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Preface
The field of “Hydrogels” is ever expanding with newer applications being explored always.
Hydrogels act as unique platform for desired biomedical applications and applications in
the field of drug delivery, guided by different cross-linking chemistry. They are usually
found to vary in their intrinsic physicochemical characteristics such as hydrophilicity, swell‐
ability, gelation, mechanical strength, porosity, biocompatibility, and biodegradability. Mo‐
lecular constitution of the hydrogels can be tuned by physical or chemical cross-linking,
influencing their in vitro and in vivo characteristics and ultimately their performance. An
ideal hydrogel for biomedical applications in the area of regenerative medicine, tissue adhe‐
sion, and design of 3D tissue engineering scaffolds for cellular growth should promote cellcell interactions, cell-polymer bioadhesion, cellular penetration, proliferation,
differentiation, and migration. Hydrogels are being increasingly investigated for their uti‐
lization in oral, parenteral, ocular, topical, and transdermal drug delivery in order to achieve
tailor-made, pre-programmed controlled drug release. Porosity, rheological behavior and in
vivo erosion rate are the primary factors governing drug release from hydrogel-based dos‐
age forms. Stimuli-responsive hydrogels offer great potential in fabrication of specialized
drug delivery systems. Growing interest in this class of polymeric macromolecules necessi‐
tates a holistic study covering every aspect, from synthesis, characterization, mathematical
modeling, performance improvement to embarking opportunities. The intent of this book is
to equip academia and industry with adequate basic and applied principles related to hy‐
drogels. The book is an up-to-date, authoritative, and multi-authored treatise on hydrogels
and has been divided into eight Chapters. Chapter 1 focuses on the key features, classifica‐
tion, and synthesis of hydrogels with a comprehensive review on stimulus-responsive hy‐
drogels and their diverse applications. Chapter 2 provides an insight into various forms of
spectroscopy as analytical tool for hydrogel characterization, in addition to microscopic and
rheological studies. Chapters 3 4 have attempted to bring together the emerging concepts,
theories of sorption, characterization, and applications of the hydrogel in the area of uptake
of metal ions and fertilizers. The central theme of Chapters 5 through 7 is the mathematical
modeling of diffusion into and release from hydrogel-based devices and their biomedical
and pharmaceutical applications. The last chapter deals with a novel class of hydrogels, en‐
dowed with self-healing attribute. The book will be of interest to academicians and research‐
ers of biomedical and pharmaceutical science as well as practitioners of cognate disciplines
with demand for hydrogel.
Dr. Sutapa Biswas Majee,
NSHM College Of Pharmaceutical Technology,
NSHM Knowledge Campus, Kolkata-Gropu Of Institutions,
Kolkata
India

Chapter 1

Introductory Chapter: An Overview of Hydrogels
Sutapa Biswas Majee
Additional information is available at the end of the chapter
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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
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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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Abstract
Hydrogels have existed for more than half a century, and today they have many
applications in various processes ranging from industrial to biological. There are
numerous original papers, reviews, and monographs focused on the synthesis,
properties, and applications of hydrogels. This chapter covers the fundamental aspects
and several applications of hydrogels based on the old and the most recent publica‐
tions in this field.
Keywords: Hydrogels, Classification, Synthesis, Applications, Drug delivery, Spinal
cord injury, Supercapacitor

1. Introduction
A hydrogel is a three-dimensional (3D) network of hydrophilic polymers that can swell in water
and hold a large amount of water while maintaining the structure due to chemical or physical
cross-linking of individual polymer chains. Hydrogels were first reported by Wichterle and Lím
(1960) [1]. By definition, water must constitute at least 10% of the total weight (or volume) for a
material to be a hydrogel. Hydrogels also possess a degree of flexibility very similar to natu‐
ral tissue due to their significant water content. The hydrophilicity of the network is due to the
presence of hydrophilic groups such as -NH2, -COOH, -OH, -CONH2, - CONH -, and -SO3H.
Hydrogels undergo a significant volume phase transition or gel-sol phase transition in
response to certain physical and chemical stimuli. The physical stimuli include temperature,
electric and magnetic fields, solvent composition, light intensity, and pressure, while the

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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chemical or biochemical stimuli include pH, ions, and specific chemical compositions.
However, in most cases such conformational transitions are reversible; therefore, the hydrogels
are capable of returning to their initial state after a reaction as soon as the trigger is removed.
The response of hydrogels to external stimuli is mainly determined by the nature of the
monomer, charge density, pendant chains, and the degree of cross-linkage. The magnitude of
response is also directly proportional to the applied external stimulus.
There are numerous original papers, reviews, and monographs focused on the synthesis,
properties, and applications of hydrogels. This chapter covers the fundamental aspects and
application areas of hydrogels.

2. Classifications of hydrogels
The literature reports a number of classifications of hydrogels and presents several views.
Hydrogels are mainly formed from biopolymers and/or polyelectrolytes. Concerning defini‐
tions of hydrogel types, according to the source, hydrogels can be divided into those formed
from natural polymers and those formed from synthetic polymers [2]. Depending on the ionic
charges on the bound groups, hydrogels may be cationic, anionic, or neutral. The types of
cross-linking agents also can be the criteria for classification.
Hydrogels can be physical, chemical, or biochemical. Physical gels can undergo a transition
from liquid to a gel in response to a change in environmental conditions such as temperature,
ionic concentration, pH, or other conditions such as mixing of two components. Chemical gels
use covalent bonding that introduces mechanical integrity and degradation resistance
compared to other weak materials. In biochemical hydrogels, biological agents like enzymes
or amino acids participate in the gelation process.
It is also possible to divide hydrogels into groups based on their structure: amorphous,
semicrystalline, crystalline, and hydrocolloid aggregates [3]. Figure 1 clearly represents the
classification of hydrogels based on their source and properties, along with detailed classifi‐

Figure 1. Classification of hydrogels based on the different properties.
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cations based on their response, that is, physically, chemically, and biochemically responsive
hydrogels (Figures 2 and 3).

