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ABSTRACT

Hydrogels are three-dimensional networks formed of polymers, proteins, small molecules, or colloids that swell when exposed to
water. Because of their ability to encapsulate and protect drugs as well as provide sustained and/or remotely programmable spatial
and temporal release, they represent a flexible platform for drug delivery. As a result, they have stimulated a significant amount of
research for the delivery of either small active compounds or biopharmaceuticals. Hydrogel could be one potential solution to the
problems that drug delivery faces today. The primary objective of this review article is to concern the classification of hydrogel, its
advantages, and disadvantages, significance of hydrogel, preparation techniques, structural diversity of hydrogel, cellulose-based
hydrogels, chitosan-based hydrogel beads, and applications. Many applications, like drug delivery systems, diagnostics, tissue
engineering, optics, and imaging, have benefited greatly from the use of hydrogels. Large molecular weight proteins are necessary
for the treatment of various disorders. With the availability of hydrogels, they are accessible.
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1. INTRODUCTION

three-dimensional cross-linked polymeric network

made of synthetic or natural polymers is referred to

as a hydrogel because it can hold water inside of its
porous structure. The hydrophilic groups, such as amino,
carboxyl, and hydroxyl groups, found in the polymer chains
of hydrogels are primarily responsible for their ability to
hold water. At physiological temperature and pH, these
polymeric materials do not dissolve in water but instead
significantly swell in an aqueous media.’?

The word "hydrogels" indicates that the substance has
previously swelled in water; dried hydrogels are referred
to as "xerogels." If water is removed from the gel without
disrupting the polymeric network, either by lyophilization
or by extraction with organic solvents, the resulting
material is extremely light with porosity as high as 98%;
this dehydrated hydrogel is known as aerogel. Surface
tension causes the collapse of the gel body during the
drying process.3

When it comes to the nature of the constituent molecules,
their functionality (such as simultaneous imaging and
therapy, programmable and controlled release, the

hierarchy of microenvironments and nano environments
accessible (hydrophobic or hydrophilic), and a plethora of
other options, such as attaching ligands, combining them
with nanoparticles (NPs), attaching them to other
materials, etc.—hydrogels present a wide range of design
options.

Mostly made of water, hydrogels can encapsulate drugs,
slowing or stopping their degradation, and aggregation,
and shortening their lifetime while providing sustained
release, controlled by diffusion out of or degradation of
the matrix, or remotely controlled by
external/endogenous triggers. They also offer an
environment similar to natural tissues*

Because most hydrogels provide a hydrophilic locus of
solubilization, they are especially appealing for
biopharmaceuticals, a rapidly expanding class of newly
approved medications that include recombinant proteins
and peptides®®, monoclonal  antibodies,  and
polynucleotides”, including Small interfering RNAs
(siRNAs), a topic of particular interest in recent years.%1?
However, depending on their structural makeup,
hydrogels may also be able to solubilize hydrophobic
drugs, for example when mixed with polymer NPs in
nanocomposite gels.t314

In terms of their architecture, hydrogels can be made from
a wide variety of building blocks (e.g., polymers typically
classified as natural or synthetic, peptides>®°, proteins®,
surfactants?®, colloids!®'’, and small molecules®1%2, with
various chemistries, arrangements of the building blocks,
and connections (cross-links), effectively producing a
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variety of macroscopic and nanoscopic structures, size
range, physical properties, and function. These features
decide whether drugs are encapsulated (for example,
small molecules®®or cells?'?2, and how they are released.

On the macroscale, hydrogels can be either "bulk" or
macroscopic gels (suitable for the transepithelial route,
insertion, or injection in the body), microgels®
(micrometers in size, also suitable for pulmonary and
intrabony delivery?*), or nano gels?®®?% (10- 100 nm,
suitable for systemic administration and studied for
intracell delivery.?#?6

In  hydrogels, pore size (if microscopic) affects
deformability and cell diffusion, whereas mesh size (in the
range of 100 nm) determines the release of medicines
through diffusion; this can be changed through
degradation and swelling of the matrix, either time-
dependent or triggered. Whether drugs are physically
bonded to the gel matrix or covalently conjugated to the
polymer, particular interactions between the gel matrix
and the drug also affect release on a lower length scale
(hydrophobic, van der Waals, electrostatic, and soon).*

The possibility of injectability?® of hydrogels, as opposed to
implantation in the body through invasive procedures, is a
particularly alluring feature. This is either provided by
shear thinning properties or by in situ gel formation, which
can be triggered by physiological temperature or other
external stimuli ("smart" or "stimuli-responsive" gels). (See
Fig 1)
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Figure 1: Stimuli response of hydrogel: classification of
stimuli response of swelling hydrogel i.e., physical and
chemical stimuli responsive swelling hydrogel.

