 
Effects of Aq and Neo alone and combined with diclofenac during acidic and hyperacidic conditions. In 
panel A cell viability and in panel B ROS production observed in gastric epithelial cells treated for 24 h. P= 
pantoprazole, D= diclofenac. The other abbreviations are similarly reported in the figure. Data are expressed as 
means ± SD (%) of five independent experiments normalized to control values. *p < 0.05 vs. control; **p < 0.05 
vs. HCl; φp < 0.05 vs. diclofenac; φφp < 0.05 vs. HCl + diclofenac; arrows indicate p < 0.05 between different 
groups.
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2. Conclusions

In conclusion it can be stated that the antacid and gastroesophageal reflux abili-
ties of alginate-based preparations could be significantly improved by combining 
natural extraction components and vitamin D3, providing an association of chemi-
cal, mechanical, and cellular action to achieve a complete protective effect.
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Chapter 7

Importance of Alginate Bioink 
for 3D Bioprinting in Tissue 
Engineering and Regenerative 
Medicine
Sudipto Datta, Ranjit Barua and Jonali Das

Abstract

Among many bioinks used for extrusion 3D bioprinting, the most commonly 
used bioink is the polysaccharide alginate because of its various cellular-friendly 
property like gelation. Erratic degradation and cell-binding motifs are not present 
in alginate which are the limitations of alginate bioinks, which can be improved 
by blending various low concentrations of natural or artificial polymers. Here in 
this chapter, we will discuss the various important properties of the alginate which 
make it as the bioink for almost all bioprinting scaffold designs as well as how 
improve the cellular properties like its cell-material interaction by blending it with 
other polymer solutions.

Keywords: 3D bioprinting, alginate, bioink, hydrogel

1. Introduction

The main objective of three-dimensional (3D) printing is to print a living cell 
or to create a three-dimensional biomaterial’s scaffold. This innovative technology 
allows the reproducible and also the automated fabrication of three-dimensional 
useful living tissues by depositing biomaterials layer by layer with an accurate 
positioning of cells. This method allows to make a three-dimensional object and an 
accurate as well as scalable geometries that are not suggested by any approaches like 
two-dimensional cell cultures [1].

The choice of applying these 3D functional living tissues comes from funda-
mental research [2]. Learning about the cell-biomaterial interface at the nanoscale 
stage is vital in accommodating flaws in tissues, nanoparticle-cell connec tions 
and organ defects [3], toxicological analysis or drug investigation [4], and trans-
plantation in living objects [5]. Because of the rising complexity required for these 
tissues, 3D bioprinting is facing a lot of challenges in all of manufacturing areas. 
For example, the cell-encapsulated materials are commonly observable to chemical 
cross linkers for extended periods of time during storage prior to printing, which 
can harm the cells. At the time of deposition, the mechanical stress generated by the 
printing itself can result in damage and injury to cell functioning by cell shearing 
or extrusion [6]. The instant new printing tissue is fabricated, because of the small 
vascularity of printed material; limited nutrients are supplied in 3D construct [7]. 
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Usually, the requirements for a suitable cell-containing dispensable biomaterial or 
bioink are generally biocompatibility, exhaustive, biomimicry, printability, and 
essential mechanical properties. This is the main cause for the huge number of the 
manufacturers of commercially accessible 3D bioprinters—particularly extrusion-
based 3D bioprinter, where hydrogel bioinks are recommended [8]. Particularly, 
hydrogels are unquestionably the most comprehensive biomaterials applied as cell 
matrix in bioinks because they can be engaged as cell matrix and be modified to 
replace or mimic local tissue [9]. The physical and chemical characteristics of the 
hydrogels will verify the performance of the cells. Normally hydrogels are like as 
jelly-type materials, where the liquid component is water. Actually, hydrogels are 
just like water by weight, but practically any flow will not occur in the steady state 
because of the three-dimensional cross-linked polymer network inside the fluid, 
which provides them unique properties comparable to those of living tissues. Due to 
their different biocompatibility and printability, various hydrogels that support cell 
growth are associated with bioink fabrication, i.e., gelatin, agarose, polyethylene 
glycol (PEG)-diacrylate, and alginate that are commonly used as bioinks. While 
alginate is an anionic polysaccharide derived from brown seaweed and generally 
consists of two polymer blocks, (1-4)-linked β-d-mannuronate (M) and its C-5 
epimer α-l-guluronate (G) residues, basically all are covalently linked. The main 
elements in the alginic acid polymer chain are the carboxylic acid group which 
allows cross-linking. This converts alginate from its liquid state to a semisolid gel 
state. Sodium alginate is mostly used as bioink in tissue engineering and cell culture 
because of biocompatibility, low-cost, and fast gelation. In Figure 1, the presence 
of calcium ions and ionic interactions between Ca2+ and COO− occur, and cross-
linking of alginate polymers results.

Ionic cross-linking is a method where cells cause minimum damage. The cross-
linking process happens moderately rapidly. Alginate has structural similarity 
to natural extracellular matrices that is why it has been applied widely in various 
biomedical applications as well as in the delivery of bioactive agents and wound 
healing. For cell encapsulation, alginate hydrogels are generally applied. The whole 
procedure is prepared by mixing cells in alginate solution, and after the mixing pro-
cess, the alginate-cell mixture drops into a bath of calcium chloride solution. But in 
low concentrations (1–2%), due to low viscosity, the alginate solution is not print-
able. For increasing the viscosity, other materials like methylcellulose or gelatin can 
be mixed with alginate for preparing the printability. The structural correspondence 
of alginate to extracellular matrices creates a perfect biomaterial. Matrix stiffness is 
a functional determinant of stem cell differentiation, and alginate makes a potential 
material to manage stem cell growth. Alginate helps support the cell growth and 
also has a high versatility, extending to both in vivo and in vitro differentiation. For 
3D bioprinting applications, for example, extrusion printing needs quick gelation. 
In this case alginate proposes high gelation procedures when combined with a 

Figure 1. 
Cross-linking process of alginate.
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multivalent cation, permitting gels to build up and deposit at constant temperature. 
It is also applied to encapsulate cells. This allows it to be an effective tool in varying 
the release rate of drug and growth factor delivery. While alginate degradation rate 
can be somewhat controlled by altering the MW of the alginate, it is still slow and 
difficult to control. The stiffness and composition properties of alginate bioink 
can be tuned to direct the differentiation of stem cells. Sodium alginate is available 
naturally which is biodegradable, non-immunogenic linear, and nontoxic polysac-
charide polymer; it consists of mannuronic and guluronic acids [10]. The cost is also 
low being a marine material which can be extracted from the brown algae cell walls, 
forming hydrogel in certain conditions. Because of these advantages, bioengineers 
and material scientists use alginate for the preparation of bioinks in tissue engineer-
ing and regenerative medicines. The tissue fabrication by 3D bioprinting [11] and 
sodium alginate applications and properties [12] is currently separately reviewed. 
In this study we discussed the applications of alginate (Figure 2) in 3D bioprinting 
and blending alginate with other polymers to improve the biomaterial interaction of 
the cells attached to it [13].

2. Application of alginate

The requirement for alginate-based biomaterials in drug delivery and tissue 
engineering is huge. As stem cells play a progressively more major function in the 
area of regenerative medicine [14, 15], the arrangement and relation between algi-
nate-based materials and stem cells have been exclusively emphasized. Investigated 
by in vitro implantation and in vitro cytotoxicity assay, alginate-based scaffolds 
and microcapsules have shown minimum or minor cytotoxicity [16, 17]. These 
in vitro results recommended tunable connections between the bio-composites 
and the multiple platelet releasate-derived bioagents for improving hematoma-like 
fracture repair. Also, a simple invasive performance for in situ remedial of the 
implant structures through injection was established in rat tail vertebrae applying 
microcomputed tomography. These results confirmed that alginate-based scaffolds 

Figure 2. 
Extrusion-based 3D bioprinting process.
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were capable of degrading, permitted the vascularization, and obtained minimum 
inflammatory responses after transplantation. Consequently, alginate-based 
scaffolds can present suitable characteristics as probable cell and drug carriers for 
tissue regeneration. The next sections explain the clinical and preclinical analysis of 
alginate-based biomaterials and applications.

