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Abstract

Alginate is a polysaccharide of natural origin, which shows outstanding properties of biocompatibility, gel forming abil-
ity, non-toxicity, biodegradability and easy to process. Due to these excellent properties of alginate, sodium alginate,
a hydrogel form of alginate, oxidized alginate and other alginate based materials are used in various biomedical fields,
especially in drug delivery, wound healing and tissue engineering. Alginate can be easily processed as the 3D scaffolding
materials which includes hydrogels, microcapsules, microspheres, foams, sponges, and fibers and these alginate based
bio-polymeric materials have particularly used in tissue healing, healing of bone injuries, scars, wound, cartilage repair
and treatment, new bone regeneration, scaffolds for the cell growth. Alginate can be easily modified and blended by
adopting some physical and chemical processes and the new alginate derivative materials obtained have new different
structures, functions, and properties having improved mechanical strength, cell affinity and property of gelation. This
can be attained due to combination with other different biomaterials, chemical and physical crosslinking, and immobi-
lization of definite ligands (sugar and peptide molecules). Hence alginate, its modified forms, derivative and composite
materials are found to be more attractive towards tissue engineering. This article provides a comprehensive outline of
properties, structural aspects, and application in tissue engineering.
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1 Introduction in the vegetative growing cells. Alginates derived from

algae possesses a wide range of molecular weight, while

The alginate is a term which is commonly used instead
of alginic acid salt, but this term is also denoted for the
derivatives of alginic acid and also original alginic acid.
The structural materials of alginate are the cell walls of
the brown micro-algae called as Phaeophyceae, which is
existing as divalent alginic acid salts and forms an inter-
cellular gel matrix. Alginates are mainly the scaffolding
polysaccharides, extracted from brown seaweeds and
alginate in the commercial form are extracted from the
different species such as Laminaria, Macrocystis, Sargas-
sum,.Ascophyllum, Lessonia, Eclonia and Durvillea [1, 2].
Although the major source of alginate is brown seaweed,
but it also be produced from the bacteria like Azotobac-
ter and Pseudomonas, which is much abundantly found

that extracted from bacteria retain high molar masses and
also high Degree of Polymerization (DP). Alginate is the
most abundant biopolymer available in the whole world
and marine environment after cellulose [3, 4]. Sodium salt
of alginate is the major source of alginate and the other
kind of alginates are alginic acid, its calcium, potassium
and ammonium salts and propylene glycol alginate, which
is an ester of alginic acid. It is an important biomaterial
mainly applied for wound healing, wound dressing and
cell culture. The grafted copolymer of alginate is a poly-
saccharide, which has multifunctional activity and used
in diverse fields including pharmaceutical, biomedical,
tissue engineering owing to its property of non-toxicity.
It consist of (1-4)-bonded -d-mannuronic acid with the
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blocks of a-I-guluronic acid [5, 6].The salt of Ca, Na and Ba
alginate has the gelling capability because of the presence
of divalent cations, highly viscous in the aqueous medium
and hence extensively used in different biomedical fields
mainly cell transplantation, tissue regeneration, drug
delivery. Now the most evolutionary concept of alginate
for the biological systems is to treat, supplement of any
organ, tissue or any part of the human body [7, 8]. Alginate
is an anionic biopolymer of natural origin and more suited
for biomedical applications because of its many outstand-
ing properties such as low toxicity, biodegradability, bio-
compatibility, comparatively low cost of extraction and
processing, mild gelation and good hydrogel forming abil-
ity due to the addition of divalent cations such as Ca**. The
hydrogel form of alginate can be synthesized by different
cross-linking methods and its structure are similar to extra-
cellular matrices of living tissues. Recently more emphasis
is given towards the tissue engineering, since for the last
few years because of its pioneering approaches towards
the healing of the injured or damaged tissues. The bone
tissue of our body has a greater ability to reconstruct itself,
if small damage appears, but otherwise in case of large
bone defects some additional treatment is needed. Many
critical diseases like osteoarthritis, cancer, osteoporosis,
major bone fracture and bone infections needed extra
treatment for complete recovery of tissue. Bone is consid-
ered as the second most transplanted tissue next to blood.
Alginate is also commonly used as a good therapeutic
material for pain relieving along with anti-inflammatory
and antibacterial agent. Alginate hydrogels are specifically
attractive in drug delivery, wound healing and application
in tissue engineering because alginate gel retain structural
similarity to the extracellular matrices in tissues [9, 10].

2 Biosynthesis of alginate

e The commercial form of alginate mainly derived from
brown algae, which include Laminaria hyperborean,
Laminaria digitata, Laminaria japonica, Macrocystis
pyrifera and Ascophyllum nodosum by using the aque-
ous solution of NaOH.

e The extract obtained after treatment with alkali is first
filtered and then either calcium or sodium chloride is
mixed in the filtrate for precipitation of the alginate.

¢ Then the salt of alginate is changed into the alginic acid
by using dilute HCl and after proper conversion and
purification the water-soluble form of sodium alginate
power is obtained. The dry alginate contains 22— 30%
for Ascophyllum nodosum and 25-44% for the Lami-
naria digitata.

e The alginate produced from the bacterial biosynthesis
has defined physical properties and chemical struc-
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tures than the alginate extracted from seaweed. The
alginate obtained from the bacteria is mainly from
Pseudomonas and Azotobacter.

e The different pathway of the biosynthesis of alginate
follows the following steps

e Synthesis of the precursor substrate

e Transfer of the cytoplasmic and polymerization
membrane.

¢ Transfer and modification of periplasmic.

e Transfer through the outer membrane [11].

3 Structure of alginate

The two important components of alginate are D-man-
nuronate and L-guluronate bonded by1 — 4 linkage.
Dmannuronate is the major component of alginate and
on fractional precipitation with Ca and Mg salts; it was
regarded that alginate is a block copolymer of natural
origin. The ratio of mannuronate to guluronate varies
depending upon the source of the occurrence. Recently
more than 200 different categories of alginates are being
identified and extracted from nature. The whole family of
alginate consists of linear copolymers containing blocks
of (1, 4)-linked a-L-guluronate (G) and 3-D-mannuronate
(M). The different blocks of alginate are arranged consecu-
tively as G residues (GGGGGG), then consecutively as M
residues (MMMMMM), and then interchanging G and M
residues (GMGMGM). The content of the G-block in the
Laminaria hyperborean stems is of about 60%, whereas
in other commercially obtainable alginates has the range
of 14.0-31.0%. It was expected that only the G-blocks pre-
sent in the alginate can take part in the intermolecular
covalent cross-linking bonds with some divalent cations
like Ca®* and facilitates the formation of hydrogel. Hence
the length of the G-block, molecular mass and M/G ratio
are the important factors that affect the physical proper-
ties and capable of hydrogel formation in alginate. The
alginate obtained from different source exhibits different
chemical structure. The physical properties of alginate sig-
nificantly regulated the rate of gel formation, drug release
rate from the gel and the function of cells encapsulated in
the alginate gels [12, 13].

Example The bacterial alginate derived from the Azotobac-
ter has higher content of G-blocks and the gel produced
from it is comparatively stiffer. The structural formula of
sodium alginate and alginic acid are represented in Fig. 1.
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Fig. 1 Structural formula of
sodium alginate and alginic
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Fig.2 Different blocks of alginate bonded with 1—4 glycosidic
linkages

4 Alginic acid

Hence all the form of alginates contains three types of
blocks in their chemical structure such as G-block (poly
a-Lguluronic acid), M-block (3-D-mannuronic acid) and
MG block (comprising both the polyuronic acids). The
different blocks of alginate are bonded with each other
by 1 — 4 glycosidic linkages [14], which was shown in
Fig. 2.

5 Biocompatibility property of alginate

The property of biocompatibility of alginate has been
evaluated broadly in vivo and in vitro, but still there is
no consistency of the biocompatibility of the alginate
and alginate based biomaterials. The degree of biocom-
patibility depends upon the composition of the alginate
and its level of purity.

