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Abstract

Polysaccharides are inspiring and valuable molecules to the development of novel drug delivery systems owing to their
natural availability, non-toxicity, biocompatibility, good biological performance, and chemical similarity to the physiological
environment, besides their noticeable use for tailored-materials assembly. Biodegradable hydrogels based on polysaccharides
have been widely studied as potential pharmaceutical forms due to their controlled release properties, which improve drug
bioavailability, therapeutic efficacy, and patient compliance. Despite these advantages, polysaccharide materials present
insufficient mechanical properties or processability, thus, to overcome these drawbacks, feasible and suitable crosslinking
methods are employed to improve polysaccharide hydrogels strength and stability. Therefore, this review presents recent
advances in crosslinking methods of polysaccharide hydrogels, including chitosan, cellulose, hyaluronic acid, and alginate,
providing examples of manufacturing processes with emphasis in their use as carriers in drug delivery. Polysaccharide-based

hydrogels represent a sustainable, biocompatible, and appreciable alternative to obtain novel drug delivery systems.

Keywords Polysaccharides modification - Three-dimensional polymeric networks - Biodegradable hydrogels

Introduction

Drug delivery systems may allow an active compound to
reach its target site with minimized adverse side effects,
in addition to the maintenance of a controlled release rate.
These requirements can be accomplished by the entrapment
of a drug in polymers hydrogels systems, which are able to
release the drug, essentially, as a result of the polymer solu-
bility modification, biodegradation, deaggregation, confor-
mational changes, modification of the drug-system affinity,
or even cleavage of the drug-system linkages (Fig. 1) [1-3].
The mechanism of drug release is highly affected by the
morphology of hydrogels, as porosity and swelling degree
[2, 4]. Therefore, the release strategy will depend on the

< Suzana Mali
smali @uel.br

Department of Biochemistry and Biotechnology, State
University of Londrina (UEL), Celso Garcia Cid Road, Km
380, Londrina, PR 86051-990, Brazil

Department of Food Science and Technology, State
University of Londrina (UEL), Celso Garcia Cid Road, Km
380, Londrina, PR 86051-990, Brazil

@ Springer

design of the drug delivery system and on the physical and
chemical features of the target cells or tissue.

Hydrogels are three-dimensional polymeric networks
with hydrophilic character, which can absorb large amounts
of water or biological fluids without dissolving or losing
their morphology [5, 6]. They are assembled from hydro-
philic polymers crosslinking, and the swelling is one of
the main properties of these materials, very desirable for
drug delivery. The presence of hydrophilic groups, such as
hydroxyl (-OH), carboxyl (-COOH), amine (-NH,), amide
(-CONH,), and sulfonate (-SO;H), confers swelling abili-
ties to hydrogels, besides reactive capability to produce new
chemical features and tailored-materials [7-9]. These three-
dimensional networks can be divided according to the origin
of the polymer: natural, when employing biopolymers such
as alginate, cellulose, and chitosan; synthetic, namely poly-
vinyl alcohol, polyacrylamide, poly (sodium acrylate), poly
(acrylic acid), and polyvinylpyrrolidone; and semi-synthetic,
when composed by mixtures of natural and synthetic poly-
mers [10].

Biodegradable hydrogels as drug delivery systems have
attracted keen interest considering the limitations of conven-
tional delivery systems, namely tablets, capsules, granules,
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Fig. 1 Fundamental drug release mechanisms from polymer-based hydrogels systems

ointments, syrups, and suppositories, which present poor
absorption and bioavailability, lack/burst of drug release,
oscillations in plasma drug level, early excretion, repeated
dosing, and eventual adverse effects [2, 11, 12]. The incor-
poration of drugs in biodegradable polymeric networks min-
imizes overdose problems, facilitates drug delivery in long
treatments, and brings benefits in toxicity, different routes
of administration, and efficient bioavailability [13, 14]. As a
consequence, the specific and controlled release rates lead to
the maintenance of drug in therapeutic level, which reduces
daily dose, improves treatment efficacy, and ensures patient
compliance [1].

Smart hydrogels undergo physical and chemical
changes depending on external stimuli, which boosts
their application in medical and pharmaceutical fields
[15]. These hydrogels responses can be modulated by
changes in pH, temperature, salt concentration, glucose,
electric field, enzymes activity, biomarkers, cells perme-
ability, and others [16]. Thermosensitive hydrogels exhibit
volume and structure changes according to temperature
variation [14, 15, 17], while pH-sensitive hydrogels can
undergo morphological expansion and/or contraction as a
result of the attraction of positive or negative ions [16].
The more sensitive the hydrogel with respect to the target
environment the more accurate the drug delivery system.

Therefore, new approaches in therapeutics and new strate-
gies of action are at the forefront of research for novel drug
delivery systems, including the use of hydrogels as carriers
for countless drugs.

According to polymerization and preparation techniques,
manufactured hydrogels can include membranes, films, scaf-
folds, microgels, nanogels, or microspheres [10, 18]. Note-
worthy, the administration routes, namely oral, transdermal,
topical, inhalation, and intravenous, affect the efficiency of
drug delivery [1-13, 15]. Therefore, due to its scale and
structure features, macroscopic and injectable hydrogels may
be suitable for transdermal administration and tissue engi-
neering, respectively, while microgels are promising options
for oral delivery systems, and nanogels (10 to 100 nm)
appropriate for systemic delivery (Fig. 2) [2, 3, 19-35].

The transdermal route is one of the most explored for
hydrogels drug release, mainly because it is a minimally
invasive, painless, and self-administered method [36, 37],
and allows different application devices, such as patches,
gels, creams, and lotions [38]. The drug is absorbed through
subcutaneous tissues into the bloodstream, where circulates
until reaches the target [39]. Hydrogels confer greater per-
meability, are washable, flexible, viscoelastic, hydrate the
skin, and allow longer contact between drug and skin surface
[37].
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Fig.2 Main administration routes for hydrogels drug delivery systems [19-35]

Injectable hydrogels are relatively low viscosity poly-
meric solutions, which once injected should gel in situ,
although can be significantly influenced by internal envi-
ronment of the organism [16, 40]. The gelation rate is an
extremely critical parameter, as it must be slow to allow
injection and fast to avoid leakage [41].

