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ABSTRACT:

Hydrogels are three-dimensional hydrophilic polymer networks that can retain huge amounts of water,
giving them a soft, tissue-like texture. Their biocompatibility, physicochemical properties, and capacity
to respond to environmental stimuli make them extremely flexible in biomedical, pharmacological, and
industrial applications. This article examines hydrogel classification according to source and crosslinking
method, preparation procedures, and essential physical and chemical features. Hydrogel synthesis can be
achieved by several processes, including chemical and physical procedures. Assessment characteristics
include swelling behavior, solubility, pore size, rheology, and biocompatibility testing. Furthermore, a
broad range of hydrogel applications, including medication administration (oral, ophthalmic, transdermal,
and across the blood-brain barrier), wound healing, and tissue engineering, highlights their importance as
next-generation smart biomaterials.

KEYWORDS: Hydrogel, mechanical, biocompatible, interpenetrating network, homopolymer, co-
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INTRODUCTION:

Hydrogels are three-dimensional cross-linked polymer networks that respond to environmental stimuli
(e.g. 1onic strength, pH, temperature, enzyme presence, electric field) by swelling or shrinking. When
enlarged, they feel soft and rubbery like live tissue and are highly biocompatible [1]. Medical science has
found novel therapeutic moieties and customized carriers for delivering medications to specific bodily
regions. Hydrogels can transport genetically altered medications, such as proteins and peptides, improving
their therapeutic efficacy through traditional techniques. Hydrogels can be homo-polymeric, co-
polymeric, semi-interpenetrating, or interpenetrating polymer networks, depending on preparation method

[2].

HYDROGEL TYPES:

1. Based on cross linking method
Physical cross linking

Chemical cross linking
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2. Based on source
Natural hydrogel
Synthetic hydrogel

1.BASED ON CROSS LINKING METHOD

PHYSICAL CROSS LINKING

Physical cross-linking, which uses non-covalent bonding, does not require the introduction of chemicals
that could cause undesirable effects in vivo [3]. However, the weaker connections in physical hydrogels
are prone to breakdown caused by changes in pH or temperature.

CHEMICAL CROSS LINKING

Chemical cross-linking, on the other hand, happens via covalent bonding, making it more stable than
physical hydrogels [4]. Because chemical hydrogels require the usage of agents, it is critical to utilize
nontoxic agents to reduce cytotoxicity and promote biocompatibility.

2.BASED ON SOURCE

NATURAL HYDROGELS

Natural hydrogels can be protein-based, polysaccharide-based, or made from decellularized tissues.
Common biopolymers are hyaluronic acid, collagen, and chitosan. Natural polymers are frequently
components of the extracellular matrix (ECM), hence they are biocompatible, biodegradable, and have
low cytotoxicity [5].

SYNTHETIC HYDROGELS

Synthetic hydrogels are physiologically inert and, unlike natural hydrogels, may be manufactured to have
more suitable chemical and mechanical properties [6]. Synthetic polymers can help reduce the variation
in data between in vitro and in vivo environments. Chemical and physical stimuli, such as temperature
and ultrasound, can cause hydrogels to swell or de-swell [7].
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MECHANISM OF FORMULATION OF HYDROGEL

Polymers are commonly used to create hydrogels due to their availability, adaptability, and
biocompatibility [8]. Hydrogels can be adjusted to individual applications by selecting the appropriate
monomer or polymer and hydrogel formation reactions. Hydrogels are produced through chemical and
physical crosslinking [9].

e Chemical cross linkable hydrolysis
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e Physical crosslinking hydrolysis

CHEMICAL CROSS LINKABLE HYDROLYSIS

Chemical cross-linkable hydrogels can transform from liquid to solid by covalent bonding. This method
is also applied in in situ hydrogel systems. This method creates hydrogels through many reactions,
including optical polymerization, enzyme reactions, and click reactions [10].

a. Optical polymerisation

Optical polymerization is a process of chemical cross-linking in the production of hydrogen that has
several advantages, including minimal energy and the absence of a solvent. This method utilizes
hydrophilic polymers that contain light-sensitive molecules. When the polymer solution is exposed to UV
or visible light, the optical decomposition initiator and free radicals are generated, resulting in
polymerization. Polymers that cross-link in this way typically contain acrylates and methacrylate’s, which
are polymerized by light. This process allows you to control the rate of gelling, and the hydrogen produced
can be used to release medicinal substances like proteins and medicines [10]. This method is one of the
most effective for converting a monomer to a polymer using an optical initiator [11]. Optical
polymerization enhances the hydrogel while allowing the cells to fade during gel formation. Optical
polymerization can be carried out at physiological temperatures and pH levels both inside and outside the
body [12].