Examples 1t was found that the alginates containing higher
concentrations of M-blocks were immunogenic and almost
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ten times more powerful in persuading the formation of
cytokine relatively to the alginates that contains a high %
of G-blocks and other alginates have very less or almost no
immunoresponse, if it is implanted in our body.

The response towards immunology at the site of
implantation or injection depends upon the extend of
the presence of the impurities. Since the biopolymer
alginate is extracted from natural origin, therefore vari-
ous kinds of impurities including heavy metals, proteins,
endotoxins, and toxic polyphenolic substances are sig-
nificantly present in the natural form of alginates. The
purification of alginate is a multi-step extraction pro-
cess and the alginates having a high degree of purity
does not create any chemical reaction with the body
tissue. Similarly, the negligible significant inflammatory
response was realized in the commercially obtainable
gel form of alginate in a high degree of purified form.
The capsules of alginate poly-L-lysine (PLL) are normally
used for immunoprotection of the endocrine tissues. Dif-
ferent kinds of alginates have different G/M ratio and
the biocompatibility of the alginates depends upon the
G/M ratio. The fibrotic reaction is more severe against
the capsules of higher G- block alginate in comparison to
the intermediate G-block alginate. Hence the capsules of
high G-block alginate is much denser and adhere to the
different abdominal organs, but otherwise the alginate
capsules of the intermediate G- block were observed to
be easily moved in the peritoneal cavity and also adhe-
sion free of the cells. Hence the high G-block alginates
are much beneficial impact for the key encapsulation
and efforts has to be made to apply polycations and
these cations are more efficiently interact with high
G-block alginate than alginate -polylysine (PLL) [15, 16].
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6 Advantages and disadvantages
of alginate in tissue engineering

Although alginate possesses many unique properties
that desirable for different biomedical applications
and tissue engineering, but still it has many drawbacks.
Therefore, the interactions in between the monovalent
cations and the alginate blocks are the cause of dissolu-
tion of the gels. The non-bonded polymer blocks never
degraded through the bacterial activity of the mam-
malian hosts. Although the gel formed is dissolved in
the physiological condition of the mammals, but the
molecules of alginate cannot be fully eliminated from
our body, because the average molecular mass of the
commercially obtainable alginates are more than the
renal clearance verge of our kidney. Alginate is the only
biopolymer of natural origin, which exhibits a number of
unique properties and more suited for tissue engineer-
ing, but possesses some major disadvantages [17].

e Although alginate hydrogels cannot easily undergo
degradation, but rather can be easily disintegrated if
it is coordinated with divalent cations and eliminates
the monovalent cations existing in the body fluids.
Alginate is characteristically non-degradable in mam-
mals because of the absence of enzyme (alginase),
which has the capability to break the polymer chain,
but the cross-linked alginate gels in ionic form can be
dissolved by the divalent cations (Ca*h responsible for
cross-linking during gel formation. The divalent cation
gradually replaces the monovalent cations (Na+) in the
surrounding media because of exchange reactions and
stimulates the dissolution of alginate. Partially oxidized
alginate might degrade in water, for which alginate is
treated as a good promising material from drug deliv-
ery vehicles and cells for different applications. Alginate
can be oxidized by sodium periodate, which can able to
break the carbon-carbon linkage of the cis-diol group
in the uronate and changes the chair conformation of
alginate to an open-chain form, which supports the
degradation of the backbone of the alginate. The par-
tial oxidation of alginate cannot interfere with its gel
forming ability in the presence of Ca*[18].

e Another important limitation of alginate is its defi-
ciency in the property of cell adhesion themes, which
is the cause of the failure of the cell attachment
resulting less cell-material interactions with both 3D
and 2D surroundings. But however alginate hydro-
gels can promote the adsorption of minimal protein
because of its property of hydrophilicity

e _.Hence the mammalian cells cannot interact with the
alginate hydrogel through the serum proteins, but
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the interaction of cell-material or anchorage plays a
crucial role in the survival of 3D and 2D cultures and
orchestrates of the cellular activity such as relocation,
differentiation, proliferation and apoptosis. But how-
ever high value of mechanical strain is employed on
the cells entrenched in the alginate hydrogel, which
may obstruct migration and elongation of the viable
functioning cells.

e Hence the alginate hydrogels unable to promote cell
migration and cell adhesion and can be refined on the
2D surface or at the interior of the 3D of the alginate
hydrogel form multicellular collections. Hence the use
of alginate as an emerging material for the application
in tissue engineering can be removed by increasing the
rate of degradation through the process of chemical
modification (gamma irradiation or partial oxidation)
and by adding the cell-binding materials such as RGD
(ArgGly-Asp)-containing proteins or peptides, which
may conjugated with the biopolymer alginate to facili-
tate the cell adhesion. The chemical structure of RGD is
shown in Fig. 3

e But still we have to develop and design an alginate-
based hydrogel material which can facilitate the cell
and the cell anchorage of different cellular function
such as elongation, proliferation, migration, and dif-
ferentiation in the 3D situations should appropriate for
applications in tissue engineering is now still a chal-
lenge to researchers. This problem of using alginate can
be removed by inserting gelatin, which is cross-linked
covalently with alginate dialdehyde (ADA).

e ADA is actually a moderately oxidized substance of
alginate, which supports the cross-linking of gelatin
with alginate through the formation of Schiff’s base
because of the reaction between the free amino
groups present in lysine or residues of hydroxylysine
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Fig.3 Chemical structure of RGD
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amino acid present in the gelatin and the existing
aldehyde groups(-CHO group) of the ADA. Due to the
partial oxidation of carbon-carbon bonds present at
the cis-diol group in the uronate residue of alginate, it
undergoes cleavage and changes the chair conforma-
tion in the open-chain structure and support the rate
of degradation of the alginate. Hence finally the prop-
erty of biodegradability of the covalently bonded
cross-linked hydrogel of alginate can be modified by
using ADA of various grades of oxidation. It can regu-
late and control the hydrolysis of alginate, thereby
altering the ratio of gelatin and ADA [19].

6.1 Use of alginate in tissue regeneration

Sodium alginate is categorized as a group of hydrogels,
which were synthesized by the free-radical polymeriza-
tion technique using some specific water-soluble mono-
mers such as methacrylamide (MAm), acrylamide (Am),
water-soluble polysaccharide (SA)and N-isopropylacryla-
mide (NIPAAm),which can be used in different medical
purposes, regenerative medicine and is considered as
the second most abundant polysaccharide available on
the globe, which is mainly extracted from the seaweed.
This versatile biopolymer has the composition of B-L-
guluronate subunits (G- blocks) and 3-D-mannuronate
(M-blocks) covalently linked with 1, 4 linkage. The
mechanical properties of the alginate gel formed mainly
depend upon the divalent cations that are used for
crosslinking with the alginate molecules. Both trivalent
and divalent cations (Ca®*, Mg?* Ba%*, Fe** and AI**) are
covalently linked to the G- blocks of the alginate and
forms a 3D structure commonly called as “egg box".

Example The presence of Sr and Ba ions in the place of
Caions in the cross-linking gel form is the cause of more
rigid in structure of it. The alginate in the microcapsules
form cross-linked with the divalent ions for cell immobi-
lization. The gel strength and dimensional stability com-
paratively increased in case of alginate gels of high-G due
to exchange of traditional Ca?* ions with Ba®*. The use of
Ba2" decreases the size of the alginate beads and cause
of decrease in permeability to immunoglobulin G. The
high-M content exhibit opposite behavior in combina-
tion with Sr and Ba ions because these beads were larger
surface area as compared to the beads of calcium-alginate
and shows better swelling capacity, which is the cause of
increased permeability. Different ions binds in different
extent in different block structures in the alginate., Ca%*
was found to bind to G- and MG-blocks, Ba** to G- and
M-blocks, and Sr¥* particularly to G-blocks [20].

Hence the substitution of different divalent ions such
as, Ca?* Ba** ions in place of Na* ions of guluronic acid is
the main reason that supports sodium alginate to behave
as a hydrogel. The G and M blocks combined with each
other in a diverse sequence or alternately settling as the
divalent cation, covalently cross-linked with the polymer
chains and forms a 3D structure, which is capable of bind-
ing huge quantities of drugs, water. Hence alginate serves
as bioactive materials that promoting tissue regeneration.
Therefore finally it was revealed that the sodium alginate
can able to cross-link with the Ca?* and improves the dif-
ferentiation and proliferation of osteoblasts in vitro [21,
22].