Oral drug administration exhibits gastrointestinal (GI)
tract as barrier for drug absorption, namely, the great acidic
gastric environment, digestive enzymes, and continuous
intestinal mucus secretion. Although, this is the most pre-
ferred route for patients. In this context, microgels, which
are colloidal hydrogels, crosslinked polymers networks
with diameter between 100 nm and 10 pm, bring interesting
results for oral drug administration, like burst release for
gastric wounds or even sustained drug uptake onto intes-
tinal cellules. Therefore, hydrogels properties can be tai-
lored towards the requirements for specific drug delivery
approaches [3, 27, 42].

Hydrogels properties are greatly influenced by polymers’
features, as concentration, molecular weight, chemical com-
position, types of polymer linkage, and available functional
groups. Additionally, to build three-dimensional polymeric
networks, manufacturing techniques significantly depend on
the crosslinking methods, which allow to obtain tailor-made
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materials optimized for drug delivery applications. Thus,
this review presents recent advances in crosslinking methods
of polysaccharide hydrogels, including chitosan, cellulose,
hyaluronic acid, and alginate, providing examples of their
manufacturing processes, emphasizing their use as carriers
in drug delivery systems.

Polysaccharide-Based Polymeric Hydrogels
for Drug Delivery Systems

Polysaccharides are high molecular weight carbohydrates,
formed by several monosaccharide units linked by glycosidic
bonds in linear or branched chains. Their chemical structure
depends on the configuration of monosaccharides and the
type of glycosidic bonds, characteristics which determine the
natural roles and potential applications of these polymers.
Noteworthy, polysaccharides have a wide range of physical,
chemical, and biological properties [13, 43—45].
Polysaccharide-based materials are especially appealing
because these natural polymers are polyfunctional, biode-
gradable, and abundant [10, 39, 44-46]. Besides stability
upon storage, polysaccharides are non-toxic and biocom-
patible, given their natural availability. They are present
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in all living cells, mainly as cell wall and cell membrane
components, which also explain its good biological perfor-
mance and enzyme-controlled biodegradability [43, 44, 47].
In addition to its chemical similarity to the physiological
environment, polysaccharides are renewable and sustain-
able raw materials, features which add environmental and
resource-saving benefits regarding manufacturing processes
and supply chains that depend on polysaccharides as primal
matter [5, 12, 15].

Although, water solubility and poor mechanical prop-
erties, polysaccharides are polyfunctional molecules. The
presence of free hydrophilic functional groups, as carboxyl,
amino, and hydroxyl, among others, brings many possi-
bilities of physical and chemical modifications, allowing
to build required attributes in tailor-made polysaccharides,
including drug conjugation and functionalization [9]. There-
fore, as value-added material, polysaccharides encourage
studies on alternative synthesis routes and use of different
polymers to obtain new hydrogels formulations.

Several polysaccharides have been reported as potential
materials for the obtainment of efficient drug delivery sys-
tems, including chitosan, cellulose, hyaluronic acid, and
alginate, which will be discussed in this review. Some recent
examples of hydrogels applied in drug delivery systems are
summarized in Table 1, which describes the hydrogel com-
ponents, the crosslink strategy, and the improved proper-
ties of the polysaccharide-based materials after hydrogel
manufacturing.

Alginate

Alginate is derived from brown algae [48] or produced by
some bacteria. This polysaccharide consists of — 4)-f-D-
mannopyranuronic acid-(1 - (M) and — 4)-a-L-
gulopyranuronic acid-(1 — (G) units, disposed as homoge-
neous MM- and GG-blocks, interspersed with heterogeneous
MG-blocks. Blocks proportion and spatial distribution
directly influence the physicochemical properties. The
G-blocks are critical for hydrogel formation, since they par-
ticipate in intermolecular crosslinking with Ca** [7,25,49].

Alginate is used to encapsulate drugs, cells, and growth
factors [10]. Considering the several hydroxyl and carboxyl
groups in its backbone, their low toxicity, and high gelling
capacity, alginate hydrogels are very promising materials to
integrate countless delivery systems. Therefore, these prop-
erties expand alginate relevance for biomedical and pharma-
ceutical applications [7, 12, 19].

Conventionally, alginate gelling process occurs during
the exchange of Na* ions from sodium alginate with diva-
lent cations, such as Ca%*, which is the most widely used to
produce alginate gels [7, 12]. However, pure alginate gels
commonly present low mechanical strength and mucoad-
hesive properties. Hence, some crosslinking strategies are

able to circumvent these problems. For instance, increased
mucoadhesive property in oral gels for insulin release was
achieved by modifying alginate with cysteine (Table 1) [3].

Another strategy to improve its properties is the use of
nanocellulose as a reinforcing agent. Alginate hydrogel and
magnetic nanocellulose beads (isolated from rice husk)
were produced as a potential ibuprofen release system by
Supramaniam et al. [50]. The hydrogels demonstrated a
gradual release of the drug, avoiding burst effect (immediate
release). This result was attributed to the presence of nano-
cellulose, which restricted the release of ibuprofen during
dissolution due to the high physical entanglement (Table 1).

Ma et al. [51] proposed an interpenetrating hydrogel of
sodium alginate and nanocellulose for sustained release of
aspirin. The polymeric network was double crosslinked by
coagulation with acetic acid followed by treatment with
CaCl, solution. A significant increase in mechanical per-
formance (~55%) was achieved after the second crosslinking
with Ca*. In addition, thermogravimetric results indicated
that the presence of nanocellulose improved thermal stabil-
ity, as well as prolonged the release of aspirin up to 80 h
(Table 1).