Physical gels, also known as supramolecular gels or "self-
healing" gels, are supported by physical interactions rather
than covalent bonds. Examples of these interactions
include van der Waals, hydrogen bonds, electrostatic
forces, and host-guest interactions, which are frequently
with cyclodextrins or curcurbit[n]urils. Because of their
adaptability and inherently dynamic nature, physical gels
are particularly well suited for drug delivery applications.
This is why a lot of recent research has concentrated on
supramolecular gels. They also lack the toxic crosslinkers
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and free radicals used in many chemical cross-linking
protocols.* (See Fig 2)

Figure 2: Hydrogel: the molecular structure of hydrogel.
2. CLASSIFICATION OF HYDROGEL

2.1. On the basis of the nature of the cross-linked junction
2.1.1. Permanent/chemical gel

When networks are chemically cross-linked (replacing
hydrogen connections with more powerful and stable
covalent bonds), they are referred to as "permanent" or
"chemical" gels. When they reach an equilibrium swelling
state, depending on the Parameters affecting the polymer-
water interaction and crosslink density.?®

2.1.2. Reversible/physical gel

When the networks are held together by molecular
entanglements, and secondary forces such as ionic,
hydrogen bonding, or hydrophobic interactions, they are
referred to as "reversible" or "physical" gels. Physical
interactions between various polymer chains in physically
cross-linked gels inhibit dissolution. All of these
interactions are reversible and susceptible to disruption by

stress or changes in the surroundings.3%3!

2.2. On the basis of origin

2.2.1. Natural polymer

Natural hydrogels possess strong cell adhesion

characteristics, they are biodegradable and biocompatible.
Natural hydrogels are mostly composed of two types of
polymers: polysaccharides such as hyaluronic acid,
alginate, and chitosan, and proteins such as collagen,
gelatin, and lysozyme.3*3 They support cellular
activities.?®

They lack essential mechanical characteristics. They may
be a pathogen and stimulate inflammatory and
immunological reactions.!

2.2.2. Synthetic polymer

They can be manufactured to have a significantly wider
variety of mechanical and chemical properties than their
natural counterparts, making them more useful than
natural hydrogels. Hydrogels made of polyethylene glycol
are a type of substance that is frequently utilized in
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biomedical applications because they are non-toxic,
immunogenic, and compatible:3

They have an absence of inherent bioactive qualities.?®

Ex. Acrylic acid -Hydroxyethyl methacrylate (HEMA), Vinyl
acetate, Methacrylic acid (MAA).!

2.2.3. Hybrid polymer

They are a blend of synthetic and natural polymer
hydrogels. Many naturally occurring biopolymers,
including dextran, collagen, and chitosan, have been mixed
with synthetic polymers, including poly (N-isopropyl
acrylamide) and polyvinyl alcohol, to combine the
properties of both synthetic and natural hydrogels.

2.3. On the basis of the polymeric composition
2.3.1. Homopolymeric hydrogel

They are a fundamental structural component made up of
any polymer network generated from a single monomer
species. Homopolymers may have a cross-linked skeletal
structure depending on the type of monomer used and the
method of polymerization.  Polyethylene  glycol
dimethacrylate, poly (2-hydroxyethyl methacrylate), or
poly HEMA, can be used as a cross-linking agent, as a
monomer, and as a UV-sensitive initiator to produce
homopolymers.3®

Cross-linked homopolymers are used in drug delivery
systems and in contact lenses.?”

Additionally, it is employed to repair cells in the spinal cord
and bone marrow, create scaffolds that encourage cell
adhesion, and create artificial cartilage.3®

2.3.2. Copolymeric hydrogel

Two or more distinct monomer species having at least one
hydrophilic component are combined to form copolymeric
hydrogels, which are then distributed along the chain of
the polymer network in a random, block, or alternating
pattern.®

These hydrogels were designed for drug delivery
applications and were pH and temperature-sensitive. 3

2.3.3. Multipolymer interpenetrating polymeric hydrogel
(IPN)

An important type of hydrogel that has a network system
consisting of two separate cross-linked synthetic or natural
polymer components. One component of the semi-IPN
hydrogel is a cross-linked polymer, and the other is a non-
cross-linked polymer. (See Fig 3)

Due to the persistent overlapping of network segments,
IPN can overcome thermodynamic incompatibility and
only obtain limited phase separation.?®

The fundamental benefit of IPNs is the ability to create
relatively dense hydrogel matrices that have stronger,
stiffer mechanical properties, controlled physical
properties, and more effective drug loading than other
hydrogels.*®
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Figure 3: Shows the formation and structure of semi and
full IPNs: where hydrogel with monomer initiator forms
semi-IPN while hydrogel with monomer & cross-linker
initiator forms full IPN.