Figure 2. In situ hydrogel formation using chemical cross-linking and ionic interaction between alginate and calcium
ions [61, 62].

Figure 3. In situ hydrogel formation using an enzymatic cross-linking reaction with horseradish peroxidase (HRP) and
H2O2 [62].
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3. Synthesis of hydrogels
Based on the methods of preparation, hydrogels may be classified as homopolymer,
copolymer, semi-interpenetrating network (semi-IPN) and interpenetrating network (IPN).
Table 1 indicates some examples.

Type of
hydrogel

Monomer

Homopolymer Poly(2-hydroxyethyl
methacrylate)
(PHEMA)
2-Hydroxyethyl
methacrylate
(HEMA)
Polyethylene glycol
(PEG)

Copolymer

Methacrylic acid
(MAA)
PEG-PEGMA

Cross-linker

Specific reaction conditions

References Applications

Polyethylene
glycol
dimethacrylate

Presence of benzoin isobutyl
ether as the UV-sensitive
initiator

[4, 5]

TEGDMA
(triethylene
glycol
dimethacrylate)

Tetra(ethylene
glycol)
dimethacrylate

Drug delivery
systems, contact
lenses, scaffolds
for protein
recombination
Wound healing
and functional
tissues
production

Free-radical
photopolymerization

[4–7]

Drug delivery,
hydrogel
dressing
material

N,N′-methylene Template copolymerization
bisacrylamide

[75]

Drug delivery

N,N′-methylene N,N,N′,N′bisacrylamide
tetramethylethylenediamine
(TEMED), ammonium
persulphate (APS) and
Presence of UV light

[76]

Drug delivery

No cross
-linking agent

[63, 49]

Tissue
regeneration

Carboxymethyl
cellulose (CMC)
Polyvinylpyrrolidone
(PVP)
Semi-inter
penetrating
network

Acrylamide/acrylic
acid copolymer

Inter
penetrating
network

Poly(N-isopropyl
acrylamide)
(PNIPAM)

Linear cationic
polyallylammonium
chloride

Chitosan
Self
-assembling
peptide
systems

Acrylate-modified
PEG and acrylatemodified hyaluronic
acid
Heparin
Amine endfunctionalized 4-arm
star-PEG

Presence of UV light and a
photo-initiator

EDC/sulfo-NHS solution and
low temperature

Table 1. Some examples of synthesis methods and applications of hydrogels.
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Homopolymers contain only one type of monomer in their structure, and based on the nature
of the monomer and the technique used for polymerization, they may have a cross-linked
structure (Figure 4).

Figure 4. Structures of (a) HEMA and (b) TEGDMA.

Copolymeric hydrogels are composed of two types of monomers, of which at least one is
hydrophilic in nature (Figures 5–7).

Figure 5. Synthesis of the poly(e-caprolactone)-HEMA macromonomer.

Figure 6. Synthesis of the poly(2-hydroxyethyl methacrylate)-graft-poly(e-caprolactone) copolymer.
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Figure 7. Dicyclohexylcarbodiimide (DCCI) method to synthesize PEG-containing macromonomers.

A semi-IPN forms when a linear polymer penetrates into another cross-linked network
without any other chemical bonds between them. Semi-IPNs can more effectively preserve
rapid kinetic response rates to pH or temperature due to the absence of a restricting inter‐
penetrating elastic network while still providing the benefits like modified pore size, slow drug
release, etc.
Combining of two polymers can lead to the formation of IPNs provided that one of them is
already present in the solution and the other is synthesized or cross-linked in situ. This process
is done by preparing a solution of monomers and initiators and then immersing a prepolymerized hydrogel into this solution. The pore size and surface properties of an IPN can
be modified to control the kinetics of drug release, environmental interactions of the hydrogel,
and its mechanical features.
It is worth to point here the self-assembling peptide systems that are synthetic amino acidbased molecules which undergo a sol-gel transition when brought to neutral pH and ionic
concentration. These systems do not use cross-linking agents; hence, they can safely encapsu‐
late cells and/or drugs without exposing them to toxic agents [49] (Figures 8 and 9).

Figure 8. In situ hydrogel formation using photo-cross-linking.
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Figure 9. Hydrogel formation by cross-linking of star-PEG and heparin.

4. Some common types of hydrogels
The environment-sensitive hydrogels, also called “intelligent” or “smart” hydrogels, are
currently the subject of considerable scientific research in various fields including biomedical,
biotechnology, pharmaceutical, and separation science. In this section, we will introduce four
classes of most used hydrogels.
4.1. pH-sensitive hydrogels
Any pH-sensitive polymer structurally contains hanging acidic (e.g. carboxylic and sulfonic
acids) or basic (e.g. ammonium salts) groups that respond to the pH changes in their environ‐
ment by gain or loss of protons. Polyelectrolytes are polymers that have a large number of such
ionizable groups. Anionic polyelectrolytes such as poly(acrylic acid) (PAA) are deprotonated
in basic environmental conditions and then electrostatic repulsions between the chains
strongly increase, which allow water molecules to penetrate causing drastic swelling of the
hydrogel. However, in an acidic media, the acidic polymer protonates resulting in a decrease
of charge density and polymer volume collapse (Figure 10). In contrast, cationic polyelectro‐
lytes such as poly(N,N 9-diethylaminoethyl methacrylate) become ionized and swell in acidic
pH (Figure 10). Amphiphilic hydrogels contain both acidic and basic moieties; therefore, they
exhibit two-phase transitions in both acidic and basic environments, rather than neutral media.
Figure 11 clearly demonstrates phase transition behavior of polyelectrolyte hydrogels. Worth
noting is that the phase transition from collapsed state to expanded state occurs in a small
range close to the apparent dissociation constant pKa of the hydrogel which is mostly identical
with the pKa of the ionizable groups. Approximately at the apparent pKa of the polymer, the
ionization begins and the electrostatic repulsions of the same charges present in the polymer
network cause a drastic swelling of the hydrogel. If the ionization of the ionizable component
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is complete, the swelling process stops and further pH increase only increases the ionic strength
[7, 8]. The phase transition pH range can be modulated by selecting the ionizable moiety with
a pKa matching the desired pH range or by incorporating hydrophobic moieties into the
polymer backbone [10].