2.1 3D bioprinting

Sodium alginate which is also known as sodium alginate or algin is a naturally 
extracted less costly polymer from the brown algae cell walls which have intracel-
lular spaces [10]. Alginate is composed of (1-4)-linked β-d-mannuronic (M) and 
α-l-guluronic acids (G). Alginate is a polyanionic linear block copolymer made 
of longer M or G blocks, separated by MG regions. Sodium alginate is a kind of 
polysaccharide which is charged negatively because it is known that materials which 
are positively charged produce inflammatory response; this allows the biopolymer 
to support high biocompatibility and cell growth. G blocks enhance the gel struc-
ture and M and MG blocks enhance the elasticity, though a high quantity of M 
blocks could be the reason of immunogenicity [18]. In alginate matrix, with the help 
of capillary forces, water and other molecules can be trapped. This feature makes 
alginate hydrogel suitable for bioink designs. The cell density within the bioink will 
be very high, whereas the shear stress through the extrusion process decreases the 
cell viability (80–90%). In the case of inkjet bioprinting, the bioinks have lower 
cell densities (<16 × 106 cells/mL) and are less viscous (<10 mPa s). This technique 
suggests 90% cell viabilities but, in laser-assisted bioprinting, needs bioinks with 
viscosities of 1 and 300 mPa s and also requires medium cell densities (108 cells/
mL). In this method, cell viability is very high (>95%). The alginate-based bioink 
viscosity rests on the alginate molecular weight, alginate concentration, density 
of cells, and cell phenotype. These are the variables that scientist must consider 
to optimize the viscosity of the alginate-based bioinks. An additional significant 
rheological characteristic of aqueous alginate solutions is the shear-thinning, where 
the shear rate increases while decreasing the viscosity. The viscosity also depends on 
the performed printing temperature; when the temperature increases, the viscosity 
gradually decreases. In comparison with other polymers, alginate is convincingly 
easy to handle and to print and is easy to extrude (printing) while defending the 
encapsulated cells. Even if it is also a non-cell-adhesive [12], in case of cell encapsu-
lation, alginate is currently one of the most applied biomaterials. After the printing 
performance, the hydrogel should degrade suitably, allowing the cells to make their 
specific extra cellular matrix (ECM). The alginate also generates durable insistent 
cell-laden hydrogels; however oxidation can be performed by slow degradation, for 
example, sodium peroxide [11]. The main issue of alginate for using it as a biomate-
rial in bioprinting is slow degradation rate. The release of the hydrogels through 
the bioprinter nozzle in bioprinting (extrusion) limits the usage to low weight of 
alginate, which has a major role in the application of reduced mechanical proper-
ties. Though the alginate mechanical and structural characteristics are needed for 
all printed tissue, the biomimicry characteristics required in every instance can be 
changed by combining new biomaterials in the scaffold or by applying different 
types of hydrogel fabrication technique. For example, CELLINK is a commercial 
bioink which is already available for bioprinting; it combines with alginate hydrogel 
and nanocellulose and presents fast cross-linking and shear-thinning proper-
ties; this bioink is appreciated for soft tissue engineering for bioprinting [8]. The 
formation of blood vessel-like channels is able to transport different materials like 
nutrients and oxygen via the bioprinted material, which is needed in order to print 
organs or tissues. To succeed in this aim, Zhang et al. [19] made vessel-like printable 
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microfluidic channels where a coaxial nozzle strategy is used for transporting the 
nutrient into printed material, and the printer was pressure-assisted bioprinter 
and the coaxial needle was applied for printing the hollow alginate filaments that 
contain cartilage progenitor cells. In the same way, a triaxial nozzle assembly was 
used to fabricate biocompatible cartilage-like tissues containing tubular channels, 
where the alginate was encapsulated by cartilage progenitor cells, which is the 
main element of the bioink. Hydrogels of sodium alginate having high strength 
and having inner microchannels were found out by Gao et al. [20]. Also, constructs 
like perfusable vascular-like constructs were also obtained through coaxial mul-
tilayered nozzle along with the concentric extrusion channel by 3D printing in 
one step [21] by mixing 4-arm poly(ethylene glycol)-tetra-acrylate (PEGTA) and 
gelatin methacryloyl (GelMA) with the sodium alginate. Calcium ions were used to 
cross-link the alginate, and photo-cross-linking was used for covalent cross-linking 
for PEGTA and GelMA for setting the rheological and mechanical properties that 
was reported in this work. Also in another study, Christensen et al. [12] printed 
vascular structures along with bifurcations (vertical and horizontal) in alginate and 
fibroblast of mouse bioinks. Blending alginate with other polymers (honey, gelatin) 
[22], amino acids like polyglutamic acid and poly-l-lysine [13, 23], and some drugs 
like N-acetylcysteine (NAC) [24] was studied for improving the erratic degrada-
tion, cell-material interaction, cell viability, etc. The printer (inkjet) used CaCl2 
cross-linking agent supporting material for cross-linking the alginate bioink. To 
back up the buoyant force in the regions overhanging in both vertical and horizon-
tal printing and also supporting the regions spanning in the horizontal printing, 
their modified solution was used. Blending alginate with other polymers (honey, 
gelatin) [22], amino acids like (polyglutamic acid and poly-l-lysine) [13, 23], and 
some drugs like N-acetylcysteine (NAC) [24] was studied for improving the erratic 
degradation, cell-material interaction, cell viability, etc. Jia et al. [6] in their study 
showed the controlled degradation of oxidized alginate in 3D bioprinting.

Varying biodegradability of solution of sodium alginate along with human 
adipose stem cells was printed with accurate definition. These kinds of bioinks have 
the capacity to modulate proliferation and stem cell spreading and withstand uni-
form cell suspension but are imperfect in the case of stem cell diffusion. Wu et al. 
[25] showed the procedure of slow degradation of the alginate by tissue incubation 
in a sodium citrate medium. The sodium citrate amount helped the optimization 
of the alginate degradation time. Chung et al. [18] improved the printing resolu-
tion and printability of pre-crosslinked printed constructs by adding alginate with 
gelatin, keeping the mechanical property and the growth of cells, and keeping pore 
diameter constant. In Figure 3 the procedure of alginate cross-linking with the 
added cells is shown.

2.2 Wound healing

Alginate has been used for dressing of the wounds due to its of good conform-
ability, absorptivity, and mild antiseptic properties coupled with biodegradability 
and nontoxicity and optimal water vapor transmission rate. Alginate-based 
products like electrospun mat hydrogels and sponges in dressing of wounds are 
very good substrates for healing of wounds, which include gel-foaming capability 
as soon as the absorption of the wound exudates and hemostatic capabilities [26]. 
It is already been mentioned that dressing wounds with alginate improves healing 
of wounds through monocyte stimulation to harvest higher cytokine levels like 
tumor necrosis factor-α and interleukin-6 [27]. Near the wound locations, cytokine 
production creates pro-inflammatory factors that are helpful for wound healing. 
Because of the existence of endotoxin in the alginate, a huge level of bioactivity 
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main element of the bioink. Hydrogels of sodium alginate having high strength 
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like perfusable vascular-like constructs were also obtained through coaxial mul-
tilayered nozzle along with the concentric extrusion channel by 3D printing in 
one step [21] by mixing 4-arm poly(ethylene glycol)-tetra-acrylate (PEGTA) and 
gelatin methacryloyl (GelMA) with the sodium alginate. Calcium ions were used to 
cross-link the alginate, and photo-cross-linking was used for covalent cross-linking 
for PEGTA and GelMA for setting the rheological and mechanical properties that 
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fibroblast of mouse bioinks. Blending alginate with other polymers (honey, gelatin) 
[22], amino acids like polyglutamic acid and poly-l-lysine [13, 23], and some drugs 
like N-acetylcysteine (NAC) [24] was studied for improving the erratic degrada-
tion, cell-material interaction, cell viability, etc. The printer (inkjet) used CaCl2 
cross-linking agent supporting material for cross-linking the alginate bioink. To 
back up the buoyant force in the regions overhanging in both vertical and horizon-
tal printing and also supporting the regions spanning in the horizontal printing, 
their modified solution was used. Blending alginate with other polymers (honey, 
gelatin) [22], amino acids like (polyglutamic acid and poly-l-lysine) [13, 23], and 
some drugs like N-acetylcysteine (NAC) [24] was studied for improving the erratic 
degradation, cell-material interaction, cell viability, etc. Jia et al. [6] in their study 
showed the controlled degradation of oxidized alginate in 3D bioprinting.