An alginate injectable hydrogel was developed for the
treatment of myocardial infarction. Loaded with agents
encoding vascular endothelial growth, the hydrogels demon-
strated high storage modulus and immediate self-repair after
stress testing, which was explained by the ionic crosslinks
between Ca®* and a-L-guluronic blocks of alginate (Table 1)
[52].

Cellulose

Cellulose is the most abundant biopolymer on the
planet and the main component of plants cell wall. It
is a linear homopolysaccharide formed by — 4)-$-p-
glucopyranose-(1 —[53, 54]. They are obtained from bacte-
ria [55, 56], and green plants, including alternative sources,
such as lignocellulosic residues [57, 58].

Its structural feature allied to its low cost, good biocom-
patibility, and biodegradability, made cellulose an excellent
material for hydrogels manufacturing. However, cellulose
presents low solubility, restricting its use to obtain new phar-
maceutical forms [47, 59].

In this context, soluble cellulose derivatives are accom-
plished by chemical modification, such as esterification,
etherification, or oxidation [60]. The use of cellulose and
its modified derivatives, such as cellulose acetate [61, 62]
and carboxymethyl cellulose [63, 64], in hydrogels favor the
porous structure due to the repulsive forces of intramolecular
carboxyl groups, promoting positive effect in the swelling
capacity of the hydrogels [8, 65].

At nanoscale, nanocrystalline and nanofibrillated cellu-
loses are also widely explored. These nanomaterials have a
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large contact surface, which allows better interaction with
other polymers, resulting in high strength and stability,
mainly due to the complexity of the network of hydrogen
interactions [66, 67]. Thus, nanocellulose hydrogels are
exciting materials to obtain efficient drug delivery systems
[18].

Chitosan

Chitosan is the second most abundant natural polysaccharide
on the planet. It is obtained by alkaline or enzymatic deacety-
lation of chitin [10, 25], which is found in the exoskeleton of
invertebrates, crustaceans, and insects, as well as in the cell
wall of fungi. Chitosan is a cationic polysaccharide compris-
ing of — 4)-2-amino-2-deoxy-f-p-glucopyranose-(1 — (B-b-
glucosamine) and — 4)-2-acetamide-2-deoxy-f-D-
glucopyranose-(1 — (N-acetyl-pB-p-glucosamine) units [13,
25, 45].

Chitosan hydrogels have good mucoadhesive properties,
swelling reversibility, flexible adaption to external triggers,
and drug loading competence [68]. Additionally, they pre-
sent antibacterial, anti-inflammatory, and hemostatic prop-
erties. Therefore, these features make chitosan an attractive
matter to accelerate wound healing processes [69]. Accord-
ing to Nguyen et al. [68], several in vitro and in vivo studies
have shown that chitosan hydrogels loaded with anti-inflam-
matory drugs promoted important decrease in pro-inflamma-
tory cytokines activity. Consequently, chitosan is considered
a promising anti-inflammatory therapeutic carrier.

Saifullah et al. [28] developed a mucoadhesive emulsion
based on lipids and acetylated chitosan for oral administra-
tion. The emulsion, loaded with Cefixime®, a water insolu-
ble antibacterial drug, showed optimal stability in different
pH of gastrointestinal fluids, increasing plasma concentra-
tion levels of Cefixime® up to 15 pg/mL compared to free
form of commercial drug (6 ug/mL). They conclude that the
bioavailability of the drug was favored by the mucoadhesive
property of chitosan (Table 1).

Cysteine-conjugated chitosan hydrogels, embedded with
zinc oxide nanoparticles and loaded with naringenin, pre-
sented great improvement in the swelling degree. The sus-
tained drug release rate of conjugated chitosan hydrogels
improved bioavailability in comparison to native chitosan
hydrogels (Table 1) [70].

Patches of chitosan and polyvinyl alcohol loaded with
vitamin B,, were developed by Yekrang et al. [39]. In vivo
studies showed a slow and continuous release of the vitamin
and increased mechanical properties of the adhesives. The
cytocompatibility assay revealed low toxicity and no lesions
or tissue damage were observed in the skin of the animal
models (Table 1).

@ Springer

Injectable thermosensitive hydrogels based on chitosan
and polygalacturonic acid were developed for bone tissue
engineering, showing excellent sol-gel transition [41].
Ghanavi et al. [71] reported the development of thermore-
sponsible mucoadhesive hydrogels for ocular drug delivery
purposes. The dual crosslinked chitosan-based hydrogel
presented sustained-release profile for vancomycin and
prednisolone, and appropriate antibacterial activity in vitro.
Consequently, mucoadhesive property of chitosan may favor
interactions with human eye cornea (Table 1).

Hyaluronic Acid

Hyaluronic acid is a linear polysaccharide consisting
of repeating units of — 4)p-p-glucopyranuronic acid-
(1 — (B-p-glucuronic acid) and — 3)-2-acetamide-2-deoxy-
B-p-glucopyranose-(1 — (N-acetyl-p-p-glucosamine) units
[72, 73]. This glycosaminoglycan is naturally produced by
human body, as important part of the extracellular matrix,
and plays a vital role in multiple biological activities [73,
74]. It can be obtained from animal sources, like rooster
combs, or from microbial sources, as Streptococcus [75, 76]
and Bacillus genera [77]. Depending on the source, hyalu-
ronic acid can present high or low molecular weight, which
directly influences its applications [52, 78].