b. Enzymatic reaction

Enzymatic reactions occur in the presence of enzymes in the biological environment.  Enzymatic
processes require optimal cross-linking conditions, including pH, biological environment, and
temperature. This approach to produce hydrogels benefits from a particular enzyme substrate that prevents
harmful chemicals from entering due to side reactions. In tissue engineering, enzymatic catalysts such as
horseradish peroxidase (HPR), modified glutamines, and tyrosinases are employed to create hydrogel
systems. The HPR-H202 enzyme water system is commonly used for creating natural hydrogels from
chitosan, hyaluronic acid, dextran, and gelatin. Enzymatic processes for cross-linking are a viable
approach for hydrogel synthesis because to their selectivity and cell compatability, resulting in shorter
subcutaneous gelling times [13].

c. Click reaction

Click reaction, as defined by Sharples et al., Is defined as certain types of reactions in the presence of a
catalyst that possess a high quickness and effectiveness, superior biological qualities, and ideal reaction
circumstances [14,15]. Click chemistry plays a significant role in the synthesis and activation of polymers
and is used as an effective and flexible method for functionalizing molecules. Due to the benefits of click
chemistry, this method is used to make hydrogels,nanogels and microgel.

PHYSICAL CROSSLINKING HYDROLYSIS

Physical bonding can create hydrogels by modifying intramolecular forces including hydrogen bonding,
hydrophobic interaction, and electrostatic ionic force. This method allows for simple and safe hydrogel
preparation, reducing the potential toxicity of the crosslinker compared to the chemical method. Physical
cross-linking methods can be ionic, temperature-dependent, or pH-dependent[15].

a. Ionic crosslinking

This physical crosslinking technique uses an ion crosslinking agent to create a gel. It releases the ion
crosslinking reaction without forming a covalent bond between the polymer chains. Hydrogels have a
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great degree of durability thanks to this process. [16].

b. Temperature dependent method

Temperature has a key role in the production of hydrogen via physical crosslinking. Hydrogels are
temperature-sensitive, becoming liquid at low temperatures and gelling at body temperature[17]. Water-
soluble polymers, known as hydrogels, have been employed in tissue engineering due to their ability to
gel at different temperatures. These hydrogels do not require any chemical stimulants to develop. The
gel point can be modified to near-normal body temperature, allowing for injection into a liquid and
solidification within the body. This approach uses both natural and synthetic polymers. Derivatives of
gelatin, chitosan, and cellulose are examples of natural polymers. Synthetic polymers include polyiso-
propyl acrylamide (PNIPAAM), its copolymers, and pluxamer [18].

¢. PH dependent method

It should be used as a hydrogel stimulant because each position on the human body corresponds to a
specific pH. pH-sensitive hydrogels are one type of stimulus-responsive hydrogel that has been
extensively studied and investigated. Hydrogel that is sensitive to pH can dynamically expand and
contract in response to the average pH of their environment. A frequent feature of pH-sensitive hydrogels
is the presence of side acidic groups that can be ionized at specified pH levels. pH-sensitive hydrogels
have been widely used in medical applications such as controlled medication delivery systems and heart
valves due to their capacity to stimulate and respond to environmental changes. To understand the creation
of pH-sensitive hydrogels, temperature adjustments must be undertaken [10].

FORMULATION:

1. PHYSICAL CROSSLINKING

This physical cross-linking involves ion interactions such hydrophobic association, polyelectrolyte
complexation, and hydrogen bonding. The following are some of the different techniques used to
manufacture physically cross-linked hydrogels.

a. Heating /cooling polymers

It is made by chilling heated gelatin or carrageenan solutions to create gels that are physically cross-linked.
The helices' affiliation, helix-formation, and developing junction zones are what cause the gel to form.
Examples include polyethylene oxide-polypropylene oxide and polyethylene glycol-polylactic acid
hydrogel. [19].

K-carrageenan in solution In gel form i In presence of salt

(Random coil) (Helix formation) (further aggregation of helices)
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25. Gulrez SK, Al-Assaf S, Phillips GO. Hydrogels: methods of preparation, characterisation and
applications. Progress in molecular and environmental bioengineering-from analysis and modeling to
technology applications. 2011 Aug 1;117150.

b. Complex coacervation

Complex coacervation is the process of combining polyanions and polycations to form complex
coacervate gels. This method's fundamental idea is that, depending on the concentration and pH of the
corresponding solutions, polymers with opposite charges will adhere to one another and create soluble and
insoluble complexes. For instance, coacervating polyanionic [20].