Figure 10. pH-dependent ionization of polyelectrolytes. (a) Poly(acrylic acid) and (b) poly(N,N’-diethylaminoethyl
methacrylate).

Figure 11. Phase transition behavior of polyelectrolyte hydrogels. Acidic hydrogels (□) are ionized by deprotonation in
basic solutions. Basic hydrogels (○) swell in acidic solutions due to the ionization of their basic groups by protonation.
Amphiphilic hydrogels (Δ) contain both acidic and basic groups, therefore they show two-phase transitions.
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Ionization of a polyelectrolyte takes place similar to acidic or basic groups of monoacids or
monobases, but due to the electrostatic effects of neighboring groups, it will have a different
dissociation constant (Ka) from corresponding monoacids or monobases.
The extent of swelling is influenced by any factor that alters this electrostatic repulsion
including pH, ionic strength, and the type of counterions. Figure 12 shows this phenomenon.
In this figure, hydrogel has two phases: one phase is separated, gel-like, and formed by
polymer-polymer interactions. In this condition, the maximum hydrophobicity takes place and
the shrinkage of hydrogel occurs. In the second phase, interactions between the solvent and
the polymer create a mixed phase in which the polymer and the aqueous solution are mixed
well. The maximal value of hydrophilicity and swelling occurs in this second phase [7].

Figure 12. Phase transition behavior of stimuli-responsive hydrogels.

Different pH-sensitive behaviors and degrees of swelling can be achieved by using different
monomers. The most commonly studied ionic polymers for pH-responsive behavior include
poly(acrylamide) (PAAm), PAA, poly(methacrylic acid) (PMAA), poly(diethylaminoethyl
methacrylate) (PDEAEMA), and poly(dimethylaminoethyl methacrylate) (PDMAEMA).
Polymers containing phosphoric acid derivatives have also been reported.
4.2. Temperature-sensitive hydrogels
Temperature-sensitive hydrogels (thermogels) are aqueous monomer/polymer solutions,
which have the ability to form a gel upon temperature change and have a slightly hydrophobic
characteristic due to the presence of groups such as methyl, ethyl, and propyl, which preferably
interact with water molecules by hydrogen bonds that cause the hydrogel to swell. These
hydrogen bonds are correlated to the temperature. The structures of some of the temperaturesensitive hydrogels are shown in Figure 13.
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Figure 13. Structures of some temperature-sensitive polymers.

As can be seen, the common characteristic of temperature-sensitive polymers is the presence
of hydrophobic groups. Most polymers increase their water solubility as the temperature
increases. However, in some cases water solubility decreases with an increase in temperature
(inverse or negative temperature dependence) [9]. This unusual behavior produces a phe‐
nomenon of polymer phase transition as the temperature is raised to a critical value called the
“lower critical solution temperature” or LCST, which is an entropy-driven process. In the case
of hydrogels with negative thermosensitivity, right below the LCST, water is a good solvent
for the polymer, and hydrogen bonding interactions between the polymer and water molecules
lead to enhanced dissolution in water. However, when the temperature exceeds the LCST,
these interactions are broken, and the polymer chains collapse and then precipitate in the
media [10, 11]. These types of hydrogels comprise polymer chains that either possess moder‐
ately hydrophobic segments (if too hydrophobic, the polymer chains will not dissolve in water
at all) or contain a mixture of hydrophilic and hydrophobic groups.

Figure 14. Some examples of poly(organophosphazene) thermogels.
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As the temperature increases, positive thermosensitive hydrogels exhibit just the opposite
behavior of negative thermosensitive hydrogels. The LCST of hydrogels can be modulated to
increase by adding a hydrophilic component, or to decrease with a hydrophobic one. Due to
this property, temperature-sensitive hydrogels swell below the LCST and collapse in an
aqueous environment above this temperature, being thus suitable for controlled drug delivery.
Among others, poly(N-isopropylacrylamide) (PNIPAM) is the most studied thermosensitive
hydrogel in tissue engineering investigations. This is due to the ability of PNIPAM to squeeze
out the absorbed drug when temperature is near that of the human body [19].
Other examples of thermosensitive hydrogels are collagen, agarose, hyaluronic acid, poly(or‐
ganophosphazenes), and chitosan [58, 59] (Figure 14).
4.3. Electro-sensitive hydrogels
Electro-sensitive hydrogels, as the name indicates, undergo shrinking or swelling in the
presence of an applied electric field. Like pH-sensitive hydrogels, they are usually composed
of polyelectrolytes. Under the influence of an electric field, a force on counterions and immobile
charged groups is produced in the network, which attracts mobile ions to the electrodes. As a
result, the hydrogel can swell and shrink regionally at the cathode and anode, respectively.
This phenomenon leads to bending of the hydrogel, which is caused by ion concentration
difference inside the hydrogel network and culture medium and can be explained by Flory’s
theory of osmotic pressure [12–17]. The extent of bending depends on hydrogel structure and
electrical field characteristics including strength, direction, and duration of the electrical
stimulus. Electro-sensitive hydrogels can selectively be permeable for a specific molecular size
and adjust the water permeability by expanding and contracting in micropore size under
electrical stimulation [18]. Because electro-responsive hydrogels can transform electrical
energy into mechanical energy and have promising applications in biomechanics, sensing,
energy transduction, sound dampening, chemical separations, controlled drug delivery [33],
and tissue engineering [20, 21], these polymers are an increasingly important class of smart
materials. Hydrogels of acrylamide and carboxylic acid derivatives like PAA have been
utilized as electro-sensitive and biocompatible smart muscle-based devices [22, 23].
4.4. Light-responsive hydrogels
Photo-responsive hydrogels undergo a change in their properties when irradiated with light
of the appropriate wavelength. Typically, these changes are the result of light-induced
structural transformations of specific functional groups along the polymer backbone or side
chains. Light-sensitive hydrogels can expand and contract upon exposure to ultraviolet (UV)
or visible light. Visible light offers many advantages over UV light including wide availability,
low cost, ease of manipulation, and clean operation. The mechanism of visible light-induced
volume change of hydrogels is based on the induction of temperature changes by incorporating
a photo-responsive functional group (chromophore) (e.g. trisodium salt of copper chlorophyl‐
lin) into the polymer network. Under exposure to a specific wavelength, the chromophore
absorbs light which is then dissipated locally as heat, increasing the “local” temperature of the
hydrogel [26]. The resulting temperature change alters the swelling behavior of the thermo‐
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sensitive hydrogel [9]. Because of the thermal nature of the infrared radiation, it can also be
used to elicit a hydrogel response in the absence of chromophores. If an additional functional
group, such as an ionizable moiety of PAA, is incorporated into the hydrogel network, the
light-responsive hydrogels become sensitive to pH changes also. This type of hydrogel can be
induced to shrink by visible light and can be induced to swell by increasing the pH. The UVsensitive hydrogels can be synthesized by introducing a leuco derivative molecule into the
polymer network. Leuco derivatives are normally neutral but dissociate into ion pairs upon
UV exposure. At a fixed temperature, the hydrogels discontinuously swelled in response to
UV irradiation but shrank when the UV light was removed [24]. The potential applications of
light-responsive hydrogels in the development of artificial muscles [25, 64], reversible valves
in microfluidic devices [65], and temporal drug delivery were proposed.