Varying biodegradability of solution of sodium alginate along with human 
adipose stem cells was printed with accurate definition. These kinds of bioinks have 
the capacity to modulate proliferation and stem cell spreading and withstand uni-
form cell suspension but are imperfect in the case of stem cell diffusion. Wu et al. 
[25] showed the procedure of slow degradation of the alginate by tissue incubation 
in a sodium citrate medium. The sodium citrate amount helped the optimization 
of the alginate degradation time. Chung et al. [18] improved the printing resolu-
tion and printability of pre-crosslinked printed constructs by adding alginate with 
gelatin, keeping the mechanical property and the growth of cells, and keeping pore 
diameter constant. In Figure 3 the procedure of alginate cross-linking with the 
added cells is shown.

2.2 Wound healing

Alginate has been used for dressing of the wounds due to its of good conform-
ability, absorptivity, and mild antiseptic properties coupled with biodegradability 
and nontoxicity and optimal water vapor transmission rate. Alginate-based 
products like electrospun mat hydrogels and sponges in dressing of wounds are 
very good substrates for healing of wounds, which include gel-foaming capability 
as soon as the absorption of the wound exudates and hemostatic capabilities [26]. 
It is already been mentioned that dressing wounds with alginate improves healing 
of wounds through monocyte stimulation to harvest higher cytokine levels like 
tumor necrosis factor-α and interleukin-6 [27]. Near the wound locations, cytokine 
production creates pro-inflammatory factors that are helpful for wound healing. 
Because of the existence of endotoxin in the alginate, a huge level of bioactivity 
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is present in these dressings. In situ-forming wound dressing hydrogel can be 
produced by oxidized alginate and gelatin in low borax concentration as shown 
by Balakrishnan and Jayakrishnan [28]. The homeostatic gelatin effect is present 
in the mixed matrix and wound healing property of alginate, and the antiseptic 
borax property makes alginate the appropriate wound dressing material. Tissue-
engineered cartilage requirement is immense and has a huge clinical importance. 
The main causes of disability of the articular cartilage are degenerative and trau-
matic lesions [29]. Nearly 100 million Chinese people suffer from osteoarthritis. 
Because of this reason, regeneration and repair of the cartilage have huge impact. 
The pros of the cartilage repair injectable therapies are that implant within the 
defect is not only maintained, but it also allows quick bearing of weight because 
of strength and stiffness which is attained quickly [30, 31]. For bringing close the 
mechanical properties of the native tissues with the scaffolds, the alginate physical 
properties are matched with the articular cartilage. Ge and solid alginate injectable 
hydrogel microspheres are used for carti lage regeneration. Many researchers have 
studied the growth factor in tissue engineering by using alginate hydrogels and 
alginate-based microsphere combinations [32, 33]. In one study the demonstration 
of immobilization of the positive effect of RGD to an alginate porous scaffold for 
endorsing TGF-β-induced human MSC differentiation is shown [34]. Bian et al. 
studied the co-encapsulation of the TGF-β including the microsphere of the alginate 
with the human MSCs in the hyaluronic acid (HA) hydrogels with respect to the 
design of the constructs implantable for the cartilage repair [35]. The immobilized 
RGD peptide facilitated the cell-matrix interaction which is proven to be an impor-
tant feature for the microenvironment of the cells, allowing good cell availability for 
the chondrogenic-inducing molecule TGF-β. TGF-β-laden alginate microspheres in 
combination with alginate hydrogels forms a compound carrier which may retain 
TGF-β bioactivity in the construct and encourages hondrogenesis of MSCs when 
inserted. The animal experiment displayed that chondrocytes planted into the 
microsphere scaffold lived habitually in SCID mice and cartilage-like constructions 
were created after 4 weeks of imbedding.

2.3 Drug delivery

In the past years, drug delivery carriers draw huge interest because of large 
biomacromolecules like genes and proteins as well as low-molecule weight drugs 

Figure 3. 
Alginate with cell cross-linking process.
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which can be delivered in a targeted or a localized manner [36, 37]. Because of its 
biodegradable and biocompatible nature, alginate is used as a carrier for encapsu-
lating and immobilizing drugs, cells, proteins, and bioactive molecules [38, 39]. 
Currently, alginate-based carriers like colloidal particles, polyelectrolyte, and 
hydrogels are under examination; few of them are practically used. Many research-
ers have examined the alginate-based hydrogel blends, microspheres, and porous 
scaffolds for precise drug delivery in various tissue engineering fields [40, 41]. 
Hollow microsphere of alginate-based hollow microsphere has huge applications 
as drug delivery carrier, micro-reactor, and biosensor [42]. The construction of 
the hollow microcapsules can be created by successive self-assembly of positively 
and negatively charged polyelectrolytes by layer-by-layer (LbL) technique. The 
alginate microcapsule is studied well with respect to precise releasing and loading 
parameters. The attempt to fabricate microcapsule biopolymer has been made by 
dropping alginate/chitosan in a decomposable colloid particle after removal of its 
core is done in an appropriate pathway. For the production of hollow microcapsule, 
chitosan and alginate are interchangeably deposited in CaCO3 with electrostatic bio-
compatibility [43]. The chitosan/alginate microcapsule functionalities and proper-
ties can be preciously adjusted by changing the microcapsule composition, exterior 
stimuli introduction, and thickness. Immersing alginate microcapsule in various pH 
solutions helps in the degradation of the microcapsules which also determines the 
material role and encapsulation layers for keeping microcapsule stability in various 
pH conditions. The addition of PEG to the microcapsule allows protection against 
acidic conditions, whereas the coating layer number only affects the swelling 
properties, not the microcapsule Young’s modulus which was revealed by Wong’s 
study [9]. For surface micro-patternings and microarray systems, 3D platform 
alginate hydrogels are used. For in situ gelation, a few aliquots of solution of gelatin 
were trapped selectively on hydrophilic area by a process called dipping process. 
Cells with various adhesion properties were captured by gel pattern alginate on the 
hydrogel structures.

Various CYP450 enzymes like vascular endothelial growth factor (VEGF) and 
β1-integrin upregulation showed that the stage gave many in vitro conditions that 
result in allowing cells in their natural phenotypes.