According to Attia et al. [75], the high viscoelasticity of
hyaluronic acid results from the presence of a single car-
boxyl group per disaccharide unit. The carboxyl group dis-
sociates at physiological pH, giving a polyanionic character
to the polymer chains. These negatively charged chains can
expand and tangle at low concentrations, contributing to the

Enzymatic
crosslinking
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Schiff Base

Physical
crosslinking

Chemical Hydrogel

crosslinking

Hydrogen
Bond

Hydrophobic
Interaction

Electrostatic
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Fig.3 Schematic representation of crosslinking methods
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viscoelastic properties of the polymer network. Because of
its high-water holding capacity, viscoelasticity, biocompat-
ibility, non-immunogenicity, and biodegradability, hyalu-
ronic acid is considered a suitable material for uses in phar-
maceutical area to obtain efficient drug delivery systems,
noteworthy, as wound dressing [72, 73, 79, 80].

Polymeric matrices based on hyaluronic acid present sig-
nificant benefits when employed as drug carriers, such as
optimum drug concentration maintenance, enhanced thera-
peutic effects, improved treatment efficiency, and prolonged
in vivo release rates [79, 81]. Hyaluronic acid also presents
high stretchability, flexibility, and permeability [73].

Optimal properties of adhesive dressings were reported
by Liu et al. [82] in a hydrogel based on modified hyalu-
ronic acid and e-polylysine. Histological studies revealed
that the hydrogel was effective in eliminating Gram (4) and
(—) bacteria on the surface of wounds, accelerating the heal-
ing process.

A promising pH-sensitive hydrogel based on hyaluronic
acid and hydroxyethyl cellulose loaded with an antibacte-
rial agent was developed for transdermal delivery systems
(Table 1) [83]. El-Aassar et al. [24] observed that hyaluronic
acid increased the entanglements among polyvinyl alcohol
(PVA) chains, reinforcing the PVA based polymeric matrix
developed to deliver silver nanoparticles. Pan et al. [80] also
reported that the addition of hyaluronic acid on a PVA poly-
meric matrix increased thermal stability, solubility, swelling
index, water vapor permeability, and elongation.

Thereby, add-valued renewable polysaccharides as algi-
nate, cellulose, chitosan, and hyaluronic acid, among oth-
ers, allow to manufacture reinforced hydrogel matrices using
countless strategies, which depend upon the chemical nature
of the polysaccharides. Therefore, the process of synthesiz-
ing polysaccharide-based hydrogels is directly related to the
crosslinking reactions and the type of interactions to which
the polymeric matrices are subjected.

Crosslinking Methods of Hydrogels: Recent
Advances

Crosslinking processes are generally classified into three
categories: chemical, physical, and enzymatic (Fig. 3).
Chemical e physical processes are the most common dis-
cussed in the literature. In chemical crosslinked hydrogels,
covalent bonds among the polymeric chains sustain the poly-
meric network, and physical hydrogels are maintained by
mechanical chain entanglements, van der Waals interactions,
hydrogen interactions, hydrophobic, and electronic associa-
tions [4, 47]. Enzymatic crosslinks produce covalent bonds,
although, linkages are specific, according to enzyme type
and, usually, demand mild reaction conditions [85].

Chemically Crosslinked Hydrogels

Chemically crosslinked hydrogels are those in which the
three-dimensional network is formed from covalent bonds
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Fig.4 Schematic representation of chemical crosslinking method. Inspired by Muhammad et al. [88]
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mediated by chemical reactions, presenting a strong inter-
action between the polymeric chains, which confers them
chemical, mechanical, and dimensional stabilities when
compared to physical hydrogels [86]. Consequently, changes
in the external environment usually do not cause the break-
age of these bonds, only affecting the absorption and release
capacity of the active compound [46]. Due to their highly
reactive groups, polysaccharides can be modified with the
introduction of functional groups before being chemically
crosslinked, favoring crosslinking reactions [87], like rep-
resented in Fig. 4.

Chemical crosslinks occur between polysaccharides bear-
ing reactive groups, which can form covalent bonds, or by
the addition of synthetic or organic molecules that act as
crosslinkers, which introduce linkages and remain linked to
polymers chains. Glutaraldehyde, phosphate groups, geni-
pin, epoxy, acrylamides, polycarboxylic acids, and formalde-
hyde are common crosslinkers employed for polysaccharides
[46, 89, 90].

Glutaraldehyde is a low-cost, easily available, read-
ily reactive, and strong stabilizer crosslinker agent. It is
a bifunctional aldehyde that is the most frequently used
crosslinker in biodegradable hydrogels, however, there is
important evidence of glutaraldehyde cytotoxicity [89, 91,
92].

Genipin is an expensive natural crosslinker agent, a bicy-
clic molecule that can hydrolyze in aqueous solutions to give
two reactive aldehydes, which easily link to polysaccharides
under mild conditions to form stable products [27, 93, 94].
Increased genipin as linker for chitosan hydrogels brought
stability in acidic pH, in addition, wound healing and anti-
bacterial chitosan-based biomaterial crosslinked with geni-
pin was developed to treat and effectively heal ulcer wounds
[93, 95]. Nevertheless, its safety is debated since genipin
induces instant apoptosis of liver and dermal cells. Moreo-
ver, genipin induces neurite PC12 cells differentiation, sup-
porting neurite development in a dose dependent manner
[89].

Polycarboxylic acids, including citric acid, are low-cost
alternative crosslinkers able to overcome the toxicity and
costs associated with other agents, such as glutaraldehyde
and genipin, and considered efficient crosslinkers for poly-
saccharides, such as cellulose. The crosslinking occurs due
to the attachment of the polycarboxylic acid carboxyl group
via esterification with cellulosic hydroxyl, followed by addi-
tional esterification with another cellulosic hydroxyl, result-
ing in cellulose chains covalently linked [29, 96].