2.4. On the basis of configuration

According to their physical nature and chemical content,
hydrogels can be categorized as follows:

. Amorphous (non-crystalline).

. Semicrystalline: A complicated blend of

crystalline and amorphous phases.

. Crystalline.
. Hydrogen bonded.
. Hydro colloidal aggregation.*

2.5. On the basis of biodegradability
2.5.1. Biodegradable hydrogel

Hydrogels degrade naturally. Biodegradable polymers
include those formed by nature such as Chitosan, fibrin,
and agar. Synthetic biodegradable polymers include poly
(aldehyde guluronate), polyanhydrides, and poly (N-
isopropyl acrylamide).3?

2.5.2. Non-biodegradable hydrogel

The formation of non-biodegradable hydrogels involves
the use of a variety of vinylated monomers or macromers,
including 2-hydroxyethyl methacrylate (HEMA), 2-
hydroxypropyl methacrylate (HPMA), and acrylamide
(AAmM).*2

2.6. On the basis of network electric charge

Based on the presence or absence of an electrical charge
on the cross-linked chains, hydrogels can be divided into
four groups:

¢ Non-ionic (neutral).
¢ |onic (including anionic or cationic).

e Amphoteric electrolyte contains both acidic and basic
groups.

* zwitter ionic contains both cationic and anionic groups.*
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2.7. On the basis of physical appearance

Depending on the kind of polymerization used during the
preparation process, hydrogels can appear as a matrix,
film, or microsphere.3®

3. ADVANTAGES

e Due to their extraordinary water content, they
are very flexible and resemble genuine tissue.

e Hydrogels that are sensitive to their surroundings
can detect changes in temperature, pH, or
metabolite concentration, and when they do,
they release the load.

e They are also injectable, biodegradable, and
biocompatible.*4-4¢

e Additionally, hydrogels are simple to modify and
have high transport qualities.*

e Timely release of nutrients or medications.*®
4. DISADVANTAGES

e Costly and weak mechanically, they are
expensive.

e They may need to be secured by secondary
dressing since they are non-adherent.

e There may be a problem loading with medication
or nutrition.

e Hypoxia, dehydration, and red eye reactions are
all brought on by the usage of hydrogels as
contact lenses.*4°

5. SIGNIFICANCE OF HYDROGEL

Physical and chemical properties: Hydrogel's physical and
chemical characteristics are influenced by two main
factors, namely the size of the particles and the attraction
or repulsion of the molecules. It is a realistic design that
considers how the solute molecules interact with the gel,
especially how they divide between the gel phase and the
liquid phase.

Swelling: Hydrogel, a hydrophilic, cross-linked (physically
or chemically) polymer chain with a high water-holding
capacity, can cause swelling. In general, between 10% and
20% of water is absorbed by the dry hydrogel. Hydrogel's
appearance can vary depending on temperature, pH, ionic
species, and electric signal, and these variations can be
seen under a microscope.

Mechanical properties: Mechanical characteristics might
vary based on the composition of the material. It called for
a gel that was stiffened by lengthening the cross-linking
chain. Ligament, wound dressing, tendon repairs, matrix
for drug delivery, tissue engineering, and cartilage
replacement materials are the biomedical applications
evaluation criteria.

Cross-linking: Cross-linking is one of the hydrogel's key
characteristics. The two types of cross-linking hydrogels
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are chemically and physically bonded gels. The cross-
linking process involves several cooperative reactions,
including the Michael reaction, the Michaelis-Arbuzov
reaction, and nucleophilic addition reactions.

Biocompatible properties: Hydrogels are non-toxic and
have biocompatible behavior, according to their
biocompatible qualities. Most polymers are employed in
vitro and cytotoxic tests. Biosafety and Bifunctionality are
the two polymers that make up biocompatibility.

Porosity and permeation: The concentration of the
chemical cross-links between the polymer strands, the net
charge of the polyelectrolytes, and the concentration of
the physical entanglement of the polymer strands are the
three factors that determine the size of the pores that can
be created in a hydrogel by the phase separation
process.*%0

6. PREPARATION TECHNIQUE

Physical cross-linking, chemical cross-linking, grafting
polymerization, and radiation cross-linking are some of the
preparation procedures used. These alterations can
enhance the mechanical characteristics and viscoelasticity
for applications in the biomedical and pharmaceutical
areas.”?

