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Hydrogels are hydrophilic, water‐insoluble polymeric macromolecules represented as semi‐
open network systems comprising of entangled chains or short strands of varying lengths
joined together by cross‐links. On being exposed in a thermodynamically compatible solvent
(water or any biological fluid), they can entrap a large fraction of solvent within the pores or
interstitial spaces and can achieve a fully swollen state. Swelling is accompanied by dimen‐
sional change, which leads to a drastic change in the rheological characteristics and ultimate‐
ly phase transition [1].  These molecules of natural or synthetic origin are endowed with
intrinsic  physicochemical  characteristics  such  as  hydrophilicity,  swellability,  gelation,
mechanical strength, porosity, biocompatibility and biodegradability conferring on them the
capability  of  being  utilized  in  different  industries  in  the  area  of  water  purification,  ion
exchange chromatography, enhanced oil recovery, sensor development, removal of azo‐dye
pollutants or toxic materials, development of immobilized enzyme systems, agriculture, food
processing, pharmaceutical, medical and biomedical fields [2, 3]. Stiffness and water‐absorb‐
ing capacity of hydrogels are attributed to the presence of hydrophilic pendant moieties
attached to the backbone such as alcohols, carboxylic acids and amides, whereas the pres‐
ence of cross‐links makes it resistant to dissolution in the aqueous medium [1]. Some of the
common examples of hydrogels include agarose, alginate, chitosan, collagen, fibrin, gelatin,
hyaluronic  acid,  poly(vinyl  alcohol),  poly(acrylic  acid),  poly(acrylamide),  poly(propylene
fumarate‐co‐ethylene glycol), poly‐2‐hydroxyethyl methacrylate (PHEMA), polypeptides, etc.
[2, 4].

The science of hydrogels is incomplete without a discussion on mathematical models and
equations describing swelling thermodynamics and swelling kinetics. Swelling involves the
sorption of solvent molecules into the pores or voids in the macromolecular structure of
hydrogel. Therefore, porosity constitutes an essential physicochemical parameter, on the basis
of which hydrogels may be classified as non‐porous, microporous, macroporous and super‐
porous [2, 5].  During hydrogel swelling, two forces come into play: osmotic force and a
counter‐elastic force, which resists the elongation of macromolecular chains and thus solvent‐
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induced deformation. Florey and Rehner's equilibrium swelling theory proposed in 1943 laid
the  foundation  stone  for  mathematical  description  of  the  swelling  process  of  polymer
networks. Equilibrium or steady state is attained when the counteracting forces of osmotic
force and elastic force balance each other and no further swelling occurs and maximum
dimensional change has taken place [5, 6]. Several attempts have been made to establish a
correlation  between  network  structure  of  polymeric  hydrogel,  swelling  behaviour  and
desirable mechanical characteristics, gelation properties and drug‐release profile [7].

During adsorption process of metal ions by the non‐porous or porous hydrogels, three
processes are assumed to occur in succession according to intra‐particle diffusion model as
proposed by Weber and Morris. They can be described as external mass transfer of the
adsorbate on the surface of the adsorbent (film diffusion), internal mass transfer (intraparticle
diffusion) of the adsorbate into the pores and capillaries of the adsorbent and chemical‐binding
reactions. Any of the above‐mentioned steps can be the rate‐limiting step [8, 9]. Kinetics of
adsorption by most of the hydrogels has been successfully described by Freundlich’s, Temkin's
and Dubinin‐Radushkevich's isotherms [10].

