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Abstract: Global resources have to be used in responsible ways to ensure the world’s future need
for advanced materials. Ecologically friendly functional materials based on biopolymers can be
successfully obtained from renewable resources, and the most prominent example is cellulose, the
well-known most abundant polysaccharide which is usually isolated from highly available biomass
(wood and wooden waste, annual plants, cotton, etc.). Many other polysaccharides originating
from various natural resources (plants, insects, algae, bacteria) proved to be valuable and versatile
starting biopolymers for a wide array of materials with tunable properties, able to respond to different
societal demands. Polysaccharides properties vary depending on various factors (origin, harvesting,
storage and transportation, strategy of further modification), but they can be processed into materials
with high added value, as in the case of gels. Modern approaches have been employed to prepare
(e.g., the use of ionic liquids as “green solvents”) and characterize (NMR and FTIR spectroscopy, X
ray diffraction spectrometry, DSC, electronic and atomic force microscopy, optical rotation, circular
dichroism, rheological investigations, computer modelling and optimization) polysaccharide gels. In
the present paper, some of the most widely used polysaccharide gels will be briefly reviewed with
emphasis on their structural peculiarities under various conditions.

Keywords: polysaccharides; gel type materials; chitosan; dextran; starch; alginate; cellulose;
structure; properties

1. Introduction

Given their particular array of properties, gels prepared from colloid polysaccharides
have been employed in a wide variety of applications [1] ranging from industry (food
additives [2,3], packaging [4], pharmaceutics, and cosmetics [5-8], to healthcare and bio-
engineering (wound dressings [9-11], drug delivery systems [12-15], materials for tissue
engineering [16-19], and prosthetics [20-22]. Their importance as a class of materials
resides not only in their structural and functional properties, but in their multitude of
structures, availability, and abundance in renewable resources as well (Scheme 1). The
origin, processing, and further modification strategies influence the level of performance,
and thorough investigations confirmed the possibility of tailoring the properties of these
versatile materials.

Therefore, it was of high relevance to study their structure—properties relationship
and the gelation mechanism under different conditions (temperature, pH). Furthermore, it
was necessary to understand the principles that dictate all changes at molecular, macro-
molecular, and supramolecular levels. Comprehensive studies have focused on the gelation
mechanism of polysaccharides [23-35] and emphasized that structural peculiarities are the
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result of the multilevel organization. It is well known that the primary structure refers
to the sequence of monomer units in the macromolecular chains, the secondary structure
indicates their spatial arrangement and orientation, while the tertiary structure is related
to their supramolecular assembly as they pack in compact, stabile forms. For example,
polysaccharides can adopt various helix and/or ribbon secondary structures in solution,
and subsequently can develop complex supramolecular architectures (tertiary structure) as
double helix or aggregates of helix and ribbons in gels [23].
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Scheme 1. Polysaccharide gels: sources, types, and general properties.

All polymer systems present an entropic driving force to form random, disordered
coils, so that favorable interactions are required to reach an ordered structure. In polysac-
charides, these favorable interactions are mainly van der Waals attraction forces, hydrogen
bonds, and dipole-dipole and ionic interactions. Thus, depending on the type of polysac-
charide, some characteristic structures have been identified in polysaccharide gels: agarose
and carrageenan series form double helix structures, while alginates and pectins achieve
structures of ordered ribbons.

Some basic rules of polysaccharide gelation have been substantiated [24,26] as follows:
the gelation results from reaching stable tridimensional supramolecular structures by the
formation of intra- and inter-molecular associations; pendant functional groups, such as
hydroxyl (-OH), methyl (-CHj3) or hemiacetal oxygen atoms, contribute to favorable interac-
tions (van der Waals forces, hydrogen bonds), while other acidic groups in polysaccharides
structure (sulfuric acid, carboxylic acid) form inter- and intra-molecular bridges by ionic
bonds and electrostatic forces due to the presence of their corresponding cations.

Aside from these considerations, the significant role of water in the mechanism of
polysaccharide gelation must be acknowledged. The molecule of water, H,O, can be
involved in four hydrogen bonds: two by the hydrogen atoms, and two by the pair of lone
electrons at oxygen atoms that bond other two hydrogen atoms from vicinal molecules.
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The resulting tetrahedral structure, which is the same as that of water in ice crystals,
serves as a pattern for gelation of polysaccharide solutions, as demonstrated in the case of
dilute amylose solution (1.0% w/v) when gelation occurred rapidly upon weak mechanical
stimulation (cage effect) [36]. Another illustrative example is the formation of gel from
agarose dilute solution [25]: agarose molecules are linked by hydrogen bonds inside
the tetrahedral structures in water when a cooperative effect stabilized extended regions
of structured water and agarose. Furthermore, oxygen atoms in monosaccharide units
and pendant hydroxylic groups were involved in other hydrogen bonds, resulting in an
extended cluster-like supramolecular association. Thus, gelation occurred rapidly at room
temperature, when the agarose gel corresponds to the totality of stable clusters. The cage
effect allows the lowest energy for lone electrons at oxygen atoms in hemiacetal groups and
3,6-anhydro-oxygen moieties. The tetrahedral conformation favors the hydrogen bonding
in both distant water and agarose clusters and provides a hydrophobic effect as the outer
surface abounds in carbon atoms. Recently, it was demonstrated that multi-stranded
hydrogen bonds were formed in agarose molecules at high concentrations, which explained
the successful employment of these gels in separation and purification processes applied to
biomacromolecules such as DNA, RNA, proteins, and polysaccharides [37].

All these findings were supported by data obtained from different characterization
methods (NMR spectroscopy, X-ray diffraction spectrometry, DSC, optical rotation, cir-
cular dichroism, and rheological investigations—bulk rheology and micro-rheology mea-
surements, and computer modelling and optimization) that allowed scientists to con-
firm the polysaccharide gelation principles, as well as the structural peculiarities of the
resulting materials.

In the present paper, some of the most widely used polysaccharide gels will be briefly
reviewed with emphasis on their particular structure under various conditions. This
approach has been conditioned by two factors. First, the topic—most of the published data
focused on the practical/experimental side of the subject. Thus, new formulations and
experimental protocols, and materials with improved and/or novel properties intended
for different applications are constantly reported. Therefore, a significant number of
review articles are published every year, as can be seen from the statistics published on the
Web of Science for the last decade (Scheme 2), but only a few of them offer insights into
structural issues. The present survey offers a complex approach of this topic, the structural
peculiarities of polysaccharide gels, in correlation with the state of the polysaccharide
(native or modified), formulation and processing parameters, the structure—properties
relationship, and using modern methods or combined approaches of characterization. The
second factor is that these few polysaccharides have been selected on the basis of their
theoretic relevance, applicative potential, and volume of publications, criteria that designate
them as being of high interest throughout the academic and industrial R&D community.

In recent years, a new approach emerged in the field of polysaccharide gels, namely
combining different polysaccharides with each other or with other natural polymers (e.g.,
animal proteins such as gelatin and silk fibroin; vitamins; vegetal oils, etc.), synthetic
polymers, micro-/nanoparticles and/or fibers, in order to obtain materials with improved
or new properties. This enabled a larger number of formulations and materials to have
special characteristics that make them fit for a more comprehensive range of applications.
Some of the most relevant reports have been reviewed and presented as illustrative of this
trend (Table 1).
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Scheme 2. Volume of publications (reviews) on selected polysaccharide gels (source Web of Science).

Table 1. Some novel formulations of polysaccharides and other components.

Formulation A}?pllcatlon/ Observations Ref.
Main Property
. L. Previously, alginate was selectivel
Alginate and gelatin In]ectabl}el sdelf-crcl)sshnkmg oxidized 1);1 thge presence of sodiun}ll [38]
yerogess periodate to yield dialdehyde alginate
XG, GG, and MCG enhanced pasting
stability and gel properties.
Xanthan, guar and Mesona Improved viscoelasticity, Compact structure in PS-hydrocolloid
chinensis Benth gums, and hardness, chewiness, and was due to the hydrogen bonds. [39]
pea starch thermal stability PS-MCG gels showed enhanced
deformability, hardness, and
thermal stability.
Gum arabic (GAR), octenyl Polymer matrix for the
succinic anhydride modified antioxidant ascorbyl palmitate GAR enabled the controlled release of AP,
starch (OSA), water soluble soy (AP) able to provide fast release and the prolonged antioxidant activity. [40]
polysaccharides (WSSP), and under controlled conditions and OSA enabled the fast release of AP.
gelatin (GEL) prolonged antioxidant activity
The non-toxic hydrogels provided
increased resistance time and improved
Thermosensitive chitosan-gelatin efficacy for the selected drug.
. . hydrogels intended for The drug release was controlled and the
Chitosan and gelatin biorr?ledicgl applications were gels prftected the drug from clearance (411
obtained by double crosslinking along with tears.
The in situ fast gel formation was
observed at the instillation site.
Carriers for water-soluble Release of AST from the WSSP-based
Gum arabic/gelatin and antioxidant AstaSana astaxanthin carrier was slower than from the
water-soluble soy (AST) able to provide controlled GAR-based film. [42]

polysaccharides/gelatin

release and preserve the
antioxidant activity

Native starch behaved as a binder and
can be used for retarded release.
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Table 1. Cont.

Formulation A}?phcatlon/ Observations Ref.
Main Property
The thermosensitive gelation was
attributed to the formation of aggregated
k-Carrageenan and a H-bonded helices composed of
low-transition temperature Thermosensitive wholly k-carrageenan chains. [43]
mixture made of fructose, bio-based physical gels SAXS data suggested a more extended
glycerol, and water conformation leading to an extended
physical cross-linking, yielding improved
thermal and mechanical stability.
Functional hydrogels Polysaccharide/protein hydr.ogel§ can
. . . L control the release rate of bioactive
Polysaccharides and proteins as delivery systems for bioactive - . . [44]
. . . . ingredients and enhance their
ingredients used in food industry . c
bioavailability.
Edible oleogels fabricated from
proteins and polysaccharides as
Proteins and polysaccharides polymer gelators, to be used in [45]
food industry as functional
healthy solid fat replacers
. . Enhanced targeting and controlled
Various polysaccharides and Drug deli deli low i . 1l
synthetic/natural polymers rug delivery systems elivery, low immunogenicity, excellent [46]
Yy biocompatibility, readily biodegradable.
Transdermal drug delivery was possible
due to their particular properties:
Polysaccharide hydrogels and . . . L mucoadhesion, the ability to control the
oleogels made of vegetal oils Bigels for biomedical applications drug release, the possibility to (471
simultaneously include hydrophilic and
lipophilic drugs.
They can modulate the intestinal
Gels as ingredients and edible, microbial populatlor} (hm}tatlon of
- . pathogens proliferation;
. biodegradable, and safe coating . .
Polysaccharides . . controlling commensal bacteria and [48]
materials for various o
. . L probiotics; enhanced
biomedical applications. . .
host-microorganisms
interactions) with beneficial effects.
Polymer blends and composites based on
polysaccharides and metal and metal
S Divalent metal cations based oxides nanoparticles, vitamins, bacterial
Polysaccharides ionogels and hydrogels for energy storage cellulose fibers, 3-cyclodextrin, gelatin
various other co-components, ydros &Y 8e s Py '8 f [49]

natural and/or synthetic

sensing, biomedical and
environmental applications.

graphene oxide, grafted hyaluronic acid,
aminoacids, protein nanofibrils,
quaternary uranyl salts—gels with new
properties for technical applications.