Both synthetic and natural polymers can be used to make
hydrogels, in general. In comparison to natural polymers,
synthetic polymers are chemically stronger and
hydrophobic by nature. Although their mechanical
strength results in a slow rate of degradation, it also
contributes to their durability.>?

Alginate, Chitosan, Carrageenan, Hyaluronan, and Carboxy
methyl cellulose (CMC) are examples of natural
biopolymers. Cross-linked networks of synthetic polymers
such as Polyethylene oxide (PEQO), Polyvinyl pyrrolidone
(PVP), Polylactic acid (PLA), Polyacrylic acid (PAA),
Polymethacrylate (PMA), Polyethylene glycol (PEG) have
also been reported.?

To create hydrogels from cellulose and its derivatives,
there are three different crosslinking methods: physical,
chemical, and polymerization.>3

6.1. Physical cross-linking

Due to their relatively simple manufacture and the benefit
of not requiring cross-linking agents, physical or reversible
gels have attracted more attention. The integrity of the
substances to be entrapped (such as cells, proteins, etc.)
and the requirement for their removal before application
are both impacted by these agents.>*

Once employed for medication delivery, physical
crosslinking preserves biological organisms and enhances
hydrogel structures. Physical crosslinking employs a
variety of techniques.>
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6.1.1. Heating/cooling a polymer solution

The helix formation, helices connection, and junction zone
formation are what cause the gel to develop. The random
coil structure of carrageenan is evident in hot solutions
over the melting transition temperature. It changes into
hard helical rods when it cools.>® (See Fig 4)

Examples include polyethylene oxide-polypropylene oxide
and polyethylene glycol-polylactic acid hydrogel.*
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Figure 4: Heating/cooling a polymer solution: Gel
formation due to aggregation of helix upon cooling a hot
solution of carrageenan.

6.1.2. Complex coacervation

By combining polyanions and polycations, complex
coacervate gels are created. This method's fundamental
tenet is that polymers with opposing charges bind together
and create soluble or insoluble complexes depending on
the concentration and pH of the relevant fluids.*’

Coacervation of polycationic chitosan and polyanionic
xanthan is one such instance. Positively charged proteins
below their isoelectric point have a high propensity to bind
to anionic hydrocolloids and create polyion complex
hydrogels.>® (See Fig 5)

@

Complex coacervate /
polyion complex hydrogel

Anionic polymer Cationic polymer

Figure 5: Complex coacervation: Anionic and cationic
polymer forms complex coacervates.

6.1.3. lonic interaction

By including di- or tri-valent counterions, ionic polymers
can be cross-linked. A multivalent ion having opposing
charges, such as Ca2+ + 2Cl-, can be used to gel a
polyelectrolyte solution (for example, Na+ alginate-).
Chitosan-glycerol phosphate salt, chitosan-dextran
hydrogels, and chitosan-polylysine are some further
examples.>®
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6.2. Chemical cross-linking

This procedure involves grafting monomers onto the
backbone of the polymers and using a crosslinking agent to
join two polymer chains.>”

Natural and artificial polymers can be cross-linked by
reacting with cross-linkers such as aldehydes (such as
glutaraldehyde and adipic acid dihydrazide) that have
functional groups like OH, COOH, and NH2.

By utilizing epichlorohydrin as a cross-linker, heating, and
freezing techniques, hydrogels can also be made from
cellulose in NaOH/urea aqueous solutions.>®

6.2.1. Citric acid

Citric acid (CA) is a natural organic compound with three
OH groups that can form a network in most hydrogel
preparations. It is also affordable, nontoxic, hydrophilic,
and hydrophilic.>

It has an extra binding site, and a hydrogen bond, and aids
in balancing hydrophilicity.>*5!

CA, often commonly referred to as a food additive, is
utilized in cleaning goods, water softening, anticoagulants,
and tissue that comes into contact with food.%%53

To allow the hydrogel network to robustly crosslink, CA
also enhances the tensile strength, thermal stability, and
barrier characteristics.®+®

6.2.2. Epichlorohydrin

As well as improving pore size distribution, chemical
stability, mechanical resistance, and
adsorption/desorption capacity, Epichlorohydrin (ECH)
also aids in these other areas.®’

The use of ECH in the production of chitosan hydrogels
boosts the metal sorption capacity of the material and
prevents chitosan dissolution during metal sorption in an
acidic environment.%85°

6.2.3. Glutaraldehyde

A functional polymeric material can be created from
protein, amino polysaccharides, and synthetic polymers by
crosslinking glutaraldehyde with the hydroxyl group,
according to research.”®72 To change the effectiveness of
the ligand and boost the film's ability to absorb water,
glutaraldehyde is combined with chitosan as a crosslinking
agent.”>74

6.3. Bulk polymerization

Vinyl monomers are primarily used in the manufacturing
of bulk hydrogels although other types of monomers can
also be used. Any hydrogel formulation typically includes a
tiny amount of a cross-linking agent.