5. Applications of hydrogels
Hydrogels are used in many fields. This is due to their specific structures and compatibility
with different conditions of use. Flexibility of hydrogels, which is because of their water
content, makes it possible to use them in different conditions ranging from industrial to
biological, and the biocompatibility of the materials used to produce them and also their
chemical behavior in biological environments, which can be nontoxic, extends their applica‐
tions to the medical sciences.
Major applications and some examples of hydrogel usages are listed below. Note that it is not
a complete listing but considers the most practical applications of hydrogels in medicine and
industry.
5.1. Drug delivery
Controlled drug delivery systems (DDS), which are used to deliver drugs at certain rates for
predefined periods of time, have been used to overcome the limitations of regular drug
formulations. The marvelous properties of hydrogels make them a great choice in drug
delivery applications. The hydrogel structures with high porosity can be obtained by control‐
ling two factors: the degree of cross-linking in the matrix and the affinity of hydrogel to the
aqueous environment in which swelling occurs. Due to the porous structures, hydrogels are
highly permeable to different kinds of drugs and thus drugs can be loaded and, in proper
conditions, released [27]. The possibility of releasing pharmaceuticals for long periods of time
(sustained release) is the main advantage obtained from hydrogels in drug delivery investi‐
gations, which results in supplying a high concentration of an active pharmaceutical substance
to a specific location over a long period of time.
Both physical (electrostatic interactions) and chemical (covalent bonding) strategies can be
employed to enhance the binding between a loaded drug and the hydrogel matrix to extend
the duration of drug release. Hydrogels can store and protect various drugs from hostile
environments, and release them at a desired kinetics of the release. Drug release can be
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activated on demand by local changes in pH, temperature, the presence of specific enzymes,
or by remote physical stimuli.
5.1.1. pH-sensitive hydrogels in DDS
Since the pH change occurs at many specific or pathological body sites, it is one of the important
environmental parameters for DDS. The human body exhibits variations of pH along the
gastrointestinal tract and also in some specific areas such as certain tissues (and tumoral areas)
and subcellular compartments. Both acidic and basic polymers are employed in pH-sensitive
DDS. PAA, PMAA, poly(L-glutamic acid), and polymers containing sulfonamide are the most
commonly used acidic polymers for drug delivery. Typical examples of the basic polyelectro‐
lytes include poly(2-(dimethylamino) ethyl methacrylate) and poly(2-(diethylamino) ethyl
methacrylate), poly(2-vinylpyridine), and biodegradable poly(β-amino ester).
pH-sensitive hydrogels were also used for extraction and determination purposes by different
methodologies [28–31].
5.1.2. Temperature-sensitive hydrogels in DDS
Thermosensitive polymers, like pH-responsive systems, offer many possibilities in biomedi‐
cine.
Among many temperature-sensitive polymers, poly(N-isopropylacrylamide) (PNIPAAm)
and poly(N,N-diethylacrylamide) (PDEAAm) find many applications. PDEAAm has a low
value of LCST (a critical temperature below which the components of a solution with any
composition are miscible) in the range of 25–32°C, which is near to normal body temperature.
5.2. Dyes and heavy metal ions removal
Heavy metal pollution is commonly found in wastewater of many industrial processes and
has been known to cause severe threats to the public health and ecological systems. The
removal of heavy metal ions from various water resources is of great scientific and practical
interest.
Synthetic cross-linked polyacrylate hydrogels have been used to remove heavy metal toxicity
from aqueous media [27]. However, application of these synthetic materials on large scales
may not be a practical solution because they are very costly.
The pollution caused by heavy metal ions can be removed by well-known adsorption processes
which, alongside flexibility in design and operation, offer the advantage of reusing the treated
effluent. Also because of general reversibility of adsorption process, it is usually possible to
regenerate the adsorbent to make the process most cost-effective.
The use of hydrogels as adsorbents for the removal of heavy metals, recovery of dyes, and
removal of toxic components from various effluents has been studied. Adsorbents with
carboxyl, sulfonic, phosphonic, and nitrogen groups on their surface favor metal ion adsorp‐
tion [77].
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The hydrogels were proven to be excellent dye adsorbent materials with extremely high
amounts of methylene blue adsorption.
Among hydrogel-forming materials, polyelectrolytes have a special significance in heavy
metal ions’ removal. Many applications of polyelectrolytes in this area are due to their ability
to bind oppositely charged metal ions to form complexes.
In fact, having both cationic and anionic charges on the micro- or nano-gel provides additional
advantages for the removal of two distinct species simultaneously. Hydrogels are versatile
and viable materials that show potential for environmental applications.
Chitosan, alginate, starch, and cellulose derivatives are biopolymer-based hydrogels, which
were used to remove metal ions from aqueous media. It has been shown that the sorption
mechanism and sorption capacity of heavy metal ions were influenced by the functional
groups of the hydrogel. This is because of the participation of other processes like chelating
and ion exchange rather than simple sorption in removal of metal ions [78, 79].
Chitosan-based hydrogels are applicable in the removal of heavy metal ions due to the
presence of multiple amino (NH2) and hydroxyl (OH) groups in their structure. This applica‐
bility originates from the tendency of metal ions to form chelates with the so-called amino
groups. But after reaction of chitosan with cross-linkers, its alkalescence which is related to
adsorption capacity is decreased. Chemical modification of these functional groups can
improve not only the adsorption capacity but also the physicochemical properties of chitosan
[79, 80]. Different approaches were employed by researchers to modify chitosan including the
use of amino acid esters, oxo-2-glutaric acid, pyridyl, ethylenediamine, carbodiimide, aromatic
polyimides, amine-functionalized magnetic nanoparticles, and glycine [81–83]. It is shown in
these studies that both adsorption capacity and mechanical resistance of chitosan-based
hydrogels will improve after modification of functional groups.
5.3. Scaffolds in tissue engineering
Tissue engineering is defined as a combination of materials, engineering, and cells to improve
or replace biological organs. This needs finding proper types of cells and culturing them in a
suitable scaffold under appropriate conditions. Hydrogels are an appealing scaffold material
because their structures are similar to the extracellular matrix of many tissues, they can often
be processed under relatively mild conditions, and they may be delivered in a minimally
invasive manner [32]. Adequate scaffold design and material selection for each specific
application depends on several variables, including physical properties, mass transport
properties, and biological properties and is specified by the intended scaffold application and
environment into which the scaffold will be placed. For example, the type of scaffold used to
produce artificial skin must be different from that used for artificial bone and thus different
structures for materials are needed.
Both synthetic and naturally derived materials can be used to form hydrogels for tissue
engineering scaffolds.