6.2 Wound healing, wound dressing and skin
repairing

The principal organ of our body is the skin, which serves
as a crucial role in maintaining homeostasis and also
protecting the internal part of our organs from the toxic
external environment. The treatment of severe and chronic
wound infection, intense burns in wound on skin requires
a longer period of time. In US 6.5 million patients are
severely affected by chronic wound infections along with
more than 18% of the diabetic patients over the age of
65 years are suffering from foot ulcers, which are not easily
healed or repaired. The process of wound healing is nor-
mally a complicated process and vastly controlled by our
biological system, which includes different types of cells,
i.e., immune cells, keratinocytes, endothelial cells, and
fibroblasts. The wound dressings by using alginate based
materials have many advantages in comparison to conven-
tional gauze dressing because the wound exudates can be
easily evaporated with preventing the entry of pathogenic
bacteria and provides a moist environment in the wound
areas and accelerates wound healing. During the time of
propagation of wound area, the epithelialization occurs
and new granulation tissue containing macrophages
fibroblasts and endothelial cells has covered the surface
of the wound areas by creating a completely novel extra-
cellular matrix (ECM). That ECM formed plays a vital role
for proper and rapid healing because ECM offers a suitable
environment for blood vessels and sustaining cells, which
provides the nutrients that required restoring the home-
ostasis and integrity of the tissue [23]. The extracellular
matrix formed functions as a suitable pliable and porous
scaffold for facilitating the diffusion of nutrients, cells and
the growth factor through the wound areas. The wound-
healing ability of the thin films of hydrogel produced con-
sisting of sodium alginate (NaAlg) in 3 g/100 mL of water
with 10% of the antiseptic povidone iodine (PVPI) shows
a significant decrease in the wound areas to increase in
re-epithelialisation even after 3 days and the complete
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wound healing is achieved within 12 days, which is more
rapid relative to the conventional wound healing process.
The povidone iodine present in the hydrogel provides anti-
septic properties and prevents the infection due to bacte-
rial activity [24, 25].

PVPI is treated as one of an exciting antiseptic agent
and popularly used in wound treatment. PVPI is a complex
of iodine and polyvinylpyrrolidone and soluble in water. It
is a broad-spectrum antiseptic agent and highly efficient
against a wide range of bacteria, fungi, viruses, yeast and
protozoa. In spite of its significant antibiotic property the
solution of PVPI exhibits fewer toxic effects on the human
skin fibroblast and act as retarder of the cell growth at
concentrations of 0.1% and 1.0% and prevents the wound
healing process.. Hence, in order to overcome this toxic
effect PVPI have been incorporated in the alginate matrix
to form a film of NaAlg/PVPI composite. This film possesses
antifungal and antimicrobial properties against Candida
albicans and Escherichia coli respectively. The NaAlg/PVPI
films were synthesized by taking 3 g of NaAlg dissolved
in 100 mL of distilled water under continuous stirring for
about 1 h at 100 °C. Then after that 0.3 g of PVPI was mixed
with the prepared solution of NaAlg solution and it was
allowed to dissolve at continue stirring for about 1 h at
normal room temperature till to get final concentration of
10% by wt. of PVPI. Finally, the appropriate volume of glyc-
erol was mixed with the prepared NaAlg/PVPI solution and
allowed to dissolve under continuous stirring for about 1 h
at normal room temperature. Then each film was cast by
taking 10 ml of the solution and finally dried for 24 h under
a chemical hood to get final film [26-28].

The ideal dressings of skin damage or injury can be
done by using alginate or sometimes alginate on com-
bination with some of the multifunctional substances
such as gelatin, polyvinyl alcohol, skin fibroin, hyaluronic
acid and graphene oxide and the added materials, which
enhances the different essential properties such as hydro-
philicity, mechanical properties, and cell adhesion to the
scaffolds. For specific target applications some collagen
and hormones, mainly triiodothyronine may be added. The
surface-to-volume ratio of the nanofibers is much higher
and is valuable for recovery of wounds. The nanofibrous
scaffold of polyvinyl alginate- alcohol-gelatin on modi-
fication with collagen improvers the hydrophilicity and
adhesion properties of the fibroblast cells. Therefore, it is
the cause of improving the proliferation, cell viability and
better bio-response for tissue regeneration to an increase
in tensile strength [29].

Honey possesses excellent antimicrobial properties and
the addition of honey with the nanofiber form of alginate-
alcohol-gelatin is much more effective for inhabiting the
growth of gram-negative bacterium such as E. coli and
gram-positive bacterium such as S. aureus, but however
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it shows better antibacterial properties against the gram-
positive bacterium. This is highly effective for the diabetic
patients suffering chronic wounds. The addition of triiodo-
thyronine, which is an active thyroid hormone with the
lyophilized hydrogel containing gelatine, polyvinyl alcohol
and alginate (AGPT) and plays a crucial role in the revival,
repairing of different tissues. It is much more effective
towards skin healing. Triiodothyronine is a active form of
thyroid hormone and exhibits crucial role in the regenera-
tion and repairing of tissues if incorporated in the scaffold.
The scaffold formed has the capability of releasing hor-
mone, which stimulates the neovasculature development,
cell migration, skin cell proliferation, lamellipodia creation
and cell-biomaterial interaction. Hence it enhances the
healing process with the development of blood vessel and
deposition of collagen. Therefore the scaffold prepared
possesses huge potential to be exploited as a chronic
wound therapeutic. Natural honey contains more than
200 different kinds of substances in it including glucose,
fructose and frocto-oligosaccharides and popularly used
for therapeutic purposes, since about 8000 years. The com-
position and quality of the honey depend upon the plants
or trees at which the bees are fed. It contains flavonoids
(including apigenin, galangin, pinocembrin, quercetin, hes-
peretin, kaempferol and chrysin), superoxide dismutase
(SOD), ascorbic acid, reduced glutathione (GSH), catalase
(CAT) and tocopherols. In addition to that products of Mil-
lard reaction and peptides are the major components of
the natural honey. The majority of the compounds present
in natural honey provide significant antioxidant property.
Hence honey can be more efficiently used for wound
healing treatment. Alginate has the unique property of
gel forming ability having a hemostatic effect and there-
fore popularly used as a wound healing agent because of
dehydration preventing and gel forming properties. The
dressing based on calcium-alginate with honey, can able
to absorb excess of wound exudates and produces a non-
adherent gel. The gel formed facilitates wound healing,
stimulates debridement, supports for preventing trauma
to the wound bed and also the surrounding area of skin.
Hence, due to good hydrogel forming ability, alginate on
mixing with honey can be served as a promising material
for quickening the wound healing with the prevention of
antibiotic resistance towards wound infections and may
be used as a topical ointment in the treatment of both
healing and therapeutic effects. Alginate-gelatin hydro-
gel on combination with honey shows excellent antibac-
terial and biocompatible property. The gelation property
of this exciting material is due to the Schiff-base reaction
between the amino groups of gelatin and carbonyl (alde-
hyde) groups of the oxidized alginate. The C-C bonds of
the cis-diol groups in the molecular chain segments of alg-
inate undergoes cleavage due to periodate oxidation and
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forms reactive ~CHO groups, which helps in cross-linking
with the amino groups through the Schiff-base bonding
[30-32].