2. Chitosan-Based Gel Materials
2.1. Chitosan-A Renewable Resource

Chitosan is a polysaccharide obtained by chitin deacetylation, the second most abun-
dant after cellulose. In contrast to the raw material obtained from marine waste, which is a
relatively inert polymer, chitosan is highly reactive due to the presence of the amino groups
on its chains. This renewable resource is of animal origin, specifically from the exoskeleton
of crustaceans such as crab, lobster, shrimp, etc. Chitin extraction from marine waste com-
prises three main steps: (i) decalcification in HCI diluted aqueous solution, (ii) deproteinization
by treatment with NaOH diluted aqueous solution, and (iii) depigmentation with KMnOy
and oxalic acid solution. As previously stated, the resulting polysaccharide is relatively
inert from a chemical point of view, being soluble in aqueous alkaline solutions [50].
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To obtain chitosan, chitin is subjected to a deacetylation reaction by treatment with
concentrated NaOH solutions of 40-50%. This aggressive pH renders not only the cleavage
of the amide bond, but it also leads to scissions of the polysaccharide macromolecular chain,
yielding products with different molecular weights (MW) and a high polydispersity index.
It is usually accepted that the polysaccharide with a deacetylation degree (DD) higher than
50% is considered chitosan, since it exhibits specific behavior, such as solubility in diluted
acidic aqueous solutions [51]. However, commercially available chitosan customarily has
a DD of over 75%; for higher DD of over 95%, the MW is heavily impacted and only
oligomers and small saccharide structures are obtained. In addition, depending on the
subsequent material processing, chitosan with either high, medium, or low MW can be
chosen. For example, particle preparation requires a polysaccharide with shorter chains,
compared to a bulk hydrogel, where even high MW chitosan can be suitable. Additionally,
solution properties, such as viscosity, change drastically with the variation of DD and MW
of chitosan.

2.2. Properties—Influence of the Structure

Chitosan is perhaps the only polysaccharide with amino moieties in its structure. This
entails unique properties and gives grounds for the massive interest of researchers in using
this macromolecule; particles, hydrogels, films, membranes, and even composites and
coatings have been reported for any number of applications, e.g., wound dressing, tissue
engineering, drug delivery, cell encapsulation, bioimaging, sensors, textiles, wastewater
purification, fertilizer reservoir, etc. [52]. Scheme 3 is illustrative for the complexity of this
field of research.

* Marine waste
+ Fungi species
« Insects

* Algae

+ Chitin deacetylation
* Glucozamine and N-acetil-
glucosamine units

Gel formation + Deactylation degree
* Amino and hydroxyl

pending groups
« Different molecular
weights

* Polycation

* pH sensitive polymer

« pKa~6,5

Properties + Soluble in mild acidic solution
* Biocompatible

« Antibacterial and antifungal

« Hemostatic properties

Scheme 3. Chitosan—from origins to complex formulations for specific applications.

It is of paramount importance to underline that the high number of amino groups
present on the polysaccharide chain makes chitosan a polycation. Depending on the
solution pH, the amino groups are either neutral or as ammonium ions. Usually, chitosan
has a pKa of around 6.5, but it depends on the degree of N-deacetylation. Therefore, at
acidic pH chitosan is soluble, while at alkaline pH it precipitates. This behavior was used
as the main mechanism to prepare hydrogel beads, and the reported materials prove to be
stable over a long period of time [14]. Moreover, the materials’ response in terms of swelling
degree variation in accordance with environmental pH was observed and implemented for
DD and sensing applications.

Chitosan is not only a pH-sensitive polymer, but it maintains this behavior when
included in polymer blends or crosslinked 3D networks [53,54]. Furthermore, the amino
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groups enable responsiveness to ionic strength and various metal ions, feature which is
highly favorable for wastewater purification materials [55].

From a biomedical point of view, chitosan is a biodegradable and biocompatible poly-
mer with antibacterial and antifungal activity [56]. If the first two are due to the polysaccha-
ride nature of chitosan, the last two properties are a consequence of the particular structure.

Chitosan is naturally degraded by the chitosanase enzyme, but studies have proved
that for biomedical applications chitosan is biodegradable in the presence of lysozyme, an
enzyme found in most mucous tissues [56]. Specifically, it has a minimal number of six
consecutive amino-glucose units to attach to in order to cleave one glycosidic bond [57,58].
When assessing the chitosan-based materials’ stability under in vitro conditions in the
presence of lysozyme, one must take into consideration the polysaccharides MW, since
lower MW entail faster degradation rates.

The biocompatibility of chitosan is an aspect upon which not all researchers share
a unanimous opinion. Even the definition of biocompatibility refers to the fact that the
results induced by a biomaterial must be correlated to a specific function and application.
However, good and bad cytotoxicity data was reported in the literature, depending on
factors such as polymer or particle concentration, type of material, type of cells, purity
degree of crosslinked scaffolds, electrical charge, method, etc.

Much attention was given to antibacterial and antifungal properties of chitosan-based
materials. In-depth studies were reported, aiming to shed light on the mechanism involved
in this phenomenon and multiple hypotheses were investigated [59,60]. It was found
that the most probable mechanism behind the antibacterial activity of chitosan lies in the
interactions between the amino groups of the polysaccharide with the negatively charged
glycosaminoglycans that are present on the surface of the bacterial wall. The polyelectrolyte
complexes induce the disruption of the membrane and the extravagation of the content,
which means the apoptosis of the bacterium cell.

Another important property is the hemostatic action of chitosan. This feature was
readily applied in wound dressing for combat hemorrhages, as well as in the clinic for the
management of burns and traumatic injuries. Again, the amino groups are responsible for
the rapid arrest of the bleeding as a consequence of their interaction with the membranes
of the red blood cells that bear negative charge; thus, the aglutination of platelets and
red blood cells has been initiated, which entailed activation of thrombin. As a result, the
clotting pathway is activated, and the thrombus formation occurred [61].

2.3. Chemical Functionalization of Chitosan

Despite the numerous advantages brought about by the presence of the amino groups
in the structure of chitosan, this polysaccharide remains difficult to process in aqueous
solutions on one hand, and, on the other hand, this highly reactive moiety provides a great
opportunity for chemical modifications.

A plethora of reactions were explored and various reviews have been published on
this topic [62-64]. Some of these reactions aim at improving the solubility in water, while
others target a specific type of material. For example, amphiphile chitosan was synthesized
for self-assembling particles either polymeric or composite with magnetite for medical
applications [65]. Another type of reaction is grafting chitosan with polymerizable groups
such as maleoil or citraconil [66,67]. The C=C bonds can be successfully subjected to
crosslinking using acrylic acid or its derivatives, either alone or as copolymers.

In contrast to the multitude of possibilities concerning the chemical modification of
chitosan at any of its three functional groups on each glucosamine unit (two -OH and
one -NH, groups), some reactions are not possible due to the high reactivity of the amino
groups. For example, selective oxidation reactions were attempted for the introduction
of aldehyde or carboxyl groups using well-known protocols, i.e., TEMPO-oxidation or
periodate-oxidation [68,69]. With few exceptions given by special reaction conditions, all
authors reported the aggressive degradation/intense depolymerization of chitosan and no
applicability of the reaction given the extremely low yields.
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2.4. Chitosan-Based Gels

Given the presence of the amino groups on the polysaccharide backbone of chitosan,
there is a plethora of possible gelling mechanism. Hydrogels can be prepared by either
physical crosslinks, chemical crosslinks, or both. Despite this rather simplistic, generally
accepted classification, the existent possibilities for the hydrogel network formation are
indeed extremely vast. Several examples will be discussed in the following paragraphs.

Ionic interactions can be successfully utilized as previously described. Compared
to the case of alginate or other COOH bearing polysaccharides, where metallic di- or
polyvalent ions can be added to form intercatenar bonds, chitosan interacts differently.
Stable beads and particles were obtained by changes in pH [14], leading to rearrange-
ments in chitosan conformation and self-crosslinking. Another method is the addition of
sodium tripolyphosphate to a chitosan solution. Such networks form homogenous porous
hydrogels that are relatively stable under physiological conditions [70].

Polyelectrolyte complexes are also a good opportunity. Many polymers with COOH
groups, either natural (alginate, hyaluronate) [71], naturally derived (TEMPO oxidized
polysaccharides, e.g., cellulose, pullulan) [14], or synthetic (polyacrylic acid, polymethacrylic
acid) [11,17,67,72], were explored to prepare chitosan-based gels.

Self-healing hydrogels based on Schiff base linkages attracted a lot of attention. They
are easily obtained using chitosan as one partner and an aldehyde-bearing compound as
another. On these types of materials, authors have reported on hydrogels with various
types of compositions. Due to the ease of preparation and high yield, periodate-oxidized
polysaccharides are an excellent choice to associate with chitosan. Dialdehyde cellulose,
pullulan, alginate, pectin, and hyaluronan were studied in different ratios and with different
oxidation degrees [73,74]. It was observed that an increase in aldehyde concentration
positively impacts the mechanical resistance and the self-healing capacity, but negatively
affects the gelation time, swelling behavior, and biocompatibility. Therefore, due the great
advantages of self-healing, injectability, fine-tuning and biocompatibility, these hydrogels
have real potential in medical application. Further studies are needed in the area of gels
for cell encapsulation aiming to restore tissue integrity, but drug loaded materials and
tissue fillers are already in clinical use. Generally, chitosan is easily characterized by means
of FTIR and NMR spectroscopy. However, some of the structural changes in chitosan
derivatives and some types of crosslinks are less evident in these types of spectra. For
example, the presence of Schiff base bonds could be confirmed by high resolution XPS
spectroscopy [14], since in the FTIR and NMR spectra the imine bond gives low intensity
signals and overlaps other bands or peaks [75].