D @D
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polyion complex hydrogel

c. Ionic interaction

Cross-linking between polymers occurs when di- or trivalent counter ions are added to an ionic polymer.
The idea behind this technique is to gel a polyelectrolyte solution (like alginate) with a multivalent ion of
opposite charges (like Ca2+ + 2Cl-). Other examples are chitosan dextran hydrogels, chitosan-polylysine,
and chitosan-glycerol phosphate salt [19].

d. Hydrogen bonding

A Hydrogen bond is formed through the association of electron deficient hydrogen atom and a functional
group of high electron density. Example, a hydrogel can result from hydrogen bond formation between
PA and PNVP. The factors which affect the hydrogels are the molar ratio of each polymer, polymer

concentration, the type of solvent, the solution temperature, and the polymer structure [19].
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25. Gulrez SK, Al-Assaf S, Phillips GO. Hydrogels: methods of preparation, characterisation and
applications. Progress in molecular and environmental bioengineering-from analysis and modeling to
technology applications. 2011 Aug 1;117150.

2.Bulk polymerisation

The process of bulk polymerisation allows for the formation of bulk hydrogels using a variety of
monomers, most commonly vinyl monomers. In most hydrogel formulations, a minor amount of cross-
linking agent is included. The polymerisation reaction is started by radiation, ultraviolet light, or chemical
catalysts. The type of solvents and monomers being utilised determines the choice of initiator. The
polymerisation hydrogel can be made in a variety of forms, including rods, particles, films, membranes,
and emulsions [21].
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3. Free radical polymerisation

In this technique, the main monomers used to make hydrogels include amides, acrylates, and vinyl lactams.
These polymers are functionalised with radically polymerisable groups or have appropriate functional
groups. The chemistry of common free-radical polymerisations, including the processes of propagation,
chain transfer, initiation, and termination, is used in this procedure. Numerous thermal, ultraviolet, visible,
and redox initiators can be used to generate radicals in the initiation stage. The radicals react with the
monomers to transform them into active forms [22].

Crosslinking polymerization
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4. Inverse suspension

The term "inverse suspension" describes the polymerisation. In this technique, the hydrocarbon phase,
monomers and initiator are distributed uniformly. The size and shape of the resin particles affect the rotor
design, agitation speed, type of dispersant, and viscosity of the monomer solution. A low hydrophilic-
lipophilic balance (HLB) suspending agent must used in addition to continuous stirring since the
dispersion is thermodynamically unstable.
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23. Hossein O, Kinam P. Hydrogels, Fundamentals and Applications of Controlled Release Drug Delivery,
Spinger, 2012, 75-106.

5. Grafting

Bulk polymerised hydrogels can be surface-coated onto a more robust substrate to enhance their physical
properties. To create a chain of covalently bound monomers, free radicals are generated on a stronger
support surface before polymerization [21].

Polymeric material

Gamma rays exposure
Electron beam exposure

‘ Chemical treatment
Plasma treatment

Activated surface .
(o B
Functional Monomer
Inert atmosphere

Grafted surface

6. Solution polymerisation

These ionic or neutral monomers are combined with a multifunctional crosslinking agent. UV light or a
redox initiator are the two thermal methods used to start polymerisation. Because the solvent serves as a
heat sink, solution polymerisation has several advantages over bulk polymerisation. The hydrogels are
rinsed with distilled water to remove the initiator, soluble monomers, oligomers, cross-linking agent,
extractable polymer, and other contaminants. Solvents included water-ethanol combinations, ethanol, and
benzyl alcohols.
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ASSESSMENT

a. Solubility

Typically, the insoluble portion of a dried sample after 16 or 48 hours at room temperature in deionised
water is used to estimate the hydrogel content of a given material. To ensure that the hydrogel substance
is completely dissolved in water, the sample should be prepared at a diluted concentration (usually around
1%). Next, the gel fraction is quantified using the following method: (WdWi)*100 E1 = Gel
Fraction(hydrogel%) where Wd is the weight of the sample's dried insoluble component after water
extraction, and Wi is the dried sample's initial weight. [25].

b. Swelling measurement

In this method the dry hydrogel is immersed in deionized water for 48 hours at room temperature on a
roller mixer. A stainless-steel net filters the hydrogel by thirty meshes once it has swelled . The swelling
is calculated as follows.