Turmeric (Curcuma longa) is treated as an important and
widely used spice in Indian. Recently it has been used as
herbal medicines for the treatment and cure of a number
of diseases, including rheumatism, anorexia, sinusitis, dia-
betic ulcers and cough. The major component of turmeric
is Curcumin (diferuloylmethane) and the yellow colour of
turmeric is due to the presence of curcumin. Hence cur-
cumin possesses many essential properties such as antiin-
flammatory, anti-carcinogenic, anti-oxidant, anti-infective,
anti-mutagenic and anti-coagulant effects. Therefore Cur-
cumin exhibits significant properties of wound healing. It
acts on different phases of the natural wound healing to
accelerate the healing process. Curcumin has the capability
of decreasing the natural response to cutaneous wounds
of our body including oxidation and inflammation. The
wound healing characteristics of curcumin provide its
capability to improve granulation tissue formation, tissue
remodeling, wound shrinkage and collagen deposition.
The extracts of the turmeric plant contain curcumin, which
can be loaded to form nanoparticles with sodium alginate
(SA) and Carboxymethylcellulose (CMC). SA and CMC are
crosslinked by using methylenebisacrylamide(MBA) as
crosslinking agent and Ammonium persulfate(APS) as ini-
tiator [33, 34]. The structure of curcumin is represented
in Fig. 4.

Now high quality of advanced wound dressing mate-
rials is designed and developed by various researchers,
which are easy to control and handle with the higher
absorbent ability and cost effective. These materials pro-
vide a moist occlusive environment for promoting healing.
These wound dressing materials are of different kinds like
gel, occlusive, sponge or semi-occlusive forms. Alginate on
combination with nanoparticles of Ag and Chitosan fabri-
cates a composite polysaccharide, which possesses good
antibacterial and anti-adhesive wound dressing charac-
teristics. The wound dressing by using alginate in dry form
can absorb the fluids produced from the wound to re-gel,
and this gel formed provide water to the dry wound in
order to maintain the physiologically moist microenviron-
ment and reduces infection due to the bacterial activity

CHs

Fig.4 Structure of curcumin

at the site of the wound [35]. The alginate dressings can
be prepared by different methods such as in ionic cross-
linking with Ca, Mg, Pb, Co, Ba, Zn, Mn, Ni, Sr and Cd ions
or can be used in the form of gels or in the form of freeze-
dried porous sheets or fibrous dressings. Alginate dress-
ings in the dry form absorb wound fluid and converted
into a gel form and the gel form provides the dry wound a
moist physiological environment with drastically reduces
the bacterial infections, which causes quick granulation
tissue formation and re-epithelialization. The immuno-
genic effect of alginate in dry form is greatly influenced by
the concentration of M-blocks of alginate. This is because
the alginate having higher concentration of M-block pro-
motes the cytokine creation relative to the alginate hav-
ing higher concentration of G-blocks. Before applying the
alginate should be properly purified because impurities
may stimulate the immunogenic response [36, 37].

The fibers of alginate on cross-linking with Zn** ions
exhibits better result for wound dressing, because Zn**
ion has the ability of producing antimicrobial and immu-
nomodulatory effects with enhancing the keratinocyte
migration and increases the phases of endogenous growth
factors. A little fraction of Zn?* chelated by carboxylate
groups of alginate and are substituted by Na* ions, which
is the cause of the increase in electrostatic repulsion
among the negatively charged COO™ ions. This causes a
relaxation of the polymeric network and enhances the
water absorption capacity resulting the formation of
hydrogel. Zinc alginate hydrogels were synthesized by
internal gelation techniques and the concentration of
Zn increases the mechanical property, swelling ability,
antibacterial property, the rate of evaporation of water.
Hence Zn alginate exhibits higher swelling behavior than
Ca alginate. The blends of chitin or Chitosan with alginate
and fucoidan gels provide an excellent moist healing envi-
ronment and more successfully can be applied in chronic
wound dressing [38].

The process of wound repairing is normally a three
phase process such as inflammation, tissue formation and
then remodeling. All the three processes are simultane-
ously operating and correlated with each other that either
suppress or activate to maintain and initiate adequate
repair of the wound. During this process different signal-
ing factors, including miRNAome, transcriptome, cistrome
and proteome are regulating for suitable wound repair.
The Nuclear hormone receptors (NHRs) and the ligands
present in its control injury and cutaneous homeostasis
through migration, differentiation, modulating cellular
metabolism, inflammation, apoptosis and applied effec-
tively in dermatologies therapy [39, 40]. Because of excel-
lent biocompatibility and less antigenicity property with
most of the endogenous tissue natural collagen plays an
essential role in many for surgical repair. Wound dressing
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by using collagen based materials have been specially
applied in the treatment of ulcers and burn wounds. The
powdered form of avian collagen is more effective for the
treatment of chronic wound healing. This powdered form
of avian collagen stimulates cellular recruitment, activates
the inflammatory phase of wound healing and also pro-
motes the growth of new tissue. Collagen on combination
with alginate shows positive result in the stimulation of
the inflammatory phase of wound healing and impacts
required mechanical strength, which are the character-
istics of collagen fibrils. The collagen dressing forms a
semi-occlusive thin polymer film on the outer surface of
the wound and those occlusive films protect the bacte-
rial attack with additional mechanical trauma and provide
vapor permeability and proper air to the wound area. Col-
lagen decreases the scarring and shrinkage and enhances
the rate of epithelialization. Such kind of wound dressing
is extensively used in burn wounds [41].

6.3 Gelatin- alginate hydrogel for wound healing

Saarai et al. synthesized a novel hydrogel by the combina-
tion of gelatin (G) and sodium alginate (SA) in the ratio
of G/SA 30/70, 40/60, 50/50, 60/40, and 70/30 for appli-
cation in the wound healing applications. The hydrogel
having the ratio of G/SA 30/70, 40/60, and 50/50 shows
droplet morphologies, whereas hydrogels with ratio of
G/SA 60/40, 70/30, and 80/20 shows fibrous morphol-
ogy. The water absorption of the hydrogel was 81.86% to
60/40 SA/G, 72.52% for SA/G 70/30, 84.03% for SA/G 50/50,
90.1% for SA/G 30/70 and 87.97% for SA/G 40/60 respec-
tively. The higher capability of the swelling behavior of the
SA/G was due to the presence of hydrophilic functional
groups COO- and NH,- from both the biopolymers. The
hydrogel of sodium alginate and gelatin is cross-linked by
addition of either CaCl, or glutaraldehyde as cross-linking
agent. The water absorption of the hydrogels retards with
the rise in the concentration of cross-linking agent, which
establishes high mechanical strength. The swelling behav-
ior of the hydrogels increases with the increase in the % of
gelatin in the hydrogels. The crosslinking time significantly
influenced the mechanical strength of the hydrogels. The
less crosslinking time brings about reduced mechanical
strength with quick increase in swelling behavior, whereas
the more crosslinking time brings about the reduction in
the swelling capacity of the hydrogel. The SA/G hydrogel
in the ratio of 50:50 was found to be best appropriate for
wound dressing or wound healing having good swelling
capability [42, 43]. Polymer hydrogels are treated as good
materials for wound dressing for the treatment of severe
wounds and tissue revival. The hydrogel containing gela-
tin, sodium alginate and silver nanoparticles exhibits good
antimicrobial activity for tissue healing. The hydrogel form
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of soft tissue adhesives synthesized by using amino gelatin
(AG) and aldehyde sodium alginate (ASA) exhibits excel-
lent clinical properties for wound healing because of some
of its unique properties including high capacity of water
absorption, low immune response, good biodegradability,
nontoxicity, good biocompatibility. The swelling behav-
ior, gelling time and the bonding strength of the ASA/AG
hydrogel varied with the variation of the concentration
of amino groups in AG and aldehyde groups in ASA. The
gelation time can be controlled within 18 min, if the alde-
hyde content in ASA is 75.24% and amino content in AG is
0.61 mmol/g. The adhesive strength of this novel hydrogel
is almost similar to the adhesive strength of the commer-
cially obtainable adhesive Ebrin glue. Hence the hydrogel
ASA/AG is treated as a promising candidate material for
soft tissue adhesive and a number of biomedical applica-
tions [44-46].