A wide range of shapes, such as rods, particles, films and
membranes, and emulsions, can be generated from the
polymerized hydrogel.””
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6.4. Free radical polymerization

The propagation, chain transfer, initiation, and
termination phases are all part of the conventional free-
radical polymerization chemistry. Numerous thermal,
ultraviolet, visible, and redox initiators can be used for the
radical formation in the initiation step; the radicals then
react with the monomers to change them into active
forms.”®

6.5. Solution polymerization

The presence of a solvent acting as a heat sink is the main
benefit of solution polymerization versus bulk
polymerization. Water-ethanol combinations, water,
ethanol, and benzyl alcohol were utilized as solvents.”
(See Fig 6)

Monomer Initiatior and

w— POlyMErization

1 crosslinker

Gel preparation
Separation and washing

!

Drying

!

—_— Additive

\ Packaging /

Block diagram:

Post reaction

Figure 6: Solution

procedure.

polymerization

6.6. Suspension Polymerization

Spherical hydrogel microparticles between 1 mm and 1
mm in size are created using the suspension
polymerization process. This approach involves dispersing
the monomer solution into tiny, stabilizer-coated droplets
made of non-solvent rather than water.”® (See Fig 7)

Monomer
& i link
& aqueous phase

Organic non-solvent
&dispersing agent

Stirring
tank

!

Gelation

!

Separation
& washing

!

Drying

Initiator

Hydrogel beads

Figure 7: Block diagram hydrogel preparation: Suspension
polymerization procedure.
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6.7. Grafting cross-linking

Hydrogels made by bulk polymerization typically have a
weak structural foundation. A hydrogel can be surface-
coated onto a more durable support to enhance its
mechanical characteristics.>® An example of this type of
procedure uses N-vinyl-2-pyrrolidone to graft starch with
acrylic acid.”

7. STRUCTURAL DIVERSITY OF HYDROGEL
7.1. Microgel

Colloidal dispersions (or suspensions) of gel-like particles
and swelling macromolecular networks make up microgels
(100 nm-10 m). However, microgels are promising for a
variety of applications in various fields, including
controlled drug release, separation technology, bio-, and
chemical sensors, and have been found to possess unique
properties of both hydrogels and colloidal particles, such
as structural integrity, compartmentalization, orthogonal
functionalization, softness, deformability, permeability,
stimuli-responsiveness, reversible swelling, and
adaptivity 5083

7.2. Nanogels

Nanogels are hydrogel particles with a size between 0 and
100 nm made of crosslinked polymer networks using
physical or chemical means. Nanogels combine the
qualities and characteristics of nanoparticles and
hydrogels. Fundamentally, there are not many differences
between nano gels and microgels other than the
application scenarios brought on by size effects (e.g., nano
gels are easily able to penetrate due to their extremely
small size and, more specifically, can cross the blood-brain
barrier) and some specific functions (e.g., nano gels have
non-immunological responses and invasion by the
reticuloendothelial system is prevented).3+8

7.3. Multi-layered hydrogels

Homogeneous hydrogels, which have uniform bulk
properties, are increasingly constrained by the need for
complex functions, whereas hierarchical hydrogels, which
contain multiple layers or membranes, exhibit growing
advantages in terms of structural complexity and
functional diversity, and are essential in a wide range of
applications.®

7.4. Porous hydrogels

Even though, hydrogels made of a 3D-crosslinked porous
network exhibit a considerable capacity for water
absorption. For various applications, such as
biocompatible scaffolds, superabsorbent materials, high
penetration materials, drug release vehicles, etc., swelling
qualities are still one of the important performance
indicators of hydrogels. According to the range of pore
sizes, porous hydrogels can be classified into three groups:
super macroporous hydrogels (tens to hundreds of m),
macroporous hydrogels (100 nm—10 m), and microporous
hydrogels (10-100 nm).*°
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7.5. Hybrid hydrogels

