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Chapter 7
Functional Crosslinked Hydrogels

Saminu M. Magami

Abstract  In this chapter, the science, technology and applications of functional 
hydrogels are considered. A brief discussion on fundamental network properties, 
such as fractal dimensions, network relaxation and stiffness, are given. A large num-
ber of synthesis approaches for the manufacture of functional hydrogels are dis-
cussed here. The key synthesis approaches which underpin a series of hydrogel 
variants and their applications are also discussed. An overview of the composition, 
structure, functionality, characterization and application of a range of functional 
hydrogels is offered in this chapter, as well as relevant rheological approaches in the 
synthesis and characterization of these materials are discussed here, paying particu-
lar attention to the gelation, sol-gel transitions and multiwave mechanical 
spectroscopy.
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7.1  �Introduction

The behavior of functional hydrogels arises from their (micro) structure, which is a 
three-dimensional (3D) network, created by the chemical and physical crosslinking 
of monomers/polymers. There are several applications of functional hydrogels, and 
therefore, any information that can lead to (or promote) an understanding of its 
fundamental structure, synthesis routes and characterization pathways is essential. 
Functional hydrogels are often classified from the extent and type of crosslinking, 
the mechanical properties, the network characteristics, the point of view of their 
constituent materials and the presence of entanglements and other physical forces. 
These essential factors control the micro- and macro-behavior of functional 
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hydrogels. The structure of functional hydrogels has defined characteristics. This 
can also be dynamic, depending on the conditions that the material is subject. As a 
basis for the application of the hydrogel, essential properties such as insolubility, 
optical clarity, rigidity/stiffness, stimuli responsiveness, swelling and viscoelastic-
ity (tendency or resistance to deformation) are often considered and targeted during 
synthesis (Tomadoni et al. 2019). The swelling of the material is based on properties 
such as crosslinking, hydrophilicity and mesh size. The hydrophilicity of the hydro-
gel network arises due to the presence of hydrophilic functional groups such as 
amido, amino, carbonyl, carboxylic, hydroxyl, phosphonic and sulfonic func-
tional groups.

7.2  �Fundamentals of Hydrogel Structure

The structure of the hydrogel is an important property that defines its application. 
The structure can be made using hydrophilic or hydrophobic components. The 
hydrophilic nature of the selected materials used to fabricate the structure makes it 
possible for hydrogels to incorporate water (Laftah et al. 2011). A controlled use of 
hydrophobic components can thus be used in the manufacturing steps to tailor bind-
ing/incorporation of water into the hydrogel structure. The crosslinking of the mate-
rials contained in the hydrogel prevents its polymeric structure from dissolving. 
When such a material is placed in a fluid, swelling is observed, which can cause the 
final structural geometry to be much larger than the original size (Akhtar et al. 2016).

Water is the main component in a hydrogel, this allows it to perform several 
functions and interact with internal or external stimuli. The physical properties of 
the material depend on how water is retained on the surface and within the material. 
Water can exhibit different characteristics due to the existence of different states in 
the hydrogel. Thus, different melting points of water can be observed. Free water 
melts at 0 °C (Liu and Yao 2001). Secondary water melts at a lower temperature and 
bound water does not freeze. The relative amounts of water that are maintained in 
the various states can vary significantly as the swelling extent of the hydrogel struc-
ture varies (Quinn et al. 1988).

7.2.1  �The Critical Gel and the Gel Point

The critical gel also called the incipient gel, is the material at the gel point. The gel 
point marks the transition point where the starting material changes from a fluid 
(often viscoelastic liquid) into a viscoelastic solid (Winter 1987). Thus, the gel point 
marks the beginning of the formation of crosslinked networks in the material, i.e. 
the gel point is an intermediate state between the liquid and solid states. This is also 
the critical point in the reaction of the material as it undergoes the phase transition. 
It is widely considered that at the gel point, the molecular weight (Mw) of the 
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system begins to diverge (Magami and Williams 2018). Therefore, this provides a 
window through which the molecular flexibility of the formed network clusters can 
be observed and defined (Chiou et al. 1996). Figure 7.1 shows a rheological inter-
section point where the convergence and subsequent divergence of tanδ is observed 
during the creation of typical hydrogel materials. This intersection point represents 
the rheological gel point of the material. The time (during creation or synthesis) 
corresponding to the intersection point is the gel time.

The critical state of the gel also marks the stage at which the mechanical proper-
ties of the hydrogel are formed. Thus, at this stage, the material is characterized by 
properties such as fractal dimensions, mesh size, relaxation exponent and stiffness 
(Magami and Williams 2019). The relaxation exponent describes the critical micro-
structure of the gel and provides an understanding of the dynamics of the macromo-
lecular chains and crosslinks that are formed (or begin to be formed) at the gel point. 
This can be calculated using Eq. 7.1. The stiffness of the critical gel, given in Eq. 7.2, 
describes how ‘soft’ or ‘hard’, in viscoelastic representation, is the critical gel (Chiou 
et al. 1996). The fractal dimension of the critical gel, given in Eq. 7.3, describes how 
open/closed or branched the clusters of networks are formed. The value of the fractal 
dimensions ranges between one and three, which describes the types of sparse/open 
and dense network, respectively. Therefore, this defines the spatial distribution of 
macromolecules and crosslinks in the material (Muthukumar 1989).

	
tan tan /δ π= ( )n 2

	
(7.1)

	
′( ) = −( ) ( )G ST n n wnω π1 2cos /

	
(7.2)
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where: d is the space-dimension of the material, Df is the fractal dimension, G’ is 
storage modulus, n is the relaxation exponent, S provides the stiffness value, T is the 
gamma function and ω is the oscillation frequency. For hydrogels, the value of d is 
considered to be 3.

Fig. 7.1  Illustration of the 
gel point of a hydrogel 
material, showing the 
transition from the liquid 
to the solid state. 
Reproduced with 
permission from Magami 
and Williams (2019a)
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7.2.2  �Microstructure

In addition to the micromechanical properties of the functional hydrogel, which 
defines the polymer backbone, the characteristics of the liquid component surround-
ing the network are also critical. The degree of linking up of the macromolecular 
chains in the hydrogel also defines their microstructure. A polymer network, in 
which both ends of the polymer chains are connected as crosslinks, with all the 
crosslinks connected to the polymer network, is an ideal end-linked polymer net-
work and has the highest strength (Patel et al. 1992). The presence of defects in the 
polymer network, such as loops and dangling ends, reduces the strength of the gel 
and makes it softer.

The microstructure of the polymer backbone also influences the gel response in 
the application of a stress/force. The polymer chains are reorganized when a stress 
is applied, and by removing the stress, the polymer tends to return to its original 
form (Borzacchiello and Ambrosio 2009). The relaxation time depends on the 
crosslinking density/Mw/structure of the polymer matrix, as well as the viscosity of 
the liquid component present. However, not all hydrogels when deformed fully 
recover their original state. Despite this, the materials act as viscoelastic solids dis-
sipating a certain amount of the energy (Llorente and Mark 1979).

The microstructure can also be described from the point of view of how the 
pores/clusters are interconnected in the hydrogel. The physical dimensions of the 
network clusters can dictate the opportunities or limitations that the hydrogel can 
possess when considered for different applications. Physical restrictions on the 
hydrogel microstructure can affect the distribution, migration and movement of 
incorporated molecules (Nair 2016). When spatial arrangements in the microstruc-
ture can hinder the subsequent loading of releasable molecules, studies have shown 
that the hydrogel microstructure can often be designed with a sacrificial component 
which can allow a defined microstructure. This sacrificial component can then be 
removed by processes such as targeted enzymatic degradation. The removal of the 
sacrificial material then improves the porosity of the microstructure and paves the 
way for the loading of desirable materials (Namba et al. 2009).

7.3  �Crosslinking in Functional Hydrogels

The design of hydrogels can be achieved using chemical or physical crosslinking, or 
a combination of both approaches. In the first, chemical crosslinks are formed when 
the side functional groups of the polymer chains react with the functional groups in 
the crosslinking agent to form the strong covalent bonds (Hennink and van Nostrum 
2012). This ensures the chemical stability and mechanical strength of the formed 
hydrogels. However, the physical crosslinking physical is the result from the asso-
ciation of adjacent polymer chains through relatively weak forces, such as hydrogen 
(H) bonds, van der Waals forces and physical entanglements or electrostatic 
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attractions (Singhal and Gupta 2016). The crosslinking in hydrogels may arise from 
formulations containing predominantly hydrophilic components or those contain-
ing a significant proportion of hydrophobic components.

Hydrogel materials can be assembled from predominantly hydrophobic starting 
materials such as hydrophobically modified chitosan (Cs) biopolymers (Valencia 
et  al. 2019). When this is reacted with dodecyl groups, in the presence of a 
β-glycerophosphate disodium salt, a hydrogel material can be observed. Through 
this preparation procedure, it has been shown that the extents of the reactions and 
the properties of the crosslinked hydrogel, such as the size of the pores, could be 
tailored by a combination of hydrophilic and hydrophobic starting materials 
(Dashtimoghadam et al. 2014). This approach can also be used to create a balance 
of covalent and non-covalent forces that are required for specific gelation processes. 
In some cases, the starting material must be modified in order to adapt the hydrogel 
synthesis. For example, Cs is a very hydrophilic material. This hydrophilicity often 
needs to be modified using functionalization techniques, such as grafting the bio-
polymer with several side chains via Schiff-base reactions with salicylaldehyde or 
dodecyl aldehyde materials, followed by reductive amination procedures 
(Abdulganiyu et al. 2017). Figure 7.2 provides an illustration of a range of molecu-
lar interactions that are involved in the gelation of a Cs, hydrophobically modified 
Cs chains, β-glycerophosphate groups, in a thermoresponsive material. In this, the 
ionic forces can be seen at play, in addition to the chemical crosslinkers which are 
formed through functional group interactions.

Fig. 7.2  Interactions involved in the formation of a chitosan-based hydrogel. Reproduced with 
permission from Dashtimoghadam et al. (2014)
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7.3.1  �Covalently Crosslinked Hydrogels

Hydrogels, when crosslinked by covalent bonds are obtained materials with 
improved mechanical properties. Due to the strength of covenant crosslinks, the 
relative movement of macromolecular chains is limited or impeded in the gels. In 
contrast, hydrogel networks formed from physical interactions are more dynamic. 
This is because molecular diffusion is very possible in physically crosslinked hydro-
gels. In the design of hydrogels with target mechanical strength, therefore, care 
must be taken to ensure that the flexibility, rigidity and stiffness of the final hydrogel 
is controlled. This can be done using a balanced or near-balanced stoichiometry of 
reactant species. In covalently crosslinked hydrogels, the growing macromolecular 
chains arising from the reaction of monomers, dimers, oligomers, polymers and 
crosslinkers are reacted covalently, which leads to the formation of an intercon-
nected micro-molecular structure (Magami 2020). Figure 7.3 depicts covalent reac-
tions, crosslinking and branching in a hydrogel formulated using monomeric acrylic 
acid (AA) and crosslinkable N,N′-methylenebisacrylamide. All these reactions/
interactions lead to the creation of a 3D material.