Several studies have reported the use of other crosslink-
ers, including sodium trimetaphosphate (STMP), which is
considered a low-cost, safe, and low-toxicity agent with no
reported adverse effects on humans, suitable for polysaccha-
ride-based hydrogels [97, 98].
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Natural crosslinkers are preferred over the toxic and
high-cost ones, since green options are trend in chemical
reactions [46]. Moreover, there are crosslinking reactions
that dismiss crosslinkers. Naturally reactive polysaccharide
groups or functionalized polysaccharides are able to form
covalent bonds in suitable approaches and great biocom-
patibility. For instance, amino sugars are promptly to form
amide bonds with uronic acids via carbodiimide chemistry,
or to form amines via reductive amination of aldehydes [99].
Polysaccharide modifications to introduce reactive groups
are also a very common crosslinking strategy, which lead to
interesting hydrogel properties, including periodate oxida-
tion followed by Schiff base reaction [88].

Amidation Reaction

Amide bonds, formed from condensation between carbox-
ylic acid and amine groups, are ubiquitous in organic mol-
ecules in biology, organic synthesis, and pharmaceutical
compounds [100, 101]. Coupling via carbodiimide (N-(3-
dimethylaminopropyl)-N'"-ethylcarbodiimide hydrochloride,
EDC), a water soluble and non-toxic compound, is the most
common way to form amide bonds [102—-104]. In aqueous
solution, carboxyl group is activated by carbodiimide result-
ing in O-acylisourea ester intermediate, which reacts with
amine groups via a nucleophilic attack at carbonyl carbon
[105].

Polysaccharide-based hydrogels obtained by carbodiim-
ide chemistry, are potentially biodegradable and biocompat-
ible [106]. Rodriguez-Félix et al. [107] prepared chitosan
hydrogels using EDC and L-glutamic acid. The crosslink
coupled glutamic acid carboxyl groups to chitosan amino
groups. Similarly, Chang et al. [108] synthesized in a
temperature-controlled environment a hydrogel by mix-
ing hyaluronic acid and gelatin to form a colloid, where
gelatin amine groups formed amide bonds with hyaluronic
(HA) acid carboxyl groups. Hsu et al. [103] manufactured
hydrogels in PBS solution by mixing a gelatin solution with
HA and different concentrations of EDC solution. Higher
EDC content led to more compact structures, decreasing the
absorption capacity of the hydrogels.

Carbodiimide chemistry reactions commonly includes
N-hydroxysuccinimide (NHS) to favor the ester intermedi-
ate stabilization and promote amide bonds, in aqueous media
under mild conditions of temperature and pH [109]. In order
to improve the therapeutical efficacy of insulin delivery via
oral release, a multifunctional drug delivery system was
developed [3]: arginine-insulin electrostatic complexes
were encapsulated in liposomes, which were enfolded by
alginate and modified alginate hydrogels. Cysteine-grafted
alginate was prepared by EDC/NHS amidation to contain
insulin loaded liposomes. Both systems presented continu-
ous hypoglycemic effect, however, compared to alginate
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system, cysteine-grafted alginate hydrogel system presented
prolonged release in addition to effective hypoglycemic
effect. Therefore, bio-efficacy of insulin via oral delivery
was enhanced due to pH-sensitive property and adhesive
ability of modified alginate hydrogel [3].

Schiff Base Reaction

In most bonds of covalent nature, the connection formed
between atoms requires a significant amount of energy to be
broken [87]. However, Schiff bases form transient (dynamic)
covalent bonds that can be dissociated and reassociated
naturally or in response to external stimuli changes in their
three-dimensional network, providing self-healing [110],
and biodegradability [111]. According to Zhou et al. [32],
Schiff base hydrogels can exhibit self-healing properties
and enhanced injectability due to the reversibility of Schiff
base formation, especially in an aqueous environment. These
materials are also pH-sensitive and undergo hydrolysis reac-
tion at accelerated rates in acidic environments.

A Schiff base is defined as a compound that contains a
double bond linking carbon and a nitrogen atom (R; =N-R,,
R#H) [112]. Despite commonly used to form complexes
with transition metals [113—115], its versatility and promptly
reactive, combined with the ability to stabilize functional
reactive groups of biopolymers, Schiff base reactions favor
the synthesis of biodegradable hydrogels. The reaction
between an electrophilic carbon of an aldehyde/ketone and
an amine forms covalent bonds such as imines and its deriva-
tives, depending on the precursors [116].

The most common method to modify and introduce alde-
hyde or ketone groups into polysaccharides is via oxidative
cleavage of vicinal diols driven by sodium periodate (NalO,)
[117, 118]. Muhammad et al. [88] evaluated the effect of
reaction time and sodium periodate (NalO,) concentration
on the degree of oxidation of alginate and hyaluronic acid.
These polysaccharides can yield in situ gelling hydrogels to
be used in drug delivery systems by imine bond formation.

Chitosan /\N

;‘

This covalent reaction occurs between aldehyde groups of
oxidized polysaccharides and amino groups of carboxym-
ethyl chitosan. The studies pointed out that NalO, content
is the main parameter that influences the final concentra-
tion of aldehyde groups, which impacts the physicochemical
properties of the hydrogel. Furthermore, the results suggest
that milder conditions cannot significantly oxidize polymers
that form intermolecular interactions. Thus, polysaccharides
such as cellulose require harsher conditions or an assisted
process, as shown by Dang et al. [119].

Qian et al. [120] developed a self-healing, injectable, and
pH-responsive hydrogel based on N-carboxyethyl chitosan.
The modification was carried out through Michael reaction
with acrylic acid under neutral conditions, followed by oxi-
dation of hyaluronic acid with different concentrations of
NalO, at PBS solution. The increased aldehyde hyaluronic
content enhanced the crosslinked networks, which reflected
in smaller pore size and improved mechanical strength.
Maiz-Fernandez et al. [90] conducted a similar study evalu-
ating the stoichiometric ratio between N-succinyl-chitosan
and aldehyde hyaluronic acid hydrogel manufactured by
the same method, mixing both in PBS solution. The results
showed that higher crosslinking density resulted in greater
mechanical resistance, shorter degradation, and swelling
time.