Chitosan functionalized with long alkyl chains represents a class of derivatives with
peculiar behavior as compared to the raw material or other types of chitosan-derived
products. The substitution may occur at either hydroxyl or amino moieties, or both,
depending on the reagent and reaction conditions [63,74]. Their capacity to self-assemble
gives opportunity for the preparation of micelles, liposomes, or nanocomposites, but it can
also lead to the formation of hydrogels [76]. Interestingly, these hydrogels also have the
capacity to be injectable and have self-healing behavior due to their gelling mechanism,
i.e., supramolecular assemblies in hydrophile/hydrophobe domains, but since they are not
stable under physiological conditions, they did not find much applicability as gels at the
macroscale [77].

Chemical crosslinking by grafting and synthesis of semi-interpenetrated networks are
two methods of preparing chitosan-based hydrogels by association with synthetic polymers.
Chitosan can be successfully crosslinked with acrylates by homo- or co-polymerization [11,78,79].
The resulting materials exhibit pH-sensitivity and an excellent swelling capacity. Their
properties can be easily tuned, given the nature of such reactions: chitosan/monomer
ratio, comonomers ratio, initiator concentration, etc. Moreover, they prove to be suitable
for a variety of applications, ranging from cartilage substitute to reusable materials for
wastewater purification.
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3. Dextran-Based Gels

Dextran is a bacterial polysaccharide composed mainly of x-D-glucopyranose units
connected to each other by «-1,6 glycosidic bonds, with a lower branching degree via
«-1,3-connected side chains. This polysaccharide is broadly used for biomedical applica-
tions (blood-plasma substitute, peripheral flow enhancer, antitrombolytic agent, artificial
tears, etc.) due to its biocompatibility, hydrophilicity, and lack of toxicity. The high density
of its hydroxyl groups afforded the obtaining of soluble or crosslinked macromolecular
structures. Dextran-based hydrogels have been depicted in the literature either chemically
or physically crosslinked. Chemically dextran gels can be achieved by radical polymeriza-
tion or chemical reaction of functional groups having complementary reactivity. Physically
crosslinked dextran hydrogels were acquired by ionic interaction, crystallization, or stereo-
complex formation. The main uses of dextran-based gels were for biomedical purposes
(delivery of proteins, drugs, or enzymes, hypolipidemic effect, tissue adhesives, tissue
engineering, antibacterial and antifungal matrices, and wound dressings), wastewater
purification, and so on.

3.1. Chemically Crosslinked Dextran Gels Obtained by Radical Polymerization

Acryldextran, acquired by the reaction between dextran and glycidylacrylate, was
polymerized in the presence of N,N,N'N’-tetramethylene-diamine and ammonium peroxy-
disulfate as initiator system [80-82]. The obtained polymer was used for the immobilisation
of enzymes and drugs. Enzymes, incorporated in polymeric microspheres by an emulsion
polymerization method, showed a complete retaining of their activity [81,82]. A quanti-
tative functionalization of dextran was carried out using glycidylmethacrylate by using
4-(N,N-dimethylamino)pyridine as the catalyst. Mass spectroscopy and nuclear magnetic
resonance spectroscopy, employed for the characterization of the obtained polymer, re-
vealed that the methacrylate group was successfully bound to the dextran backbone [83].
Enzyme kinetics, gel permeation chromatography, and electrospray mass spectrometry
showed that long unsubstituted chains (18 or more glucopyranosic units) of dextran gels
were enzymatically hydrolyzed at the same rate and level as pristine polysaccharide, while
unsubstituted chain segments (6 to about 18 glucopyranosic residues) were hydrolyzed
slower. Shorter unsubstituted chain segments were not enzymatically degraded [84-87].
The reaction between dextran and maleic anhydride a monomer with vinyl groups to
be obtained. Its UV-induced polymerization a hydrogel to be obtained which was not
degradable under physiological conditions. Polymeric swelling ratio showed a strong pH
and degree of substitution dependency due to the generation of ionizable carboxylic acid
groups by the reaction of dextran with maleic anhydride [88].

Derivatives of methacrylate dextran, having the polymerizable groups connected to
dextran skeleton via a carbonate ester, were prepared by radical polymerization [89,90].
Gels obtained after the polymerization could degrade (by chemical hydrolysis) under
physiological conditions due to the occurrence of hydrolytically sensitive groups in the
crosslinks. Gels’ degradation degree and time can be modified by the length of the spacer in
polymeric crosslinks. These biocompatible polymers, achieved as injectable microspheres,
were appropriate for the controlled delivery of recombinant human interleukin-2 [90,91].
Microspheres, synthesized by using poly(ethylene glycol) and methacrylated dextran, could
entrap and release protein model (liposomes) in the integral form and size, in a pulsed
and sustained way. Encapsulation in microspheres stabilizes liposomes and can help ab-
sorption via M-cells [92]. Dextran, having acryloyl chloride [93] or allyl isocyanate [94]
(hydrophilic constituent) as polymerizable groups, reacted with poly(D,L-lactic acid) di-
acrylate (hydrophobic constituent). The resulting linear polymers were subjected to UV
radiation allowing the formation of a polymeric network which was used for the release
of bovine serum albumin (BSA) [93]. Release of protein was conducted by diffusion of
BSA via swelling of the hydrophilic phase during an initial stage, and degradation of the
hydrophobic phase during a delayed stage. The extent of diffusion against degradation-
controlled release depended on composition ratio and dipping time [95]. An efficient
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hydrogel, used in dyes’ adsorption, was synthesized by utilizing glycidyl methacrylate
modified dextran and acrylic acid. The gel showed high elimination efficacy on Methylene
Blue and Crystal Violet for a broad pH range (3-10) as a result of the polymeric network’s
strong buffer capacity [96]. Removal efficiencies for dyes were still higher than 95% after
five adsorption/desorption cycles.

3.2. Chemically Crosslinked Dextran Gels Achieved by Reaction of Complementary Groups

Crosslinked polymers could be also obtained by the chemical reaction between their
functional groups with complementary reactivity. Thus, gelatin was crosslinked with
polyaldehydes acquired by partial oxidation of dextran [97]. These gels, having epidermal
growth factor included in their matrix, were projected for wound treatment. A prolonged
storage of the epidermal growth factor determined the decrease of delivery rate due
to the obtaining of Schiff bases between gelatin e-lysine groups and oxidized dextran
aldehyde groups. The biocompatibility of such gels was studied in vitro and in vivo and
was esteemed as satisfactory [98].

Crosslinked dextrans were synthesized in alkaline medium (NaOH) by use of different
monomers containing Cl-, P- and N (epichlorohydrin, phosphorus oxychloride and N,N’-
methylenebisacrylamide) [99]. Polymeric microspheres based on this polysaccharide were
synthesized in a water-in-oil dispersion, with epichlorohydrin as crosslinking agent and
cellulose acetobutyrate as stabilizer [100]. Further, crosslinked dextran could be functional-
ized with different compounds for obtaining polymeric networks with various applications.
So, amphiphilic cationic dextrans, carrying one type of quaternary ammonium groups as
pendant groups, were achieved in aqueous solution by one pot procedure, implying the
reaction between the polysaccharide and a equimolar mixture containing epichlorohydrin
and a tertiary amine (dimethylalkylamine, where alkyl = C;, C4, Cg, Cy3, Cy6, etc.) [100].
Gels, having two types of side-chains with N,N-dimethyl-N-alkyl-N-(2-hydroxypropyl)
ammonium chloride groups containing different alkyl chain length substituents (C; and
C12/Cg, respectively) (Figure 1), were achieved by two successive quaternization reactions
of crosslinked dextran with the equimolar mixture of epichlorohydrin/tertiary amine.
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Figure 1. Dextran-based hydrogels (R; = dodecyl or hexadecyl; R; = ethyl).

Dextran-based amphiphilic gels with pendant quaternary ammonium groups were
studied as potential anticholesteremic agents or efficient dye adsorbents. The occurrence
of two types of pendant quaternary ammonium groups in gel structure enhanced the
above-mentioned properties. [101-104]. The morphology of dextran cationic hydrogels was
analyzed by scanning electron microscopy. The polymeric microparticles, observed in dry
state, were perfectly spherical, having a diameter between 100220 pm (Figure 2a). These
hydrogels are not porous in dry state (Figure 2a,b), but they have a high water uptake
capacity (swelling porosity) which favors the diffusion of adsorbate molecules inside the
swollen network of the microspheres.
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Figure 2. SEM images of dextran microparticles, magnified 74 times (a), microparticles in cross-
section, magnified 1000 times (b).

Adsorption studies, performed in water and 10 mM NaCl solution, by using dextran
gels (Figure 1) as sorbents and sodium bile salts (sodium cholate and sodium deoxycholate)
as adsorbates [101,102]. Factors that influenced the sorption process were lipophilicity
and water retention of the gel, and adsorbate hydrophobicity and ionic strength of the
medium. All amphiphilic polymers showed a better affinity and capacity for binding
in comparison with commercial Cholestyramine®. The same charged hydrophobically
modified polymers, containing two types of side-chains groups with different polarities
(hydrophob/hydrophyl), were used for dye sorption studies [103,104]. Thus, adsorption
capacities for Methyl Orange, Orange 1I, Indigo Carmine, and Rose Bengal were evaluated
as a function of hydrogel characteristics by using equilibrium, kinetic, and thermody-
namic analysis. The influence of contact time, initial dye concentration, dye type, pH
and temperature on adsorption process were also studied. The sorption capacity of the
above-mentioned hydrogels was greater, for the same dyes, in comparison with hybrids
like inorganic-polymer. A successive addition of water, NaCl 0.5 M, and methanol afforded
the complete regeneration of the hydrogel.

3.3. Physically Crosslinked Gels Acquired by lonic Interaction

Often the crosslinkers are harmful products that could change the safety of the active
compounds entrapped in the polymeric matrix. Various techniques have been used for the
formation of physically crosslinked polymers. One of these methods is the crosslinking
using the addition of different ions. This process does not need the occurrence of charged
functional groups in the polymeric structure. So, dextran, which is a neutral polysaccharide,
forms a gel in the presence of potassium ions due to the formation of a cage, with the help
of the oxygen atoms of x-D-glucopyranosidic units of the polysaccharide, in which the
metal ions completely matched. These complexes were unstable in water and were not
appropriate for drug delivery objectives [105].