7.3.2  �Ionically Crosslinked Hydrogels

Functional hydrogels can be manufactured when metal cations are incorporated into 
suitable polymerization matrices (Koohi et al. 2011). This leads to the formation of 
3D network clusters which arise due to the chelation of the macromolecular chains 
by the incorporated metal ion(s) (Higham et al. 2014). An important factor to be 
considered in the ionic crosslinking of hydrogels is the solubility of the chosen 
metal specie (Magami and Williams 2019b). Effective crosslinking in aqueous sys-
tems can be achieved using cationic species including Ca2+, Mg2+, Cu3+ and Fe3+ 
(Bai et al. 2011a). The reactivity of the starting material can be dictated by the type 
of metal salt chosen. A limitation often associated with the preparation of ionically 
crosslinked hydrogels is the solubility of some of the metal salts (Ma and Elisseeff 
2005). Metal oxides and metal hydroxides often have limited solubility in water-
based hydrogels, due to the chemistry of their dissociation and their tendency to 
precipitate. Recent studies have shown that it is possible to calculate the solubility 
of metal hydroxides, oxide-hydroxides and oxides as a function of the equilibrium 
pH of the solutions, while considering the formation of several anionic and cationic 
species of metal ions (Scholz and Kahlert 2015). This can serve as a guide in the 
selection of starting metal-based compounds when formulating hydrogels. When 
the metal-based compound has undesirable hydrolysis tendencies, the Pechini pro-
cess is often considered (Pechini 1967). This process allows the formation of metal-
polymer bonds during in situ polymerization of suitable polymeric systems. With 
this technique, coatings, complexes, fibers, films and gels of transitions metals and 
non-transition metals can be synthesized (Dimesso 2018).
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7.3.3  �Entanglement in Hydrogels

Hydrogel networks can be formed through the physical entanglement of macromo-
lecular chains. The entanglement in polymers and gels is often described in a too 
simplified manner, because the dynamics of entangled polymers require an approach 
where the macromolecular movement and relaxation of chains must be obtained in 
real space at different length and time scales (Abadi et al. 2018). One way to dif-
ferentiate entangled bonds in hydrogels from covalently maintained networks is the 

Fig. 7.3  Reactions involved during the polymerization and crosslinking reaction between AA and 
N,N′-methylenebisacrylamide. Reproduced with permission from Magami and Williams (2019a)
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stress relaxation in the former. Stress relaxation can occur in entangled hydrogels 
due to relatively weaker forces holding the network together. When the material is 
strained, the generated stress is dissipated over time, i.e. the stress relaxation in 
entangled hydrogels is produced through a reptation mechanism, where a strain 
applied causes macromolecular chains to diffuse and glide pass each other in ‘tubes’ 
created by neighboring chains (Wyss 2016).

The entanglement in hydrogels can offer the advantage of producing materials in 
situ. In stimulus-sensitive hydrogels, in typical biomedical applications, entangle-
ment chains can form as a response to changes in the environment, such as tempera-
ture (Zarrintaj et al. 2019). Entangled hydrogels can offer ease of degradation. This 
may be particularly important for in vivo applications where subsequent biodegrad-
ability is an essential characteristic/requirement (Khan et al. 2015).

7.4  �Composition of Functional Hydrogels

Functional hydrogels are assembled using a variety of starting materials, including 
crosslinking agents, initiators and monomers (Xu et al. 2018). A hydrogel, depend-
ing on the target application, may contain other components derived from materials 
such as drugs, inorganic salts, pharmaceutical agents and soil conditioners. 
Figure  7.4 shows the relationship between maintaining the hydrogel starting 
components.

Initiators: the role of the initiator molecules is to initiate the polymerization/
crosslinking reactions which will ultimately lead to the formation of the hydrogel. 
Three main mechanistic routes have been indicated by which molecules that absorb 
energy from light can generate free radicals or ions and potentially initiate a polym-
erization reaction. The first route is by homolytic dissociation of a bond of an 

Fig. 7.4  Illustration of key 
hydrogel starting materials 
in a typical polymerization 
set up. Reproduced with 
permission from 
Ahmed (2015)
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excited molecule in the absorption of photons (Gruber 1992). The example given in 
Scheme 7.1 involves a symmetric initiator molecule while the one given in Scheme 
7.2 involves an asymmetric molecule.

I I energy I I I I− + − − − − − − − −− > −[ ] − − − − − − − − − > +* • •

	
(Scheme 7.1)

I J energy I J I J− + − − − − − − − −− > −[ ] − − − − − − − − − > +• •*
	

(Scheme 7.2)

The second pathway is by the transfer of energy, from a molecule that had 
absorbed light energy, (but not enough to cause dissociation of bonds) to another 
molecule (Yagci et  al. 2010). In Scheme 7.3, M-M acts as the energy receptor 
molecule.

PS energy PS M M

M PS M

+ − − − − − −− > [ ] − − − − +( )
− − − −− > +

* −
•

	
(Scheme 7.3)

The third mechanism is by hydrogen abstraction from a hydrogen atom-donating 
molecule (McGinnes 1982). In Scheme 7.4, M-H acts as the hydrogen donor. This 
is shown in Scheme 7.4.

PS energy PS M H

PSH M

+ − − − − − −− > [ ] − − − − − + ( )
− − − −− > +

* −
•

	
(Scheme 7.4)

Salts and Other Ionizable Species  in addition to the functions that salts can play 
at the start of polymerization reactions, they can also be incorporated into hydrogels 
in order to help determine how water is maintained in the microstructure of the 
hydrogel. The hydration enthalpy of ionizable species varies from one composition 
to another and governs the amount of water that can be maintained in the hydration 
sphere of the relevant ion. Thus, the appropriate salt(s) can be selected to tailor the 
target application. Figure 7.5 shows how water can interact with a range of anions 
and cations. The hydration enthalpy values of various anions and cations are given 
in Tables 7.1 and 7.2, respectively.
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Fig. 7.5  Illustration of the interaction that can exist between water and various ionic species in a 
functional hydrogel
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7.5  �Routes for the Synthesis of Hydrogels

The synthesis of hydrogels can be achieved by a chain growth polymerization reac-
tion, by a ring opening polymerization (ROP) reaction and by a step growth polym-
erization reaction. The most common method of polymerization by which hydrogels 
are produced is that of free-radical chain growth polymerization. This is mainly 
because of the unsaturated nature of monomers used in the typical hydrogel synthe-
sis. The technique involves the use of free radicals from initiators that are generated 
by exposure to ultraviolet (UV) or gamma radiation and/or thermal initiators 
together with monomers and crosslinking agents. Free-radical polymerization reac-
tions, carried out using UV and gamma irradiation, are known as radiation induced 
polymerization reactions.

The main steps involved in free-radical polymerization reactions are initiation, 
propagation, termination and chain transfer (Magami and Abdulganiyyu 2017). 
These are illustrated in Schemes 7.5, 7.6, 7.7, 7.8, 7.9.

	
PI hv PI initiation step+ → [ ]∗

	
(Scheme 7.5)

	
PI M PI M chain propagation step∗ ∗+ → − [ ] 	

(Scheme 7.6)

	
M P P chain propagation∗ ∗+ → [ ] 	

(Scheme 7.7)

	
M P P chain termination∗ ∗+ → [ ] 	

(Scheme 7.8)

	
R P P chain transfer activity∗ ∗+ → [ ] 	

(Scheme 7.9)

where * represents a free radical, hv denotes the energy of the incident radiation, M 
represents the monomer, P is the polymer chain, PI is the photoinitiator and R* is any 
free radical. Free radical polymerization of hydrogels, as is the case with other poly-
meric materials, is affected by several factors, including dissolved oxygen in the reac-
tion mixture, as well as the type of crosslinker, photoinitiator and monomer, in addition 
to the concentration of these species. The oxygen inhibition of the reaction can take 
many forms, including the quenching of the excited states and the formation of a per-
oxyl radical. The formation of peroxyl radicals is a problem, since the radical cannot 
attack vinyl functional groups and maintain propagation (Ligon et al. 2014).

Table 7.1  Hydration enthalpy of a selection of cations

Ion H + Na + NH4
+ K + Mg2+ Ca2+ Zn2+ Fe2+ Sn2+ Al3+

ΔH (kJ/mol) -1130 -444 -361 -307 -2003 -1657 -2046 -1946 -1554 -4446

Table 7.2  Hydration enthalpy of a selection of anions

Ion OH - F - Cl - Br - I - NO3
- CH3COO -

ΔH (KJ/mol) -460 -483 -340 -309 -296 -314 -425
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During the induction period, cleavage of the intramolecular bond is likely to 
occur. In the initiation stage, the generated radicals attack the monomer molecules 
(Matyjaszewski et  al. 1998). Chain propagation and crosslinking are established 
and continue beyond the gel point. These processes lead to the formation of net-
works, macromolecular advancement and development, as well as the increase of 
viscoelastic properties. The crosslinking reaction and network branching continue 
until the network is fully formed. This is typically indicated when the elastic modu-
lus has reached a plateau state.

7.6  �Characteristics of Functional Hydrogels

Once the hydrogel has been produced, subsequent treatments and use require 
knowledge of the actual water content, the degree to which the polymerization has 
taken place, the number of crosslinks, the structure of the polymer network and the 
thermal properties and other characteristics of the hydrogel. Various analytical tech-
niques have been used to answer questions related to the arrangement and location 
of the pendant groups, the degradation of the hydrogels, the degree of polymeriza-
tion/crosslinking and conversion of monomers, the structure of the generated poly-
mer and the thermal behavior.

7.6.1  �Swelling Characteristics

The swelling characteristics of hydrogels allow them to increase their volume up to 
several times their original size, by absorbing and accommodating liquid compo-
nent into their microstructure (Mathur et al. 1998). The swelling of the hydrogel 
depends mainly on the degree of crosslinking in the gel, but also increases by the 
hydrophilicity of the polymer matrix. These two factors dictate the equilibrium 
swelling point (Hoffman 2012). A higher extent of crosslinking results in smaller 
pores and a lower equilibrium swelling point. This will be relevant to most hydrogel 
applications, since water will usually have a key role in the desired function. 
Therefore, the amount of water in the matrix is an integral property of the applica-
tion. Swelling with ionic hydrogels such as those based on poly(acrylic acid) (PAA) 
and/or poly(acrylamide) is observed. The carboxylic acid moiety of PAA is ionized 
in an environment of increased pH, which increases swelling. The opposite is 
observed in poly(acrylamide)-based compositions, where the decrease in the pH 
increases the swelling properties (Brannon-Peppas and Peppas 1991).

The volume fraction of a swollen hydrogel is a measure of the water retention 
capacity of the hydrogel, i.e. the amount of water that the hydrogel can contain with 
maximum swelling. The volume fraction compares the volume of the non-swollen 
hydrogel with the volume of the swollen hydrogel (Lin and Metters 2006). It is, 
therefore, an inverse relationship of the equilibrium volume swelling ratio, given by 
Eq. 7.4. The volume fraction can be determined using Eq. 7.4.
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where Q is the equilibrium mass swelling ratio, Vf is the volume fraction, Vs is the 
equilibrium swollen material, Vu is the volume of the pre-swelled hydrogel, ρ1 is the 
density of the underlining polymer material and ρ2 is the density of the medium.