Molecular constitution of the hydrogels affects their in vitro and in vivo performance during
any conceivable application of hydrogel in any sphere of life. Chemical or physical cross‐
linking produces irreversible or reversible gels, respectively, with improved spatial and
temporal control of cross‐linking, thereby producing gels of tunable mechanical strength,
elasticity, gelation characteristic and in vivo degradation/erosion rate [1, 11]. Introduction of
different substituent groups or chemical cross‐links between identical/different monomers or
similar/dissimilar polymers involves the formation of permanent covalent bonds, induces
configurational changes and imparts greater stability than physical gels held together by ionic
bonds, hydrogen bonds or hydrophobic forces and chain entanglements. Conformational
changes are manifested in physical gels. For cross‐linking, chemicals such as carbodiimides,
formaldehyde and glutaraldehyde have been frequently used. Different reactions involved in
producing chemically cross‐linked hydrogels include free radical polymerization, addition
and condensation polymerization, classical organic reactions between functional groups (viz.
Michael addition, click reaction, Schiff base formation, epoxide coupling, etc.), enzymatic
reactions and gamma and electron beam polymerization as well as grafting. Polymerization
can be carried out in solution, suspension or emulsion phase [2, 12]. Gelatin matrix has been
cross‐linked with oxidized cellulose nanowhiskers for enhanced mechanical strength and
better thermal stability [13–15]. The parameters that control the micro‐architecture and
hydrogel attributes include the concentration of the cross‐linking agent, structure and
concentration of the monomers [1, 11]. It is much easier to initiate disintegration of physical
or reversible gels through alteration of adjacent environmental parameters such as pH,
temperature, solvent composition, ionic strength and electric field. Physical hydrogels, which
are capable of responding to changes in the above‐mentioned internal or external stimuli, are
termed as ‘smart’ or ‘intelligent’ polymers. Swelling and volume phase transition of these
‘smart’ polymers may be either continuous or discontinuous over a range of level of stimulus
or at a threshold level of the stimulus. Since, synthetic hydrogels usually contain ionic or
ionizable groups, they are known as polyelectrolyte gels and are reported to possess higher

Emerging Concepts in Analysis and Applications of Hydrogels2



swelling capacity than the nonionic gels[1]. For these gels, interaction with mobile counterions
in the medium has an effect on the hydrogel behaviour and performance. High cross‐link
density in polyelectrolyte gels may not lead to spatial inhomogeneity or network imperfections
as in the case of nonionic gels [1, 3, 4]. At this juncture, it is worth mentioning that the change
in environmental pH does not act as a stimulus for nonionic gels [4].

Various instrumental techniques such as dynamic contact angle analysis, tensile analysis and
thermogravimetry are employed to study surface topography, mechanical properties and
swelling behaviour. Mechanical properties of a hydrogel are time‐dependent where poroe‐
lasticity is attributed to solvent imbibition and its movement whereas viscoelasticity results
from the rearrangement of polymer chains bound together by reversible and irreversible cross‐
links. Mechanical characterization of hydrogels through extensiometry, parallel plate com‐
pression test, bulge test and indentation test provides a precise idea about gel parameters such
as Young's modulus, yield strength, tensile strength, viscoelastic and poroelastic properties
[16, 17]. Rheological behaviour is analysed with the help of oscillatory shear rheometry
through dynamic frequency sweep tests [18]. Modulated differential scanning calorimetry
(DSC) is utilized in the characterization of temperature‐dependent changes in hydrogel
properties [4]. Hydrogels with specific ligands or chelating agents attached to the polymeric
backbone are known to adsorb or absorb metal ions or organic compounds such as fertilizers
and can be used to either remove heavy metal ions from a particular system or release the
encapsulated phosphorous‐containing fertilizers slowly over a prolonged time period, thereby
facilitating plant nutrition. The adsorbed/absorbed components and state of metal ion
coordination can be studied by different spectroscopic techniques. Spectroscopic methods, if
properly utilized, can provide valuable information on the micro‐architecture and interactions
occurring between polymer and water, mesh‐size distribution and also about the phenomena
of solvent diffusion and release of the embedded/entrapped molecules [19–21].