Chemically, functionally, and morphologically different
building blocks, such as biologically active proteins,
peptides, synthetic macromolecules, or
nano/microstructures that are joined by physical or
chemical means, are used to produce hybrid hydrogels.
Hydrogels should all be hybrid hydrogels in theory, except
for a specific structure or component. As a result, there are
numerous varieties of hybrid hydrogels, including
hydrogels made of nanocomposite (NC) materials,
macromolecular microsphere composite (MMC) materials,
interpenetrating networks (IPN), double networks (DN),
and double network-nanocomposite (DN-NC) materials.
The five hybrid hydrogel types discussed above are
considered high-strength hydrogels because their primary
purpose is to increase mechanical strength.%°

7.6. Topological hydrogels

Interest in supramolecules with topological properties is
high.  Another powerful hydrogel that can be quite
stretchy is a topological hydrogel. Through host-guest
interactions (see previous Section) and a few physical or
chemical crosslinks, topological hydrogels can be created.
Topological hydrogels are also known as slide-ring or slip-
link gels due to their structural characteristics.?>*?

In addition to host-guest interactions, Yu et al.??
announced the discovery of a novel topological hydrogel
with Turing microstructure. Specifically, a switchable
hydrogen-bond topological network was built to produce
a dynamic hydrogel made of cellulose, ionic liquids, and
water with reversible Turing-pattern microstructures.

7.7 Emulsion hydrogels

Emulsion hydrogels, also known as emulsion gels, are a
type of semi-solid colloidal solution that combines the
functional and physicochemical characteristics of both
emulsions and gels. Emulsion hydrogels are sometimes
referred to as emulsions that resemble solids or gels.*°

Controlling the emulsion types, matrix materials and
interactions, oil content, filler and particle size distribution,
gelling processes, etc. can alter the rheological, structural,
and microstructural features of emulsion gels3°*

8. CELLULOSE-BASED HYDROGELS

Cellulose is one of the safest materials on earth and has
the benefits of being biocompatible, biodegradable,
renewable, mechanically strong, and environmentally
safe.®

It has the qualities of being tasteless, odorless, and
insoluble in most organic solvents as well as water. Since it
is a hydrophilic substance with strong van der Waals forces
and inter- and intramolecular hydrogen bonding,
dissolution is difficult.®®

Limitations for cellulose are related to dissolution. Most
organic solvents and water are known to barely
breakdown cellulose. However, due to their accessibility
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and simplicity, other solvent systems, such as ionic liquids
(ILs), NaOH/urea, and NaOH/thiourea, are frequently used
by researchers to dissolve cellulose.>3

8.1. Cellulose dissolution

For cellulose to have further applications, it must be
dissolved. lonic liquids, LiOH/urea, NaOH/urea, and
NaOH/thiourea are a few of the solvent systems that have
been researched for the dissolving of cellulose. Liquidation
of cellulose to guarantee that the cellulose is
homogeneous throughout the creation of the solution, it is
crucial to use various solvent systems.>3

8.1.1. NaOH/Urea

One solvent system that receives attention is sodium
hydroxide/urea (NaOH/urea), which is low in toxicity, easy
to use, and inexpensive.”’

Chen et al. suggest that the interaction takes place when
cellulose forms a shell-like hydrogen-bond-induced
inclusion complex with alkali and urea. Previous studies
have shown that the temperature of the solvent, the
molecular weight, the crystallinity, the stirring rate, and
the stirring time all affect how easily cellulose dissolves.

8.1.2. NaOH/thiourea

The NaOH-cellulose hydrogen-bonded surface may allow
urea/thiourea hydrates to self-assemble, according to
researchers.>3

Using NaOH and thiourea, Ruan et al.”’ investigate the
manufacturing of cellulose multifilament fibers. The
findings indicate that NaOH/thiourea can be the new
cellulose drug, offering a different and workable route to
the production of regenerated cellulose fibers and their
purpose.®®

According to Mohsenzadeh et al.?®, cellulose is better
dissolved in NaOH/thiourea, which also boosts the yield of
biodegradation products.

According to Morgado et al.®®, research inclusion
complexes of NaOH, thiourea, water, and cellulose that
form at low temperatures are more likely to disrupt
intramolecular hydrogen bonds in the cellulose, and NaOH
hydrates are readily drawn to the chain of cellulose to
establish new hydrogen bonds.

8.1.3. lonic liquids

Salts known as ionic liquids (ILs), which can be divided into
weakly coordinated anions and cations, melt below the
boiling point of water. Because they are non-volatile,
recyclable, stable, polar, non-flammable, have greater
thermal stability, and are soluble in both water and organic
solvents, ILs are regarded as environmentally acceptable
solvents.>3

The characteristics of the silk-cellulose bio-composite were
investigated by Stanton et al. and colleagues using 1-allyl-
3-methylimidazolium chloride. Results demonstrate that
the silk-cellulose bio-composite can be successfully
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dissolved by 1-allyl-methylimidazolium chloride (AMIMCI)
to form a thin film.100.10

Lethesh et al.1®* demonstrate the great efficacy of cellulose
dissolution utilizing imidazolium IL [C2mim] [OPh] based
on phenolates.