3.4. Physically Crosslinking Gels Obtained by Crystallization

Dextran 6000 freely could form a hydrogel by stirring its concentrated aqueous solu-
tions at room temperature [106]. The association of dextran chains via hydrogen bonding de-
termined a crystallization process which afforded the achievement of polysaccharide-based
microspheres. The concentration of the polymer solution influenced hydrogel features.

3.5. Physically Crosslinking Gels Acquired by Stereocomplex Formation

Dex-(L)lactate and dex-(D)lactate were obtained by the coupling reaction between
native dextran and terminal hydroxyl group of L- and D-lactic acid oligomers, respec-
tively [107]. A new polymer was achieved at room temperature by mixing the aqueous
solutions of resulted polymers. Rheological measurements proved dextran gel forma-
tion by the determination of its storage modulus variation at different temperatures. So,
storage modulus decreased with the increase temperature up to 80 °C and returned to
initial value by cooling up to 20 °C, showing the thermodynamic reversibility and the
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physical nature of crosslinking. Dextran-based stereocomplex hydrogels loaded with model
proteins (IgG and lysozyme) were obtained by mixing the solutions of protein and dextran-
g-oligolactate [108]. Hydrogels are completely degradable under physiological conditions.
The chemical composition of the polymer influenced the time required for its degradation
(1 to 7 days). The release of both model proteins from the gel was qualitative and the
enzymatic activity of one of the model proteins (lysozyme) was fully preserved.

4. Starch-Based Gels

Starch is the main component in wheat, contributing to the characteristics of wheat-
based foods that include moisture retention, viscosity, texture, taste, and shelf-life [109].
The quality attributes of starch-containing products result from the specific gelatinization
and retrogradation behavior of starch. Gelatinization of starch occurs over the critical
temperature in the presence of sufficient water; it is an irreversible phase transition process
initiated by hydration and swelling of the amorphous region of starch [110].

Generally, starch granules show their intact shapes before gelatinization as observed
under normal light, are birefringent and show the characteristic “Maltese cross” pattern
under polarizing light. Birefringence patterns indicate a radial alignment of crystallites
within starch granules, and the loss of birefringence on heating, which is indicative of
disordering processes, suggests the loss of radial-aligned crystallites [111]. When the loss
of birefringence begins, most of the granules are partially swollen. The regular orientation
of D-glucosyl units in amorphous and crystalline regions disappears, the swelling becomes
irreversible, and the characteristic “Maltese cross” pattern ceases to be visible under po-
larizing light with increase in heating temperature. Finally, the birefringence of starch
granules vanishes completely; the disrupted parts of the granules become the same color
as the background, and the gelatinization process is over. During starch gelatinization, the
disruption of crystallinity in a particular area of the granule increases the swelling capacity
of this area. The swollen disrupted parts of the granule have much higher water content
than the amorphous parts of the undisturbed area. Obviously, the swelling of disturbed
areas accelerates the process of disruption of neighboring crystalline regions, and that
this process rapidly propagates along the granule [112]. A gelatinization mechanism of
rice, potato, and wheat starch might take place by the intermolecular association between
the O-6 of amylose and the OH-2 of amylopectin molecules through hydrogen bonds, as
illustrated in Scheme 4 [26].
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Scheme 4. Gelatinization mechanism of starch. The red lines represent hydrogen bonding.

The gelatinization and retrogradation of starch are affected by various endogenous
and exogenous factors including amylose to amylopectin ratio, structures of amylose and
amylopectin, the packing of amylose and amylopectin chains in the granules, the amounts
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of minor endogenous components (e.g., protein, phosphorus in various forms, and lipids),
moisture content of the system, and experimental conditions (e.g., pressure, heating and
cooling speeds, and history) [26,113].

Starch gelatinization and associated properties can be evaluated by various methods,
including optical microscopy, electron microscopy, differential scanning calorimetry (DSC),
X-ray diffraction (XRD), nuclear magnetic resonance spectroscopy NMR), Fourier transform
infrared spectroscopy (FTIR), atomic force microscopy, viscosity measurement, enzymatic
digestibility, light extinction, and solubility or sedimentation of swollen granule [114]. All
these methods measure slightly different physicochemical properties and have unique and
inherent advantages and disadvantages.

It has been reported that amylopectin has short branch chains that can form a double
helix crystalline, and the double helix crystalline would be torn apart during gelatiniza-
tion [115]. These short-branched chains retain a certain “memory” in a regular pattern
after gelatinization [116]. They tend to form gel-balls mainly composed of chains from
the same sub-main chain. Moreover, an amylopectin molecule might form a relatively
separate large cluster and super-globe. The molecular entanglement between the gel-balls
and super-globe is less than that between linear polymer chains due to their smaller size
and short length of these amylopectin chains. Consequently, these gel-balls formed by
amylopectin require less energy to move than those formed by long linear chains.

Starch gelatinization is an endothermic transition process, in which the ordered single
and double helices are dissociated to an amorphous conformation [117]. Therefore, the
variations in thermal properties can reflect the changes of helical structure within starch
granules to some extent. The gelatinization temperature range (Tc-To) reflects the degree
of homogeneity of starch crystallites [118]. The onset temperature (To) is the melting tem-
perature of the weakest crystallite in starch granules, while the conclusion temperature
(Tc) represents the melting temperature of high-perfection crystallite [119]. The enthalpy of
gelatinization (AH) mainly reflects the loss of double helices, which is related to the content
and stability of double helices [120]. The results of DSC concerning starch gelatinization
temperature and enthalpy are associated with thermal melting of crystallites/helical struc-
tures, while XRD is used to quantify crystallinity of crystallites structures, and *C CP/MAS
NMR can further quantitatively investigate the helical structure. The higher content of
double helices corresponds to the higher crystallinity, while the content of double helices
always exceeds the value of crystallinity. The result indicates that not all double helices
are within crystalline arrays [121]. In addition, the higher content of double helices and
crystallinity matches with the higher gelatinization temperature and enthalpy in the same
kind of starch, while this phenomenon varies slightly in different kinds of starch, because
starch thermal properties are also related to the stability of starch crystalline or helical
structure [122].

The gelatinization processes of twelve starches were in situ analyzed using a polarizing
microscope in combination with a hot stage, and four patterns of crystallinity disruption
during heating were proposed. The crystallinity disruption initially occurred on the
proximal surface of the eccentric hilum, on the distal surface of the eccentric hilum, from
the central hilum, or on the surface of the central hilum starch granule. The patterns of
initial disruption on the distal surface of the eccentric hilum and on the surface of the central
hilum starch were reported for the first time. The heterogeneous distribution of amylose in
starch granule might partly explain the different patterns of crystallinity disruption and
swelling during gelatinization [123].

The gelatinization of waxy (very low amylose) and high-amylose maize starches by
ultra-high hydrostatic pressure (up to 6 GPa) was investigated in situ using synchrotron
XRD on samples held in a diamond anvil cell (DAC). The starch pastes, made by mixing
starch and water in a 1:1 ratio, were pressurized and measured at room temperature. X-
ray diffraction pattern showed that 2.7 GPa waxy starch, which displayed A-type XRD
pattern at atmospheric pressure, exhibited a faint B-type-like pattern [124]. When exposed
to very high pressure (>2.5 GPa), both waxy and high-amylose maize starches could be
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fully gelatinized, and XRD diffractograms showed total loss of crystallinity. When the
pressure was released back to atmospheric pressure, waxy maize starches showed broad
XRD peaks likely due to amylopectin reaggregation, an effect known to be at the origin of
starch retrogradation. It is important to stress that this study was carried out at a starch to
water ratio of 1:1, and it is expected that the effect of high hydrostatic pressure HHP on
starch crystallinity will depend on this water content. Overall, this study demonstrates the
potential of using synchrotron XRD in combination with a DAC to monitor in situ starch
gelatinization at pressures exceeding the ambient pressure.

Retrogradation is a recrystallization process in which disaggregated amylose and
amylopectin molecules in gelatinized starches reassociate to form ordered structures. Starch
retrogradation takes place in two stages. The first phase of retrogradation (short-term
retrogradation) occurs as the network formed between amylose molecules as paste cools
down, forming a fresh elastic gel. Amylose retrogradation determines the initial hardness
of a starch gel, and the stickiness and digestibility of processed foods. The second phase of
retrogradation (long-term retrogradation) is associated with recrystallization of the outer
branches of amylopectin [125]. The long-term retrogradation behavior of starch affects
the long-term development of gel structure and crystallinity of processed starch [126].
Controlling retrogradation behavior and gel properties of starch has been crucial to control
the quality of starch-based products [127].

During retrogradation, intermolecular hydrogen bonds might form between the OH-2
of a D-glucopyranosyl residue of the amylose and the O-6 of a D-glucopyranosyl residue
of short side-chain of the amylopectin molecules, as illustrated in Scheme 5 [26]. In addi-
tion, an intermolecular association through hydrogen bonds occurs between amylopectin
molecules due to a decrease in Brownian motion and kinetic energy of amylopectin and wa-
ter molecules during storage. The side-by-side associations between the O-3 and the OH-3
of D-glucopyranosyl residues on different amylopectin molecules may also take place.
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Scheme 5. Retrogradation mechanism of rice, potato, and wheat starch. The red lines represent
hydrogen bonding.

The native structure of starch under various food processing conditions exhibits low
resistance to high shear rate, thermal decomposition, high retrogradation, and synere-
sis. These shortcomings can be overcome by modifying the native structure of starch by
chemical, physical, or enzymatic methods to obtain the desired physico-chemical prop-
erties such as structure, adhesion, texture, heat tolerance, water solubility, gelatinization,
retrogradation, pasting, viscosity, swelling, and syneresis parameters [128].
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Heat moisture treatment is carried out by heating of starch granules at an elevated
temperature of around 110 °C (well above gelatinization temperature) but with limited
moisture levels generally varying from 20 to 30% for a certain period of (up to 16 h).
Heat moisture treatments change pasting properties and decrease the swelling power and
solubility of HMT starch rendering the starch more resistant to heat, acids, and mechanical
deformations [129].