7.6.2  �Optical Properties

Optical clarity and freedom from color are basic requirements for hydrogels that are 
prepared for use in double glazed units (Oh and Myungjin 2009). In many cases, the 
hydrogel material in the double-glazed assembly confers fire resistance property to 
the unit. The monomer and other precursors are carefully selected so that none 
absorb light in the visible region of the electromagnetic spectrum. In addition, mate-
rials that change color or lose their transparency in moderate temperature changes 
cannot be used in the synthesis stages.

In biomedical applications, the use of hydrogels in the (re)filling of lenses 
requires meeting strict refractive index requirements. It is known that in the natural 
lens, the refractive index gradually decreases from the center of the lens to the equa-
tor. When (re)filling of lenses is required across a natural lens, and a hydrogel with 
uniform refractive index is used, an undesirable optical aberration may arise (Ding 
et al. 2006). Therefore, this provides a challenge in the formulation and application 
of functional hydrogels for these applications. The transport of oxygen to the lens is 
critically important. The microporosity of many hydrogel matrices is suitable for 
this purpose, and thereby, allows enough diffusion of oxygen over the lens. A simple 
and fast method for the manufacture of contact lens is given as an illustration in 
Fig. 7.6.

7.6.3  �Mechanical Properties

The mechanical properties of functional hydrogels are some of the key reasons for 
their varied applications. Hydrogels are often evaluated and described using terms 
such as compressive strength, fracture energies, fracture strains, tensile strength and 
toughness (Ma et al. 2016). Thus, an understanding of the mechanical properties of 
hydrogels is very important and provides information about their underlining struc-
ture and how such a structure is or may be paramount in a chosen application.

The tensile strength of hydrogels is tested when the material is subjected to a 
constant or varied force, under stress conditions. The corresponding response of the 
material is then defined by how it yields to the applied forces or by how it elongates 

S. M. Magami



177

or by how it deflects physically (Drury et al. 2004). The work required to cause 
these changes in the material is then estimated, having known its pre-test dimen-
sions. Similar information is obtained from compression tests. However, in this 
case, the material is subjected to the applied forces under compression conditions 
(Stammen et al. 2001).

The mechanical properties of a hydrogel can be tuned by varying the composi-
tion and the amount of constituent starting materials. However, care must be taken 
during the synthesis to ensure that other essential properties, such as clarity, extent 
of swelling and porosity, are not compromised. Figure 7.7 shows that the composi-
tion of the starting materials in bio-ionic liquids conjugated with gelatin and meth-
acryloyl/poly(ethylene glycol) diacrylate can be tailored during the visible light 
crosslinking reactions (Noshadi et al. 2017). In this sense, by increasing the final 
concentration of polymer, as well as the polymer/bio-ionic liquid ratio, the com-
pressive  moduli of the resulting hydrogels increased. This also shows that the 
increase in polymer concentration affects the elastic moduli of the various materials 
in similar extents, when the tests were conducted in tension mode. Clearly, in this 
example, the extents of the crosslinking reactions and network formation  were 
improved as a result of the increase in the number of reactive polymer groups.

7.6.4  �Stimulus Response

The stimuli-responsive nature of many hydrogels allows their applications in sen-
sors and actuators. This paves the way for their applications in various technologies. 
There are many examples of electrical-signal-responsive, pH-responsive, solvent-
sensitive and thermo-responsive hydrogels (Ahn et al. 2008; Zarrintaj et al. 2019). 

Fig. 7.6  Schematic illustration of the manufacture of hydrogel contact lens, using Petri dish and 
steel balls as eyeball molds. Reproduced with permission from Childs et al. (2016)
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In all these cases, when the stimuli are applied or removed, changes in the hydrogel 
material occur. These changes are typically reversible and can lead to chemical, 
mechanical or physical alterations in the material. A temperature-induced phase 
change is used (below) to provide a general description of the stimuli-responsive-
ness in hydrogels.

Certain hydrogels may exhibit temperature dependent light transmittance. 
Figure 7.8 shows a temperature vs light transmittance relationship at 450 nm for an 
AA-based hydrogel, where the hydrogel exhibits a temperature dependent light 
transmittance. In this sense, the hydrophilic/hydrophobic nature of the polymer’s 
backbone plays a central role, which leads to optical transitions where the hydrogel 
is seen as clear or as cloudy, depending on the prevalence of hydrophilic or hydro-
phobic interactions (Magami 2017). Below a certain temperature (the critical tem-
perature), the hydrogel remains clear and transparent, suggesting that hydrophilic 
interactions, such as H-bonding between water and polar functional groups that are 
present in the matrix, such as –COOH and –C=O, are dominant. As the temperature 
changes (usually increased), these hydrophilic interactions are reduced, allowing 
any cation that may be present (such as Ca2+, Mg2+, Al3+) to form a complex with the 
ionic macromolecules that are present (such as poly(carboxylate) ions). When such 
complexation occurs, the composition of the hydrogel becomes more hydrophobic 
in nature, which leads to precipitation or phase separation, resulting in cloudiness. 
In addition, Magami (2017) showed that when the concentration of 

Fig. 7.7  Compressive modulus of various hydrogel compositions depending on the polymer con-
centration. Reproduced with permission from Noshadi et al. (2017)
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β-acryloxypropionic acid is increased, the optical clarity of the hydrogel at the test 
temperature increases markedly, reaching a 100% light transmittance. Thus, the car-
boxyl groups in the hydrogel material can form strong H-bonds with water mole-
cules in both ionized and protonated form. When strong enthalpic interactions occur 
in these hydrogels, the criterion of lower critical solution temperature (LCST) is 
met (Ruel-Gariépy and Leroux 2004; Shen et al. 2019).

The LCST phenomena in acrylate hydrogels can be dictated by varying a series 
of parameters such as ionic strength, pH, nature of anion and cation, and by copoly-
merizing with hydrophobic or hydrophilic (ionic, non-ionic) monomer. Thus, sim-
ple changes to the polymer backbone can significantly affect the degree to which the 
ionic interactions are formed, broken or sustained. The LCST of hydrogels can also 
be influenced by changing the polymer backbone through copolymerization. For 
example, 2-carboxyethyl acrylate (higher pKa value) can be copolymerized with 
AA to achieve hydrogels. The difference in pKa value between the two monomers 
is enough to affect the pH of the solution formulations. At elevated temperatures, 
the carboxyl groups of poly(carboxyethyl acrylate) (PCEA) would remain proton-
ated, which would lead to a reduction in hydrophobic complexation by any ionic 
species that might be present, by maintaining their hydrophilic interactions with 
water molecules via H-bonding. Thus, intramolecular H-bonding and the intermo-
lecular bonding between cations and carboxylate groups of either the PAA or the 
PCEA species that are attached to the polymer backbone play a role in the LCST 
phenomenon (Magami 2017).

Fig. 7.8  Temperature vs light transmittance (showing 450 nm) of AA-based hydrogels. Reproduced 
with permission from Magami (2017)
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7.7  �Characterization Methods

There are several characterization techniques which are applicable to the character-
ization of functional hydrogels. Often, the choice of the characterization technique 
is influenced by the required application of the material. Typically, hydrogels are 
characterized in different stages: during synthesis and post-preparation. During syn-
thesis, crosslinking, structure development and transparency can be monitored. It 
may be important, post-preparation, to differentiate the type of network that is char-
acteristic of the test material. For example, a mechanical spectrum or viscoelastic 
spectrum from a test material could reveal whether it is simply a dense polymer or 
if it is composed of entangled network or chemical crosslinks.

7.7.1  �Spectroscopic Analysis Methods

Spectroscopic analysis methods provide insight into the structure and composition 
of polymers, through the excitations of electrons or atom groups, when irradiated 
with a source of electromagnetic radiation. In addition, the spectroscopic analysis of 
residual materials in the hydrogel can be vital in understanding how they can affect 
performance properties. For example, the presence of residual initiator molecules/
fragments may affect the long-term stability and aging characteristics of the hydro-
gel material.

Generally, an infrared spectrophotometer is used to analyze the transmitted light 
after the molecules in a polymer sample have absorbed radiation in the infrared 
region of an electromagnetic spectrum. The radiation absorption by molecules in 
this region causes bending, stretching and molecular vibrations occurring at differ-
ent frequencies that are unique to the nature of the bonds and atoms present (Stuart 
2015). UV-visible spectroscopy has also been widely used to study the structure-
performance properties of hydrogels. While this is typically relevant for optical 
applications of hydrogels, the technique has proven useful for obtaining the absor-
bance spectra of components of functional hydrogels (Hebeish et al. 2013). In this 
way, the conversion of reactive species in the hydrogels can be monitored and 
evaluated.

Raman spectroscopy is another technique that can be used to identify chemical 
bonds and subsequently analyze the composition of functional hydrogels (Pastorczak 
et al. 2009). A notable advantage that Raman spectroscopy has over other spectro-
scopic techniques is that Raman spectroscopy is not affected by water. This tech-
nique can thus be used to analyze hydrogels in their swollen form. Raman 
micro-spectroscopy can be used to evaluate differences in the 3D structure of 
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different hydrogels (Hwang and Lyubovitsky 2013). This can be valuable in assess-
ing the effects of different formulations on the final hydrogel product.

7.7.2  �Microscopic Analysis Methods

Microscopy can allow obtaining valuable information on hydrogel materials (Liao 
et al. 2008). These include pore sizes, porosity, network homogeneity or inhomoge-
neity. Figure 7.9 shows a microscopic image of a collagen hydrogel network. In this 
sense, an interconnected network mesh can be observed, as a representation of the 
crosslinked  network in the material. To perform scanning electron microscopic 
(SEM) analysis in hydrogels, test samples are commonly immersed in water to 
swell. This is usually carried out at room temperature. After equilibrium swelling in 
water is achieved, the test samples are then dehydrated using the lyophilization 
technique. The cross-section of the samples is then coated with a thin layer of gold 
or platinum before making the measurements. Using an SEM instrument, an accel-
erating voltage (kV) of the electrons is then used. The voltage used depends on the 
topographic information sought. To obtain deeper information from the material, a 
higher energy of the accelerating electrons may be required. However, very high 
energy electrons penetrate deeper into the sample and decrease the yield of second-
ary electrons, thus lowering surface detail/resolution. In addition, the use of high 
energy electrons can cause damage to the test samples. This can be disadvantageous 
particularly when analyzing biological samples.

When SEM images are combined with X-ray diffraction (XRD) spectroscopy, 
the elements on the surface of the hydrogel can be mapped and evaluated (Bai et al. 

Fig. 7.9  SEM of a 
collagen gel network, with 
a 5 μm scale bar. 
Reproduced with 
permission from Holder 
et al. (2018)
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2011b). A map of the distribution of the various elements on the surface of the 
hydrogel can determine the distribution of materials, such as enzymes, pharmaceu-
ticals and salts, in the hydrogel. When the mapping of high density elements is 
required, higher acceleration voltages may be preferred, in order to improve the 
X-ray performance (Niranjan et al. 2013).