6.4 Cartilage for tissue engineering

The Articular cartilage is considered as an extremely
organized and specialized important tissue in our body,
which connects the end parts of long bones and respon-
sible for functioning the joints. It delivers mechanical
strength and lubrication to prevent the tensile and com-
pressive strength, which is vital for bearing of body weight
and movement. The cartilage possesses an exceptional
matrix containing an interpenetrating system of collagen
with negatively charged proteoglycans and chondrocytes.
Since cartilage has a restricted regenerative ability, there-
fore it cannot be healed appropriately. Hence the repairing
of articular cartilage is still a great challenge for scientist,
doctors and researchers. The injury in the articular carti-
lage mainly due to sports injuries and the patients having
severe injuries in traumatic joint has more possibility of
suffering posttraumatic osteoarthritis, which is a worsen-
ing situation that causes severe pain, disability and some-
times may require a complete joint replacement. The algi-
nate hydrogel can able to retain a large quantity of water,
which facilities lubrication and retards the coefficient of
friction; in addition to that, the water stored in the hydro-
gel plays a crucial role in the mechanical properties and
chemical structure of the hydrogel [47, 48].

Due to restricted self-healing capacity of the damaged
articular cartilage, millions of people throughout the
world are suffering primary osteoarthritis whose sever-
ity gradually increases with increase in age. Although
alginate can be applied popularly as the scaffolding sub-
stance for regeneration of tissue for cartilage, but it has
some drawbacks, therefore some peptides, proteins and
specific inorganic materials are added in alginate in order
to reduce the deficiencies. But it was reported that a sys-
tem of chitosan-alginate in porous freeze-dried scaffolds
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forms are developed for the treatment of articular carti-
lage. The composite of chitosan-alginate scaffolds sup-
ports the development of chondrocytes having a distin-
guishing morphology and shows excellent results in the
biosynthesis of polymer collagen relative to the pure form
of chitosan scaffold because of the capability of alginate
for inducing redifferentiation of the 2D culture-expanded
dedifferentiated chondrocytes. But in order to increase the
interaction of the cell-materials, the peptide (RGD) was
conjugated with the complexes chitosan-alginate-hyalu-
ronate (CAH) and highly useful for cartilage of tissue engi-
neering, but however characteristic spherical morphol-
ogy of the chondrocytes was detected in all the scaffolds
without or with RGD. It was observed that a hybrid form
of hydrogelbased on alginate (ALG)-polyacrylamide on
combination with nanoparticles (SiNP) of silica serves as a
promising candidate material for the replacement of carti-
lage. It was proved that the required mechanical strength
of the hybrid material is due to the structural aspects of
ALG/PAAm (alginate-polyacrylamide) hydrogel. The high
mechanical strength is due to the cross-linked covalent
bonding in between the two intertwined polymer chain
segments. The carboxyl and amine groups of both ALG
and PAAm respectively interact with each other and form
a cross-linked network structure, which is accountable for
the load bearing capacity and mechanical strength of the
hybrid scaffolds. The SiNP-ALG-PAAm hydrogel of three-
dimensional structure is the cause of increasing mechani-
cal properties and inspire the cell proliferation [49, 50].
Again, it was observed that the hydrogels produced
from alginate is the cause of quick relaxation of stress
and supports the promotion and repairing of the carti-
lage matrix by chondrocytes. The low-molecular mass of
ALG/CS and high molecular mass alginate/chondroitin
sulphate (CS) covalently cross-linked with the strontium
of 3D microenvironment which provides relaxation moduli
and elastic is the appropriate matrix for cell culture. It can
able to control and regulate the metabolic activity of the
living cell tissues. From earlier, the suspension of chondro-
cytes in combination with CaSO, and alginate solution is
injected into the molds of facial implants for the formation
of preshaped cartilage [51, 52]. Another important mate-
rial progressively developed is shape-memory alginate
gels, which can able to construct cartilage having required
dimension in vivo followed by negligibly invasive deliv-
ery. Many researchers reported that by using stem cells
for repairing and regeneration of cartilage is very inter-
esting and attractive because of the offensive and dam-
aging procedures needed to get primary chondrocytes
from different tissues. The biopolymer alginate condensed
with human mesenchymal stem cells (MSCs) forms a gel
bead which is cultured in a non-serum medium in com-
bination with the transforming growth factor (TGF)-p1

dexamethasone, and ascorbate 2-phosphate even more
than 7 days and established the formation of cartilage also
in intense osteochondral defects [53, 54].

The combination of collagen with alginate exhibits a
significant effect toward the regeneration of articular car-
tilage as in the form of bio-ink for 3D cell printing. The
mixture of alginate hydrogel with hyaluronic acid with
some biomimetic peptides forms a modified hybrid gel,
which is more popularly used for increasing the interac-
tion in between the cell-matrix and HAV peptide (histidine
alanine valine) sequence and subsequently increases the
cell-cell interactions. It was studied by many researchers
that the combination of both hydrogels and alginate-
based microspheres is found to be more effective for the
controlled delivery of growth factor in tissue regeneration.

Example There is a constructive impact of immobilizing
RGD into a macro-porous form of the alginate scaffold of
stimulating the TGF-B-induced human MSC differentiation.
The interaction of the cell matrix supports the immobilized
RGD peptide, which is the vital feature of the cell microen-
vironment and is the cause of good accessibility of the cell
to the chondrogenic stimulating molecule (TGF-B) [55, 56].

6.5 Bone repairing

Bone is considered as a characteristic multifaceted tissue
having the composition of about 70% of nanohydroxyapa-
tite (HA) symbolized as Ca,y (PO,)4(OH), and approxi-
mately 30% of collagen by mass. Some noncollagenous
organic matter in aqueous solution present in it in negli-
gible amount. The ratio of volume to weight fractions of
the different components such as hydroxyapatite, collagen
and water is not constant and is varying with the individu-
als. Next to chitosan and chitin the second most widely
and popularly used biomaterials in the world for bone tis-
sue engineering is alginate because of its greater ability
to form scaffolds. A good biomaterial for the treatment of
bone repairing or bone healing must have to possess the
following properties.

e The biomaterials must be perfectly biocompatible hav-
ing adequate surface area.

e The biomaterials must be nontoxic in nature, having 3D
structure and contains required porous and the pore
size should be about 100 pm.

e The biomaterials used must facilitate cell migration,
proliferation and cell adhesion.

e The biomaterials must be perfectly biodegradable and
used as a drug carrier and growth factors

o These biomaterials must possess the mechanical prop-
erties comparable to the cortical bone and can offer
initial support at the site of the implant.
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e Must be osteoinductivity and osteoconductivity [57,
58].

For the necessary growth of tissues, the biomaterials
must have to possess increased vascularization, which
is very vital for cell proliferation and migration in the
required direction. The porous biocompatible and bio-
degradable scaffolds function as a provisional structure
in the treatment of bone tissue engineering (BTE), which
supports cell growth perfectly and forms a completely
new bone tissue at the damaged site and simultaneously
the implanted scaffold continuously degrades and finally
replaces the newly formed bone tissue. Although alginate
is non-toxic to host tissues or cells, but it has a deficiency
of the properties of cell adhesion, therefore some specific
kinds of peptides or proteins are normally added which
forms conjugation with alginate and used for the design
and development of tissue engineering materials. The sus-
tained release of bone-forming peptide-1 (BFP-1),which is
obtained from the bone morphogenetic protein-7 (BMP-
7) produces the scaffolds and promotes the osteogenic
diversity of osteoblasts. It was experimented that BFP-1
exhibits optimal result in osteogenic activity and cell via-
bility in the hydrogel of alginate having 10 pg/mL of the
peptide. Hence the peptide incorporation significantly
increases the osteo-regeneration in vivo if the scaffolds
were implanted into the defects of Beagle calvarial. The
osteoid is the organic component of the matrix part of the
bone, which consist of chondroitin sulfate and collagen-l
and on injection it is deposited at the damaged part of
calvarial defects, where the BFP-1 having alginate scaffolds
were implanted [59, 60].