Heat-moisture treatment (HMT) at different moisture content applied on breadfruit
starch evidenced an increase in the gelatinization temperature range (Tc-To), and a de-
crease in gelatinization enthalpy (AH) in comparison with those for the native starch. The
difference in gelatinization temperature may be attributed to the difference in amylose con-
tent, size, form, and distribution of starch granules, and to the internal interaction and/or
realignment of starch chains within the granule. The melting temperatures (To, Tp, and Tc)
of starch crystallites are controlled indirectly by the surrounding amorphous region [130].
After HMT, the starch became more closely packed in crystalline and non-crystalline struc-
tures, resulting in reduced granule swelling, which would reduce the destabilization effect
of the amorphous region on the crystallite melting. Therefore, a higher temperature would
be required to melt the crystallites of HMT-modified starches. To, Tp, and Tc were increased
with higher moisture content. The higher (Tc-To) values after HMT might be caused by
the rearrangement of molecules forming some ordered and stable structure. Additionally,
HMT led to starch with greater thermal stability as the transition was moved to higher
temperatures [131]. The transition temperatures To and Tc are related to the melting of the
weakest and strongest molecular structures, respectively, while the gelatinization enthalpy
(AH) represents the amount of energy required for disrupting these structures [132]. In
other words, To and Tc represent the perfection of the ordered structures, and AH reflects
the content of them.

The effect of moisture level (20%, 25%, and 30%) and heating length (2, 4, 8, and 16 h)
on the physicochemical and structural properties of normal maize starch and waxy maize
starch during HMT indicated that both moisture content and heating length affected the
properties of maize starches to a large extent [133]. The study evidenced that, in addition to
being more highly altered than amylopectin after chemical modification of starch, amylose
played an essential role in physical modifications of starch by annealing and HMT. The
rearrangement of amylose was associated with the presence of water molecules, which
might serve as a plasticizer, leading to higher rigidity of starch granular structure in amor-
phous regions that might disrupt the organized crystalline structure of the starch granule.
HMT can influence the structure and physicochemical properties of cereal, tuber, and
legume starches, as reflected by significant changes in the X-ray diffraction (XRD) pattern,
crystallinity, granule swelling, amylose leaching, gelatinization parameters, viscosity, ther-
mal stability, rheological characteristics, and acid/enzyme susceptibility [134-137]. While the
HMT-induced changes to the starch structure and properties have been found to depend on
the starch source and treatment conditions (e.g., temperature, moisture, and time), generally
HMT starches tended to have a higher gelatinization temperature, lower paste viscosity, a
decrease in the granule swelling, and an increase in the thermal stability [138,139]. HMT
decreases starch solubility, swelling power, amylose leaching, and peak viscosity, and
increases the pasting temperature [140,141]. A study regarding the relationship between
the degree of starch gelatinization (DSG) and its physicochemical and structural properties
involved potato starch samples with DSG ranging from 39.41% to 90.56% obtained by
hydrothermal treatment. The endothermic enthalpy, gelatinization range, and short-range
ordered structure of starch were negatively correlated with DSG, while onset gelatinization
temperature, apparent viscosity, and water-binding capacity were positively correlated.
Starch granules gradually lost their typical shape, and less birefringence was observed with
increasing DSG [142]. The extent of the changes in these physicochemical characteristics
is mainly influenced by the alteration of the semi-crystalline supramolecular structure in
starch granules [143]. Generally, HMT results in structural changes within both amorphous
region and crystalline region to different degrees. The greatest changes were proposed to
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occur in the amorphous region through facilitating the chain associations in cereal, tuber,
and legume starches [144]. It is difficult to define the properties of HMT starches in a
consistent way because the reaction conditions are diverse, including the botanical source,
moisture content, temperature, length of treatment, heat resource, and cooling process.

Annealing can be defined as a process which involves incubation of starch granules
at a temperature above the glass transition (Tg) but below the onset of gelatinization (T,)
temperature, usually at or above 40% water w/w [139]. Annealing causes a reorganization of
starch polysaccharide associations which modify the physical properties without destroying
the granule morphology. This physical transformation is associated with decreased swelling
power and solubility [145], an increase in gelatinization temperatures and enthalpy, plus
a narrowing of the gelatinization range, increased paste stability and crystallinity with a
decrease in peak viscosity and rate/extent of retrogradation [146].

Annealing treatment could significantly increase the onset temperature (To), gela-
tinization enthalpy (AH), particle size, peak viscosity, breakdown, final viscosity, and
setback values of early indica rice starch, and could significantly decrease the gelatiniza-
tion temperature range (Tc—To) and tan & (loss factor represents the ratio of viscosity to
elasticity of the gels) value of the starch [147]. Annealed and HMT water chestnut starches
exhibited marked changes in their physicochemical, gelatinization and pasting properties,
namely higher gelatinization temperature with reduced gelatinization temperature range
but increased gelatinization enthalpies [148].

Chemical modification involves the introduction of new functional groups into the
starch molecule which produces significant improvements in starch physicochemical prop-
erties such as solubility, gelatinization, pasting, and retrogradation. The functional prop-
erties of the modified product depend on the nature of substituents (including acetyl,
hydroxypropyl, phosphate (monoester), carboxymethyl, octenyl succinic, and cationic
groups), degree of substitution and distribution of substituents in the starch molecule,
and also on the reaction conditions such as nature (like phosphoryl-chloride, sodium
tripolyphosphate, vinylchloride, mono-sodium phosphate, and epichlorohydrin) and con-
centration of reagents, reaction time, type of catalyst, pH, and temperature [149].

The chemical modification with acetylation, hydroxypropylation, and cross-linking sig-
nificantly affected the physicochemical properties of rice starches. Dual-modification, acety-
lation and hydroxypropylation of cross-linked rice starches, provided desirable changes
in the functional properties with increased gelatinization temperature, gel hardness, and
gel chewiness and decreased breakdown, swelling, and solubility, which could enable a
wide range of applications. The extent of change in the functional properties after the
dual modification of japonica and indica rice starches was different, possibly due to the
differences in the amylose content, molecular structure of amylopectin, granular swelling,
degree of substitution, and location of substituent groups [150].

Blending of native starches from different sources is a common physical method for
tuning the textural properties of the final product. This method could enable the use of
starch in the industrial processing without modifying the structure of the native starches.
It has been reported that the blends of high amylose corn starch and waxy cassava starch
produced higher hardness of starch gels [151]. Dry heating of maize starch—-hydrocolloid
mixtures under different pH conditions induced changes in the textural properties of the
stored starch gels, such as low hardness, springiness, cohesiveness, and chewiness of
stored starch gels, were observed by incorporating xanthan and sodium alginate during
dry heating [152].

Starch and non-starch polysaccharide complexes have been used in processed foods
to overcome the shortcomings of native starches, for example, to protect starch gran-
ules against shear, improve product texture/rheology, and hold moisture. The effects
of various non-starch polysaccharides with different molecular characteristics and ad-
ditive amounts on starch-containing gels, such as xanthan gum, guar gum, gellan, or
carrageenan, have been studied extensively. Soluble soybean polysaccharide had different
anti-retrogradation effects on different types of starches [153,154]. The gel properties of
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starch gels, such as viscoelastic properties and textural properties, have been investigated
in starch-hydrocolloids mixed gels. The storage modulus and hardness of Mesona chi-
nensis polysaccharide-starch mixed gels increased with the increasing of polysaccharide
concentration [155]. The network structure formed between starch and tamarind seed
polysaccharide molecules enhanced the elastic properties of starch-containing gels [156].

Gelatinization, retrogradation, and gel properties of wheat starch-wheat bran arabi-
noxylan (WS-WBAX) complexes have been evaluated. The results confirmed that WBAX
samples with larger Mw and branching degree (HWBAX) significantly impeded gelatiniza-
tion process of starch by effectively reducing the amount of water available for starch
gelatinization. Both molecular characteristics and additive amount of WBAX samples have
an effect on the long-term retrogradation behavior of starch. Rheological properties of
WS-WBAX mixed gels (the elastic moduli and shear viscosity) increased with the increase
in additive amount of non-starch polysaccharide. The scanning electron micrographs (SEM)
revealed that the microstructures and the cohesiveness of fresh WS-WBAX mixed gels
were mainly affected by the amount of WBAX, but hardly by the molecular characteristics
of WBAX. The hardness of mixed gels tended to increase over the 14-day storage [157].
Sugar addition has been reported to increase gelatinization temperature and enthalpy, and
affects retrogradation and rheological properties of starch, depending on the types as well
as concentrations of both sugar and starch. That was interpreted as producing disorder
inside starch granules, thereby increasing the gelatinization temperature of starch [158].
Xylitol was more easily hydrated by water and reduced the available water in the system
and acted as anti-plasticizing agent, which caused retardation in gelatinization of wheat
starch, leading to higher pasting temperatures. The interaction between xylitol and starch
chains stabilized in the amorphous and/or the crystalline of starch granules, which needed
greater energy to break during gelatinization [159].

5. Cellulose-Based Gels

Cellulose is the most known natural polymer originating from varied bioresources and
present in large amount which can be separated in bulk quantities from different vegetal
sources such as forest trees and cotton-type fibers, lignocellulose waste, including paper
waste, and agro-waste (e.g., wheat straw, rice husk, coconut husk, corn cobs, banana peels,
sugarcane bagasse, cassava bagasse). The properties featured by cellulose-based materials
are dependent on the originating resource, and methodologies applied for processing and
alteration. The large potential for designing products from cellulose derived from varied
biomass resources suitable for variate domains of application became more and more
significant to meet societal needs for advanced and sustainable goods.

Cellulose, the most versatile polysaccharide synthesized in nature, generates a large
range of structural appearances (certain patterns, physical conformations) through self-
association or self-ordering processes, and can also undergo the last-mentioned interactions
upon moving toward a hydrogel-type structure which opens more ways for exploiting
this inexhaustible polysaccharide for obtainment of new materials with different grades
of porosity (e.g., aerogels, xerogels) [160,161]. As a non-ionic polysaccharide, cellulose
can be also converted into polyelectrolytes by chemical modification (functionalization),
the formation of configurable products from cellulose being significantly relevant to the
present reality. Processing of cellulose at large industrial scale allows production of a
large variety of cellulose-based products such as ethers and esters (known as cellulose
derivatives) and precipitated materials (regeneration following chemical processing when
fibers, films—nanosheets, food casing, membranes, sponge-like materials can be obtained).