For biomedical applications in the area of regenerative medicine, tissue adhesion and design
of three‐dimensional (3D) tissue engineering scaffolds for cellular growth, an ideal hydrogel
should possess excellent biocompatibility, low immunogenicity, capability of integrating and
encoding biologically active motifs or functional groups in the network structure, in addition
to optimum network architecture, porosity and desirable mechanical properties and stiffness
to promote cell‐cell interactions, cell‐polymer bioadhesion, cellular penetration, proliferation,
differentiation and migration [11, 14]. In situ‐forming hydrogels are gaining popularity among
scientists engaged in biomedical research. Extreme precaution should be taken during
selection of monomers, cross‐linking agent, initiator and catalyst as well as the reaction
conditions should be highly specific in order to minimize cytotoxicity and immunogenicity.
The formation of hydrogel in the presence of specific ions, inclusion complexes with β‐
cyclodextrin, stereocomplexation and complementary‐binding reactions are some of the
methods to produce in situ‐forming hydrogels [22]. The ultimate objective of hydrogel‐based
tissue constructs is to mimic native tissue and extracellular matrix as closely as possible, that
is, they should be bio‐mimetic. Moreover, the hydrogel should retain its integrity after
administration by parenteral routes and encapsulated cells should maintain their viability and
phenotype. Natural polymer gelatin possesses Arg‐Gly‐Asp (RGD) sequences, which act as
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sites for adhesion to cell surfaces through integrins [13]. However, native gelatin fails to
perform efficiently as scaffold material owing to its low mechanical strength and shape
stability at body temperature. Therefore, numerous studies have been carried out to produce
cross‐linked gelatin for the development of engineered tissues such as cartilage, bone and
smooth muscle [3, 13, 15]. Another study reported the effect of elastic and viscous modulus of
modified alginate hydrogels on the rate of proliferation and differentiation of embedded
neural stem cells. The modulus value of the alginate gel is controlled by the molecular weight
distribution of the polymer, divalent ion concentration and the α‐L‐guluronic acid content in
the gel [18, 23]. Recently, different three‐dimensional bioprinting techniques are being
exploited to design hydrogel‐based bio‐scaffolds for hard and soft tissues containing viable
cells [24]. Self‐healing hydrogels are gaining popularity because of their unique capability of
autonomous healing and repair on damage. They can be either linear polymers or supramo‐
lecular networks, and recent advances have been made in inducing self‐healing property in
hydrogels with permanent cross‐links [25].

Alterations in the degree and density of cross‐linking of the hydrogels and hydrogels with
different hydrophilicity/hydrophobicity ratios have enabled the development of drug‐
delivery devices with tailor‐made and preprogrammed release profiles. Different hydrogels
thus obtained show different solubilities in aqueous medium and also characteristic swelling
behaviour. Among the synthetic polymers commercially available, hydroxypropylmethyl
cellulose (HPMC) is the most commonly used polymer in the development of different dosage
forms because of its availability in different grades varying in their degree and type of
substitution, cross‐linking density, sensitivity to pH and temperature, rheological and swelling
behaviour as well as drug‐release profiles [4]. Drug entrapment and its subsequent release
from hydrogels are governed by porosity and degradability of the gels. Solvent influx or
absorption and drug release from the hydrogel matrices or reservoirs occurs primarily by the
process of diffusion, although swelling and erosion/biodegradation may also contribute to the
release phenomenon depending upon the chemical structure of the hydrogel [3, 6, 23]. The
devices may exhibit Fickian or non‐Fickian diffusion kinetics. Although diffusion is the
primary mechanism for solvent influx and efflux of entrapped molecules, convection may play
a significant role in the transport of water molecules into or drug molecules or out of the
hydrogel matrix [6]. Hydrogels have shown great promise in metal‐based therapy as intelligent
carriers for anticancer drugs like cisplatin where a complex of well‐defined stoichiometry
resulted and the encapsulated platinum was released obeying near zero‐order kinetics
demonstrating remarkable cytotoxic activity [26]. Similar cytotoxic effect has also been
observed with herceptin loaded into hydrogel exhibiting improved therapeutic efficacy and
better retention inside the tumour [27].