Swelling =W-Wd/Wd

Where, W is the weight of hydrogels in swollen state and Wd is the weight of hydrogel in dry state [25].
c. PH

With a digital pH meter, the pH of the hydrogel is determined. Before using a pH meter, it must be
calibrated [19].

d. Network pore size

Network Pore Size Pore size is evaluated using many technologies, including electron microscopy and
mercury porosimetry [26].

e. Skin irritation test

Skin irritation tests are performed on rabbits. The preparation was applied to two rabbits, and the area
was covered with gauze or bandages. After 24 hours, remove the formulation and inspect for edema and
erythema. The average irritation score is determined by dividing the total erythema and oedema reaction
values by the duration. [19].

f. X-ray diffraction

X-ray diffraction. Diffraction analysis determines crystalline or amorphous properties. It determines
whether polymers maintain their crystalline structure or deform after pressurization. Diffraction analysis
is a prominent method for studying the morphology of hydrogels[19].
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g. Rheology

A cone plate viscometer set at 4 degrees Celsius is used to measure the viscosity of hydrogel. This
viscometer is highly specialized for evaluating viscosity. Height and length determine the angle of repose,
which is the basis for viscosity. [19].

h . Infrared fourier transform spectroscopy

It is a practical method for determining a substance's chemical structure. It is predicated on the idea that
infrared light can be excited and absorbed by a substance's fundamental constituents, or chemical bonds,
at frequencies that are characteristic of chemical bonds.

i. Scanning electron microscopy

SEM can determine sample composition, surface topography, and electrical conductivity. From 10 to
500,000 times, the SEM magnification can be changed by up to 6 orders of magnitude. This is a strong
approach frequently employed to capture the particular 'network' structure in hydrogels[27].

APPLICATIONS:

Drug delivery in the oral cavity: Hydrogels contain drugs that treat oral disorders like stomatitis, fungal
infections, periodontal disease, viral infections, and cancer.

Drug delivery in the digestive tract: The GI tract is the preferred method of drug delivery due to its ease
of administration and wide surface area for absorption. Hydrogel-based devices can deliver medications
to particular areas of the gastrointestinal tract, similar to buccal delivery. For example, stomach-specific
antibiotic delivery devices can be used to treat Helicobacter pylori infections in peptic ulcer disease[28].
Transdermal Delivery : Hydrogel-based medication delivery devices distribute drugs through
transdermal routes. Swollen hydrogels can provide controlled release in wound dressing. Hydrogel-based
formulations are being tested for transdermal iontophoresis to improve product permeation, including
hormones and nicotine.

Topical medication delivery: Hydrogels have been utilized to deliver active components such as
Desonide, a synthetic corticosteroid commonly used as an anti-inflammatory. Hydrogels with
moisturizing characteristics are designed to improve patient compliance and prevent scaling and
dryness[29].

Ocular drug delivery: Hydrogels are commonly employed in ocular medication delivery systems. Hard
and soft contact lenses are often made from hydrogel sheets of polymers. In-situ forming hydrogels are
ideal for ocular medication administration due to their liquid dosing capability and long-term gel
retention[30].

Healing of wounds: Because of their cross-linked nature, hydrogels can retain both water and drugs.
They can hold and maintain wound exudates because of their capacity to keep water. When applied,
hydrogels based on gelatin and sodium alginate can cover and shield the wound from bacterial infection.
Drug delivery in BBB: Similar to other barriers in the human body, the blood-brain barrier presents a
hurdle for drug delivery; 98% of freshly synthesised medications are unable to pass across it. Because of
this, there aren't many medications available for CNS drug administration. Rats were shown to have
PLGA microspheres loaded with camptothecin, a long-term sustained release medication. Rats with
malignant gliomas have a longer survival time thanks to these microspheres[31].

Drug delivery in rectal region: Drugs taken via the lower rectum are known to directly drain into the
systemic circulation. For the delivery of drugs with first-pass metabolism, the rectal route is therefore
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helpful. Its main uses have been for the local management of rectum-related conditions such
haemorrhoids.

CONCLUSION

In order to satisfy the requirements of various applications, numerous hydrogel-based networks have
recently been created and customised. These hydrogels have the capacity to swell when they come into
touch with an aqueous solution. The classification of hydrogels according to various bases, their physical
and chemical properties, the technological viability of using them, and their manufacture and application
methods are all covered in this review. According to the study, hydrogels offer amazing qualities that will
make them useful for a wide range of applications in the future as next-generation biomaterials. For this
reason, hydrogels are sometimes referred to as smart or intelligent biomaterials. Hydrogels can currently
be made using a variety of techniques. This article discusses a few of them.
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