Cellulose-based gels are three-dimensional hydrophilic polymer networks obtained
through various ways including non-covalent bonding (called physical cross-linking) and /or
covalent bonding (called chemical cross-linking) when a variety of monomers or ions is
used and infiltrated with solvents (e.g., water, organic solvent/water mixture, ionic liquid).
These materials can find sustainable applications related to environmental protection (e.g.,
water treatment, absorption/adsorption and separation—a good example here is suitability
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for oil spillage or organic pollutants cleanup) [162-169], thermal protection (may impart
insulation properties) [170-172], biomedical purposes [173-178] (e.g., drug delivery, cell
culture, biosensors—may exhibit both self-healing and stimuli-responsive properties), as
precursors for making carbon aerogels [179,180] and as carriers of metal nanoparticles and
metal oxides [181-183].

Depending on the solvent medium (as above-mentioned) and employed drying
methodology (e.g., solvent evaporation drying method; supercritical drying method using
alcohol, acetone, or COy; vacuum freeze-drying method), cellulose-based gels can be:

- Hydrogels—which are formed through formation of cross-linked networks using water
as the solvent medium. Given the abundance of the functional groups in their unique
structure, they present peculiar physical-chemical properties and excellent mechanical
properties. Cellulose hydrogels are successfully applied in numerous applicative
domains, including wastewater treatment, energy conservation, and restorative thera-
pies [184-192] and can be obtained from different agro-waste biomass sources through
an effective strategy for cellulose regeneration which involves employment of appro-
priate chemical pretreatments and bleaching.

- Aerogels—which are porous solid materials obtained without use of cross-linking
agents in their preparation process which involves three stages: (1) dissolution/
dispersion of cellulose or cellulose derivatives, (2) sol-gel process with formation of
cellulose-based gel, and (3) drying with preserving a three-dimensional stable porous
structure by intra-molecular and inter-molecular physical cross-linking of hydrogen
bonds from cellulose structure. Aerogels present an increased permeability, a great
specific pore-size, greater density, and proper robustness as mechanical performance
making them suitable for a diverse range of applications [193]. Related to the above-
mentioned, it is of real significance the relative ease of applying alteration of cellulose
structure through chemical processing [194] in order to enhance the durability and pe-
culiarities conferred by the structure of resulted aerogel-type materials (e.g., oxidation
using TEMPO).

- Xerogels—which are obtained by applying evaporation drying method, which reduces
gels” wetness, presents increased permeability, a great specific pore-size, and a struc-
ture similar to aerogels obtained through drying using supercritical solvents [195-198].

An effectively used way to produce cellulose-based aerogels is to first prepare a cellu-
lose solution with one-component, non-aqueous and non-derivatizing cellulose solvents
(substituted pyridinium and imidazolium salts known as ionic liquids ILs). Cellulose
and wood can be dissolved in ILs, then resulting solutions (which may still contain non-
dissolved cellulose fragments) can form gels by adding a polar anti-solvent (water). Usually,
ILs may disrupt the intermolecular hydrogen bonds network from cellulose with main-
taining its initial macromolecular structure without degradation. Afterwards, the resulting
porous structures can be settled by replacing the liquid with a supercritical solvent.

Ionic liquids are largely employed as media for the dissolution of polysaccharides ori-
ented toward gel-type materials which are formed through including these green solvents
in the polysaccharide network matrix. Ionic liquid-cellulose gel materials (called cellulose
ionogels) are a relatively new type of materials that combine cellulose as continuous solid
phase component (called matrix) and ionic liquid as dispersed liquid phase [199,200]. Such
macromolecular gel materials can find sustainable applications [199] such as catalysis,
energy, electronics, medicine, food, cosmetics, and so on, given their versatile potential to
be designed through creating new functional features at every component level (cellulose,
ionic liquid, and any employed functional additives). Such ionogels can be classified as
physical and chemical ionogels, depending on the nature of the interactions (called also
involved gelation mechanisms).

Chemical ionogels are structurally more permanent three-dimensional networks
formed by interactions such as covalent bonds (cross-linking). In physical cellulose iono-
gels, interactions between the cellulose and the ionic liquid are non-covalent (hydrogen
bonding, hydrophobic interactions, or van der Waals forces, mainly), all these leading to
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a self-assembly process with formation of a three-dimensional network. These physical
ionogels are easily obtained, the most important part of this process being the dissolution
of cellulose in the ionic liquid and the gelation mechanism of the resulting cellulose-ionic
liquid solution. Appropriate combination of polysaccharides (as bio-renewable materials)
and ionic liquids ILs (as environmentally friendly solvents) may represent an effective,
sensitive, green method to prepare novel gel polymer electrolytes (ionogels) applicable
for sustainable electrochemical devices. Such an example are the chemically cross-linked
chitosan-cellulose ionogels obtained via two-step method in ionic liquid [201] that showed
good self-healing ability, stability under testing high temperature values and harsh me-
chanical conditions, as well as high ionic conductivity, all of these making them suitable for
obtainment flexible capacitors.

Valuable sustainable materials (e.g., composite films—cellulose nano-sheets with good
optical properties and gel materials with enhanced biocompatibility and suitability for
tissue engineering) can be produced from cellulose solutions by employment treatments
such as interchange of dissolution media and regeneration strategies. Cellulose can be
precipitated through regeneration from its solution with ionic liquid using water as anti-
solvent when a particular range of structure patterns with the same kind of morphology
at the microscopic level can result. During these treatments, cellulose substrates undergo
some structural changes expressed by crystalline transitions evidenced by X-ray diffraction
investigation (cellulose I crystalline allomorph was transformed into cellulose II crystalline
allomorph). Generally, the dissolution of cellulose originating from different biomass
sources in ionic liquids can be an environmentally friendly alternative to conventional
pre-treatment methods. This process can enhance further enzymatic reactions with benefits
through upgrade of the release of reducing sugars after hydrolysis as both reaction rate
and yield [202].

Preparation of polysaccharide ion gels with ionic liquids was comprehensively pre-
sented [203—-207]. The method involved dissolution of polysaccharides derived from differ-
ent type substrates (including cellulose) with ionic liquids, mainly 1-butyl-3-methylimidazolium
chloride ([BMIM][CI]). The resulting gels can be well-characterized by using suitable
analytical methods and can generate value-added materials by means of exchange with
other disperse media and regeneration which can be applied as effective chemical tools for
sustainable transformation of cellulose materials.

A previous study [208] investigated dissolution in ionic liquid ((EMIM][CI]) of different
cellulose substrates including microcrystalline cellulose, and celluloses extracted from
wood free of extractives—a softwood cellulose (separated from fir tree Abies alba) and a
hardwood cellulose (separated from beech wood Fagus sylvatica)—when gel type materials
resulted (as shown in Figure 3 where photos are provided of microcrystalline cellulose
sample) as films with transparency by casting the cellulose solutions onto glass plates,
followed by their regeneration from solution using water as a coagulant solvent, being safe,
environmentally benign, and inexpensive [209].

Structural investigation of initial cellulose substrates and those regenerated from ionic
liquid solution was performed using FTIR spectroscopy (spectra shown in Figures 4-6),
with evidence of changes in the crystalline part of cellulose. These are expressed by the
absorption bands evidenced at 1430 cm~! and 897 cm~!, which are highly susceptible
in relation to the crystalline part of cellulose structure and employed to calculate the
crystallinity index or lateral order index (LOI) as ratio A1439/Aggy [210]. From spectral
data, two indexes using ratios of infrared absorption bands can be evaluated: (1) the
total crystallinity index (TCI) expressed by A13y2/Agggg ratio [211], and (2) hydrogen-bond
intensity (HBI) expressed by Aszog/A1330 ratio [212]. These parameters given in Table 2 are
closely related to the crystalline cellulose component in the substrate and the extent degree
of regular intermolecular structure.
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microcrystalline cellulose in [EMIM][CI]

regenerated microcrystalline cellulose
gel-type material from [EMIMI][CI] solution

heating at 90°C, for 7h,
shaking frequency 1000 rpm

cooling to room
temperature; regeneration
by water addition

evaporation drying method

Figure 3. Microcrystalline dissolution in ionic liquid and its regeneration as transparent gel material

from solution (re-drawn with permission from [208]).
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Figure 4. FTIR spectra of microcrystalline cellulose (a) and microcrystalline cellulose regenerated

from ionic liquid solution (b).
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Table 2. Some indexes calculated from spectral data for cellulose substrates, initial and after regener-

ation from ionic liquid solution (re-drawn with permission from [208]).

Aq430/Aggy Aq372/A2000 A3308/A1330
Cellulose Substrate (LOD) (TCI) (HBI)
microcrystalline cellulose 1.514 1.269 1.502
microcrystalline Fellulc.)se .afte.r rggeperatlon 1332 0.662 5555
from solution with ionic liquid
hardwood cellulose 1.738 1.369 0.676
hardwood cellulose after regeneration 1.106 0.297 5.750

from solution with ionic liquid

By adding an anti-solvent (e.g., water) into the cellulose/ionic liquid mixture, a
rearrangement of intramolecular hydrogen bonds between the cellulose chains occurred
upon destruction of the native cellulose I crystal lattice [213], a fact evidenced by the
increased values for HBI in regenerated cellulose substrates. This is also associated with
the tendency to stabilize a different conformation of the cellulose macromolecular chains
which not only shrink, but also aggregate, precipitate, and regenerate. The TCI values
significantly decreased for both cellulose substrates regenerated from ionic liquid solutions
(see Table 2). This may be related to the structural transformation suffered by cellulose
substrate when some of its crystalline part was transformed into amorphous form. Thus,
cellulose dissolution in ionic liquid influenced both the crystalline structural part (well-
ordered domains from cellulose structure) and the extent degree of regular intermolecular
structure in cellulose substrate.

6. Alginate-Based Gels
6.1. General Considerations

Alginates, water-soluble salts of alginic acid, are a group of algal anionic polysaccha-
rides, easily available from renewable resources such as brown seaweed. Most of their
applications are in the in medical and bioengineering fields due to their biocompatibility,
low toxicity, and rapid gelation in the presence of cations, commonly calcium cations
(Ca?*) [214], as well as transition divalent cations (Mn%*, Co?*, Cu®*) [215] or various
polyvalent ions (Ca%*, Zn?*, AI3*, Mn?*, Sr?*, Cu®*, and Ba®*) [216].