2.4 Bone regeneration

For the reconstructive surgery, bone regeneration is an important challenge. 
It occurs due to tumor removal and trauma. To repair the bone, a good initiative 
is to induce osteogenesis in situ. To complete this process, one method is by using 
stem cell differentiation to form bone tissue and then seeding them in an inject-
able scaffold [44, 45]. As of now there are numerous investigations and studies on 
alginate-based injectable scaffolds for the bone regeneration. By using MSCs and 
alginate scaffolds, satisfactory bone tissue formation was noticed [46, 47]. For this 
reason the application of alginate for gel tissue generation is commonly used which 
displays angiogenic and osteogenic properties. Many researchers showed bone 
regeneration by means of injectable constructs by joining microspheres or alginate-
based hydrogels that were combined with interchangeable ASCs or MSCs [48]. 
These studies demonstrated the potential of bone morphogenetic protein (BMP) 
and TGF-β delivery to induce osteogenic differentiation to mature osteocytes from 
MSCs and ASCs. Kolambkar et al. presented a growth factor hybrid system of deliv-
ery that comprises of a nanofiber mesh tube which is electrospun for directing regen-
eration of bone along with alginate hydrogel peptide modified in the tube for fixed 
recombination BMP-2 (rhBMP-2) release [49]. The discharge of fixed transport of 
rhBMP-2 through alginate hydrogel was important for significant regeneration to 
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which can be delivered in a targeted or a localized manner [36, 37]. Because of its 
biodegradable and biocompatible nature, alginate is used as a carrier for encapsu-
lating and immobilizing drugs, cells, proteins, and bioactive molecules [38, 39]. 
Currently, alginate-based carriers like colloidal particles, polyelectrolyte, and 
hydrogels are under examination; few of them are practically used. Many research-
ers have examined the alginate-based hydrogel blends, microspheres, and porous 
scaffolds for precise drug delivery in various tissue engineering fields [40, 41]. 
Hollow microsphere of alginate-based hollow microsphere has huge applications 
as drug delivery carrier, micro-reactor, and biosensor [42]. The construction of 
the hollow microcapsules can be created by successive self-assembly of positively 
and negatively charged polyelectrolytes by layer-by-layer (LbL) technique. The 
alginate microcapsule is studied well with respect to precise releasing and loading 
parameters. The attempt to fabricate microcapsule biopolymer has been made by 
dropping alginate/chitosan in a decomposable colloid particle after removal of its 
core is done in an appropriate pathway. For the production of hollow microcapsule, 
chitosan and alginate are interchangeably deposited in CaCO3 with electrostatic bio-
compatibility [43]. The chitosan/alginate microcapsule functionalities and proper-
ties can be preciously adjusted by changing the microcapsule composition, exterior 
stimuli introduction, and thickness. Immersing alginate microcapsule in various pH 
solutions helps in the degradation of the microcapsules which also determines the 
material role and encapsulation layers for keeping microcapsule stability in various 
pH conditions. The addition of PEG to the microcapsule allows protection against 
acidic conditions, whereas the coating layer number only affects the swelling 
properties, not the microcapsule Young’s modulus which was revealed by Wong’s 
study [9]. For surface micro-patternings and microarray systems, 3D platform 
alginate hydrogels are used. For in situ gelation, a few aliquots of solution of gelatin 
were trapped selectively on hydrophilic area by a process called dipping process. 
Cells with various adhesion properties were captured by gel pattern alginate on the 
hydrogel structures.

Various CYP450 enzymes like vascular endothelial growth factor (VEGF) and 
β1-integrin upregulation showed that the stage gave many in vitro conditions that 
result in allowing cells in their natural phenotypes.

2.4 Bone regeneration

For the reconstructive surgery, bone regeneration is an important challenge. 
It occurs due to tumor removal and trauma. To repair the bone, a good initiative 
is to induce osteogenesis in situ. To complete this process, one method is by using 
stem cell differentiation to form bone tissue and then seeding them in an inject-
able scaffold [44, 45]. As of now there are numerous investigations and studies on 
alginate-based injectable scaffolds for the bone regeneration. By using MSCs and 
alginate scaffolds, satisfactory bone tissue formation was noticed [46, 47]. For this 
reason the application of alginate for gel tissue generation is commonly used which 
displays angiogenic and osteogenic properties. Many researchers showed bone 
regeneration by means of injectable constructs by joining microspheres or alginate-
based hydrogels that were combined with interchangeable ASCs or MSCs [48]. 
These studies demonstrated the potential of bone morphogenetic protein (BMP) 
and TGF-β delivery to induce osteogenic differentiation to mature osteocytes from 
MSCs and ASCs. Kolambkar et al. presented a growth factor hybrid system of deliv-
ery that comprises of a nanofiber mesh tube which is electrospun for directing regen-
eration of bone along with alginate hydrogel peptide modified in the tube for fixed 
recombination BMP-2 (rhBMP-2) release [49]. The discharge of fixed transport of 
rhBMP-2 through alginate hydrogel was important for significant regeneration to 
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take place. The mixed technology can be used clinically for the regeneration of bone 
in cases as huge bone defect and nonunion fractures.

3. Conclusions

The naturally available biopolymer alginate is cheaper which forms hydrogel by 
cross-linking with various salts like BaCl2, CaCl2, and ZnCl2 which showed good 
biocompatibility and printability.

This is broadly applied for cartilage, bone, and vascular tissue printing. Few 
drawbacks of alginate are slow degradation and poor cell adhesion; in many 
research, it is shown that alginate has poor cell differentiation and cell prolifera-
tion, and for this reason, it is used as a blend with other polymers. To improve these 
limitations, blending alginate with other polymers like honey, gelatin, and Arg-Gly-
Asp adhesions is done. Furthermore, for faster normal degradation in regenerative 
medicine, oxidized alginate and/or sodium citrate is found to be useful. The combi-
nation of 3D printing alginate for cartilage and electrospinning is used positively in 
various tissue engineering fields. Furthermore, mixing alginate with biopolymers 
like polycaprolactone and nanocellulose has shown positive results. In bioprinting 
using coaxial or triaxial nozzles is found out to be promising and provided brilliant 
results. To improve the mechanical properties of the alginate-based structures used 
in bone tissue engineering, mixing alginate with other polymers like bio-silica, 
polyphosphate, polycaprolactone hydroxyapatite, and gelatin is found to produce 
an excellent result. We think this review will allow researchers to investigate more 
advanced and improved bioink for 3D printing and also help to invent suitable and 
more appropriate bioink for various tissue engineering applications
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Chapter 8

Application of Artificial 
Intelligence in Modern Healthcare 
System
Sudipto Datta, Ranjit Barua and Jonali Das

Abstract

Artificial intelligence (AI) has the potential of detecting significant interactions 
in a dataset and also it is widely used in several clinical conditions to expect the 
results, treat, and diagnose. Artificial intelligence (AI) is being used or trialed for a 
variety of healthcare and research purposes, including detection of disease, man-
agement of chronic conditions, delivery of health services, and drug discovery. In 
this chapter, we will discuss the application of artificial intelligence (AI) in modern 
healthcare system and the challenges of this system in detail. Different types of 
artificial intelligence devices are described in this chapter with the help of working 
mechanism discussion. Alginate, a naturally available polymer found in the cell wall 
of the brown algae, is used in tissue engineering because of its biocompatibility, low 
cost, and easy gelation. It is composed of α-L-guluronic and β-D-manuronic acid. 
To improve the cell-material interaction and erratic degradation, alginate is blended 
with other polymers. Here, we discuss the relationship of artificial intelligence with 
alginate in tissue engineering fields.