8.2. Cellulose derivatives

Although cellulose is a good starting material, its
applicability is constrained by the difficulty of its
dissolution. A chemical process that produces different
derivatives is another method for expanding its uses.>?

8.2.1. HPMC

Due to its thickening, gelling, and swelling qualities,
hydroxypropyl methylcellulose (HPMC) is a popular
cellulose derivative in controlled-release applications.>

By crosslinking chitosan, Zeeshan et al.1%2 exploited HPMC
in scaffold engineering applications. They demonstrate
that chitosan-induced crosslinking of HPMC can offer
structural support and morphological aspects for the
healing phase that comes after the stimulation of cellular
qualities.

As a composite hydrogel, HPMC was also used by SeyedlI.
ar et al.’® jn scaffold engineering applications. They
demonstrate how the use of the HPMC composite
hydrogel can make osteoplasty procedures less invasive,
take less time, and result in a more uniform distribution of
cells.

Hydrogels are primarily created with HPMC for use in
medical applications as membranes, films, and scaffolds.>3

8.2.2. Hydroxyethylcellulose

A cellulose ether  with hydrophilicity,
biocompatibility, and biodegradability,
Hydroxyethylcellulose (HEC) may be produced simply and
is water-soluble. The production of hydrogels using HEC
revealed considerable pore development and high-water
molecule diffusion into the network. Furthermore, a study
demonstrates the HEC hydrogel's high and controllable
encapsulation for in vitro release.>?

good

8.2.3. Carboxymethyl cellulose

Hydrogel made of Carboxymethyl cellulose (CMC) may be
used for adsorbents, medication administration, wound
healing, and enzyme immobilization. Hydrogels containing
CMC and nanoparticles can be used for tissue engineering,
medication transport, and antibacterial activity.14197 The
CMC hydrogel's performance has improved with the
addition of nanoparticles.>

8.3. Preparation

Based on the intended uses, procedures such as chemical
crosslinking, physical crosslinking, polymerization, or a mix
of these can be used to create hydrogel from cellulose and
its derivatives.>®
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9. CHITOSAN-BASED HYDROGEL BEADS

Chitosan, a common polysaccharide biomaterial made
from -(1-4)-2-acetamido-2-deoxy-D-glucopyranose and 2-
amino-2-deoxy-D-glucopyranose with pKa values ranging
from 6.3 to 6.5, is produced by deacetylating chitin.10®

9.1. Preparation
9.1.1. Physical modification
9.1.1.1. Blending with polymers

Chitosan has reportedly demonstrated good mechanical
and chemical qualities when combined with synthetic
polymers like polyvinyl alcohol (PVA) and polyvinyl
chloride (PVC).10°

Due to their biodegradability, biocompatibility, bio
adhesiveness, and bio functionality, polysaccharide-based
hydrogels containing chitosan and other natural
biopolymers, like sodium alginate and cellulose, have
drawn more and more interest.%°

lonic contact between the carboxyl residues of alginate
and the amino groups of chitosan, alginate, and chitosan
can create a polyelectrolyte complex (PEC).1!

Alginate solutions are often added dropwise into chitosan
solutions containing metal cations, while stirring slowly
with a magnetic field, to create the core-shell structure of
chitosan-alginate hydrogel beads.'®®

9.1.1.2. Nanocomposite chitosan beads with inorganic
nanomaterials

a) Blending with nano clay

By mixing chitosan with nano clays such as graphene oxide
(GO), montmorillonite (MMT), zeolite, alumina, bentonite,
and laponite, among others, chitosan-based
nanocomposites can be created.!'® The mechanical
strength, antibacterial activity, and drug-loading
capabilities of chitosan beads can all be significantly
enhanced by the addition of nano clay.?

b) Blending with metal nanoparticles

To increase their antimicrobial capability, polymeric
hydrogels are increasingly being combined with metal or
metal oxide. Chitosan is one of the natural biopolymers
that strongly complexes with metals or metal oxide
nanoparticles because it has free amino groups.!*3

For instance, chitosan and silver nanoparticles (AgNPs)
have a stronger antibacterial activity than the individual
components included in the nanocomposites.1%

9.1.2. Chemical modification

Chitosan has been subjected to chemical modification to
produce improved hydrogel beads with superior
physicochemical properties and a variety of purposes. 1°
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Figure 8: Chemical modification: Chitosan can be

chemically altered through a wide range of processes,
including oxidation, hydrolysis, sulfonation, and alkylation
because it has a lot of polar groups, amino and hydroxyl
groups.