Basically, alginates are linear copolymers consisting of homopolymeric blocks of (1—4)-
linked B-D-mannuronate (M) and a-L-guluronate (G) units (Scheme 6), covalently linked
in different sequences. The homopolymeric blocks can be made of consecutive G units
(G-blocks), consecutive M units (M-blocks) or alternating M and G units (MG-blocks) [217].
Component G, a-L-guluronate, is the C-5 epimer of M, 3-D-mannuronate.

Depending on the source, the content in M and G, and their sequence in the polysaccha-
rides differ [218]. Their functions seem to be distinct, as G sequences in alginate copolymers
appeared to be involved in the gel formation of alginates in the presence of Ca?* [219].
Ulterior data indicated that Ca®* alginates have an increased the number of G units which
markedly enhanced the binding selectivity, while homopolymeric blocks of (1—4)-linked
B-D-mannuronate (M) and alternating MG blocks exhibited lower selectivity [220,221] and,
therefore, their efficient complexation requires high concentrations of polyvalent ions.

Commercially available alginates have molecular weight in the range 32,000-400,000 g/mol
and reach the maximum viscosity at pH = 3 when all carboxylate groups are converted into
carboxylic acid groups which participate in an extended network of hydrogen bonds. As
far as their cytotoxicity is concerned, highly pure alginates (heavy metal-free) caused no
relevant inflammatory response when tested in vivo [222]. On the other hand, it was
demonstrated that Ca?* released from alginates gels can produce inflammatory reac-
tions [223], while gels made of alginates in other formulations showed anti-inflammatory
effects [224,225]. Nevertheless, alginates are good candidates for tissue engineering [226],
drug delivery systems, and cosmetics (as anti-wrinkle agent, moisturizing, and UV-screen) [227].
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Scheme 6. Alginates mer units and polymer structure.

Given the great number of hydroxylic and carboxylate groups distributed along their
macromolecular backbone, alginates can be easily modified by various chemical reactions
performed either at the hydroxyl groups (oxidation, reductive amination of oxidized
alginate, sulfation, copolymerization, binding 3-cyclodextrin) or at the carboxylic ones
(esterification, amidation, Ugi four component reaction) [228]. Despite the wide variety of
chemical methods of modification, alginate derivatives are not yet commonly used.

6.2. Alginate Gels
6.2.1. Reversible Alginate Gels

Sodium alginate solutions can readily form reversible gels in the presence of calcium
chloride. The physical hydrogel occurs by the ionic interactions between Ca?* and car-
boxylate groups originating mainly from vicinal G units (Scheme 7), where the maximal
coordination was achieved. They are reversible gels due to their short-term stability; when
calcium cations start to migrate from the gel structure, the ionic interactions become weaker
and weaker, until the entire supramolecular assembly disintegrates.

Other coordination reagents have been studied, namely sodium hexametaphosphate,
calcium sulfate, and calcium carbonate [219] and it was concluded that gelation occurred
under the most favorable conditions (control of gel properties) only in the presence of
the reagent that allowed the lowest gelation rate. This condition is fulfilled by calcium
carbonate which has a very low solubility in water, at pH = 7. When the pH decreased,
calcium cations were gradually released in the alginate solution and initiated the controlled
gel formation.

The presence of polyols had the same effect: they reduced the alginate gelation rate by
hindering the ionic complexation of carboxylate groups with calcium cations [229].

Some rheology studies on the non-linear viscoelastic properties of alginate gels in-
dicated a strain-hardening behavior during large deformation, similar to many other
biopolymers, but the degree of strain-hardening depended on gel composition [230]. This
phenomenon was attributed to the deformation of rod-like segments where physical
crosslinked bridges have been formed in the gel structure. The proposed model has
been validated by experimental results from torsion and compression, and included the
stretching of Gaussian network chains additionally to the stress caused by the deformation
of rigid cross-linking bridges.
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Scheme 7. Structure of reversible Ca-alginate gels (ionic interactions).

6.2.2. Stable Alginate Gels

Irreversible alginate gels can be obtained by chemical or photochemical cross-linking
when permanent covalent bonds are formed between alginates and the cross-linking reagents.

Ionotropic Alginate Gels

Gels made of alginate having various amounts of guluronic fraction (high or low G
content, HG and LG, respectively) and transition divalent cations (Mn?%*, Co?*, Cu?*) have
been prepared and characterized by the means of rheology and spectral-mechanical analysis
(recording the complex shear modulus G*= G'+j-G” as a function of the shearing angular
frequency w (1073-100 rad/s) in decreasing mode and controlling the normal force close
to zero) [215]. Experimental data indicated that gels made of Cu-HG, Cu-LG, and Co-HG
displayed a viscoelastic behavior, as the elastic contribution was higher than the dissipative
one, while gels Mn-HG, Mn-LG, and Co-LG behaved like common entangled polymers.
Cu-alginates having a fibrillar structure were found to possess high rubbery rigidity and
an apparent infinite relaxation time. Mn-alginate gels structure proved to be more complex
regardless the G:M ratio. Co cations produced gels of both types depending on the G:M
ratio; Co-HG had a simple fibrillar structure, but Co-LG showed a more complex structure.

When employed in very low concentrations, Mn?*, Co?*, and Cu?* initiated the
alginate gelation at higher rates than Ca?* and the rate depended on the temperature,
which is directly related to the gelation mechanism; at low temperatures (5 °C), the intra-
molecular cross-linking was prevalent, and when temperature was increased up to 50 °C,
the structure changed as the interactions turned into irreversible inter-molecular cross-
linking. Upon higher concentration of divalent cations, it was possible to engage a higher
number of G and M units, which allowed a more complex evaluation of the viscoelastic
behavior of gels, and the secondary structures depended not only on the nature of the
cation, but on the G:M ratio as well. For example, Cu-alginate gels with high content in M or
G showed a monodisperse rod-like secondary structure, similar to Ca-alginates [231], Mn?*
cations lead to gels structure with various junction zone multiplicities [232], while Co- and
Zn-alginate gels formed structures depending on the M:G ratio as follows: M-rich alginates
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showed a complex secondary structure, but gels with high amounts of G displayed a simple
rod-like structure [233].

The supramolecular assembly of macromolecular chains of alginates is based on the
cooperative associations of vicinal chains and depends on both G/M ratio and the nature
of the cation. SAX spectrometry data recorded for aerogel and hydrogels prepared from
alginates with high content in G units (HG) or in M units (LG) (Figure 7) allowed a further
discrimination of structures at the nanometric scale. Thus, based on the value of the
scattering exponent («), it was demonstrated that hydrogels having a ~ 1 and containing
Ca, Cu, Zn and Co (for Ca-LG, Ca-HG, Cu-LG, Cu-HG, Zn-HG, and Co-HG) displayed a
fine fibrillar morphology, while hydrogels for which « > 2, namely H-HG, H-LG, Mn-LG,
Mn-HG, Zn-LG, and Co-LG, showed a more complex morphology.
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Figure 7. SAX profiles for aerogels (solid lines) and hydrogels (dashed lines) obtained from alginates
with high G (HG) or high M/low G (LG) units’ content. Reprinted with permission from [233]
(Copyright 2012, American Chemical Society).

Furthermore, Zn- and Co-HG exhibited fibrillar structures, whereas the corresponding
LG hydrogels showed junctions with multiple morphologies, as result of the amount
of G/M units in the structure of the initial alginates. At the same time, Cu?* interacts
strongly with both M and G units, yielding fibrillar morphology regardless of the G/M
ratio, whereas Ca cations displayed an affinity for G units to form fibrillar structures. These
conclusions were supported by data collected from SEM micrographs (Figure 8) where the
morphology of metal-alginates aerogels has been illustrated.
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Alginate HG

Alginate LG

Figure 8. SEM micrographs of HG and LG metal-alginates aerogels. Reprinted with permission
from [233] (Copyright 2012, American Chemical Society).

All samples displayed porous tridimensional structures with interconnected pores,
where slight differences in network density and fiber roughness were noticed.

In conclusion, the macroscopic properties of transition metal cations-alginate gels are
the result of structural peculiarities as the fibrillar structures entailed a rubbery behavior,
while the complex structure, specific to entangled polymer chains, caused flowing behavior.

Polyvalent ions (Ca?*, Zn?*, AI**, Mn?*, Sr?*, Cu?*, and Ba?*) cross-linked with algi-
nate gels have been structurally investigated by the means of solid-state NMR spectroscopy,
namely 'H- and >*C-NMR, 13C CP/MAS NMR, *Na 3Q/MAS NMR, 2D %’ A1 TQ/MAS
NMR, and 2D %7 Al 3Q/MAS NMR, and density functional theory (DFT) calculus [216].
Experimental data confirmed the homogeneous distribution of cross-linking cations in the
alginate gel microbeads and the high degree of ion exchange during cross-linking. A certain
phase separation has been revealed in alginate gels, caused by the preferential localization
of residual water molecules (5-10% wt) in the region of M units and carbonyl moieties,
both phases coexisting and differing in their segmental motion. The mobile segments
of alginate gels in hydrated domains are scarce, but they have high-amplitude motions
(average fluctuation angle up to 30°).

It was possible to evidence the degree of ion exchange (Na versus polyvalent cations)
by the means of 2?Na MAS NMR spectroscopy and by comparing the intensity of signals
attributed to the corresponding ions (Figure 9). The ion exchange was almost complete
(residual Na* 3-7%), but uronic units showed higher affinity for divalent cations than
for the trivalent ones. The associated 'H NMR spectra indicated that alginate gel flexible
segments contain water molecules entrapped in the tridimensional structures, while the
rigid segments do not, and therefore limit their further diffusion.
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Figure 9. 'H NMR and *Na MAS NMR spectra of mono- (Na*) and multivalent ions alginate
gels. Reprinted with permission from [216] (Available online: ttps://pubs.acs.org/doi/full /10.102
1/acs.biomac.7b00627. Accessed on 14 November 2022. Further permission related to the material
excerpted should be directed to the ACS).

Employing *Na 3Q/MAS NMR it was possible to obtain spectra with enhanced
resolution that indicated significant changes occurred in the alginate supramolecular struc-
tures during crosslinking in the presence of multivalent cations (Figure 10). Thus, it was
suggested that areas with distinct local geometry may coexist in the vicinity of the residual
Na cations that are rather homogeneously dispersed in the new alginates.
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Figure 10. 2D ?*Na 3Q/MAS NMR spectra of mono- (Na*) and multivalent ions alginate gels.
Reprinted with permission from [216] (Available online: https://pubs.acs.org/doi/full/10.1021/
acs.biomac.7b00627. Accessed on 14 November 2022. Further permission related to the material
excerpted should be directed to the ACS).