7.7.3  �Methods of Rheological Analysis

Hydrogels belong to the group of viscoelastic polymers. They may also exhibit 
some degree of elasticity in their swollen state, along with limited flow properties 
(Liu et al. 2015). This elastic behavior of the hydrogels depends not only on the 
water content but also on the type of polymerization that has taken place in the for-
mation of the polymer networks, the cross-link density and the presence of any 
impurities. However, this degree of elasticity, translated as a degree of swelling, can 
be affected by a number of factors, such as the crosslinking density, the polymeriza-
tion conditions and the presence of comonomers or insoluble inorganic species 
(Vural et  al. 2010). An increase in the degree of swelling of hydrogel inversely 
affects the mechanical and flow properties of the composition.

The viscoelastic properties of hydrogels are commonly evaluated by rheological 
measurements. In this context, test specimens are typically subjected to stress-strain 
conditions. The response of the specimens to the applied forces is often expressed 
using a series of parameters, including loss modulus (G”), phase angle (δ), G’ and 
tangent delta (Anseth et al. 1996). The G’ describes the elastic behavior of the mate-
rial, through its ability to conserve the energy applied. However, G” describes the 
flow tendency of the material, through its ability to dissipate the applied energy. The 

Fig. 7.10  Small amplitude diagram, showing strain-time relationship
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tangent delta combines the effects of the storage module and the loss module, in the 
same way that the δ does. In addition, these describe the in-phase or out-of-phase 
time relationship between the applied stress and the resulting strain, or vice-versa. 
The strain-time relationship is given in Fig. 7.10. In this sense, a small amplitude 
shear diagram is illustrated, where t is the oscillation time and γo is the strain ampli-
tude. Constant shear is then given as the rate of change of strain over time. The 
applied sinusoidal strain and the generated stress are further described by the rela-
tionships given in Eqs. 7.5 and 7.6, where τ is the shear stress. The implications of 
the stress-strain relationship in hydrogels can be directly related to the effect of 
creep and the frequency response of the material (McKeen 2009).

	
γ γ ω= ( )o sin t

	
(7.5)

	
τ τ ω δ= +( )o sin t

	
(7.6)

7.7.4  �Sol-Gel Transition and the Gel Point

Rheological methods are often used in determining the gel point of hydrogels, thus 
leading to an understanding of the sol-gel transition. Common techniques used for 
the gelation study of functional hydrogels are given in Table 7.3. The Chirp method 
and the multi-wave technique are more commonly used, compared to the other two 
techniques, when the gel point of the critical gel is identified. When the determina-
tion of the gel point becomes difficult, the stain approximation approach can be 
used as a complementary method. This monitors changes in strain during the gel 
synthesis and considers the point of sharp decline in strain as the gel point. The 
moduli crossover technique is a less accurate method of determining the gel point 
compared to the other techniques, especially when stoichiometric imbalance is a 
factor in the reaction. This technique considers the time corresponding to the cross-
over point of G’ and G” during the synthesis steps (Magami and Williams 2019).

The multi-wave technique is highly accurate even where the relaxation exponent 
value is n < 0.5 or n > 0.5. It could be carried out using stress or strain time sweeps 
in a method considered as the Fourier transform mechanical spectroscopy (Hawkins 
et  al. 2008). To maximize data quality, frequency ranges are carefully selected. 
These depend largely on the viscosity and reactivity of the test material, in addition 
to the mutation of the rheological data (Williams and Williams 1997). Sinewaves 
with different frequency values are shown in Fig. 7.11, with their combined image 
in Fig. 7.12. In the multi-wave techniques, a limitation may be the use of sinewaves 
with low frequency values. This is because the low frequencies correspond to long 
experimental times. This also means that the interval between observed data points 
is long to allow the material to change. Even at the gel point, the material typically 
experiences a characteristic stress relaxation. One way to ensure that the rheological 
data generated is significant/meaningful is to ensure that the mutation number 
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criteria is met (Mours and Winter 1994). A mutation number value of <1 often indi-
cates that rheological data points are collected within reasonable time intervals and 
that the test sample does not change significantly in the range of the data points.

As the structure develops in the possible gel and the crosslinks are formed, a 
crossover point is observed in the multi-wave plots of loss tangent delta (tan δΔ) vs 
time. This crossover point is the gel point of the material, where the G’ and the G” 
have the same variation of the power law with respect to the ω. This is the so-called 
Winter-Chambon criteria (Chambon et al. 1986).

7.7.5  �Other Characterization Methods

Thermal analysis techniques, such as thermogravimetric analysis (TGA) and dif-
ferential scanning calorimetry (DSC) can be quite useful in the characterization of 
functional hydrogels (Thermal Analysis of Polymers 2009). In addition to the ther-
mal stability that can be determined using TGA, the water bonding in the hydrogel 
network can be determined. Slightly bound water is easily lost during controlled 
heating, while tightly bound water is usually retained but is lost after excessive heat-
ing of the sample. On the other hand, DSC can be used to determine the influence 
of crosslinking on transition temperatures in hydrogels (Neto et al. 2005). However, 

Table 7.3  Typical methods used to establish the gel point of functional hydrogels

Typical 
methods Brief notes Reference

Chirp(s) 
technique

ω increases or decreases over time. Quick acquisition of data 
compared to multi-wave technique. Time and frequency 
resolution are effectively achieved. Stress amplitude or strain 
amplitude of the individual frequencies do not require adding up.

Geri et al. 
(2018)

Multiwave 
rheometry

Fundamental and additional oscillation frequencies are required. 
These are kept constant while the material is subjected to 
controlled stress or strain at each frequency. Thus, cross-over of 
modules can be observed and compared as a function of 
frequency.

Jiao et al. 
(2012)

Strain 
decrease 
method

The point of intersection is controlled during the sharp decrease 
in strain. Method is less precise compared to Fourier transform 
methods, and therefore, is largely a complementary technique.

Bonino et al. 
(2011)

Moduli 
crossover 
technique

Relatively easy technique. Only valid for systems where the value 
of relaxation exponent n = 0.5. Data can be obtained from 
measurement at single frequency of oscillation.

Ishida and 
Allen (1996)
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Fig. 7.11  Sinewaves with different frequency values, having the same strain amplitude value

Fig. 7.12  Sinewaves from 
Fig. 7.11 combined into a 
single wave screen

in highly crosslinked hydrogels, transition temperatures are very  difficult to be 
observed. When the network of the hydrogel material is highly dense, it is unlikely, 
if not impossible, that despite heating of the material, stiff crosslinks and rigid net-
work clusters impede mechanical movements (Wu and Freeman 2009).
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7.7.6  �Practical Notes

	1.	 If there is enough material, it is good practice to conduct the analysis of hydrogel 
samples in duplicate or triplicate. This can ensure confidence in that the statisti-
cal significance of the effects in structure-property relationship is determined.

	2.	 It is not good practice to allow hydrogels to dry before lyophilizing them prior to 
microscopic evaluation. This can cause shrinkage in pore sizes.

	3.	 Performing DSC experiments in a sealed pan can cause damage to the instru-
ment, as pressure may build-up due to the water vapor formation as the heating 
temperature increases.

	4.	 Moisture loss or moisture absorption can affect mechanical characterization 
data. Where relevant, tests should be performed in a controlled humidity 
environment.

	5.	 Mutation in the test sample may occur during the rheological evaluation. Ensure 
that the mutation number values are << 1, thus meeting the so-called mutation 
number criteria.

	6.	 If available and relevant, the use of an in situ rheological measurement is desir-
able. This can be critical for slightly crosslinked hydrogels or those with entan-
gled network. The preparation of this type of hydrogels can be a challenge for 
obtaining the sample size that can match the test plate geometry. In addition, 
sample loading procedures may apply undesirable stress on the test material.

	7.	 In the case of studying the gelation of low viscosity systems, the torque ampli-
tudes in the first curing stages will be much lower than in the more conventional 
‘100% solids’ systems with the risk of a poor signal/noise ratio. This can affect 
the quality of the rheological data. It can, however, be overcome with a con-
trolled stress instrument which has a magnetic bearing, which allows testing 
with lower torque amplitudes.

	8.	 The cohesive nature of the hydrogel is increased by the high crosslink density.

7.8  �Applications of Functional Hydrogels

The unique properties of hydrogels have made them useful in various fields of sci-
ence and technology, including agriculture, architecture and biomedicine.

7.8.1  �Healthcare and Biomedical Applications

In today’s healthcare, functional hydrogels have been shown to be widely used due 
to their intrinsic properties. These include biocompatibility, biodegradability, flexi-
bility, optical clarity, permeability, swelling ability, thermal stability and transpar-
ency. With this in mind, synthetic or natural polymers or blends are used (Rosiak 
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and Yoshii 1999). The use of hydrogels in tissue engineering can be achieved using 
a variety of strategies. Figure 7.13 shows a simplified process involved in the use of 
polymeric hydrogel scaffolds in tissue formation or tissue regeneration. Often, tis-
sues are explanted from the subject and then preferentially infused, modified and 
engineered though in vitro techniques. These can then be implanted into the indi-
vidual, thus exposing them to mechanical and molecular environments. When nec-
essary, engineered scaffolds can be further developed in suitable bioreactors, in 
order to generate an artificial organ before implantation (Khan et al. 2015).

Soft contact lenses made from hydrogels have been synthesized so that the gel 
can deliver the necessary antibiotics to the eye and can also provide visual correc-
tions (Kopecek 2009). Other biomedical applications of hydrogels include wound 
dressing for burns, supports for tissue engineering and biodegradable drug delivery 
systems capable of delivering anti-nausea/vomiting drugs, oral insulin and vita-
mins. The delivery of pharmaceutical products or the scaffolding application of 
hydrogels is largely determined by its network structure. Often, the hydrogels are 
required to be slightly crosslinked. This can thus lead to a greater tendency to swell-
ing and less flexibility (Sun et al. 2011).

Biocompatibility: hydrogels in biomedical applications in most cases are 
designed to be in contact with mammalian tissue. Therefore, this requires that they 
are biocompatible. When this is not achieved, cytotoxicity then arises. In many 
cases, it is the choice and the concentration of constituent materials in the hydrogel 
that determine whether they are biocompatible or not. Often, half maximal inhibi-
tory concentration (IC50) tests are designed and used to study the biocompatibility 
of hydrogels. IC50 is thus used to measure the degree to which specific biological 
functions are effectively inhibited by the substance under investigation.

Hydrogels based on β-sheet peptides have now emerged widely for biomedical 
applications. Keeping this in view, the sequence design of the peptide material and 
the concentration of the peptide in the hydrogel are key factors in the material’s 

In Vitro Expansion

Cell Suspension

Polymer Scaffold Tissue Formation

Scaffold + Cells
Construct

Fig. 7.13  Illustration of the processes involved in the use of hydrogel scaffolds in tissue engineer-
ing. Reproduced with permission from Khan et al. (2015)
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biocompatibility. It has recently been shown that functional hydrogels that are of 
peptide and inorganic compound hybrids can be successfully manufactured to pos-
sess great potential for tissue scaffolding engineering. For example, hydrogel net-
works can be formed successfully by combining graphene with selected peptide 
materials. In this context, Wychowaniec (2017) reported that cytotoxicity of the 
hybrid hydrogels were desirable and that the material possessed essential tissue 
injectability properties, in addition to being biocompatible. These hybrid hydrogels 
were proposed as a versatile platform for culturing cells in three-dimensions 
(Wychowaniec 2017).