9.1.2.1. Crosslinking

The three most often utilized crosslinkers for modifying
chitosan beads are glutaraldehyde, ethylene glycol
diglycidyl ether, and epichlorohydrin.’® In general,
crosslinkers act as a link between two polymer chains—
whether they are the same chain or not—creating a 3D
network that increases mechanical resistance and
chemical stability in acidic conditions.'*(See Fig 8)

9.1.2.2. Grafting

For the manufacture of grafted chitosan, four different
grafting methods are widely employed: enzyme-catalyzed
grafting, free radical-mediated grafting, electrochemical
approaches, and radiation. Each grafting technique's
effectiveness may differ depending on the procedure's
variables. 115117

10. APPLICATIONS
10.1. Application of hydrogels in medicine
10.1.1. Tissue engineering

Like extracellular matrix (ECMs), which have received a lot
of attention for use in tissue engineering and regenerative
medicine, hydrogels of highly hydrated polymer networks
are similar.11®

10.1.2. Wound dressing

Due to their cross-linked nature, hydrogels can contain
both water and drugs. They may hold and hold onto wound
exudates because of their capacity to hold water.*”

10.2. Application of hydrogel in drug delivery
10.2.1. Oral cavity

For the local treatment of mouth disorders like stomatitis,
fungal infections, periodontal disease, viral infections, and
oral cavity malignancies, drugs are integrated into
hydrogels and delivered to the oral cavity.*’

ISSN 0976 — 044X

10.2.2. Gl tract

Drugs are delivered through hydrogels to specified gastro
intestinal tract (GIT) locations. Drugs loaded with colon-
specific hydrogels exhibit tissue specificity and a change in
pH or enzymatic action that leads to drug breakdown in the
presence of microflora.'*®

10.2.3. Ocular

The ocular drug delivery system is where hydrogels are
most frequently used. Most hard and soft contact lenses
and hydrogel films are made of polymers.*’

10.2.4. Colon specific

Due to the high concentration of polysaccharide enzymes
in the colon region of the GI, colon-specific polysaccharide
hydrogels have been specifically developed. Dextran
hydrogel is designed to deliver drugs specifically to the
colon.?

10.2.5. Subcutaneous

Since hydrogels are naturally biodegradable, we can create
implantable hydrogels that are biodegradable by utilizing
this characteristic.

10.2.6. Gene

To effectively target and distribute nucleic acids to
particular cells for gene therapy, hydrogels' composition
must change. The use of hydrogels in the treatment of
numerous hereditary or acquired disorders has more
potential.l*®

10.3. Other applications of hydrogels
10.3.1. Cosmetics

Pecogels are appropriate for cosmetic uses like mascara or
sunscreen cream. Additionally, the moisturizing properties
of these organic polymeric gels are combined with more
sophisticated drug-delivery systems designed to release
biomolecules like vitamin C or B3 in certain commercially
available substances, such as Hydro Gel Face Masks.>!

10.3.2. Environmental application

The two most popular ones are spirulina and chlorella.
These microbes are already employed to purge toxins and
contaminants from water supplies. Hydrogels of both
natural and synthetic origin were utilized.>?

10.3.3. Bacterial culture

A sizable number of microorganisms for water filtration,
the synthesis of macromolecules, or the straightforward
culture of bacteria alone can be held inside the matrix of
hydrogels.>?

CONCLUSION

Recently, several networks made of hydrogel have been
created and customized to fit the requirements of various
applications. Due to their high-water contents and soft
consistency, hydrogel-based delivery devices can be used
topically, subcutaneously, or orally. More than any other
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category of artificial biomaterials, hydrogels resemble live
tissue in nature. These networks have the benefit of not
using organic solvents. Swelling of the structure is the
primary method by which pharmacological ingredients are
released from hydrogels. To ensure the efficient and
prolonged release of the encapsulated drug, various
chitosan-based encapsulating methods have been
developed to suit specific needs such as controlled swelling
behavior and delayed digestion.

The use of cellulose in the production of hydrogels is
expanding as a result of its many benefits, including its high
mechanical strength, biocompatibility, biodegradability,
and eco-friendliness. For cellulose-based hydrogels, pre-
treatment, cellulose dissolution, and hydrogel production
methods are among the many elements that must be
taken into account. According to the study, hydrogels offer
excellent qualities that will make them very useful as the
next generation of biomaterials.
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