An Introduction to Hydrogels and Some Recent Applications
http://dx.doi.org/10.5772/64301

Synthetic hydrogels are interesting because it is easy to control their chemistry and structure
and thus alter their properties. Examples of polymeric synthetic materials which can be used
to form hydrogels are poly(ethylene oxide) (PEO), poly(vinyl alcohol) (PVA) and poly(pro‐
pylene fumarate) (PPF) [33] (Figure 15).

Figure 15. Structure of synthetic hydrogel-forming polymers: (a) PEO, (b) PVA (100% hydrolyzed), and (c) PPF.

Naturally derived hydrogel-forming polymers are other candidates for use in tissue engineer‐
ing scaffolds because they either are natural extracellular matrix components or have proper‐
ties similar to these matrices and they interact in a favorable manner in vivo. Examples are
alginate and chitosan [32–34] (Figure 16).

Figure 16. Structure of naturally derived hydrogel-forming polymers: (a) alginate and (b) chitosan.

Hydrogels are used for three purposes in tissue engineering applications. They may be used
as agents for filling vacant spaces, carriers for delivery of bioactive molecules, and 3D struc‐
tures that act as a support for cells and help the formation of an ideal tissue.
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Agents for filling vacant spaces (space-filling agents) include scaffolds that provide bulking,
prevent adhesions, or act as bioadhesives [33]. To reach this aim, the most basic design
requirements for a hydrogel are the abilities to keep a desired volume and structural integrity
for the required time.
Hydrogel scaffolds based on alginate, chitosan, and collagen show potential for use as general
bulking agents. Synthetic hydrogels are often used as anti-adhesive materials because cells
lack adhesion receptors to them and proteins often do not readily absorb to them if designed
appropriately. Polyethylene glycol (PEG) has been used to prevent post-operative adhesions
[32, 33].
Hydrogels composed of chitosan and chitin derivatives are now used as biological adhesives
in surgical procedures to seal small wounds out of which air and body fluids could leak, and
to improve the effectiveness of wound dressings [37, 38].
Another application of scaffold hydrogels that is quite different includes using them as vehicles
to stabilize and deliver bioactive molecules to the target tissues and to encapsulate secretory
cells. Currently, most drugs are delivered into patients systemically without the use of a
scaffold, so large doses are usually required for a desired local effect because of enzymatic
degradation of the drug and nonspecific uptake by other tissues. This is a costly process and
can cause serious side effects. In addition, many factors, which are necessary or beneficial to
the target tissue, may be toxic to other tissues. Thus, a vehicle or scaffold allowing for local
and specific delivery to the desired tissue site is highly desirable in many situations. Ionically
cross-linked alginate hydrogels and glutaraldehyde cross-linked collagen sponges are some
of the examples to fulfill this requirement [39, 40].
As hydrogels are highly hydrated 3D networks of polymers, they can provide chemical and
mechanical signals and also an environment for cells to adhere, proliferate, and differentiate;
thus, they are suitable for cell delivery and tissue development goals. Nowadays, hydrogel
scaffolds are being used to produce a wide range of tissues, including cartilage, bone, muscle,
fat, liver, and neurons. Based on the type of the desired tissue, different kinds of hydrogels can
be utilized. For example, alginate has been used more widely than other hydrogels to assess
the in vivo potential of hydrogel scaffolds for cartilage engineering and also as Schwann cell
matrices in the area of nerve grafting, and collagen has been used for engineering large blood
vessels [33].
5.4. Contact lenses
A key area in the use of synthetic hydrogels for bioapplications is ophthalmology, especially
contact lenses. A contact lens is a small optical device placed directly on the cornea to alter the
corneal power. The first concept of using contact lenses was described by Leonardo da Vinci
in 1508; this consisted of immersing the eye in a bowl of water. At the end of 1960, poly(2hydroxyethyl methacrylate) (PHEMA) lenses were developed by Professor Otto Wichterle;
this invention represents the most important step in contact lens development and the start of
soft lenses’ era [41].
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Direct placing of contact lenses on the surface of cornea prevents the exchange of atmospheric
oxygen and thus disturbs the natural physiological metabolism of the cornea known as hypoxic
stress, so a good contact lens must have maximum oxygen permeability. Mechanical stress to
the cornea produces the same problems as the hypoxic stress, such as mitosis of the epithelial
cells, elevated activity in protease and glycosidase, corneal sensitivity, and changes in corneal
hydration and transparency. To reduce these stresses, the proper choice of contact materials
and their shape are necessary.
Hydrogels used for production of contact lenses can cover most of the requirements needed
when using in different physiological conditions. For a hydrogel material that is used as a
contact lens, there are some necessities to make it comfortable during usage. These necessities
include amount of water content, good mechanical properties, permeability toward oxygen,
wettability of surface, good optical facilities, stability toward hydrolysis and sterilization,
having nontoxic nature, and having enough biological tolerance for living cells.
In order to increase the water content of hydrogel and achieve an enhanced swelling effect,
different types of monomers can be used. These include dihydroxy methacrylates, methacrylic
acid, acrylamides, and many other monomers.
Silicone hydrogels represent an independent group of contact lens materials. The evolution of
basic hydrogels gave rise to the production of this class, and they have good swelling properties
and high permeability toward oxygen, which make them suitable for use in lenses. These
properties are owing to their structure in which hydrophobic silicones are connected with
hydrophilic chains in such a way that makes the resulting composite suitable both mechani‐
cally and optically.
High oxygen permeability is achieved with the siloxymethacrylate monomer commonly
referred to as “TRIS.“ The methylene groups in the structure of TRIS represent the sites for
hydrophilic modification (Figure 17).