Biodegradability: when functional hydrogels used in biomedical applications 
(e.g. as tissue scaffolds) are biodegradable, this ensures that their application is 
temporary in nature. Such biodegradable materials often continue to exist and fulfill 
their function until they are degraded and replaced by new biological tissues. Many 
biodegradable functional hydrogels are made from polymers that are themselves 
biodegradable. Typical examples include cellulose, Cs, collagen and poly(lactic 
acid) (PLA) (Gutiérrez 2017). Due to their biodegradability, the mechanical proper-
ties of hydrogels are degraded, which leads to a decrease in crosslinking, elasticity 
and stiffness over time. It is essential for these changes in the hydrogel occur at a 
rate equal or similar to the rate of formation of new tissues.

It has been shown that cellulose-based hydrogels are biodegradable, in addition 
to their biocompatibility. Among the list of biodegradable cellulose-based starting 
materials, carboxymethyl cellulose, hydroxyethyl cellulose and hydroxymethyl cel-
lulose are widely used as monomers in hydrogel syntheses (Sarkar 1979). A chal-
lenge is to find a suitable biodegradable crosslinker for use during synthesis. Often, 
the salt molecules used in the preparations can act as chelating agents, leading to 
gelation and network formation. Another strategy is to use two or more cellulosic 
starting materials, with gelation achieved through physical entanglement of grow-
ing polymer chains. In line with this, hydrophobic interactions are key in the gela-
tion process, which arise from the methoxy chains that are present in the growing 
cellulosic polymer chains. These interactions depend on temperature and occur 
faster when processing temperatures increase (Sannino et al. 2009). 

Other safety aspects: physically crosslinked hydrogels in particular are typically 
not considered for use in biological environments (e.g. in tissue scaffolding or visual 
correction applications), since the crosslinking in these materials is largely revers-
ible, it is often difficult to control the nature and rate at which the entangled chains 
are unraveled (te Nijenhuis 2007). Examples of safety checks that are carried out in 
relation to the biomedical application of hydrogels are given in Table 7.5. The ways 
in which untangling of macromolecular chains in physically crosslinked hydrogels 
can be monitored include observing changes in their tendency to flow (increase) and 
assessing changes (loss or decrease) in viscoelasticity and other mechanical proper-
ties, due to application of stress or changes occuring in storage-influenced condi-
tions, such  as temperature. Thus, the degradation mechanisms of physically 
crosslinked hydrogels are largely uncontrollable.
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Table 7.5  Examples of safety controls that are carried out in relation to the biomedical application 
of hydrogels

Hydrogel Application Safety verification Safety comment References

Bukamid – 
poly(acrylamide) 
based hydrogel.

Management of 
conditions related 
to urinary 
incontinence.

Post-operative 
assessments, at 3 
and 12 months, 
followed by 
specified annual 
checks.

Administered 
Bukamid was 
found to be 
durable, effective 
and safe.

Pai and 
Al-Singary 
(2015)

Bukamid – 
poly(acrylamide) 
based hydrogel.

Female stress 
management and 
stress-predominant 
mixed 
incontinence.

24 months 
follow-up 
assessments.

There were no 
security problems 
after the 
evaluations.

Toozs-
Hobson 
et al. (2012)

Raindrop corneal 
inlay.

Improvement of 
near vision in 
conditions related 
to emmetropic 
presbyopia.

12 months of 
safety and efficacy 
checks.

Patients satisfied 
with the overview. 
Only a small effect 
on distance visual 
sharpness.

Garza et al. 
(2013)

Table 7.4  Examples of biodegradable hydrogels used in tissue scaffolds

Hydrogel Function Biodegradability References

Dextran hydrogels Wound healing Largely influenced by the 
immobilization of vascular 
endothelial growth factors

Sun et al. 
(2011)

PLA-b-poly(ethylene 
glycol)-b-PLA end capped 
with acrylate groups

Tissue 
engineering 
cartilage

Biodegradability tailored by 
reaction and reactivity of the 
starting materials

Bryant and 
Anseth 
(2003)

7.8.2  �Fire Resistance Glazing Applications

Polymeric hydrogels have found applications in fire-resistant glazing assemblies. 
Usually, they are used as interlayers between glass sheets, in doors, partitions and 
windows. Their typical high-water content makes them suitable for these applica-
tions. When exposed to fire/flames, the hydrogel releases water in a controlled man-
ner. In this way, the high specific heat capacity of water plays an advantage, by 
minimizing the increase in temperature on the glass surface. In this sense, the way 
in which water is bound to the internal structures of the hydrogel material is impor-
tant. The water in hydrogels can thus be considered as strongly bound water or 
freely bound water. After exposure of the hydrogel at elevated temperatures, the 
latter is released first, followed by the former.

The composition of the hydrogel plays a very important role in the fire resistance 
application. The more hydrophilic the hydrogel backbone, the stronger would be the 
binding of the water molecules. In typical preparation procedures, water-solubilized 
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prepolymer formulations are created and then poured between the sealed double-
glazing glass sheets. This formulation is then cured thermally or using UV light to 
give the resultant hydrogel. Specific examples are given Table 7.6. The properties of 
the fully formed hydrogel must be adequate so that they can be adhered to the glass 
and can withstand fire exposure for a specified period of time, thus providing the 
required insulating and fire resisting/retarding properties.

The fire resistance mechanism: char formation, free radical trapping, fuel dilu-
tion, heat absorption and thermal barrier are the key mechanisms through which 
intumescent fire-resistant compositions, including functional hydrogels. When a 
double-glazed unit, containing a formulation of hydrogels with dissolved salts, is 
exposed to flames and heat, water is released in a controlled manner once the first 
sheet of glass breaks through thermal shock. The dissolved salts then combined 
with the polymeric components of the gel to from an inorganic salt-carbonaceous 
composition that acts as an insulator, while adhering to the other glass sheet. This 
process of retarding fire is known as intumescence fire retardation. Fire tests are 
conducted in order to monitor the degree to which the hydrogel intumesce. This 
adds to the fire resistance monitoring of the structural components and the fire reac-
tion of the flammable components in the material (Hull 2008). For fire resistant 
glass, the test panels are mounted onto a furnace in a vertical orientation. The fur-
nace is then heated in a controlled manner so that it follows the temperature-time 
curve shown in Fig.  7.14. EN 1363–1 is a standard for testing fire resistance in 
materials intended for use in buildings. During the tests, the temperature on the fire-
less side of the glass (cold side) rises and is monitored using thermocouple ther-
mometers. The pressure inside the furnace is also controlled. The inherent 

Table 7.6  Examples of functional hydrogels, monomer used in synthesis and curing method, 
relevant for the application of materials in fire-resistant glazing units

Technologies
Monomer* 
(example) Curing methods References

Fire-resistant glazing unit 
comprising about 40–85% by 
weight of water.

AA Thermal curing, with typical 
reaction temperatures between 
35 ° C and 90 ° C.

Crook and 
Ali (2016)

Fire-resistant glazing unit 
consisting about 40–90% by 
weight of water. A gel stabilizing 
agent, such as a tin compound, is 
an essential part of the 
formulation.

AA UV-induced polymerization, by 
using a photo-initiator such as 
2-hydroxy-2-methyl-1-
phenylpropane-1-one.

Oh and 
Myungjin 
(2009)

Fire-resistant glazing unit 
comprising about 70–90% by 
weight of water.

Acrylamide Cured at room temperature 
based on the use of highly 
soluble persulfate initiators 
such as ammonium persulfate 
or peroxidosulfate.

Ortmans and 
Hassiepen 
(1989)

*Other components are likely polymerizable and gel-forming
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fire-resistant property of the hydrogel ensures that the temperature on the cold side 
of the glass is significantly lower than in the furnace.

7.8.3  �Personal Care/Hygiene Application

The ability of hydrogels to absorb large amount of water and retain this water in 
their microstructure is the reason they have found application for personal care and 
hygiene fields. A key application of acrylate hydrogels is the manufacture of nap-
pies. By absorbing moisture in large quantities, they help the user to keep the dry 
skin, with such practice promoting comfort and hygiene. In addition, this practice 
helps prevent skin irritation and contamination. In order for such nappies to be suit-
able and fit for purpose and to be free from leakages, the design of the hydrogel 
network must be carefully considered. An ideal level of crosslinking must be 
achieved to allow the hydrogel material in the nappies to accommodate/retain desir-
able amounts of fluid. On the other hand, a balance of viscoelasticity (rigidity, soft-
ness, stiffness, etc.) is required to ensure that such nappies are comfortable for their 
users. With increasing awareness for the creation and use of environmentally 
friendly materials, the generation of biodegradable hydrogel-based healthcare prod-
ucts is becoming increasingly popular. One strategy is to use biodegradable starting 
materials during the manufacturing stages. For this, cellulose and its many deriva-
tives have found application. This development is thus likely to result in a continu-
ous decrease in the use of acrylate-based starting materials.

Fig. 7.14  Temperature-time relationship during a fire test, showing a required furnace tempera-
ture curve and a hypothetical cold face temperature

7  Functional Crosslinked Hydrogels



192

7.9  �Remark Conclusions

A general description of the structure, composition, synthesis routes, properties and 
applications of functional hydrogels has been given in this chapter. The fundamental 
gel point of the critical gels was defined, and relevant gelation models were given, 
paying attention to the multi-wave mechanical technique. This technique provides a 
good basis for determining the properties of critical gels, such as network relaxation 
exponent, stiffness and fractal dimensions. Despite the availability or rigorous gela-
tion models, the gelation of many hydrogels has not yet been tested or confirmed. 
Many reports on functional hydrogels refer to biomedical applications of such 
materials. Although inventions (patents) show the relevance of the use of functional 
hydrogels in fire-resistant applications, very little work has been reported through 
scientific journals. Despite this, it is expected that the outline given in this chapter 
provides a background of the science that supports the applications of hydrogels in 
fire-resistant applications.

Acknowledgments  The author acknowledges the helpful discussions provided by Emeritus 
Professor Jim Guthrie (University of Leeds).

Conflicts of Interest  The author declares no conflict of interest.

References

Abadi, M., Serag, M. F., & Habuchi, S. (2018). Entangled polymer dynamics beyond reptation. 
Nature Communications, 9(1), 5098. https://doi.org/10.1038/s41467-018-07546-7.

Abdulganiyu, U., Magami, S. M., & Aminu, M. (2017). Graft copolymerization and characteriza-
tion of styrene with chitosan via radical polymerization. ChemSearch Journal, 8(1), 56–63. 
https://doi.org/10.4314/csj.v8i1.8.

Ahmed, E. M. (2015). Hydrogel: Preparation, characterization, and applications: A review. Journal 
of Advanced Research, 6(2), 105–121. https://doi.org/10.1016/j.jare.2013.07.006.