In another case it was found that gelatin and alginate
both are cross-linked with each other and form a stable
amide linkage in between gelatin and alginate in the
presence of NHS (N-hydroxysuccinimide) and EDC(1ethyl-
3-[3-dimethylaminopropyl] carbodiimide hydrochloride)
in three different stages of the reaction. Now a new tech-
nique called as microwave-vacuum drying is applied for
fabricating porous scaffolds having both more and less
cross-linked gelatin- alginate blend hydrogels. The high
and low cross-linked hydrogels in vivo and in vitro scaf-
folds revealed exceptional biocompatibility, cytocompat-
ibility and bioresorbability properties, which is required
for special bone implantation and repairing. In the com-
posite of gelatin- alginate neovascularization and angio-
genesis were identified, which mainly supports for distrib-
uting nutrients into the implanted cells and is the cause
of enhancing regeneration of new tissues. Bone contains
both organic matter and inorganic materials such as
hydroxyapatite and collagen [61, 62]. Therefore, research-
ers are always trying to modify the materials by adding
some inorganic substances in alginate in order to develop
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a new material having high mechanical strength, which
is the major requirement of bone tissue. The addition of
inorganic material is the cause of enhancing the forma-
tion of new tissue in the damaged site of the body of the
patient. The different kinds of inorganic materials such as
bioactive glass (BG) and a number of various categories
of calcium phosphates mainly hydroxyapatite (HAp), tri-
calcium phosphate (TCP) are used for the formation of
alginate hydrogels for designing and developing scaffolds
needed for tissue engineering. In alginate-polyvinyl alco-
hol a bioactive phase of sol-gel-derived BG was inserted in
order to develop the composite scaffold that required for
bone regeneration [63, 64]. The porous scaffold of alginate
gel can be fabricated by using a modern technique called
as a surfactant foaming technique in which sodium lauryl
sulfate was normally used as a surfactant. Because of the
addition of bioactive glass as the inorganic component,
the composite scaffolds obtained shows the property of
osteoconductivity due to the formation of hydroxyapatites
(Hap) [65].

In another study it was revealed that by incorporating
tricalcium phosphate (TCP) into the oxidized form of algi-
nate-gelatin hydrogels, the bone formation is induced due
to osteoblasts, which are best applicable for BTE. The pres-
ence of BG enhances the degree and kinetics of crosslink-
ing with the oxidized alginate-gelatin base hydrogel (ADA-
Gel), hence it is the cause of improving the mechanical
strength of the hydrogel scaffolds. The scaffolds contain-
ing high BG possess low release rate of protein because
of the presence of more cross-linked structure, which
inhabits the hydrolytic degradation and protein release
rate. The Scaffolds having optimum BG (1%), with appro-
priate % of protein and the controlled rate of degradation
facilitate better cell growth, migration, proliferation and
differentiation in osteogenic, but the existence of BG sup-
ports the HAp formation onto the scaffolds and cause of
osteoconductive.

Recently it was reported that the nanocomposite scaf-
fold containing alginate, gelatin and graphene oxide (GO)
possesses the better property of bone healing. The addi-
tion of GO in the scaffold of gelatine-alginate enhances
the biomechanical strength [66, 67].

Example The scaffold of hydrogel without GO have the
compressive strength of 30 MPa, but whereas those con-
taining GO have 44 MPa.

The GO increases the property of hydrophilicity of the
scaffolds of the composite and exhibit slow rate of deg-
radation (almost 30% within 28 days). Hence the nano-
composite scaffolds are the cause of improvement in the
cell proliferation and attachment relative to the simple
gelatine-alginate scaffold. A better cross-linked hydrogel
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network was developed by using Ca* from calcium silicate
(CS) cross-linked with sodium alginate and silk fibroin (SF).
The presence of calcium silicate within the hydrogel scaf-
folds increases the degradation rate, hydrophilicity, and
bioactivity and compression resistance. Hence the hydro-
gel scaffolds having a higher % of calcium silicate exhibits
properties of excellent biocompatibility and supports the
promotion of osteogenic variation in vitro. Doxorubicin
hydrochloride (Dox) is normally used in the study of drug
delivery and it was examined that the composite of HA/
SA/CS/Dox supports the regeneration of the bone defects.
The combination of nano form of hydroxyapatite (nHA)
with sodium alginate and chitosan on combination with
HA shows statistically significant results of the decrease in
swelling behavior and the enhancement of stability with
the required mechanical properties [68]. The Synthesis of
Chitosan-HA is represented in Fig. 5.

The calcium phosphate cement if incorporated in the
alginate- chitosan complex, then it shows better results
in bone healing due to the interaction between the ani-
onic parts and cationic parts of alginate and chitosan.
Again new improved bone cement may be produced by
the combination of sodium alginate and citric acid (CA)
and on mixing with a-tricalcium phosphate, the phys-
icochemical properties along with the binding capacity
and mechanical properties of the bone cement formed
is drastically increased. Therefore the hydrogel networks
of sodium alginate with citric acid impacts a very strong
cohesive force due to strong chelation with the Ca?* ions
during the process of hydration after the use of the bone
cement [69, 70].

6.6 Chitosan-alginate- fucoidan gel for bone tissue
engineering application

In the human body bone is a hierarchical and complex tis-
sue. The majority % of it is collagen and hydroxyapatite
(HA) and both the components serve a vital role in mineral
deposition, mechanical support, pH balance and finally the
structural framework. The bone damage or bone defects
are due to different factors such as accidents, chronic dis-
eases and also birth defects. A number of different kinds of
materials and treatment processes are available for recon-
structing bone defects, which includes autograft, synthetic
graft, allograft and xenograft. Although allograft and auto-
graft are both suitable techniques for bone grafting, but
there are some difficulties are associated with these such
as donor site injury and the possibility of transmissible
diseases.

Example Hepatitis or acquired immune deficiency syn-
drome (AIDS) may be associated with allograft bone graft-
ing [71].

Recently, synthetic bone grafts are developed and
designed for fabrication of artificial bone, which should
be osteoconductive, biocompatible, osteoinductive, bio-
degradable, outstanding mechanical strength, structurally
almost similar to natural bone, easy to handle and cost
effective [72, 73].

Chitin is an important natural polysaccharide and the
second most valuable biopolymer after cellulose. The
major sources of chitin are exoskeleton of arthropods,

Fig.5 Synthesis of chitosan- CH,0H CH,0H
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cell walls of yeast and fungi. Chitosan is a most important
derivative of chitin and can be obtained by deacetyla-
tion of chitin in alkaline medium (NaOH) or enzymatic
hydrolysis. It consists of the repeating units N-acetyl glu-
cosamine and d-glucosamine bonded with each other by
B(1, 4) linkage. The biopolymer chitosan exhibits excellent
properties of biodegradation, antimicrobial activity, non-
toxicity, biocompatibility and low immunogenicity. It can
be synthesized in numerous forms such as gels, sponges,
membranes, scaffolds and beads and possess outstand-
ing ability of the pore forming, which is essential in the
tissue engineering applications, wound healing and drug
delivery. Chitosan can be combined with a number of
bioceramics and biopolymers such as alginate, amylopec-
tin, hyaluronic acid (HA), carbon nanotubes (CNTs), poly
(methyl methacrylate) (PMMA), polylactic acid (PLA) and
Ca;P0,. Alginate is an anionic form of linear copolymer
consist of homopolymeric blocks of both (1,4)-linked a-I-
guluronate and B-d-mannuronate. Like chitosan, alginate
is also an outstanding biopolymer for tissue engineering
applications, because of its excellent properties such as
biodegradability, encapsulation capacity, biocompatibility,
chelating ability and capability to synthesize various forms
such as microspheres, fibers, gels, sponges and foams. The
composite of chitosan-alginate is now extensively used for
protein delivery, wound healing, drug delivery, and ten-
don and ligament tissue repairing with the creation of new
bone.