Keywords: artificial intelligence (AI), machine learning (ML),  
natural language processing (NLP), medical imaging, SVM

1. Introduction

Artificial intelligence (AI) technique is the most effective technology used in 
the modern healthcare area. The rapidly growing accessibility of healthcare medi-
cal data and also the advances of big data diagnostic techniques has completed the 
potential of the current successful uses of artificial intelligence (AI) in healthcare 
system. With the help of important medical questions, potential artificial intelli-
gence (AI) techniques can disengage healthcare-appropriate information secreted in 
the huge quantity of data, which can maintain healthcare decision-making. Modern 
healthcare technology in various medical areas has spread to the several pioneering 
startups in the world, which helps people in healthier and longer lives. The advances 
have initially been determined by the beginning of mobility and software, permit-
ting the health sector to digitize several of the pen- and paper-based processes and 
operations that are presently held up service release. Nowadays, computer software 
has become far more intelligent and autonomous. These new abilities are discussed 
under the same cover of machine learning (ML) and artificial intelligence (AI), 
which are accelerating the tempo of improvement in healthcare. The applications 
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of machine learning (ML) and artificial intelligence (AI) in healthcare region have 
allowed the area to employ some of its major challenges in particular domains like 
drug discovery, personal genetics, and disease identification and management. 
Every time an innovative technical tool comes into the healthcare system, it also 
faces several challenges. Most of the common issues of artificial intelligence (AI) 
technique in healthcare system are regulatory compliance requirements, patient and 
provider adoption, and also lack of data exchange. The Artificial intelligence (AI) 
has moved from all of these concerns, reducing the areas in which it can accom-
plish something. The purpose of artificial intelligence (AI) and machine learning 
(ML) in healthcare system is redesigning the industry and creating what was once 
impracticable into a real truth. For artificial intelligence (AI)/machine learning 
(ML) to take its place in the healthcare system, sustained access to appropriate 
data is necessary to succeed. Artificial intelligence (AI) can be used to analyze and 
identify patterns in large and complex datasets faster and more precisely than has 
previously been possible. It can also be used to search the scientific literature for 
relevant studies and to combine different kinds of data, for example, to aid drug 
discovery. Artificial intelligence (AI) health apps have the potential to empower 
people to evaluate their own symptoms and care for themselves when possible. 
Artificial intelligence (AI) systems that aim to support people with chronic health 
conditions or disabilities could increase people’s sense of dignity, independence, and 
quality of life, and enable people who may otherwise have been admitted to care 
institutions to stay at home for longer. Artificial intelligence (AI) depends on digital 
data, so inconsistencies in the availability and quality of data restrict the potential 
of artificial intelligence (AI). Also, significant computing power is required for the 
analysis of large and complex datasets. Clinical practice often involves complex 
judgments and abilities that artificial intelligence (AI) currently is unable to rep-
licate, such as appropriate knowledge and the ability to read social cues. With the 
help of machine learning process, structured data like genetic data, electro physical 
data (EP), and imaging data are properly investigated. Machine learning makes the 
information analytical algorithms to extract characteristics from the input data. 
Input data generally in machine learning algorithms involve with patient’s natures as 
well as the intermittently apprehension healing effects. A patient’s nature generally 
includes bottom line data, such as gender, disease history, age, gene expressions, 
electrophysiological data (EP) test, analytical imaging, idea test results, and medici-
nal symptoms. Support vector machine was also applied in cancer diagnosis. Even 
supposing complicated data, machine learning represents the support for artificial 
intelligence (AI). At this moment in time, an innovative advancement is happen-
ing in the subfield of neural networks. This has created notable interest in various 
domains of healthcare science, in addition to drug analysis and also the area of pub-
lic health. Deep neural networks can implement in addition to the most exceptional 
human clinicians in specific diagnostic tasks. Also, artificial intelligence techniques 
are already promising in healthcare-based apps, which can be performed by any net-
work machine like modern smart mobile phone. Artificial intelligence has the ability 
to address imperative health challenges, but it is limited due to the unavailability of 
good health data. Employing artificial intelligence (AI) involves some ethical issues 
including the probable for artificial intelligence (AI) to make mistaken assessments 
and then the question of responsibility occurs.

2. Artificial intelligence (AI) devices

Basically, artificial intelligence (AI) devices are categorized by two main types: 
the first one is machine learning (ML) category [1], which generally analyses the 
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structured data, for example, electrophysiological data (EP), genetic data, and 
imaging data. For healthcare applications, the machine learning (ML) processes try 
to gather patients’ individuality or understand the possibility of the disease effects 
[2]. The second type of artificial intelligence (AI) device is the natural language 
processing (NLP) technique [3], which can take out the information from free 
or unstructured data such as medical observations or health journals to enhance 
structured health check data. The natural language processing (NLP) processes 
objects at revolving contents toward the machine-understandable structured 
records and can then be considered by machine learning (ML) procedures [4]. 
Figure 1 explains the road plan from medical data making, during natural language 
processing (NLP) data improvement and machine learning (ML) data investiga-
tion, to medical judgment creating. In this figure, the road plan starts and ends 
with medical activities. As dominant as artificial intelligence (AI) procedures, they 
can be inspired by medical/healthcare troubles and also be practical to help out the 
medical performance at the end.

2.1 Machine learning (ML) processes

Machine learning (ML) builds the data investigative algorithms to extort 
characteristics from the data. Inputs to machine learning (ML) algorithms consist 
of patient ‘characters’ and occasionally therapeutic effects of concern. A patient’s 
characters generally contain bottom line data, for example, gender, age, disease 
history, and also disease explicit data, for instance, gene expressions, analytical 
imaging, electrophysiological data (EP) test, objective test results, medication, and 
medical symptoms. In addition to the attributes of the patients medical results are 
frequently composed for medical investigation. These contain syndrome pointers, 
patients’ endurance periods, and quantitative syndrome stages such as the size of 
tumor. Here jth characteristic of the ith numbers of patient is denoted by Pij and Qi 
is representing the effect of concern. Regarding whether to integrate the results, 
machine learning (ML) algorithms can also be separated into two main types: 
supervised learning and unsupervised learning. One more type is also available 

Figure 1. 
The road plan from generation of medical data, during natural language processing (NLP) data improvement 
and machine learning (ML) data investigation.
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frequently composed for medical investigation. These contain syndrome pointers, 
patients’ endurance periods, and quantitative syndrome stages such as the size of 
tumor. Here jth characteristic of the ith numbers of patient is denoted by Pij and Qi 
is representing the effect of concern. Regarding whether to integrate the results, 
machine learning (ML) algorithms can also be separated into two main types: 
supervised learning and unsupervised learning. One more type is also available 

Figure 1. 
The road plan from generation of medical data, during natural language processing (NLP) data improvement 
and machine learning (ML) data investigation.
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named as semisupervised learning. Figure 2 represents all these three types of 
learning procedures. Unsupervised learning is also identified for feature removal, 
whereas supervised learning is appropriate for analytical representation by con-
structing several interactions involving patient individuality (input) and result of 
concern (output). In recent times, semisupervised learning has been projected as a 
hybrid involving supervised learning and unsupervised learning, which is appro-
priate for circumstances wherever the effect is omitted for definite issues.

There are two major unsupervised learning techniques available such as  
(i) principal component analysis (PCA) technique and (ii) clustering technique. 
Principal component analysis is basically for element reduction, mainly while the 
characteristic is documented in a huge number of elements, such as the number of 
genes in a genome-mixt connection revise. Principal component analyses (PCA) 
project the data on a small number of principal component (PC) guidelines, 
without trailing in excess of information regarding the issues. Occasionally, PCA is 
used to decrease the element of the data, after which clustering technique is used to 
fraction the issues. All these fraction issues with related characteristics are gathered 
together, without applying any result information. This algorithm’s result output 
helps the cluster tags for the patients throughout maximizing as well as minimizing 
the parallel of the patients and also involving the clusters. These accepted cluster-
ing algorithms contain (i) Gaussian mixture clustering, (ii) K-means clustering, 
and (iii) hierarchical clustering. Alternatively, supervised learning reflects on the 
topics’ outcomes in cooperation with their characteristics and goes via a definite 
training procedure to find out the finest outputs connected through the inputs, 
which are nearby the standard outcomes. Generally, the formulations of output 
contrast through the concern outcomes. Such that, the outcome can be the pos-
sibility of receiving an exact clinical result, the projected value of a disease stage 
or the projected endurance time. Evaluated by unsupervised learning and super-
vised learning, which offers extra clinically applicable results; therefore Artificial 
Intelligence (AI) relevance in healthcare system most regularly apply supervised 
learning. Unsupervised learning may be applied as a component of the preprocess-
ing stage to or find out subgroups or decrease dimensionality, which consecutively 
makes summarizing supervised learning stage more capable. Appropriate methods 
contain logistic regression, linear regression, decision tree, naïve Bayes, random 
forest, discriminate analysis, nearest neighbor, neural network, and support vector 
machine (SVM). Neural network and SVM are the most accepted supervised learn-
ing methods in healthcare applications [5]. The mechanisms of neural networks and 
support vector machine (SVM) techniques process together with relevant examples 
in the cardiovascular disease, neurological disease, and cancer.