Ahn, S., Kasi, R. M., Kim, S.-C., Sharma, N., & Zhou, Y. (2008). Stimuli-responsive polymer gels. 
Soft Matter, 4(6), 1151–1157. https://doi.org/10.1039/B714376A.

Akhtar, M. F., Hanif, M., & Ranjha, N. M. (2016). Methods of synthesis of hydrogels … a review. 
Saudi Pharmaceutical Journal, 24(5), 554–559. https://doi.org/10.1016/j.jsps.2015.03.022.

Anseth, K. S., Bowman, C. N., & Brannon-Peppas, L. (1996). Mechanical properties of hydro-
gels and their experimental determination. Biomaterials, 17(17), 1647–1657. https://doi.
org/10.1016/0142-9612(96)87644-7.

Bai, H., Li, C., Wang, X., & Shi, G. (2011a). On the gelation of graphene oxide. The Journal of 
Physical Chemistry C, 115(13), 5545–5551. https://doi.org/10.1021/jp1120299.

Bai, H., Sheng, K., Zhang, P., Li, C., & Shi, G. (2011b). Graphene oxide/conducting polymer 
composite hydrogels. Journal of Materials Chemistry, 21(46), 18653–18658. https://doi.
org/10.1039/c1jm13918e.

Bonino, C. A., Samorezov, J. E., Jeon, O., Alsberg, E., & Khan, S. A. (2011). Real-time in siturhe-
ology of alginate hydrogel photocrosslinking. Soft Matter, 7(24), 11510–11517. https://doi.
org/10.1039/c1sm06109g.

S. M. Magami

https://doi.org/10.1038/s41467-018-07546-7
https://doi.org/10.4314/csj.v8i1.8
https://doi.org/10.1016/j.jare.2013.07.006
https://doi.org/10.1039/B714376A
https://doi.org/10.1016/j.jsps.2015.03.022
https://doi.org/10.1016/0142-9612(96)87644-7
https://doi.org/10.1016/0142-9612(96)87644-7
https://doi.org/10.1021/jp1120299
https://doi.org/10.1039/c1jm13918e
https://doi.org/10.1039/c1jm13918e
https://doi.org/10.1039/c1sm06109g
https://doi.org/10.1039/c1sm06109g


193

Borzacchiello, A., & Ambrosio, L. (2009). Structure-property relationships in hydro-
gels. In Hydrogels: Biological properties and applications (pp.  9–20). https://doi.
org/10.1007/978-88-470-1104-5_2.

Brannon-Peppas, L., & Peppas, N.  A. (1991). Equilibrium swelling behavior of pH-
sensitive hydrogels. Chemical Engineering Science, 46(3), 715–722. https://doi.
org/10.1016/0009-2509(91)80177-z.

Bryant, S. J., & Anseth, K. S. (2003). Controlling the spatial distribution of ECM components in 
degradable PEG hydrogels for tissue engineering cartilage. Journal of Biomedical Materials 
Research Part A, 64A(1), 70–79. https://doi.org/10.1002/jbm.a.10319.

Chambon, F., Petrovic, Z.  S., MacKnight, W.  J., & Winter, H.  H. (1986). Rheology of model 
polyurethanes at the gel point. Macromolecules, 19(8), 2146–2149. https://doi.org/10.1021/
ma00162a007.

Childs, A., Li, H., Lewittes, D. M., Dong, B., Liu, W., Shu, X., Sun, C., & Zhang, H. F. (2016). 
Fabricating customized hydrogel contact lens. Scientific Reports, 6, 34905. https://doi.
org/10.1038/srep34905.

Chiou, B.-S., English, R. J., & Khan, S. A. (1996). Rheology and photo-cross-linking of thiol−ene 
polymers. Macromolecules, 29(16), 5368–5374. https://doi.org/10.1021/ma960383e.

Crook, V., & Ali, M. I. (2016). Fire resistant glazing unit. U.S. Patent Application No. 14/912,939. 
Available in: https://patents.google.com/patent/us20160200077a1/en

Dashtimoghadam, E., Mirzadeh, H., Taromi, F.  A., & Nyström, B. (2014). Thermoresponsive 
biopolymer hydrogels with tunable gel characteristics. RSC Advances, 4(74), 39386–39393. 
https://doi.org/10.1039/c4ra05246c.

Dimesso, L. (2018). Pechini processes: An alternate approach of the sol-gel method, prepara-
tion, properties, and applications. In: Handbook of sol-gel science and technology (2nd ed.). 
Klein, L., Aparicio, M. & Jitianu, A. (Eds.). Springer International Publishing. https://doi.
org/10.1007/978-3-319-32101-1_123.

Ding, L., Blackwell, R., Künzler, J. F., & Knox, W. H. (2006). Large refractive index change in sil-
icone-based and non-silicone-based hydrogel polymers induced by femtosecond laser micro-
machining. Optics Express, 14(24), 11901–11909. https://doi.org/10.1364/oe.14.011901.

Drury, J. L., Dennis, R. G., & Mooney, D. J. (2004). The tensile properties of alginate hydrogels. 
Biomaterials, 25(16), 3187–3199. https://doi.org/10.1016/j.biomaterials.2003.10.002.

Garza, E., Gomez, S., Chayet, A., & Dishler, J. (2013). One-year safety and efficacy results of 
a hydrogel inlay to improve near vision in patients with emmetropic presbyopia. Journal of 
Refractive Surgery, 29, 166–172. https://doi.org/10.3928/1081597x-20130129-01.

Geri, M., Keshavarz, B., Divoux, T., Clasen, C., Curtis, D. J., & McKinley, G. H. (2018). Time-
resolved mechanical spectroscopy of soft materials via optimally windowed chirps. Physical 
Review X, 8(4), 41042. https://doi.org/10.1103/physrevx.8.041042.

Gruber, H. F. (1992). Photoinitiators for free radical polymerization. Progress in Polymer Science, 
17(6), 953–1044. https://doi.org/10.1016/0079-6700(92)90006-k.

Gutiérrez, T.  J. (2017). Chapter 8. Chitosan applications for the food industry. In S.  Ahmed 
& S.  Ikram (Eds.), Chitosan: Derivatives, composites and applications (pp.  183–232). 
WILEY-Scrivener Publisher.. EE.UU.  ISBN: 978-1-119-36350-7. https://doi.
org/10.1002/9781119364849.ch8.

Hawkins, K., Lawrence, M., Williams, P. R., & Williams, R. L. (2008). A study of gelatin gelation 
by Fourier transform mechanical spectroscopy. Journal of Non-Newtonian Fluid Mechanics, 
148(1), 127–133. https://doi.org/10.1016/j.jnnfm.2007.05.016.

Hebeish, A., Hashem, M., El-Hady, M. M. A., & Sharaf, S. (2013). Development of CMC hydro-
gels loaded with silver nano-particles for medical applications. Carbohydrate Polymers, 92(1), 
407–413. https://doi.org/10.1016/j.carbpol.2012.08.094.

Hennink, W. E., & van Nostrum, C. F. (2012). Novel crosslinking methods to design hydrogels. 
Advanced Drug Delivery Reviews, 64, 223–236. https://doi.org/10.1016/j.addr.2012.09.009.

7  Functional Crosslinked Hydrogels

https://doi.org/10.1007/978-88-470-1104-5_2
https://doi.org/10.1007/978-88-470-1104-5_2
https://doi.org/10.1016/0009-2509(91)80177-z
https://doi.org/10.1016/0009-2509(91)80177-z
https://doi.org/10.1002/jbm.a.10319
https://doi.org/10.1021/ma00162a007
https://doi.org/10.1021/ma00162a007
https://doi.org/10.1038/srep34905
https://doi.org/10.1038/srep34905
https://doi.org/10.1021/ma960383e
https://patents.google.com/patent/us20160200077a1/en
https://doi.org/10.1039/c4ra05246c
https://doi.org/10.1007/978-3-319-32101-1_123
https://doi.org/10.1007/978-3-319-32101-1_123
https://doi.org/10.1364/oe.14.011901
https://doi.org/10.1016/j.biomaterials.2003.10.002
https://doi.org/10.3928/1081597x-20130129-01
https://doi.org/10.1103/physrevx.8.041042
https://doi.org/10.1016/0079-6700(92)90006-k
https://doi.org/10.1002/9781119364849.ch8
https://doi.org/10.1002/9781119364849.ch8
https://doi.org/10.1016/j.jnnfm.2007.05.016
https://doi.org/10.1016/j.carbpol.2012.08.094
https://doi.org/10.1016/j.addr.2012.09.009


194

Higham, A.  K., Bonino, C.  A., Raghavan, S.  R., & Khan, S.  A. (2014). Photo-activated ionic 
gelation of alginate hydrogel: Real-time rheological monitoring of the two-step crosslinking 
mechanism. Soft Matter, 10(27), 4990–5002. https://doi.org/10.1039/c4sm00411f.

Hoffman, A. S. (2012). Hydrogels for biomedical applications. Advanced Drug Delivery Reviews, 
64, 18–23. https://doi.org/10.1016/j.addr.2012.09.010.

Holder, A. J., Badiei, N., Hawkins, K., Wright, C., Williams, P. R., & Curtis, D. J. (2018). Control 
of collagen gel mechanical properties through manipulation of gelation conditions near the sol-
gel transition. Soft Matter, 14(4), 574–580. https://doi.org/10.1039/c7sm01933e.

Hull, T. R. (2008). 11 - Challenges in fire testing: Reaction to fire tests and assessment of fire toxic-
ity. In A. R. Horrocks & D. B. T.-A. in F. R. M. Price (Eds.), Woodhead Publishing Series in 
Textiles. Pp. 255–290. https://doi.org/10.1533/9781845694701.2.255

Hwang, Y. J., & Lyubovitsky, J. G. (2013). The structural analysis of three-dimensional fibrous 
collagen hydrogels by raman microspectroscopy. Biopolymers, 99(6), 349–356. https://doi.
org/10.1002/bip.22183.

Ishida, H., & Allen, D. J. (1996). Physical and mechanical characterization of near-zero shrinkage 
polybenzoxazines. Journal of Polymer Science: Par B Polymer Physics, 34(6), 1019–1030. 
https://doi.org/10.1002/(sici)1099-0488(19960430)34:6<1019::aid-polb1>3.0.co;2-t.

Jiao, Y., Gyawali, D., Stark, J. M., Akcora, P., Nair, P., Tran, R. T., & Yang, J. (2012). A rheo-
logical study of biodegradable injectable PEGMC/HA composite scaffolds. Soft Matter, 8(5), 
1499–1507. https://doi.org/10.1039/c1sm05786c.

Khan, F., Tanaka, M., & Ahmad, S. R. (2015). Fabrication of polymeric biomaterials: A strategy for 
tissue engineering and medical devices. Journal of Materials Chemistry B, 3(42), 8224–8249. 
https://doi.org/10.1039/c5tb01370d.

Koohi, A. D., Moghaddam, A. Z., Sefti, M. V., & Moghadam, A. M. (2011). Swelling and gela-
tion time behavior of sulfonated polyacrylamide/chromium triacetate hydrogels. Journal 
of Macromolecular Science, Part B, 50(10), 1905–1920. https://doi.org/10.1080/0022234
8.2010.549419.