Figure 17. Structure of siloxymethacrylate monomer (TRIS).

It is possible to incorporate linear or branched hydrophilic polymer chains into the structure
of the polymer to form an interpenetrated network to reduce the drying by the lenses when
using them normally. This means that the “wetting chains” are fixed only by physical bonds
without any covalent attachments to the patterned hydrogels’ network [43].
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5.5. pH-sensors
Stimuli-responsive polymers or hydrogels can change their volume significantly in response
to small alterations of certain environmental parameters. Cationic polyelectrolytes dissolve
(swell) more at low pH and anionic polyelectrolytes vice versa and this is due to ionization [44].
Two types of transducers are used in pH-sensitive hydrogel sensors: transducers based on
mechanical work performed by hydrogel swelling and shrinking and those observing changes
in properties of free swelling gels [45].
The ability of hydrogels to deform or to strain mechanically a transduction element resulting
in a change of a special property of that element or in a change of a detectable distance is the
basis of operation of transducers based on mechanical work of the hydrogel. They are classified
as optical transducers, including reflective diaphragms and fiber Bragg grating sensors, and
mechanical transducers, including microcantilevers and bending plate transducers.
Transducers of free swelling gels have to directly observe changes in one or more hydrogel
properties and include optical, conductometric, and oscillating transducers. Optical transduc‐
ers can directly measure changes in optical properties of hydrogels. A different approach is
based on the observation of special fillings or surface coatings, which are changed or moved
due to hydrogel swelling. Oscillating transducers are devices that keep changing their
resonance frequency. Changes in the properties of a load result in a shift of this resonance
frequency. This can be accompanied by a change of the signal amplitude. Conductometric
transducers are based on measuring the conductivity of hydrogel as the degree of swelling
changes [44].
5.6. Biosensors
Combining physical and chemical sensors results in a biosensor. There are two definitions for
what a biosensor can do: it can be thought as a device that can sense and report a biophysical
property of the system under study or a device that can deliver useful analytical information
from transforming biochemical data. A common aspect in all biosensors is the presence of a
biological recognition part that makes it possible to analyze biological information. Biosensors
are becoming increasingly important as practical tools to cover a wide variety of application
areas including point-of-care testing, home diagnostics, and environmental monitoring.
Biological recognition part known as bioelement consists of different structures like enzymes,
antibodies, living cells, or tissues but the point is its specificity toward one analyte and zero
response to other interferents. There are various methods for coupling biomolecules with
sensors including entrapment into membranes, physical adsorption, entrapment into a matrix,
or covalent bonding [42, 44].
The high water content and hydrophilic nature of hydrogels are similar to the void-filling
component of the extracellular matrix and render them intrinsically biocompatible. Hence, an
apparent application of hydrogels in biosensors is the protection and coating function of sensor
parts to prevent undesired interaction with biological molecules or cells. Hydrogels can be
used as immobilization matrices for the biosensing elements and provide excellent environ‐
ments for enzymes and other biomolecules to preserve their active and functional structure.
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The interaction between analyte and sensing element results in a volume change in response
to target component and this volume change is the basis of recognition in hydrogel-based
sensors (Figure 18).

Figure 18. Volume increase of a hydrogel biosensor in response to an analyte.