Figure 2. 
Representation of (A) unsupervised learning, (B) supervised learning, and (C) semisupervised learning.
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2.2 Neural network

Neural network is basically known as the expansion of linear regression for 
confining the difficult nonlinear relationships dividing the input parameters and 
outcome data. In this neural network, the relations involving the input parameters 
and the outcome are represented throughout the multiple unknown layer group-
ing of preindividual functional. The aim is to calculate approximately the weights 
via input data and also the outcome data so that the average error involving the 
outcome and their calculation is reduced. Here, this technique is described via 
following some examples. Neural network was used in stroke diagnosis [6], where 
the input parameters were given as Xi1, …, Xip and p = 16 stroke-related symptoms, 
together with acute confusion, problem of vision and mobility, paresthesia of the 
leg or arm, etc. Yi represents the binary outcome, where Yi = 1/0 represents that 
the ith patient has or does not have stroke. The output factor of importance is the 
possibilities of stroke (ai), which represents the equation given below:

   a  i   = h {  Σ  
K=1
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In this equation, w10 and w20 are not equal to zero, where Xij, fk = 0; fks and h are 
prespecified functions, which indicate that the weighted grouping influences the 
disease threat as a whole. Figure 3 represents the neural network system.

The instruction’s aim is to find out the weight of wij, which can minimize the 
calculation in accuracy given by   Σ  i=1  n     ( Y  i   −  a  i  )    2  . The minimization can be done via 
standard optimization algorithms, for instance, local quadratic estimate or gradient 
decline optimization, which are integrated in both R and MATLAB software. The 
latest data were issued from the similar population and the results of wij are also 
applied to calculate the outcomes rooted in their particular characters [7]. This is 
the same as methods have been applied to identify cancer treatment [8], where the 
input efforts and outcomes are the principal components (PC) predictable from 
6567 genes and the tumor groups. A neural network was applied to identify breast 
cancer, where the inputs represent the surface information from mammographic 
images and where the outcomes are tumor indicators [9]. Another problematical 
neural network model was analyzed to identify Parkinson’s disease derived where 
the input parameters are motor and nonmotor indications and neuroimages [10].

2.3 The support vector machine (SVM)

The supporting vector machine is mostly applied for categorizing the topics 
into two different clusters, where the result Yi, Yi = −1 or 1 indicates whether the 
ith patient is in set 1 or 2 correspondingly. This procedure can be completed for 
circumstances with more than 2 sets. The fundamental hypothesis is that the subject 
matters can be divided into two different groups via a decision boundary distinct on 
the characteristics Xij, which can be represented as:

   a  i   =  Σ  
j=1

  
p
    w  j    X  ij   + b   (2)

where wj represents the weight put on the jth characteristic to mark edits’ 
comparative implication on moving the outcome between the others. If ai > 0, 
the ith patient is categorized to group 1, that is, Yi = −1; and if ai < 0, the patient is 
categorized to group 2, that is, Yi = 1. Furthermore, assuming that the new patients 
come from the same population, the resulting Wj can be applied to classify these 
new patients based on their traits. An important property of SVM is that the deter-
mination of the model parameters is a convex optimization problem so the solution 
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is always global optimum. Additionally, many obtainable rounded optimization 
technique applications are readily available for the SVM performance. SVM has 
been widely applied in healthcare research. For example, SVM was used to recog-
nize imaging biomarkers of psychiatric and neurological disease [11]. SVM was also 
applied in cancer diagnosis [12]. SVM and other statistical methods can also be used 
to reach early detection of Alzheimer’s syndrome [13]. SVM was applied to analyze 
the power of an offline human and device interface, which can control the upper-
limb prostheses [14].

2.4 Deep learning method

Deep learning method is a contemporary expansion of the traditional neural 
network method. Figure 4 represents deep learning like a neural network with 
multicovers.

Rapid growth of current computing allowed deep learning for constructing 
the neural networks along with huge amount of covers, which is impossible for 
traditional neural networks. Basically, this technique helps to investigate many 
critical nonlinear models in the information. One more cause for the recent 
acceptance of deep learning techniques is owing to the enhancement of the critical 
and volume of data [15]. Dissimilar to the traditional neural network, this process 
generally applies more hidden levels in order that the algorithms can handle critical 
data with different structures [5]. In the healthcare applications, the generally 
applied deep learning algorithms consist of recurrent neural network, convolu-
tion neural network technique, deep neural network, and deep belief network. 
Convolution neural network is the most accepted one in 2016. The convolution 
neural network is extended to analyzing the ineptitude of the traditional machine 

Figure 3. 
Neural network diagram.
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learning algorithms when conducting high dimensional data, that is, data with a 
huge number of characteristics. Conventionally, the machine learning algorithms 
are considered to examine data when the number of characteristics is little. The 
image data are physically high dimensional because each image generally includes 
thousands of pixels as characteristics. One explanation is to present dimension 
decrease: primarily preselect an object of pixels as elements and then complete the 
machine learning algorithms on the ensuing lower dimensional traits. However, 
heuristic feature selection events may drop the information in the images. 
Unsupervised learning methods such as clustering or PCA can be applied for 
data-determined dimension decrease. The convolution neural network was first 
projected the high-dimensional image investigation [16], where the inputs for 
convolution neural network are the accurately regulated pixel values on the images. 
The convolution neural network then transmitted the pixel values in the image 
throughout weighting in the difficulty layers and variety in the subsampling layers 
instead. The ultimate output is a recursive purpose of the weighted input values. 
The weights are skilled to reduce the average error involving the predictions and 
the outcomes. The performance of convolution neural network has been incorpo-
rated in trendy software packages such as Caffe from Berkeley AI Research [17] and 
Tensor Flow from Google [18]. Recently, the convolution neural network has been 
effectively executed in the healthcare area to help disease identification. It is used 
to identify the congenital cataract disease throughout learning the ocular images 
[19], though it has over 90% accuracy on identification and treatment implication. 
Convolution neural network was performed to identify skin cancer from clinical 
images [20]. Convolution neural network is applied to identify referable diabetic 
retinopathy via the retinal fundus photographs [21]. The specificity and sensitivity 
of the algorithm are both over 90%, which expressed the usefulness of using the 
method in the analysis of diabetes. It is importance to declare that in all this type 
of applications, the presentation of the convolution neural network is competitive 
beside an experienced physician in the truthfulness for categorizes both usual and 
disease stages.