Kopecek, J. (2009). Hydrogels: From soft contact lenses and implants to self-assembled nanoma-
terials. Journal of Polymer Science Part A: Polymer Chemistry, 47(22), 5929–5946. https://doi.
org/10.1002/pola.23607.

Laftah, W.  A., Hashim, S., & Ibrahim, A.  N. (2011). Polymer hydrogels: A review. Polymer-
Plastics Technology and Engineering, 50(14), 1475–1486. https://doi.org/10.1080/0360255
9.2011.593082.

Liao, H., Munoz-Pinto, D., Qu, X., Hou, Y., Grunlan, M. A., & Hahn, M. S. (2008). Influence of 
hydrogel mechanical properties and mesh size on vocal fold fibroblast extracellular matrix 
production and phenotype. Acta Biomaterialia, 4(5), 1161–1171. https://doi.org/10.1016/j.
actbio.2008.04.013.

Ligon, S. C., Husár, B., Wutzel, H., Holman, R., & Liska, R. (2014). Strategies to reduce oxygen 
inhibition in photoinduced polymerization. Chemical Reviews, 114(1), 557–589. https://doi.
org/10.1021/cr3005197.

Lin, C.-C., & Metters, A. T. (2006). Hydrogels in controlled release formulations: Network design 
and mathematical modeling. Advanced Drug Delivery Reviews, 58(12), 1379–1408. https://
doi.org/10.1016/j.addr.2006.09.004.

Liu, W. G., & Yao, K. D. (2001). What causes the unfrozen water in polymers: Hydrogen bonds 
between water and polymer chains? Polymer, 42(8), 3943–3947. https://doi.org/10.1016/
S0032-3861(00)00726-6.

Liu, Z., Toh, W., & Ng, T. Y. (2015). Advances in mechanics of soft materials: A review of large 
deformation behavior of hydrogels. International Journal of Applied Mechanics, 07(05), 
1530001. https://doi.org/10.1142/s1758825115300011.

Llorente, M. A., & Mark, J. E. (1979). Model networks of end-linked polydimethylsiloxane chains. 
IV. Elastomeric properties of the tetrafunctional networks prepared at different degrees of dilu-
tion. The Journal of Chemical Physics, 71(2), 682–689. https://doi.org/10.1063/1.438354.

Ma, P. X., & Elisseeff, J. (Eds.) (2005). Scaffolding in tissue engineering (1st ed.). CRC Press. 
ISBN: 9780429121272. https://doi.org/10.1201/9781420027563.

S. M. Magami

https://doi.org/10.1039/c4sm00411f
https://doi.org/10.1016/j.addr.2012.09.010
https://doi.org/10.1039/c7sm01933e
https://doi.org/10.1533/9781845694701.2.255
https://doi.org/10.1002/bip.22183
https://doi.org/10.1002/bip.22183
https://doi.org/10.1002/(sici)1099-0488(19960430)34:6<1019::aid-polb1>3.0.co;2-t
https://doi.org/10.1039/c1sm05786c
https://doi.org/10.1039/c5tb01370d
https://doi.org/10.1080/00222348.2010.549419
https://doi.org/10.1080/00222348.2010.549419
https://doi.org/10.1002/pola.23607
https://doi.org/10.1002/pola.23607
https://doi.org/10.1080/03602559.2011.593082
https://doi.org/10.1080/03602559.2011.593082
https://doi.org/10.1016/j.actbio.2008.04.013
https://doi.org/10.1016/j.actbio.2008.04.013
https://doi.org/10.1021/cr3005197
https://doi.org/10.1021/cr3005197
https://doi.org/10.1016/j.addr.2006.09.004
https://doi.org/10.1016/j.addr.2006.09.004
https://doi.org/10.1016/S0032-3861(00)00726-6
https://doi.org/10.1016/S0032-3861(00)00726-6
https://doi.org/10.1142/s1758825115300011
https://doi.org/10.1063/1.438354
https://doi.org/https://doi.org/10.1201/9781420027563


195

Ma, S., Yu, B., Pei, X., & Zhou, F. (2016). Structural hydrogels. Polymer, 98, 516–535. https://doi.
org/10.1016/j.polymer.2016.06.053.

Magami, S. M. (2017). In situ viscoelasticity and in situ thermo-responsiveness in acrylic acid-
based soft hydrogels. {IOP} Conference Series: Materials Science and Engineering, 264, 
12019. https://doi.org/10.1088/1757-899x/264/1/012019.

Magami, S. M., & Abdulganiyyu, U. (2017). Raft approach to the copolymerisation of methyl 
methacrylate based polymeric micelles. Bayero Journal of Pure and Applied Sciences, 10(1), 
197–204. https://doi.org/10.4314/bajopas.v10i1.28.

Magami, S. M., & Williams, R. L. (2018). Gelation studies on acrylic acid-based hydrogels via 
in situ photo-crosslinking and rheology. Journal of Applied Polymer Science, 135(38), 46691. 
https://doi.org/10.1002/app.46691.

Magami, S. M., & Williams, R. L. (2019a). Roles of the molecular weight of n-ethylene glycol 
diacrylates and UV irradiance on the mechanical properties at the gel point of acrylic acid 
based hydrogels. Journal of Applied Polymer Science, 136(23), 47606. https://doi.org/10.1002/
app.47606.

Magami, S. M., & Williams, R. L. (2019b). Gelation via actionic chelation/crosslinking of acrylic-
acid-based polymers. Polymer International, 68(12), 1980–1991. https://doi.org/10.1002/
pi.5910.

Magami, S. M. (2020). Comparative gelation of acrylic acid and acrylamide in diacrylate and dimeth-
acrylate crosslinked matrices. Polymer Bulletin, https://doi.org/10.1007/s00289-020-03147-x.

Mathur, A. M., Hammonds, K. F., Klier, J., & Scranton, A. B. (1998). Equilibrium swelling of 
poly(methacrylic acid-g-ethylene glycol) hydrogels: Effect of swelling medium and syn-
thesis conditions. Journal of Controlled Release, 54(2), 177–184. https://doi.org/10.1016/
s0168-3659(97)00186-7.

Matyjaszewski, K., Coca, S., Gaynor, S. G., Wei, M., & Woodworth, B. E. (1998). Controlled radi-
cal polymerization in the presence of oxygen. Macromolecules, 31(17), 5967–5969. https://doi.
org/10.1021/ma9808528.

McGinnes, V.  D. (1982). Photoinitiated polymerisation by aromatic carbonyl and alkyl-
phenyl ketone compounds in developments in polymer photochemistry. London: Applied 
Science Publishers.

McKeen, L. W. (2009). Chapter 1- introduction to plastics and elastomers. In L. W. McKeen (Ed.), 
The effect of creep and other time related factors on plastics and elastomers (pp. 1–31). Pp: 
Second Edition. https://doi.org/10.1016/b978-0-8155-1585-2.50003-0.

Mours, M., & Winter, H. H. (1994). Time-resolved rheometry. Rheologica Acta, 33(5), 385–397. 
https://doi.org/10.1007/bf00366581.

Muthukumar, M. (1989). Screening effect on viscoelasticity near the gel point. Macromolecules, 
22(12), 4656–4658. https://doi.org/10.1021/ma00202a050.

Nair, L.  S. (2016). Injectable hydrogels for regenerative engineering. London: Imperial 
College Press.

Namba, R. M., Cole, A. A., Bjugstad, K. B., & Mahoney, M. J. (2009). Development of porous 
PEG hydrogels that enable efficient, uniform cell-seeding and permit early neural process 
extension. Acta Biomaterialia, 5(6), 1884–1897. https://doi.org/10.1016/j.actbio.2009.01.036.

Neto, C.  G. T., Giacometti, J.  A., Job, A.  E., Ferreira, F.  C., Fonseca, J.  L. C., & Pereira, 
M. R. (2005). Thermal analysis of chitosan based networks. Carbohydrate Polymers, 62(2), 
97–103. https://doi.org/10.1016/j.carbpol.2005.02.022.

Niranjan, R., Koushik, C., Saravanan, S., Moorthi, A., Vairamani, M., & Selvamurugan, N. (2013). 
A novel injectable temperature-sensitive zinc doped chitosan/β-glycerophosphate hydrogel 
for bone tissue engineering. International Journal of Biological Macromolecules, 54, 24–29. 
https://doi.org/10.1016/j.ijbiomac.2012.11.026.

Noshadi, I., Walker, B. W., Portillo-Lara, R., Shirzaei Sani, E., Gomes, N., Aziziyan, M. R., & 
Annabi, N. (2017). Engineering biodegradable and biocompatible bio-ionic liquid conjugated 
hydrogels with tunable conductivity and mechanical properties. Scientific Reports, 7(1), 4345. 
https://doi.org/10.1038/s41598-017-04280-w.

7  Functional Crosslinked Hydrogels

https://doi.org/10.1016/j.polymer.2016.06.053
https://doi.org/10.1016/j.polymer.2016.06.053
https://doi.org/10.1088/1757-899x/264/1/012019
https://doi.org/10.4314/bajopas.v10i1.28
https://doi.org/10.1002/app.46691
https://doi.org/10.1002/app.47606
https://doi.org/10.1002/app.47606
https://doi.org/10.1002/pi.5910
https://doi.org/10.1002/pi.5910
https://doi.org/10.1016/s0168-3659(97)00186-7
https://doi.org/10.1016/s0168-3659(97)00186-7
https://doi.org/10.1021/ma9808528
https://doi.org/10.1021/ma9808528
https://doi.org/10.1016/b978-0-8155-1585-2.50003-0
https://doi.org/10.1007/bf00366581
https://doi.org/10.1021/ma00202a050
https://doi.org/10.1016/j.actbio.2009.01.036
https://doi.org/10.1016/j.carbpol.2005.02.022
https://doi.org/10.1016/j.ijbiomac.2012.11.026
https://doi.org/10.1038/s41598-017-04280-w


196

Oh, J., & Myungjin, C. (2009). Patent No. US8663788B2. Available in: https://patents.google.
com/patent/us8663788

Ortmans, G., & Hassiepen, M. (1989). Fire-resistant glazing and method of making same. 
U.S. Patent No. 4,830,913. Washington, DC: U.S. Patent and Trademark Office. Available in: 
https://patents.google.com/patent/us4830913a/en

Pai, A., & Al-Singary, W. (2015). Durability, safety and efficacy of polyacrylamide hydrogel 
(Bulkamid(®)) in the management of stress and mixed urinary incontinence: Three year follow 
up outcomes. Central European Journal of Urology, 68(4), 428–433. https://doi.org/10.5173/
ceju.2015.647.

Pastorczak, M., Kozanecki, M., & Ulanski, J. (2009). Water-polymer interactions in PVME hydro-
gels  - Raman spectroscopy studies. Polymer, 50(19), 4535–4542. https://doi.org/10.1016/j.
polymer.2009.07.048.

Patel, S. K., Malone, S., Cohen, C., Gillmor, J. R., & Colby, R. H. (1992). Elastic modulus and equi-
librium swelling of poly(dimethylsiloxane) networks. Macromolecules, 25(20), 5241–5251. 
https://doi.org/10.1021/ma00046a021.