Several types of sensing elements are used based on the nature of analyte but these elements
can be categorized in two distinct groups: molecular interactions and living sensors.
Molecular interactions used for sensing analytes encompass different mechanisms. One of
them is enzyme-substrate interactions. As enzymes are highly specific and efficient in their
reactions with substrates, they may be used for precise determination of desired analytes’
concentrations. There are many examples for different sensors based on enzyme-substrate
interactions in hydrogel matrices including detection of organic-phase alcohols, amino acids,
ammonia, urea, glucose, hydrogen peroxide, etc. Glucose-responsive hydrogels that are
capable of acting as long-term insulin depots in response to increased blood glucose levels and
automatically release doses of insulin at appropriate times are a promising development and
could obviate the need for frequent injection and therefore provide a more convenient
treatment option that would improve treatment efficacy and quality of life for hundreds of
millions of people. The swelling of a hydrogel in the presence of glucose molecules makes it
possible to release insulin in a controlled manner [46] (Figure 19).

Figure 19. Concanavalin A-based glucose-responsive hydrogel swelling mechanism.
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Antibody-antigen-based sensors that are affinity-based devices with a coupling of immuno‐
chemical reactions are another class of molecular interactions group. The general working
principle of these sensors is based on the specific immunochemical recognition of antibodies
(or antigens) immobilized on a transducer to antigen (or antibodies) that produce signals which
depend on the concentration of the analyte. It is possible to use quartz crystal microgravimetry
(QCM), surface plasmon resonance (SPR), or electrochemical methods for detection of the
analyte.
There are several other examples of molecular interaction-based sensing of analytes like
nucleotide, oligonucleotide, DNA, etc.
Another group of sensing elements is living sensors. They are combinations of hydrogels with
living cells and microorganisms to form living cell-polymer composites for biosensing
application. Microorganisms can detect a wide range of chemical substances, they are amena‐
ble to genetic modification and have a broad operating pH and temperature range, making
them ideal as biological sensing materials. 3D structures, high water content, and biocompat‐
ibility are the main advantages of hydrogels that provide the ability to entrap cells or bacteria
inside their networks enabling them to exchange gases in high rates and nourish the entrapped
cells and in this way provide the possibility of usage of the cell-polymer composites in a
biosensor. An instance is the use of Arxula adeninivorans LS3 as a biological recognition element
for the rapid determination of the concentration of biodegradable pollutants in wastewater on
a Clark-type oxygen electrode [47, 48].
There are two different methods to use hydrogels in biosensors: they can be coated on the
surface of a sensing device like an electrode or be used as a 3D matrix or support to maintain
bioelements such as cells. Preservation of cells for certain time periods in a hydrogel matrix
and pathogen sensing are other examples of applications in this group (Figure 20).

Figure 20. Schematic diagram of the A. adeninivorans LS3 microbial sensor illustrates the microbial consumption of dis‐
solved oxygen (a) before and (b) after the addition of biodegradable pollutant.
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5.7. Injectable hydrogel for spinal cord regeneration
Spinal cord injury (SCI) is a complex regenerative problem because of the multiple facets of
growth inhibition that occur following trauma to the cord tissue. Many of these injuries do not
hurt the dura mater and some of the axons are yet alive in the injury site and can be recovered.
In such conditions, inserting a preformed frame or DDS into the damaged spinal cord by
surgical operations may cause subsequent lesion. One alternative for this method is the use of
in situ-forming scaffolds. What happens after injection into the injured cord area is the fast
conversion of viscoelastic hydrogel from liquid form to gel and adaptation to the tissue of
injury site [49].
The small spaces between spinal cord tissue and even transected parts formed after SCI will
be filled by in vivo conversion of liquid hydrogel to the gel form. The gel, which now serves
as a scaffold, will eliminate vacant spaces and forms a template for regeneration of the injured
cord tissue by helping cellular penetration and matrix. In this way, it is not necessary to create
preformed scaffolds for each patient individually and disconnecting viable tissue at the injury
site to implant the preformed scaffold, which can cause further damage and loss of function‐
ality, will be avoided [50, 51] (Figure 21).

Figure 21. Injection of liquid hydrogel into the site of injury.

Injectable materials, in their liquid state, can be uniformly mixed with cells and other thera‐
peutics prior to delivery into the injury site. The mechanical properties of gel scaffolds can
more closely match the properties of the spinal cord tissue, compared to most preformed
biomaterial matrices [49, 51].
There are some requirements for the design and use of injectable systems based on their
functions and design parameters.
Their functions include [49, 52–54]:
1.

Create a scaffold for cellular infiltration and axonal ingrowth. The gel material itself will
serve to bridge the lesion site.

29

30

Emerging Concepts in Analysis and Applications of Hydrogels

2.

Encapsulation of drugs and maintenance of bioactivity throughout gelation and release.
Injectable systems can provide a sustained and tunable delivery of these agents locally to
the lesion site.

3.

Support of suspended cell populations prior to injection, throughout the solidification
process, and within the lesion site. Cellular therapies are more effective when delivered
and maintained locally in the injured area as opposed to being delivered systemically
(Figure 22).

Figure 22. Functions of injectable hydrogels.