In order to increase stability and develop a smart deliv-
ery system triggered by external magnetic field and acid
medium, Jahanban-Esfahlan et al. [121] incorporated by co-
precipitation Fe;O, magnetic nanoparticles in alginate-gela-
tin matrix. The hydrogel was synthesized via reductive ami-
nation, reacting gelatin amino groups and NalO, oxidized
alginate in aqueous media, followed by NaBH, reduction.

Mechanical strength can be improved in many ways, for
instance, nanoparticles incorporation, increased crosslinking
density, or development of dual or multi-crosslinked hydro-
gel. In this context, Zhang et al. [122] developed an inject-
able in situ hydrogel based on biofunctionalized hyaluronic
acid and oxidized alginate. Carbodiimide chemistry was
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Fig.5 Schematic representation of physical crosslinking method. Inspired by Qin et al. [128]
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used to incorporate 3,3'-dithiobis(propionohydrazide) and
carbohydrazide into HA backbone, resulting in the produc-
tion of thiol and hydrazide groups, respectively. The dual
crosslinked hydrogel synthesis took place in PBS medium
by disulfide and hydrazone bond formation.

Due to the ionic character of some natural polymers,
doubly crosslinked hydrogels can be easily manufactured
by combining physical and chemical interactions. Zhang
et al. [123] prepared a chemical and physical reticulated
hydrogel derived from gellan gum and carboxymethyl chi-
tosan. NalO, oxidized gellan gum containing CaCl, was
mixed with carboxymethyl chitosan aqueous solution in the
presence of gellan gum microspheres. The reaction resulted
in a complex gel embedded with microspheres in which oxi-
dized gellan gums were simultaneously crosslinked by Ca**
and imine bond with carboxymethyl chitosan.

Shi et al. [34] employed double crosslinking (Schiff base
and electrostatic interaction) in the synthesis of injectable
microgels of chitosan and polyethylene glycol, which were
cytocompatible and provided a favorable environment for
cell survival and proliferation. Zhou et al. [32] obtained oxi-
dized hydroxypropyl cellulose via oxidation in acidic con-
ditions for further hydrogel synthesis with carboxymethyl
chitosan. Ngwabebhoh et al. [124] synthesized dialdehyde
carrageenan gum through a H,O, and CuSO, redox reaction.

Polysaccharide chemical modification and functionaliza-
tion allow to obtain three-dimensional polymer networks for
drug delivery applications via suitable and classical aqueous
media reactions, namely Schiff base, amidation and reduc-
tive amination. These reactions are effective and low cost.
In addition, carbodiimide chemistry and reductive amina-
tion are commonly used at large scale processes, including
to manufacture pharmaceutical ingredients, which could
leverage industrial employment of polysaccharide-based
hydrogels [125, 126].

Physical Crosslinked Hydrogels

Hydrogels in which the polymer matrix is formed through
weak interactions such as hydrogen bonds, hydrophobic
interactions, ionic/electrostatic bonds, crystallization, and
the entanglement of the polymer chains are called physi-
cally crosslinked (Fig. 5). Due to the types of interactions
formed, they usually generate transient junctions that can
be reversed by changes in the environment (e.g., pH and
temperature). Unlike chemical hydrogels, physical hydrogels
can be prepared by simply dissolving the polymer in water
or aqueous solutions, without the need of crosslinkers or
initiators [127].
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Hydrogen Bond Formation

Hydrogen bond hydrogels can be formed using polymers
with hydrogen-bonding groups such as amides, carboxyl,
and hydroxyl groups, which can act as hydrogen bond donors
or acceptors. These groups can form hydrogen bonds with
each other, leading to the formation of physical crosslinking
between the polymer chains [129]. The strength and density
of hydrogen bonds can be controlled by the choice of poly-
mer, pH, and ionic strength of the solution [130].

Hydrogen bonding can also be used to stabilize drugs
in formulations by forming intermolecular hydrogen bonds
between drug molecules or between the drug and other
excipients in the formulation. This can help to prevent the
drug from degrading or undergoing chemical reactions that
could decrease its effectiveness [131, 132]. Furthermore,
hydrogen bonding can influence the release of drugs from
delivery systems by affecting the strength of the interactions
between the drug and the delivery system [133, 134].

Ma et al. [135] synthesized hydrogen bonding hydrogels
based on oxidized nanocellulose and nanochitin, and the
synthesis was performed at an acidic medium to allow the
formation of hydrogen bonding between carboxyl groups
from polymers. Wu et al. [79] also prepared hydrogen bond-
ing hydrogels based on an oxidized hyaluronic acid-Konjac
glucomannan, resulting a in porous structure that had a rich
storage space for drug loading.

Physical techniques can also be used to induce and con-
trol hydrogen bond formation in hydrogels [136]. Qin et al.
[128] synthesized hydrogen-bond-based hydrogels by mix-
ing chitosan and pullulan in aqueous solutions by electro-
spinning, they reported that the main interactions occurred
between amine groups from chitosan and hydroxyl groups
from pullulan, consequently, an increase in chitosan content
resulted in improved thermal stability.

Long et al. [137] developed a 3D printable hydrogel based
on chitosan and pectin. The hydrogel scaffold was produced
by both biopolymer solutions in acidic medium and then
extruded without heat treatment. Using the same technique
(direct ink writing), Baniasadi et al. [138] printed polyvinyl
alcohol and TEMPO-cellulose nano fibers hydrogels previ-
ously mixed using a digital homogenizer. The abundance of
-OH groups in both polymers leads to the formation of high
stable structure.

Electrostatic Interactions

Electrostatic interactions refer to the attractive or repulsive
forces between electrically charged particles. Biopolymers
that contain ionizable groups, such as carboxyl or amine
groups, can undergo electrostatic interactions in hydrogel
matrices [139]. These polymers can become charged when
they ionize in water and can interact with oppositely charged



Biomedical Materials & Devices (2024) 2:288-306

299

counterions. Furthermore, to make polysaccharides ioniz-
able, chemical groups such as carboxyl [140], sulfate [141],
and amino [142] groups can be introduced into the polysac-
charide structure.