By virtue of their unique property of being stimuli‐responsive, thermo‐sensitive hydrogels
have found wide spectrum of applications in the field of parenteral drug delivery since they
can undergo gelation or sol‐gel transformation readily at body temperature, especially at sites
of Inflammation having elevated temperature [28]. Thermoresponsive hydrogels exhibit a
lower critical solution temperature (LCST) where there is a sudden change in aqueous
solubility and gelation characteristics of hydrogels and this is often termed as volume‐phase
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transition temperature (VPTT). Swelling occurs below LCST and gel network collapses due to
dehydration above the critical temperature. Temperature‐induced volume‐phase transition
behaviour is thus governed by water‐polymer interactions [4, 29, 30]. Temperature sensitivity
of hydrogels has also been exhibited by hydrophobically modified hydrogels where a phe‐
nomenon known as re‐entrant swelling transition along with change in size is manifested in
aqueous solution of non‐polar solvents as observed in the case of poly(N‐isopropyl acryla‐
mide) (PNIPAAm) [1]. Linear copolymer of PNIPAAm and N‐hydroxymethylacrylamide
(HMAAm) has been synthesized as cross‐linked thermoresponsive polymer and investigated
as microparticulate carrier for drug molecules. Drug diffusion through the matrix of the
microspheres depended highly on the presence of salt in the medium and its temperature.
Above VPTT, the collapse of the gel network, exposure of the hydrophobic domains and
subsequent shrinkage retarded drug release although some of the dissolved drug is mechan‐
ically expelled out. Below VPTT, diffusion was faster ultimately leading to pulsatile drug
release from cross‐linked copolymer microspheres over the temperature range studied [4, 29].

Physical hydrogels exhibiting shear‐thinning and self‐healing properties during and after
injection respectively can be exploited for controlled and minimally invasive delivery of
biologically active molecules, proteins and peptides in the form of injectable delivery systems.
They show lower viscosity or fluidity on the application of shear stress rendering syringea‐
bility, which is recovered on relaxation at the site of application, when shear is absent.
Therefore, these systems exhibit shear‐dependent sol‐gel transformation. The desirable
qualities of an injectable drug delivery system include customized mechanical strength,
stability, biodegradation rate, erosion in addition to minimum toxicity and maximum bio‐
compatibility [31]. Hydrogels have also gained attention in the field of topical and transdermal
drug delivery as also in ocular drug delivery and in the manufacture of different types of
contact lenses differing in their flexibility, water vapour transmission and gas permeability.
Fabrication of gastroretentive dosage forms for oral administration through the use of
superporous hydrogels has offered new possibilities in achieving sustained drug release [3].

Constant efforts are being made to improve mechanical properties of hydrogels and also to
obtain fast response to various exogenous stimuli. Topological gels, double‐network gels or
interpenetrating network consisting of two polymeric entities with different degree of stiffness,
nanocomposite gels containing PNIPAAm and inorganic clay, tetrapoly(ethylene glycol) gels
submicrometer‐sized gel particles, gels having dangling chains and macroporous gels have
been designed with this objective [1, 32]. In biomedical field, hydrogels can be employed in
controlling the process of vascularization through controlled release of vascular endothelial
growth factor (VEGF) and other angiogenic factors at the desired target site. However,
hydrogel‐based tissue scaffolds are yet to be commercially viable because of the huge expen‐
diture involved [23, 33].

Therefore, modifications in the chemistry and architecture of hydrogels and advances in the
field of ‘smart’ or stimuli‐responsive hydrogels and self‐healing hydrogels have opened up
new avenues in the fabrication of bio‐mimetic scaffolds, artificial tissues and organs, drug
delivery systems, injectable hydrogels and controlled release systems for fertilizers. Physico‐
chemical characterization of hydrogel parameters, mathematical modelling of polymer‐
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solvent interaction during hydrogel swelling and sorption phenomena will enable in the future
evolution of hydrogel materials.
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