Pechini, M. P. (1967). Patent No. 3330697.
Quinn, F. X., Kampff, E., Smyth, G., & McBrierty, V. J. (1988). Water in hydrogels. 1. A study 

of water in poly(N-vinyl-2-pyrrolidone/methyl methacrylate) copolymer. Macromolecules, 
21(11), 3191–3198. https://doi.org/10.1021/ma00189a012.

Rosiak, J. M., & Yoshii, F. (1999). Hydrogels and their medical applications. Nuclear Instruments 
and Methods in Physics Research Section B: Beam Interactions with Materials and Atoms, 
151(1), 56–64. https://doi.org/10.1016/s0168-583x(99)00118-4.

Ruel-Gariépy, E., & Leroux, J.-C. (2004). In situ-forming hydrogels—Review of temperature-sen-
sitive systems. European Journal of Pharmaceutics and Biopharmaceutics, 58(2), 409–426. 
https://doi.org/10.1016/j.ejpb.2004.03.019.

Sannino, A., Demitri, C., & Madaghiele, M. (2009). Biodegradable cellulose-based hydrogels: 
Design and applications. Materials, 2(2), 353–373. https://doi.org/10.3390/ma2020353.

Sarkar, N. (1979). Thermal gelation properties of methyl and hydroxypropyl methylcel-
lulose. Journal of Applied Polymer Science, 24(4), 1073–1087. https://doi.org/10.1002/
app.1979.070240420.

Scholz, F., & Kahlert, H. (2015). The calculation of the solubility of metal hydroxides, oxide-
hydroxides, and oxides, and their visualisation in logarithmic diagrams. ChemTexts, 1(1), 7. 
https://doi.org/10.1007/s40828-015-0006-0.

Shen, Y., Zhu, H., Wang, Y., Cui, H., & Sun, R. (2019). Applications and implications of environ-
mental-responsive polymers toward agrochemicals. In T. Gutiérrez (Ed.), Polymers for Agri-
food applications (pp. 67–90). Cham: Springer. https://doi.org/10.1007/978-3-030-19416-1_5.

Singhal, R., & Gupta, K. (2016). A review: Tailor-made hydrogel structures (classifications and 
synthesis parameters). Polymer-Plastics Technology and Engineering, 55(1), 54–70. https://
doi.org/10.1080/03602559.2015.1050520.

Stammen, J. A., Williams, S., Ku, D. N., & Guldberg, R. E. (2001). Mechanical properties of 
a novel PVA hydrogel in shear and unconfined compression. Biomaterials, 22(8), 799–806. 
https://doi.org/10.1016/s0142-9612(00)00242-8.

Stuart, B. (2015). Infrared spectroscopy. In Kirk-Othmer Encyclopedia of chemical technology 
(pp. 1–18). https://doi.org/10.1002/0471238961.0914061810151405.a01.pub3.

Sun, G., Shen, Y.-I., Kusuma, S., Fox-Talbot, K., Steenbergen, C. J., & Gerecht, S. (2011). Functional 
neovascularization of biodegradable dextran hydrogels with multiple angiogenic growth fac-
tors. Biomaterials, 32(1), 95–106. https://doi.org/10.1016/j.biomaterials.2010.08.091.

te Nijenhuis, K. (2007). On the nature of crosslinks in thermoreversible gels. Polymer Bulletin, 
58(1), 27–42. https://doi.org/10.1007/s00289-006-0610-7.

Menczel, J.  D., & Prime, R.  B. (2009). Thermal analysis of polymers. (1st ed.). https://doi.
org/10.1002/9780470423837.

Tomadoni, B., Casalongué, C., & Alvarez, V. A. (2019). Biopolymer-based hydrogels for agri-
culture applications: Swelling behavior and slow release of agrochemicals. In T.  Gutiérrez 

S. M. Magami

https://patents.google.com/patent/us8663788
https://patents.google.com/patent/us8663788
https://patents.google.com/patent/us4830913a/en
https://doi.org/10.5173/ceju.2015.647
https://doi.org/10.5173/ceju.2015.647
https://doi.org/10.1016/j.polymer.2009.07.048
https://doi.org/10.1016/j.polymer.2009.07.048
https://doi.org/10.1021/ma00046a021
https://doi.org/10.1021/ma00189a012
https://doi.org/10.1016/s0168-583x(99)00118-4
https://doi.org/10.1016/j.ejpb.2004.03.019
https://doi.org/10.3390/ma2020353
https://doi.org/10.1002/app.1979.070240420
https://doi.org/10.1002/app.1979.070240420
https://doi.org/10.1007/s40828-015-0006-0
https://doi.org/10.1007/978-3-030-19416-1_5
https://doi.org/10.1080/03602559.2015.1050520
https://doi.org/10.1080/03602559.2015.1050520
https://doi.org/10.1016/s0142-9612(00)00242-8
https://doi.org/10.1002/0471238961.0914061810151405.a01.pub3
https://doi.org/10.1016/j.biomaterials.2010.08.091
https://doi.org/10.1007/s00289-006-0610-7
https://doi.org/10.1002/9780470423837
https://doi.org/10.1002/9780470423837


197

(Ed.), Polymers for Agri-food applications (pp.  99–125). Cham: Springer. https://doi.
org/10.1007/978-3-030-19416-1_7.

Toozs-Hobson, P., Al-Singary, W., Fynes, M., Tegerstedt, G., & Lose, G. (2012). Two-year follow-
up of an open-label multicenter study of polyacrylamide hydrogel (Bulkamid®) for female 
stress and stress-predominant mixed incontinence. International Urogynecology Journal, 
23(10), 1373–1378. https://doi.org/10.1007/s00192-012-1761-8.

Valencia, G. A., Zare, E. N., Makvandi, P., & Gutiérrez, T. J. (2019). Self-Assembled carbohydrate 
polymers for food applications: A review. Comprehensive Reviews in Food Science and Food 
Safety, 18(6), 2009–2024. https://doi.org/10.1111/1541-4337.12499.

Vural, S., Dikovics, K. B., & Kalyon, D. M. (2010). Cross-link density, viscoelasticity and swell-
ing of hydrogels as affected by dispersion of multi-walled carbon nanotubes. Soft Matter, 6(16), 
3870–3875. https://doi.org/10.1039/c0sm00099j.

Williams, P. R., & Williams, R. L. (1997). Gel-point studies in reacting systems by shear wave dis-
persion measurements. Journal of Non-Newtonian Fluid Mechanics, 68(2), 311–322. https://
doi.org/10.1016/s0377-0257(96)01510-8.

Winter, H. H. (1987). Can the gel point of a cross-linking polymer be detected by the G′ – G″ 
crossover? Polymer Engineering & Science, 27(22), 1698–1702. https://doi.org/10.1002/
pen.760272209.

Wu, Y.-H., & Freeman, B. D. (2009). Structure, water sorption, and transport properties of cross-
linked N-vinyl-2-pyrrolidone/N,N′-methylenebisacrylamide films. Journal of Membrane 
Science, 344(1), 182–189. https://doi.org/10.1016/j.memsci.2009.07.050.

Wychowaniec, J.  K. (2017). Designing nanostructured peptide hydrogels containing graphene 
oxide and its derivatives for tissue engineering and biomedical applications (The University 
of Manchester). Available in: https://www.research.manchester.ac.uk/portal/files/64900745/
full_text.pdf p 120.

Wyss, H. M. (2016). Rheology of soft materials. In A. Fernandez-Nieves & A. M. Puertas (Eds.), 
Fluids, colloids and soft materials (pp. 149–163). https://doi.org/10.1002/9781119220510.ch9.

Xu, J., Liu, X., Ren, X., & Gao, G. (2018). The role of chemical and physical crosslinking in dif-
ferent deformation stages of hybrid hydrogels. European Polymer Journal, 100, 86–95. https://
doi.org/10.1016/j.eurpolymj.2018.01.020.

Yagci, Y., Jockusch, S., & Turro, N.  J. (2010). Photoinitiated polymerization: Advances, chal-
lenges, and opportunities. Macromolecules, 43(15), 6245–6260. https://doi.org/10.1021/
ma1007545.

Zarrintaj, P., Jouyandeh, M., Ganjali, M.  R., Hadavand, B.  S., Mozafari, M., Sheiko, S.  S., 
Vatankhah-Varnoosfaderani, M., Gutiérrez, T.  J., & Saeb, M.  R. (2019). Thermo-sensitive 
polymers in medicine: A review. European Polymer Journal, 117, 402–423. https://doi.
org/10.1016/j.eurpolymj.2019.05.024.

7  Functional Crosslinked Hydrogels

https://doi.org/10.1007/978-3-030-19416-1_7
https://doi.org/10.1007/978-3-030-19416-1_7
https://doi.org/10.1007/s00192-012-1761-8
https://doi.org/10.1111/1541-4337.12499
https://doi.org/10.1039/c0sm00099j
https://doi.org/10.1016/s0377-0257(96)01510-8
https://doi.org/10.1016/s0377-0257(96)01510-8
https://doi.org/10.1002/pen.760272209
https://doi.org/10.1002/pen.760272209
https://doi.org/10.1016/j.memsci.2009.07.050
https://www.research.manchester.ac.uk/portal/files/64900745/full_text.pdf
https://www.research.manchester.ac.uk/portal/files/64900745/full_text.pdf
https://doi.org/10.1002/9781119220510.ch9
https://doi.org/10.1016/j.eurpolymj.2018.01.020
https://doi.org/10.1016/j.eurpolymj.2018.01.020
https://doi.org/10.1021/ma1007545
https://doi.org/10.1021/ma1007545
https://doi.org/10.1016/j.eurpolymj.2019.05.024
https://doi.org/10.1016/j.eurpolymj.2019.05.024

	Chapter 7: Functional Crosslinked Hydrogels
	7.1 Introduction
	7.2 Fundamentals of Hydrogel Structure
	7.2.1 The Critical Gel and the Gel Point
	7.2.2 Microstructure

	7.3 Crosslinking in Functional Hydrogels
	7.3.1 Covalently Crosslinked Hydrogels
	7.3.2 Ionically Crosslinked Hydrogels
	7.3.3 Entanglement in Hydrogels

	7.4 Composition of Functional Hydrogels
	7.5 Routes for the Synthesis of Hydrogels
	7.6 Characteristics of Functional Hydrogels
	7.6.1 Swelling Characteristics
	7.6.2 Optical Properties
	7.6.3 Mechanical Properties
	7.6.4 Stimulus Response

	7.7 Characterization Methods
	7.7.1 Spectroscopic Analysis Methods
	7.7.2 Microscopic Analysis Methods
	7.7.3 Methods of Rheological Analysis
	7.7.4 Sol-Gel Transition and the Gel Point
	7.7.5 Other Characterization Methods
	7.7.6 Practical Notes

	7.8 Applications of Functional Hydrogels
	7.8.1 Healthcare and Biomedical Applications
	7.8.2 Fire Resistance Glazing Applications
	7.8.3 Personal Care/Hygiene Application

	7.9 Remark Conclusions
	References