Fucoidan is a sulfated form of polysaccharide, which
contains I-fucose and SO,>~ and the major source of it
is the marine brown seaweeds. Fucoidan is the cause of
increase in the level of alkaline phosphatase (ALP), osteo-
calcin, bone morphogenetic protein-2 (BMP-2), type-1
collagen and also supports the deposition of minerals,
which requires for bone mineralization. Fucoidan stimu-
lates osteogenic differentiation in the amniotic fluid stem
cells of the human body, therefore treated as a promis-
ing candidate material for regeneration of bone tissue.
The mineral deposition increases about 30%, if fucoidan
is present in the composite material. The composite film
of chitosan- fucoidan exhibits excellent ability of wound
dressing and wound healing in vivo and in vitro. Hence,
taking in the consideration of the exceptional properties
such as biocompatibility, antibacterial nature, biodegrada-
tion, film forming capability and the introduction of the
osteogenic differentiation by fucoidan, the composite of
chitosan-alginate- fucoidan is treated as an exceptional
biomaterial for bone tissue engineering. The alginate-chi-
tosan-fucoidan sponge exhibits outstanding elastic prop-
erties and retains their shape after compressive strain and
bending without failure. This composite material having
10% fucoidan exhibits better hemostatic and antibacte-
rial performances. In the last few years some significant
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research is conducted to develop a suitable material for
artificial bone scaffolds, but presently the composite of
chitosan-alginate along with fucoidan is considered as the
most suitable material [74-76].

6.7 Tissue regeneration with cell delivery
and protein

The alginate hydrogels are more popular and widely used
over past several decades as a candidate material for cell
populations or protein delivering, which is the cause of
direct regeneration and fabrication of various organs, tis-
sues and other different parts of our body. The wide range
of applications of alginate hydrogel varies with its physical
properties along with cell adhesion and improved deg-
radation activity of the candidate materials. The alginate
hydrogels are released through the process of diffusion in
the porous hydrogel scaffolds having a pore size of about
5 nm. The macroporous beads with an interrelated pore
structure from alginate has been synthesized by the incor-
porating gas pockets within alginate beads, stabilizing the
gas bubbles with surfactants, and subsequently removing
the gas and better serves for wound healing applications.
Most of the added proteins are freely diffused from the
alginate hydrogels even without the gel degradation, but
the gel degradation can increase the rate of release. Large
molecules have also diffused significantly and successfully
delivered if the gel degradation occurs [77].

Example The plasmid DNA in the condensed state having a
pore size of about 100 nm can be easily released from the
degrading alginate hydrogel and the antibodies may be
released from the alginate hydrogels through the similar
mechanism [78].

Cells are migrated from the alginate hydrogels and
again being released, when it degrades. A number of
studies identify that in nanoporous alginate hydrogels
of different forms, although cell migration occurs, but
it is not quantitatively analyzed. The alginate hydrogels
loading with the outgrowth endothelial cells (OECs) and
alginate lyase, which is a specific enzyme generated by a
wide range of microorganisms such as algae. That micro-
organism breaks the glycosidic covalent bonds present in
the alginate and stimulates the cell migration [79]. These
hydrogel states of alginate to begin with encapsulate a cell
in a stiff nanoporous material, which increase the poros-
ity and decreases the strength of the material in situ after
injection, because the enzyme present in it degrades the
alginate hydrogel. Hence, for controlling the concentra-
tion of alginate lyase in the form of injectable alginate
hydrogels is treated as cost effective and a simple, effective
approach to stimulate cell release by changing the mesh
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size and mechanical properties of the alginate hydrogels.
Hydrogels are the materials having a higher water absorp-
tion capacity because of its three-dimensional networks.
Gel is a semisolid form of solid and liquid phase, where
solid particles are in the colloidal state. Hygrogel is a col-
loidal gel, where water is a continuous phase [80].

The microbeads of alginate on incorporation with the
adipose-derived stem cells (ASCs) have a capacity of deliv-
ering feasible cells that facilitates tissue regeneration. The
microbeads are normally fabricated by cross-linking with
Ca** ions in the solution of organic osmolytes in order to
confirm physiological osmolality. The delivering param-
eters that required for implementing microencapsulated
cells in tissue repairing and regeneration are still unknown,
but the following parameters are till now investigated [81].

o The effect of osmolyte on the diameter of microbead,
growth factor creation and cell viability.

e The impact of the cell concentration per microbead
and the number of microbeads per unit volume on
cell viability, microbead degradation and production
of growth factor.

o The capability of both non-degradable and degradable
form of alginate microbeads of the neighboring cells at
the site of delivery in vivo.

e The microbeads of alginate having alginate-lyase pro-
voke have an inflammatory response if exposed repeat-
edly.

The microbead of smallest diameters was attained by
using glucose as the osmolyte, but the growth factor pro-
duction and cell viability did not depend upon the type of
osmolyte. If the number of cells per microbead or micro-
bead number increased, then the growth factor produc-
tion per cell accordingly decreased although the % of cell
viability was unaltered. Hence the cell release rate changes
with the number of cells per microbead and number of
beads per well. The cell release rate was relatively delayed
if the density of microbead is highest and the density of
cells per microbead is lower [82].

6.8 Blood vessels

The blood vessels form a complex network in our body
and responsible for the transportation of nutrients and
oxygen to all the living tissues with the elimination of the
waste metabolic products. It is the cause of trafficking of
progenitor cells and stem cells, which are necessary for
the growth of organs in the wound and embryo repair for
adults. The production of completely new blood vessels
is most vital for tissue engineering applications because
the cells more than a few hundred microns forms blood
vessels, which will affect hypoxia and the incomplete

supply of required nutrients. Further the creation of new
blood vessel called as neovascularization is an appropriate
alternative for the treatment of patients, those suffering
the obstruction of the rate of blood flow that caused by
peripheral arterial and coronary diseases. The neovascu-
larization may be attained due to transportation or diffu-
sion of different types of cell in our body that distributing
the angiogenic molecules, mainly genes or recombinant
proteins or the combination of both.

Alginate hydrogel is a popular and widely used mate-
rial for delivery of different angiogenic molecules. But the
most talented use of alginate gels is to support the forma-
tion of blood vessel because of their capability for provid-
ing a localized and sustained release of the heparin, which
binds with the growth factors such as vascular endothe-
lial growth factor (VEGF). Alginate gels if injected directly
into the ischemic muscle tissue, then it is the cause of a
long term release of VEGF within the ischemic tissue, and
creation of VEGF gradients around the neighboring tissue
that can able to guiding formation of new capillary into
the ischemic tissue and releasing tissue ischemia. Hence,
generally VEGF plays a key role in originating angiogenesis
and also starting new capillaries. In addition to that, Plate-
let-derived growth factor (PDGF) stimulates the matura-
tion rate of the newly produced capillaries into superior
and more functional blood vessels. There are two strate-
gies are usually adopted for the sequential release of all
these factors by using alginate gels [83, 84].

e The PDGF is groomed and capsulated into poly (lactide-
co-glycolide) PLG microspheres, which was formerly
encapsulated into gels without VEGF. The structure of
VEGF is shown in Fig. 6.

¢ Inthe second strategy, the more heparin bonding with
PDGF, which on exploitation slower the rate of release
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Fig.6 Chemical Structure of VEGF
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in comparison to VEGF, basically encapsulating both
these factors is free from the gels [85, 86].

7 Poly (lactide-co-glycolide)

In both the circumstances the release rate in case of VEGF
was much faster relative to PDGF. The release rate of VEGF
can be decelerated by summarizing this substance into
PLG microspheres along with microspheres in the alginate
gels. The chemical structure of PLG was shown in Fig. 7.
The cell transplantation is a beautiful approach to stim-
ulate the formation of the new novel blood vessel, pre-
dominantly when the host cells are capable of replying to
the transported growth factors which are not functioning
properly. The movement of endothelial progenitor cells or
endothelial cells is not significant in critical clinical trials
because of the huge mortality and inadequate incorpora-
tion of the transplanted cells having the vascular network
of host and fewer enrollments of the host muscle cells to
endorse the formation of mature blood vessel [87]. Hence
the delivery of the VEGF from the vehicles of alginate-
PLG in performance with the endothelial cell transplan-
tation was observed as a considerable enhancement of
the concentration of new blood vessels created by trans-
planting endothelial cells. Furthermore the endothelial
cell transplantation in blending with the dual delivery of
VEGF and the monocyte chemotactic protein-1 (MCP-1)
by using the microparticles and nanoparticles of alginate
enhances the formation of functional vessel and rise in the
concentration of smooth muscle cell, which are capital-
ized and mature blood vessels in mice. The vehicles deliv-
ering alginate are able to promote actively the outward
relocation of transplanted endothelial ancestor cells and
their dispersal throughout the ischemic tissues has been
established. The endothelial ancestor cells were properly
transplanted on the vehicles that are created from RGD-
alginate. This supports the cell migration and adhesion
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and the incorporated gels of alginate releases VEGF to
facilities the distribution of the cell [88-90].