A polyelectrolyte complex hydrogel can be formed from
polysaccharides with opposite charges through polyelectro-
lyte complexation, which is a process in which the elec-
trostatic interaction between the positively and negatively
charged polysaccharide chains leads to the formation of a
stable hydrogel [143, 144]. Alternatively, charged biopoly-
mers can form hydrogels via ionotropic gelation, which is a
process in which the polysaccharide chains are crosslinked
by cations such as calcium [145], zinc [146], or iron ions
[147]. The electrostatic interaction between the negatively
charged carboxylate groups in the polysaccharide chains and
the positively charged cations is mainly responsible for the
gelation process [147, 148].

As well as in hydrogen bonding-based hydrogels, the pH
and temperature are important factors to consider for elec-
trostatic crosslinking materials, mainly because pH and tem-
perature affect the degree of ionization of functional groups
and the strength of interaction between them [149].

Hamedi et al. [150] synthesized a hydrogel by mixing and
stirring a chitosan solution dissolved in acetic acid and an
alginate aqueous solution. The tridimensional network struc-
ture is generated from polyanion and polycation interactions
derived from alginate and chitosan, respectively. Similarly,
Maiz-Fernandez et al. [151] developed PEC hydrogels to
be used as a self-healing and controlled drug release system
based on hyaluronic acid and chitosan.

To improve the mechanical properties, Deng et al. [152]
incorporated cellulose nanofibers into an alginate-chitosan
polymeric matrix. The addition of nanocellulose resulted in
an interpenetrating hydrogel, where the protonated groups
between chitosan and alginate are electrostatically bonded,
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Fig.6 Schematic representation of enzymatic crosslinking method

in which they are interconnected with nanocellulose through
hydrogen bonding. Furthermore, reinforced hydrogels can
effectively mitigate the burst release behavior.

Omer et al. [153] developed a pH-responsive polyelec-
trolyte complex hydrogel based on sodium alginate, car-
boxymethyl chitosan, and aminated chitosan. The hydrogel
was synthesized by ionic gelation and coating process. The
dual polyelectrolyte complex enhanced the hydrogel stabil-
ity, drug encapsulation and prevented the immediate release
profile.

Khan et al. [154] prepared a metal ion-polysaccharide
complex hydrogel by mixing chitosan and alginate solutions
dissolved separately followed by dropwise addition of CaCl,.
The addition of hydrophilic drugs in alginate solution leads
to, concurrently, formation of hydrogel network and encap-
sulation of the drug(s). In a similar way, Goodarzi et al.
[155] developed an alginate-chitosan nanoparticles-based
hydrogel dropping CaCl, and chitosan-loaded solution into
alginate. The anionic groups of nano-structured-loaded syn-
thesized by ionotropic gelation are crosslinked with Ca®*,
while the cationic portion entrap the anionic character drug.

Calcium chloride is the most used crosslinking agent for
ionic crosslinked polysaccharide-based hydrogels [145, 156,
157]. Kim et al. [158] synthesized an injectable hydrogel
based on calcium and hyaluronic acid, forming a complex
via acid-base reaction between hyaluronic acid and calcium
acetate.

Potiwiput et al. [159] synthesized a double crosslinked
hydrogel combining ionic crosslinking and electrostatic
interaction. Alginate carboxyl group can form a chelate
complex with divalent Ca>*. Carboxymethyl cellulose, with
cationic charge was employed to enable physical crosslink-
ing with the anionic charge of alginate. The dual crosslink-
ing approach enhanced rheological properties in swelling

behavior.
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Enzymatic Crosslinked Hydrogels

Enzymes catalyze biological reactions generating covalent
bonds and linkages in a powerful and highly specific way
(Fig. 6). Enzymatic-mediated crosslinking reactions have
become popular due to their capability of forming mechani-
cally stable hydrogels under mild conditions, including phys-
iological temperature and pH. Moreover, enzymes may be
recycled and reused, in free or immobilized forms, making
this class of materials ideal to obtain drug delivery systems
[88, 160]. In addition, they can be tailored to achieve in situ
gelation, injectability, desired mechanical properties, and
degradability [160, 161]. Noteworthy, due to enzymes che-
moselectivity, enzymatic reactions only occur in the pres-
ence of a substrate that owns a specific functional group
[162]. Efforts in molecular biology and biotechnology have
revealed a plethora of possibilities concerning enzymes iso-
lation, production, and optimization, aiming enzymes evolu-
tion in a high-throughput manner [163]. Therefore, advances
in this field could make enzymes manufacturing processes
more affordable.

Transglutaminases are widely spread thiol enzymes that
form an amide bond by catalyzing an acyl transfer, mainly
between a y-carboxamide group of the glutamine residue
and a primary amine [164]. The efficiency of the catalyst
is related to the abundance of amino groups, the spatial
conformation, and its molecular chain flexibility [165].
Sun et al. [166] synthesized an alginate-gelatin antibiotic-
loaded hydrogel through transglutaminase crosslinking that
prolonged drug release. Furthermore, with no effect on the
crosslinking degree, a higher concentration of transglutami-
nase resulted in fastest gelation.

Peroxidases are a family of enzymes that oxidizes sub-
strate molecules through hydrogen peroxide (H,0,) con-
sumption that act as an electron acceptor [165]. Among
them, horseradish peroxidase is a single-chain p-type heme-
protein capable of catalyzing the crosslinking of phenol- or
aniline-rich derivatives through three consecutive oxidation
reactions in the presence of H,0,, generating covalent bonds
[164, 167]. Tran et al. [88] developed a chitosan gallic acid-
conjugated hydrogel with different mechanical properties
and microstructures by changing H,O, content. Jung et al.
[161] manufactured a chitosan—polyethylene glycol hydro-
gel using the enzymatic crosslinking reaction of horseradish
peroxidase.