Figure 4. 
Multilayer neural network.
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2.5 Natural language processing

Genetic data and EP plus image are all machine-comprehensible, that is why 
the machine learning (ML) algorithms can be straightly presented after quality 
control processes or appropriate preprocessing. Though huge extents of medical 
data are like descriptive content, like a substantial examination, operative notes, 
and an experimental laboratory reports and release abstracts, these are formless and 
inconceivable for computer programming. Below this background, natural language 
processing (NLP) targets removing helpful data from the descriptive text to support 
the medical conclusion making [3]. A natural language processing (NLP) pipeline 
includes two main components: (i) classification and (ii) text processing. During 
text processing, the natural language processing (NLP) recognizes a sequence of 
disease-appropriate keywords at clinical remarks related to the past records [22]. 
After that, keyword subsets are preferred during analyzing their achievements 
in the arrangement in the normal abnormal cases. The authorized keywords then 
enter and enhance the controlled information to support medical choice making. 
The natural language processing pipelines have been developed to help the medical 
choice making on attentive treatment preparations and monitoring critical effects. 
For instance, it was showed that establishment of natural language processing, 
for analyzing the chest X-ray reports would help the antibiotic assistant system 
to aware physicians for the probable necessitate for anti-infective therapy [23]. 
Natural language processing was used to mechanically monitor laboratory-based 
difficult effects. Moreover, the natural language processing pipelines can also assist 
with disease analysis [24]. A recognized of 14 cerebral aneurysm disease-associated 
changeable during executing natural language processing (NLP), based on the 
clinical remarks [25]. Resulting variables are effectively applied for categorizing 
the common patients and the patients with cerebral problems, with 86% to 95% 
accuracy rates on the validation and training trials correspondingly. A natural 
language processing was implemented to extort the peripheral arterial disease-
allied keywords from description clinical remarks. The keywords are then applied 
to categorize the common patients and the patients who have peripheral arterial 
disease, which reaches over 90% accurate [22].

3. Artificial intelligence (AI) applications in healthcare system

In spite of few limitations, artificial intelligence (AI) are applied in healthcare 
system. Researchers mainly focus on the region of major three diseases: cardiovas-
cular disease, nervous system disease, and life-threatening cancer also. In cardiol-
ogy, [26] explained the prospective uses of the AI system for making a diagnosis of 
the cardiac diseases with the help of cardiac images. Cardiac stroke is a natural and 
commonly stirring disease that has an effect on more than 500 million people all 
around the world. It is the most leading cause of death in world. It has also high 
medical expenses across the world nearly about US$ 689 billion, which causes 
serious trouble to patient families [27, 28]. For that reason, research on anticipation 
and medical treatment for stroke has a great impact. Recently, artificial intelligence 
(AI) processes have been used in additional and supplementary stroke-connected 
studies. In stroke-concerned cases, AI procedures help in the three main areas: 
before time for disease calculation and analysis, healing, and in addition to conclu-
sion forecast and diagnosis assessment. About 85% of the time, stroke is caused by 
cerebral infarction, that is, thrombus in the vessel. For require of finding pre 
stroke indication, only some patients could obtain appropriate treatment. A 
movement-detecting device was developed for predicting early stroke [29]. For 
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model structure resolution, two machine learning algorithms like PCA and genetic 
fuzzy finite state machine are mainly used. The revealing method is attached with 
a patient human action detection phase and the starting of the stroke detection 
phase. Ideally, the typical model is remarkably different from the patient move-
ment, and an attentive model that can detect stroke can stimulate and assess 
medical action and make it immediately feasible. Correspondingly, a device that is 
wearable was proposed for gathering data for regular and pathological steps for 
calculation of stroke [30]. The data can be removed and copied by SVM and 
unseen Markov models, and this algorithm could suitably organize 91% of infor-
mation to the exact group. For some identification of the stroke, neuro-imaging 
processes like CT scan and MRI are also essential for disease estimation. Several 
studies have attempted to concern machine learning techniques to neuro-imaging 
data to support with stroke analysis. SVM was used in resting-state functional MRI 
data, where endophenotypes of motor disability behind stroke were classified and 
recognized [31]. This algorithm can precisely distinguish patients with a precision 
of 87.6%. T1-weighted MRI, [32] helps to rearrange the stroke injury. This effect is 
similar for human-proficient physical injury explanation. Kamnitsas et al. [33] 
attempted 3D CNN aimed at injury fragmentation in multisculpt brain MRI. It 
likewise used fully associated provisional casual field representation for ultimate 
postprocessing of the CNN’s soft segmentation plots. With the help of Gaussian 
process regression method, stroke anatomical MRI images were analyzed,and also 
establish the vortex pattern performed well than injury load/area like the expecting 
elements [34]. Machine learning (ML) techniques are also useful to examine stroke 
patients with CT scans. A free-floating intraluminal thrombus can be created like 
injury post stroke, and this is complicated to discriminate by carotid sign in CT 
imaging. Three machine learning (ML) algorithms were used to categorize two 
quantitative types: shape analysis with linear classification analysis, SVM, and 
artificial neural network [35]. Machine learning is also used in expecting and 
evaluating the presentation for stroke cure. In a critical emergency phase determi-
nation, the result of intravenous thrombolysis (tPA) has a sturdy link for the 
diagnosis per durance rate. With CT scan, SVM can be used for expecting whether 
the patients by thrombolysis (tPA) cure can build up suggestive intracranial 
hemorrhage [36]. In SVM, complete brain images were used as input, which acted 
healthier than traditional radiology-based procedures. For improving the medical 
result making procedure of thrombolysis (tPA) healing, a stroke treatment model 
was proposed for investigating perform guiding principle, clinical trials and 
meta-analysis with Bayesian principle network [37]. The model consisted of 56 
different types of variables and 3 decisions aimed at investigating the process for 
analysis, cure, and effective calculation. An interaction tree was used, where the 
subgroup investigated suitable thrombolysis (tPA) dosage as per patient individu-
ality, taking into consideration the healing efficacy and the possibility of bleeding 
[38]. Several issues can influence stroke diagnosis and syndrome mortality. 
Evaluating with traditional methods, machine learning techniques have returns in 
progressing calculation activity. To enhance and maintain the medical assessment 
making procedure, a model was proposed for expecting a three-month healing 
outcome by examining the physiological considerations for the duration of 
48 hours following stroke with logistic degeneration [39]. A database was observed 
with 107 patient’s medical information through acute anterior stroke and also 
posterior stroke via intra-arterial therapy [18]. Here, the data were examined 
through SVM and artificial neural network and achieved calculation accurateness 
of more than 70%. Machine learning procedures was used to recognize the control 
effect in brain arterio-venous abnormality satisfied with endo-vascular emboliza-
tion. Though typical degeneration analysis representation could only reach a 43% 
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precision rate, this technique’s exertion is much enhanced with 97.5% exactness. 
An optimal algorithm was analyzed to calculate 30 days mortality test and gained 
additional exact calculation than surviving techniques [40]. Likewise, SVM was 
used to calculate the stroke mortality via discharge. Additionally, the application 
of the synthetic alternative oversampling procedure was proposed to decrease the 
stroke effect calculation prejudice reasoned among class inequality between 
several datasets. Brain images were examined for calculating the effect of stroke 
cure. CT scan data were examined through machine learning procedure for 
estimating the cerebral edema through hemispheric infraction [41]. A random 
forest was constructed to involuntarily recognize the cerebrospinal fluid (CSF) 
and examined the changes in the CT scan, and this is more precise and capable 
compared to the traditional procedures. Functional connectivity was extracted 
from magnetic resonance imaging (MRI) and practical magnetic resonance 
imaging (MRI) data, and ridge degeneration and multitasking intellect were also 
applied for cognitive deficit calculation following stroke [42]. A relationship was 
examined, which involved injuries extorted from magnetic resonance imaging 
(MRI) and the cure effect through Gaussian method regression technique [43]. The 
model was used to calculate the difficulty of cognitive damages during stroke and 
the way of retrieval in due course. In Arterys Cardio DL process, where artificial 
intelligence (AI) is help to make available programmed and also changeable 
ventricle segmentations related on traditional MRI of cardiac images [44]. In 
nervous system disease, an artificial intelligence (AI) method was developed [45] 
for repairing the regulation of body movement in quadriplegia patients. Farina 
et al. experienced the control of the offline man–machine edge, which applies the 
release timings for the spinal motor neurons for controlling the prosthesis of the 
upper limb. IBM Watson for the oncology diagnosis can be a consistent AI for 
cancer diagnosis from start to the end, which was explained by Somashekhar et al. 
[46] by a double-blinded validation study. A clinical image was examined for 
recognizing skin cancer subtypes [20]. The applications of these three types’ 
diseases are not absolutely unpredicted. These three diseases are principal death 
causes; for that reason, analyzing the stages of the disease before time is vital to 
avoid worsening of the patients’ health condition. Moreover, quick diagnoses can 
prospectively reach throughout recovering the analysis measures on electrophysi-
ological (EP) or electronic medical record (EMR), imaging and genetic, and this is 
the major power of the artificial intelligence (AI) technique. Moreover, apart from 
the three main diseases, artificial intelligence (AI) system has been used in another 
disease too: to examine the ocular image data for diagnosing inherited cataract 
diseases [19]. A referable diabetic retinopathy was detected by the retinal fundus 
photographs [21].