7.1 Muscle, pancreas, nerve

The alginate hydrogels have the capacity to facilitate the
regeneration and manufacturing of a wide range of dif-
ferent organs and tissues such as nerve, pancreas, skeletal
muscle and liver. The present strategies for the regenera-
tion of skeletal muscle include distribution of growth fac-
tor, cell transplantation or the combined effect of both
these two. The alginate gels are found to be a potential
material for these strategies. The collective distribu-
tion of VEGF and the insulin-like growth factor-1 (IGF-1)
obtained from the alginate gels are more successfully
applied for modulating both myogenesis and angiogen-
esis. The growth factors of both the sustainable and local-
ized delivery are the cause of a substantial regeneration
of muscle because of proliferation, satellite cell stimula-
tion and the cellular protection from the apoptosis due to
release factors. The sustainable distribution of fibroblast
growth factor -2 (FGF-2) and the hepatocyte growth fac-
tor (HGF) found from the hydrogels is the cause of drasti-
cally increasing the outward migration and long-standing
existence of key myoblasts into the damaged or injured
muscle tissue in vivo from of the RGD-alginate hydrogels.
This is the cause of massive repopulation of the host mus-
cle tissues with the increased regeneration of the muscle
fibers in the surrounding area of the wound. The better
result obtained by using alginate hydrogel for repairing
of the damaged and injured part of our peripheral and
central nervous system. The alginate and its composites of
anisotropic capillary gels if injected into severely affected
cervical spinal cord in adult rats, then it can integrate the
spinal cord parenchyma depriving the main inflammatory
responses and focused towards axonal regrowth. It was
recently reported that the new material obtained due to
alginate hydrogel crosslinked with ethylenediamine in
covalent linkage were much beneficial to reestablish a
50-mm gap in cat sciatic nerves and also supports the
extension of regenerating astrocyte and axons reactions
at the base part of transected spinal cords in the young
rats [91, 92].

7.2 Liver tissue engineering

Now days liver diseases are one of the leading causes of
increasing the mortality rate throughout the world and are
increasing at a rapid rate in every year. For liver transplan-
tation, the waiting period gradually increasing because of
the lack of organs. The development of liver tissue engi-
neering is the finest ways to meet the excessive demand
of the liver. Liver tissue engineering means the probability



SN Applied Sciences (2021) 3:30 | https://doi.org/10.1007/542452-020-04096-w

Review Paper

of replicating partially or totally the function of the liver
by treating the chronic or acute liver disorders and finally
developing a perfectly functional organ, which can be
utilized or transplanted as an extracorporeal device. The
cells and materials from the liver tissue are always chosen
for developing liver, but the problem is the inadequate
availability of cells, cells from the damaged organs due to
diseases and shortage of in vitro propagation. But now,
a remarkable achievement was observed by using dif-
ferentiation of stem cell towards hepatocytes and its use
in liver tissue engineering. The spherical microcarriers of
alginate were reformed with the micro and nano particles
of de-cellularised liver tissue. The microcapsules of algi-
nate—chitosan for hepatocyte culture now fully developed
and better applied in liver tissue engineering. It means for
developing 3D sustainable biomaterials that signifies a
talented approach towards hepatic tissue can be success-
fully used as a substitute for the function of deteriorating
liver. The alginate scaffold is usually hydrophilic in nature,
interconnectivity and porous structure that enables the
material for effective seeding of hepatocytes into the
scaffolds (nearly about 70-90% of the initial cells) which
mainly depends upon the seeding technology. During the
process of seeding the applied centrifugal force increases
the distribution of cell within the porous scaffolds and
subsequently allowing the seeding of concentrated cell
suspensions (about 1.32 cells/mL).The area of liver tissue
engineering normally based upon the allocation of mature
hepatocytes or stem cell derived hepatocyte within a 3D
structure that able to confirm their existence and to sus-
tain their functional phenotype. The hosting structure of
the scaffold can be fabricated by embedding hepatocytes
in alginate or/and gelatin or may be seeded in a previously
prepared scaffold fabricated with various kinds of bioma-
terials. A mode of advanced technology of fabrication of
the scaffold is mixing 3D bio-printing hepatocytes with
the bioink and the resulting solution is printed in various
forms, such as spheroids or tissuelike layers [93-95].

7.3 Dental tissue engineering

This is almost similar to bone tissue engineering. The
repairing of both bone and dental tissue is now a chal-
lenge to the researchers throughout the globe. The use
of alginate and alginate based composite materials were
extensively used in the regeneration of dental tissues. The
most common provocative problems in dental implantol-
ogy are Periimplantitis. The RGD-coupled alginate hydro-
gel scaffold comprising silver lactate with stem cells was
properly developed and this developed scaffold exhibit
excellent antimicrobial characteristics against aggre-
gatibacter actinomycetemcomitans in a suitable dose-
dependent manner. The osteogenic mineralization of the

stem cells as scaffold form was successful due to the depo-
sition of mineral matrix.

Alginate is a polysaccharide class which is completely
a biocompatible, biodegradable, slow gelling time of
about 20-60 min and non-toxic biopolymer, therefore,
considered as an injectable bio-polymeric material suit-
able for applications in dentin regeneration. But however,
because of the less mechanical strength, its application in
hard tissue engineering is limited. Hence, to increase the
mechanical strength CaCl, is added in the alginate, which
serves as a cross-linking agent and increases the covalently
bonded cross-linking resulting the increase in mechanical
strength. Another limitation of this bio-polymeric mate-
rial is its incapability to regulate and control its rate of
degradation in vivo and its property of viscoelasticity. The
alginate hydrogel delivers an appropriate substrate for
releasing encapsulated GFs (TGF —-B) to improve the peri-
odontal regenerations and dentin pulp. The acid-treated
alginate forms a dentinal ECM and considerably affects
odontoblast-like cell differentiation. Again, the alginate
scaffold on combination with nano-bioglass ceramic
used as a resource material for successful artificial dental
implantation [96, 97].

8 Conclusion

The research and development of alginate and its com-
posite materials for application in tissue engineering are
rapidly increasing because of its many crucial properties
such as gel forming ability, biocompatibility, non-toxicity,
biodegradability, slow degradation ability and abundant
availability. The alginate based biomaterials are mostly
used in the field of drug delivery, wound healing, bone,
skin, cartilage repairing and other tissue engineering and
in vitro cell culture. The major disadvantages of alginate
and its derivatives using tissue engineering are its poor
mechanical strength and less cell adhesion. These limi-
tations are reduced by modifying alginate and alginate
based compounds by the addition of suitable materials.
The modified alginate and its composites serve as a prom-
ising candidate material for proliferation, cell adhesion and
differentiation after modification by ceramics, peptides
and polymers. Recently a new composite material devel-
oped by taking stem cells, alginate and ceramic materials
which serve as the best promising material for artificial
bone. The modern technology 3D printing of alginate
bio-inks provides a desired dimension to the scaffold for
controlling the size of the pores and its structure of the
damaged part. A major challenge of using alginate gel is
its chemical, physical and mechanical properties, which
can be improved by covalently cross-linking the alginate
with other biomaterials, inorganic materials, proteins,
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peptides and polymers. Although alginate and its com-
posites are more fruitfully exploited in various organs and
tissues such as bone, teeth, cartilage, skin, liver, but how-
ever in the present situation, it is incapable to meet all the
strategy parameters simultaneously (mechanical strength,
degradation or bioactivities) required for tissue engineer-
ing. Hence, the porous scaffolds and the smart hydrogels
are significantly applied in the gesturing molecules such
as siRNAs or DNAs. Therefore, overall it was concluded that
alginate gel and composites of alginate is now going to
be a promising biomaterial in the area of different tissue
engineering.
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