Liu et al. [82] reported the development of a hydrogel
based on modified hyaluronic acid and e-polylysine. Enzy-
matic crosslinking with peroxidase and Schiff base reac-
tion promoted rapid sol—gel transition, favoring mechanical
strength, and preserving hydrogel morphology. Histological
studies revealed that this hydrogel was effective in eliminat-
ing Gram (+) and (—) bacteria on the surface of the wounds,
accelerating the healing process.
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Enzymatic crosslinking methods promote covalent bonds
exploring specific sites in polysaccharides, which bring the
opportunity to add chemo- and regioselectivity to hydrogels
manufacturing processes. Therefore, in general, chemical
and physical crosslinking strategies allow to obtain a pleth-
ora of polysaccharide-based materials, stable, malleable,
and injectable three-dimensional networks with transient
features, or even permanent ones with large ranges of storage
modules. Furthermore, besides solving the poor mechanical
properties of polysaccharide hydrogels, crosslinking meth-
ods allow to tailor polysaccharide-based materials according
to applications requirements.

The development of drug delivery sciences demands
numerous systems to carry and deliver, smartly, small drugs,
peptides, proteins, nucleic acids, monoclonal antibodies,
or even cells. Moreover, multiple drugs delivery systems
are also required, usually for cancer treatments [168, 169].
Consequently, to keep up with these limitless requirements,
there must be tailorable countless options, which are the
polysaccharide-based materials. These natural and renew-
able polymers represent suitable tools that allow drug deliv-
ery systems expansion, inasmuch as polysaccharide sciences
co-evolve with the new demands. Given that, sustainable and
ecofriendly processes that promote polysaccharides modifi-
cation are in evidence. Noteworthy, hydrogels based on xan-
than gum and cellulose were obtained by reactive extrusion
and thermopressing processes, without crosslinkers, using
glycerol as plasticizer. The designed biopolymers matrices
presented smooth surface with a pH-dependent degree of
swelling and increased thermal stability and tensile strength
[170].

In this context, a new paradigm for industrial supply
chains could be make more efforts to value natural and
renewable prime matter face the necessity of sustainable
processes. Hence, it is imperative to make polysaccharide-
based raw materials more affordable, a substantial offer
would encourage sustainability, besides favoring the drug
delivery development.

Conclusion and Perspectives

Polysaccharide-based hydrogels have unique properties to be
used as carriers in drug delivery systems, becoming impor-
tant due to the need for more sustainable practices in this
field, making them highly value-added products. The main
advantages of these materials include the controlled delivery
of drugs, non-toxicity, biodegradability, biocompatibility,
good biological performance, easy availability, and chemi-
cal similarity to the physiological environment. Additionally,
polysaccharides present a wide range of physical, chemical,
and biological properties considering the presence of free
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functional groups that can be easily modified for expanding
applications and overcoming limitations.

Depending on crosslinking methods, the properties of
the hydrogels can change. Covalent junctions result in more
chemical, mechanical, and dimensional stable hydrogels.
However, chemical crosslinking may require pre-func-
tionalizing reactions and the use of chemicals of varying
toxicity. Additionally, it is important to highlight that are
alternative crosslinkers including sodium trimetaphosphate,
polycarboxylic acids, like citric acid, and linkage strategies,
as carbodiimide chemistry, reductive amination, among
others, which are considered safe and low toxic, suitable
for polysaccharide-based hydrogels. Physically crosslinked
hydrogels can be considered a simple and environmentally
friendly strategy to obtain hydrogels with non-toxicity to
be used in drug delivery systems. Enzymatic crosslinking
reactions have become popular due to their capability of
forming mechanically stable hydrogels under mild condi-
tions, resulting in suitable materials to be used as carriers in
drug delivery systems.

In order to design polysaccharide-based hydrogels for
drug delivery systems key considerations might be made
regarding drug, target/route, hydrogel features, crosslink-
ing method, and biocompatibility evaluation. Drugs must
be considered about its molar mass, solubility, stability,
toxicity, reactivity, since it determines interactions between
drugs, target, and hydrogels. Different type of cells or tissues
constitute the targets, which presents specific attributes that
must be taken account, like pH, mucus secretion, biomark-
ers, among others.

Therefore, target characteristics also establish the require-
ments for polysaccharide-based hydrogels design and cross-
link strategy selection. In general, the greater the crosslink-
ing degree the higher the hydrogels mechanical strength.
Hence, considering the drug rout of administration, the poly-
saccharides and crosslinking methods can be selected. Due
to the countless tailoring possibilities for polysaccharides,
there is not an established protocol to follow, researchers
use creativity to deceive the barriers until the target. The
utilization of natural crosslinkers, low-cost reactions, and
ecofriendly processes are tendencies to contribute to sus-
tainability and affordable materials. Afterwards, physico-
chemical and physicomechanical characterization are able to
predict drug release data and outline biological experiments,
for which in silico, in vitro, and ex vivo trials are preferable
to avoid animal models.

Finally, polysaccharide base-hydrogels represents a sus-
tainable, feasible, and biocompatible tool to obtain novel
drug delivery systems, and it can be considered a technologi-
cal solution for replacing conventional materials. Although
some hydrogels can be produced by one-pot synthesis,
most are designed for laboratory scale and do not meet the
needs of the pharmaceutical industry, thus, despite excellent

laboratory results, efforts must be taken to bring new infor-
mation about the large-scale production through sustainable
and high-throughput approaches. In a short time, industrial-
scale manufacturing could favor amidation and reductive
amination strategies to produce polysaccharide hydrogels.
Noteworthy, reactive extrusion represents a promptly indus-
trial available method to produce polysaccharide-based
hydrogels in a sustainable and low-cost way, corresponding
to an appealing trend for the establishment of automated
manufacturing platforms.
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