It was also demonstrated that the amount of M units in alginates and the nature of
cation strongly influenced the microstructure of gels. Thus, the regularity of polymer seg-
ments decreased with the decreasing radius of cross-linking cations: Ba-, Sr- or Ca-alginate
gels had a highly ordered structure, while Zn- and Al-alginates showed significantly low-
ordered structures, mainly in M units, as G units remained in well-ordered structures.
Entangled macromolecular chains in M segments favored the enhanced hydrogen bonding,
suggesting that M blocks and M-rich copolymer blocks promoted the self-assembly of
alginate gels.
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In the case of Al-alginates, two distinct six-coordinated ARt cross-linking centers with
octahedral geometry and different local dynamics have been evidenced. Thus, using 2D
27 Al TQ/MAS NMR spectrometry it was possible to evidence the presence of two AI%*
centers (two isotropic positions) and represent the projections extracted for the two resolved
sites (Figure 11a). Associated data on the local motion of ligands and preferential localiza-
tion of residual water molecules (5%) suggest the existence of two types of cross-linking
centers with comparable spheres of ligands, but significantly different local dynamics.
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Figure 11. (a) 2D % Al TQ/MAS NMR spectrum of Al-alginate; (b) computational model of Al-
alginate—the octahedral arrangement (yellow lines) of the ligands surrounding AI3* (the black circle).

Reprinted with permission from [216]. (Available online at: https:/ /pubs.acs.org/doi/full /10.102
1/acs.biomac.7b00627. Accessed on 14 November 2022. Further permission related to the material
excerpted should be directed to the ACS).

Based on DFT calculations, the computational model of Al-alginate was obtained
(Figure 11b) and it illustrated the octahedral conformation of the ligands coordinated by an
AI%* central cation, showing that the ligand field around the crosslinking site is asymmetric.

SEM images confirmed that ion-alginate gel beads differ in morphology (particle
size, shape, and surface). Alginates cross-linked by divalent cations formed spheri-
cal particles, with smooth and homogeneous surface when large cations like Ba?* and
Sr** were employed; Al-alginate gel particles were significantly flatty and with porous
surface morphology.

An interesting study focused on the effect of the solvent, and mixtures of water and
alcohols, on the solubility and properties of Ca-alginate gels [234]. It was concluded that the
addition of low to moderate amounts of ethanol (no more than 15%) increased the intrinsic
viscosity of gels. The performance of the solvent is lower at higher ethanol content (20%)
when the viscosity decreased. The same tendency was observed for the moduli and the
stress at break. SAXS and TEM data indicated gels acquired an increasingly rough surface
and a heterogeneous network (regions of precipitated polymer) when moderate-to-high
amounts of ethanol (15-24%) have been employed. The weakness of the Ca-alginate gel
was attributed to the poorly crosslinked macromolecular chains.

Other characterization methods, such as isothermal thermogravimetry in a kinetic
mode associated with the time-resolved infrared spectroscopy, were used to confirm the
role of solvent, especially when the solvent was water, in the formation and properties of
polysaccharide gels [194].

Gelation by the Reaction with Bi- and Multi-Functional Cross-Linkers

Adipic dihydrazide is the reagent used for the gelation of chemically modified alginate,
namely oxidized alginate [222]. Alginate was selectively oxidized in the presence of sodium
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periodate, under mild conditions, when vicinal (C2-C3) carbonyl groups were formed, ac-
cording to the mechanism reported in the literature [235]. The gelation mechanism occurred
through reductive amination that was initiated by the presence of the dihydrazide, when
the aminic groups reacted with the carbonyl ones in the presence of poly(ethylene glycol).

Gelation of alginates can be performed in the presence of glutaraldehyde when an
acetal bridge is formed with the hydroxyl groups in alginate [236].

Glucono-b-lactone (GDL) is another cross-linker employed in the gelation of alginates,
mainly when alginates are in different combinations with other biopolymers, such as
proteins, or even other polysaccharides. For example, sodium casein-alginate composite
gels have been prepared in the presence of GDL with various amounts of alginate (0.2, 0.4,
and 0.75%, respectively) [237]. When alginate was combined with another polysaccharide,
namely partially deacetylated gellan, the complex structures obtained by gelation in the
presence of GDL yielded interpenetrating network gels [238]. Their properties can be tuned
by controlling the alginate/gellan ratio.

In a combined approach, GDL has been used along with Ca carbonate to obtain highly
ordered, highly porous (interconnected pores), biodegradable, hemo- and cytocompatible
alginate hydrogels loaded with vitamin D3 [239].

Alginate irreversible gels with improved stability and mechanical properties have
been prepared by employing multi-functional cross-linkers, such as poly(acrylamide-co-
hydrazide) [240].

Photochemically cross-linked alginate gels are irreversible gels obtained using a previ-
ously chemically modified alginate bearing photochemical reactive groups, namely methyl
acrylate moieties [241-243]. The methacrylated alginate macromers and the corresponding
photochemically cross-linked hydrogels showed reduced cytotoxicity towards primary
bovine chondrocytes or osteoblasts, which recommends these materials for medical and
tissue engineering applications.

Alginate Gels by Non-Conventional Methods

Some non-conventional methods of alginates gelation have been reported as well, but
they were applied to native alginates [244].

Cryotopic gelation (cryogelation) is a three-step procedure (non-deep freezing of the
solution of monomers or precursors, storage in frozen state, and thawing) that allows the
manufacture of cryogels with a large fraction of interconnected pores of micrometric size
(10-100 pum) [245]. It can be performed in different procedures: cation-free (applied for
native alginates or alginates in various formulations with PVA, gelatin, hyaluronic acid, etc.)
or ionotropic cryogelation (in the presence of calcium salts that showed increased solubility
in water along with the decreasing temperature, such as calcium butyrate, pentanoate,
succinate, or glycerophosphate) [246].

Non-solvent induced phase separation (NIPS) is also known as immersion precipita-
tion and was employed to obtain lyogels which can subsequently harden by the advanced
removal of the solvent [247]. The gelation mechanism of NIPS may be attributed to the
contraction of hydrophilic alginate macromolecular chains upon the addition of a non-
solvent. At the same time, lateral associations of alginate macromolecules occurred, and
they are expected to contribute to reducing the number of hydrophilic groups exposed to
the non-solvent [248].

Carbon-dioxide-induced gelation takes place when a suspension of metal carbonate
or hydroxycarbonate (Ca, Sr, Ba, Zn, Cu, Co, Ni) in a sodium alginate aqueous solution
is submitted to pressurized CO, (30-50 bar) at room temperature. This protocol can be
used for a wide range of alginate blends with other biopolymers or water-soluble synthetic
polymers when alginates are considered in the polymer matrix for the incorporation of
insoluble microparticles [249,250]. At the end of the process, significant amounts of CO,
remained dissolved in the aqueous phase of the gel.

Other non-conventional gelation methods for alginates have been investigated: gela-
tion in the presence of carboxylic acids (oxalic, maleic, tartaric, glutaric, and citric acid);
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water electrolysis in the aqueous solution of sodium alginate [251]; photochemical reduc-
tion of Fe* to Fe?* from Fe-alginate gels in the presence of 2-hydroxybutyric acid and
CaCly, when an ion exchange occurred (Fe** has a higher affinity toward alginate than Fe?*,
so it is substituted by Ca?* upon reduction) [252]; crosslinking the solid sodium alginate
with 1,6-hexamethylene diisocyanate (HDI) in dry benzene as inert solvent ratio [253].

In conclusion, alginate gels are highly versatile materials despite their rather simple
structure. The presence of the two distinct monomer units allows controlled morphol-
ogy and tunable properties. Depending on the gelation method and mechanism, specific
supramolecular structures can be evidenced and studied by a wide variety of charac-
terization methods. Thus, it was possible to reveal the particular structure—properties
relationship. The main structural peculiarities are the result of the alginates” secondary
and tertiary structures, their interactions with the solvent and/or non-solvent molecules
and with other components, and processing parameters (temperature, pH, pKa). Either
alone or in complex formulations along with other natural or synthetic polymers, alginates
allow gels with characteristics that recommend them for various applications in medicine,
healthcare, biomedical engineering, industrial water purification, etc.

7. Conclusions

Polysaccharide gels proved to be of high interest from both theoretic and practical point
of view due to their availability and abundance from renewable resources, structural and
functional properties, and wide range of applications. The origin, processing, and further
modification strategies influence their level of performance, and thorough investigations
confirmed the possibility of tailoring the properties of these versatile materials according
to the requirements of intended applications.

The present survey offers insights into the structural peculiarities of a few polysaccha-
ride gels, namely chitosan, dextran, cellulose, starch, and alginates, in correlation with their
state (native or modified), formulation, and processing parameters, the structure-properties
relationship, and using modern methods or combined approaches of characterization.
These polysaccharides have been selected on the base of their theoretic relevance, applica-
tive potential, and volume of publications reported in the last decade, criteria that indicate
them as highly engaging for the R&D scientists.

This study confirmed that the structural characteristics of each group of gels are
strongly related to their chemical composition, as functional groups—inserted into or
pendant to the macromolecular chains—determine the secondary and tertiary structures,
in close correlation with the vicinal macromolecules, surrounding medium (mostly water
molecules, free or entrapped in different polyhedral conformations), or partner molecules/ions
(aminoacids, mono- or multivalent cations) able to coordinate supramolecular assemblies.

Considering the structure-properties relationship as defining the level of performance
and range of applications, many researchers have focused in recent years on improving
the characteristics of these gels, or even on manufacturing materials with novel properties.
Designing and testing new formulations opened perspectives for high-tech applications
(sensing, energy storage, environmental applications). Thus, a wide variety of formulations
emerged (blends, micro-/nanocomposites) and were conditioned under various forms
(films, nanoparticles, beads, etc.), where polysaccharides were combined with each other or
with other natural polymers (e.g., animal proteins such as gelatin and silk fibroin; vitamins;
vegetal oils, etc.), synthetic polymers, micro-/nanoparticles (graphene and graphene oxide)
and/or fibers (bacterial cellulose nanofibrils), metal cations and metal oxides. Associated
with advanced and complex means of characterization, this new trend may offer solutions
to some problems that have been raised in practice (processability, chemical and physical
stability, affinity toward specific media, biodegradation).

This domain is very active and progressing at a high rate, which is promising for new
materials and new horizons.
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