4. Application of artificial intelligence in modern medicine

Artificial intelligence in modern medicine and medial area has been a mostly 
upcoming hot topic in current years. Although there is wisdom of excessive 
prospective in the use of artificial intelligence in modern medicine, there are also 
worries about the defeat of the ‘human touch’ in such an important and person-
motivated work. Artificial intelligence in modern medicine denotes to the practice 
of artificial intelligence tools and programmed procedures in the identification and 
cure of patients who need care. At the same time as analysis and cure may appear 
like modest phases, there are numerous other circumstantial procedures that come 
to pass in demand for a patient designate properly taken to attention, such as:
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i. Collecting information data from patient discussions and checks

ii. Treating and examining outcomes of result

iii. Applying several causes of information data to derive an exact identification

iv. Defining an applicable cure technique

v. Arranging and controlling the selected cure technique

vi. Patient observing

vii. Rehabilitation, continuation arrangements

Disagreement for enlarged use of artificial intelligence in modern medicine is 
that reasonably a various of the beyond could be programmed—computerization 
often means jobs are finished more swiftly, and it also help to frees up the time of a 
medical expert’s when they could be acting other responsibilities, which cannot be 
computerized, and hence are appreciated as a more cherished practice of human 
wealth. For instance, technology application has improved in all regions of daily 
life. Now, there are unbelievable volumes of tools and robotics in association with 
modern medicine; all medical information is digitized, online appointments can be 
arranged, and with the help of different healthcare apps in smartphone, it can be 
easy to find out nearest medical clinics or any health centers. Artificial intelligence 
is already being used in healthcare modern medicine nowadays. As a medical 
assessment support system, DXplain [47] is an artificial intelligence system that 
can help to perform on a set of medical outcomes like symptoms, marks, laboratory 
files, etc. to make a hierarchical list of identification that can describe the medical 
indices. Germwatcher [48] is another artificial intelligent system that is considered 
to notice, and examine taints in needy patients. In medical robotic surgical technol-
ogy, the “da Vinci robotic surgical system” [49] with defined movement, robotic 
arms, and magnetized visualization permits surgeons to perform surgery that is not 
possible through an exclusively manual method. The probable for enlarged artificial 
intelligence practice in modern medicine is not objective in a decrease of physical 
jobs and reducing doctor’s time, growing proficiency and output-it also offers the 
prospect for healthcare system to change to further accuracy of modern medicine.

5. Alginate and AI in biomedical fields

Smart biomedical and medical packaging with the application of polymers is a 
generally and rapidly growing area of interest for academia and industries. Among 
a variety of polymers such as alginate, many uses have been created such as in bio-
medical field, medicine, packaging, and food sector [50]. For example, in modern 
drug delivery systems, a mesh completed of nanofibers created by the electro-
spinning process is highly desired. Electro-spinning for biomedicine is based on 
the application of natural substances and biopolymers, along with the mixture of 
drugs such as sulfisoxazole, naproxen, and essential oils with antibacterial proper-
ties such as eugenol and tocopherol. In recent times, there has been an enormous 
thrust in the usage of biopolymers for a number of applications, especially in the 
biomedical and also in pharmaceutical areas [51, 52]. The functional effectiveness 
of the biopolymer molecules depends on the physicochemical properties, structural 
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features, and composition [53]. It is feasible to rationally design the structure and 
composition of the biopolymer to gain suitable useful features [54]. The internal 
structure of the polymer molecule determines many functional characteristics, 
for example permeability, integrity, and chargeability [55]. The strength of the 
biopolymer particles and their summative capability is influenced by the electrical 
characteristics. Molecules of biopolymers and their electrical properties influence 
the contact with other molecules present in the neighboring environment. Alginate 
is one of the most popular natural biopolymers and intensely studied [56, 57]. It is 
an anionic biopolymer consisting of units of guluronic acid and mannuronic acid 
in uneven blocks [58]. Guluronic acid and mannuronic acid are linked by glycosidic 
linkages [59, 60], whereas the guluronic acid forms α bonds (1 → 4) and β (1 → 4) 
bonds with mannuronic acid [61]. The stiffness of molecular chains is ensured by 
the rigid and bent conformations of guluronic acid [62]. Hecth et al. have recently 
discussed their study on the characterization of calcium alginate and sodium 
alginate with particular importance on their structure [63]. Different applications 
and properties of alginate have also been examined. Alginate characteristics used 
biomedical especially in biomedicine can be formed by adjusting the accessibil-
ity of their hydroxyl and carboxyl groups [64]. It influences the characteristics 
of alginates, such as hydrophobicity, solubility, and their biological activity [65]. 
Alginate hydrogels were formed by cross-linking polymer chains [66]. The chemical 
properties of alginate hydrogels were found to depend on the cross-linking density 
of the chain [67]. The cellular viability of MG-63 osteosarcoma cells was improved 
by blending alginate bioink solution with N-acetyl cysteine (NAC) [68]. One of the 
techniques used in the design of alginate hydrogels is intermolecular cross-linking, 
wherein only the alginate guluronan groups react with the divalent cation, most 
frequently the calcium used to gel the alginate [69].

6. Conclusions

Artificial intelligence (AI) in healthcare offered a variety of healthcare informa-
tion results that artificial intelligence (AI) has examined and reviewed the most 
important types of diseases that artificial intelligence (AI) has arranged. Machine 
learning (ML) and natural language processing are two major groups of artificial 
intelligence (AI) devices. For machine learning (ML) process, two most accepted 
traditional methods are available, that is, neural network and SVM. A typical 
artificial intelligence (AI) system must have the machine learning (ML) compo-
nent that can help for conducting the structured data such as EP data, images, 
and genetic data and another natural language processing (NLP) module for the 
deduction of unstructured works. The complicated algorithm requires to be taught 
during the healthcare results previous to the system which can support the physi-
cians for the disease analysis and plans which should be required for treatment. This 
technique focuses on how computer-oriented assessment methods, within the same 
roof as artificial intelligence (AI), can help in improving health and clinical area. 
Even though sophisticated information and machine learning present the base for 
artificial intelligence (AI), at present, there are revolutionary progresses happen-
ing in the subfield of neural networks. This has produced remarkable enthusiasm 
in several fields of healthcare science, as well as drug analysis and public health. 
Deep neural networks can execute as well as the most excellent human clinicians in 
definite diagnostic responsibilities. Additionally, artificial intelligence (AI) tools are 
already emerging in health-based apps, which can be engaged in handheld, network 
machines such as smart mobile phones. The major obstructions to be defeated 
in building health and healthcare data information are the space between digital 
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data and human cognition. Data information regarding an entity patient is mostly 
gained in forms designed to be available to healthcare personnel. Typical data may 
consist of MRI or X-ray or ultrasound pictures of the patient, visual records of lung 
or heart function differing with time, or verbal similes of the patient as seen by the 
medical personnel. Alternatively, when data are accumulated in data information 
process and applied, in health research or to expand treatment procedures, it is 
regularly concentrated to statistical information that is mainly digital. The transfer 
of analog input into digital output is an oppressive task and may result in a defeat of 
important information, which would have been cooperative to the consumer.
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