The importance of design parameters is originating from the difficulty in isolating the effects
of cross-linking and macromer concentration-dependent material properties such as mechan‐
ical stiffness, mesh or pore size, degradation rate, and bioactive ligand density.
Design parameters include biocompatibility of used materials with the tissue of injured site,
mild solidification conditions, suitable porosity and mesh size of the designed scaffold,
mechanical properties of the gel material, degradation rate, and bioactivity [55–57].
Injectable hydrogels can be natural or synthetic with their own benefits and disadvantages.
They can also be classified as physical and chemical gels [49, 62].
Generally, physical hydrogels have the limitation of weak mechanical properties; thus, a
combination of chemical and physical cross-linking has been used to overcome this weakness.
For example, PNIPAAm-co-glycidyl methacrylate (GMA) and polyamidoamine (PAMAM)
macromers undergo a dual-hardening physical and chemical gelation precess and form
PNIPAAm-co-glycidyl methacrylate (GMA)/polyamidoamine (PAMAM) injectable hydrogel
[58].
Injectable hydrogel systems are minimally invasive and patient friendly. Cells or bioactive
molecules are easy to mix with polymer solutions and these mixtures are in situ and easily
form the 3D microenvironments into any desired defect shapes.
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5.8. Supercapacitor hydrogels
The fast developments in portable electronic equipments industry such as wearable devices,
arbitrarily curved displays and even transparent mobile phones, require the fabrication of
flexible, transparent, lightweight and efficient storage options [73]. To this end, the key issue
is the simultaneous incorporation of mechanical robustness, optical transmittance, and
electronic conductivity [74]. Because of the importance of high-performance flexible superca‐
pacitors, the technique of the supercapacitors is still making rapid progresses. Recently, several
strategies for flexible supercapacitors have been demonstrated, including coating active
materials, such as RuO2 [66], MnO2 [67], V2O5 [68], NiOH [69], and graphene nanosheets [70]
onto conductive fibers by electrochemical deposition or casting and fabrication of hydrogel or
aerogel films based on graphene [73]. However, these methods suffer from several disadvan‐
tages that hinder their large-scale commercialization, such as high cost of noble metals or
expensive carbon support materials, limited ionic/electronic conductivity, poor mechanical
flexibility, and scalable electrochemical synthesis conditions.
Electrically conducting polymer hydrogels show great potential for the expected integration
due to their excellent solid-liquid interface, good electric characteristics, and mechanical
flexibility, and represent a promising material platform for emerging flexible energy storage
devices [71, 72]. Conducting polymers such as polyaniline, polypyrrole, and their derivatives
provide the unique electrical properties of metals or semiconductors, as well as attractive
properties associated with conventional polymers, such as ease of synthesis and flexibility in
processing; therefore, supercapacitor hydrogels are attracting much attention as new power
sources [73]. Flexible solid-state supercapacitors provide high power density, long cycle life,
and the potential to achieve relatively high energy density.
Shi et al. have recently synthesized a 3D nanostructured conductive polypyrrole hydrogel via
an interfacial polymerization method [73]. The high-performance flexible solid-state
supercapacitor demonstrated promising capacitive properties and good electrochemical
stability during long-term cycling. So far, many aspects such as conductivity and morphology
of conductive polymer hydrogels have been extensively studied. However, the combination
of stretchability and transparency is unique, and particularly long cycle stability has not been
achieved before. In this regard, Hao et al. demonstrated a facile and smart strategy for the
preparation of structurally stretchable, electrically conductive, and optically semitransparent
α-cyclodextrin polyacrylamide-polyaniline hybrid hydrogel networks as electrodes, which
show a high performance in supercapacitor application [74].

6. Conclusions
This chapter aims to introduce briefly the hydrogels: a class of natural or synthetic polymeric
materials that have the ability to hold huge amounts of water because of their specific
structures and subsequent swelling properties. Based on this ability, they found a wide variety
of applications, and because of the possibility to modify the polymeric structure to obtain
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desired functionality, the areas of applications are rapidly expanding. They can be designed
in such a way that they can respond to a specific stimulus including pH, temperature, light,
etc. at a predefined level and thus be stimuli responsive. Among their amazing characteristics,
the biocompatibility and biodegradability make them a powerful candidate to use in biological
and environmental applications as implants or materials for removal of toxic pollutants. In
addition, conducting hydrogels are often a good choice in designing and fabrication of
supercapacitors, which promise the most rapid developments in electronics.
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Abstract
Hydrogels represent heterogeneous systems that consist of a large amount of water
retained by a three-dimensional network. The hydrogel network is the result of assembly
through physical interactions or chemical cross-linking of polymers or small molecules.
The applications of hydrogels (water purification, tissue regeneration, therapeutic
delivery, bio-detection or bio-imaging, etc.) depend on their physicochemical proper‐
ties and structural features. Although electron microscopy and viscoelastic measure‐
ments provide general information about a gel material, the spectroscopic methods
complement these methods and also afford a deep insight into the gel structure. In this
chapter, the applications of several spectroscopic methods for characterizing polymeric
or supramolecular hydrogels are discussed. Thus, this review highlights the particular
application of vibrational spectroscopy, circular dichroism, fluorescence (these providing
information on assembly in the network), interactions that occur between network and
solvent (water), pulsed-field gradient NMR (determination of mesh size) and EPR
spectroscopy (a method that can provide extensive information regarding the assembly
process, diffusion and release).
Keywords: hydrogels, IR, Raman, fluorescence, circular dichroism, PFG-NMR, EPR

1. Introduction
Gels represent a class of soft materials consisting of a ‘solid-like’ network that holds a large
volume of solvent via surface tension or capillary effect [1]. ‘Hydrogels’ refer to the case in which
the solvent retained in the frame of a gel network is water. The term hydrogel was first mentioned
in the literature at the end of the nineteenth century describing a colloidal gel of inorganic salts
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[2], but the current meaning referring to a water-swollen gel network became prevalent six
decades ago with the developing research area of polymeric hydrogels.
Hydrogels are classified using different criteria, such as the nature of the gelators, the type of
interactions that contribute to the building of the ‘solid network’ and physical properties of
the gel network (Figure 1). The gel networks result by chemical or physical cross-linking of
gelators, which can be either polymers or low molecular weight compounds able to generate
fibrillary networks [1–3]. The best-known hydrogels are those obtained by physical or chemical
assembly of natural and synthetic polymers.
Chemical hydrogels are the result of interconnection of polymer chains or molecular building
blocks through the formation of covalent bonds, which obviously are non-reversible. Once the
gel network is broken, the chemical hydrogels are unable to self-heal. The mechanical prop‐
erties of these gels usually are easier to tune by varying the reaction conditions that finely
influence the number of cross-links. Another particularity of chemical hydrogels is that their
volume changes significantly during the transition from solution to gel state [1, 4, 5].
Physical hydrogels refer mainly to self-assembly of synthetic or natural polymers, but in recent
years, there are more and more studies dedicated to designing new low molecular weight
compounds able to hydrogelate [3]. The knowledge gained after studying numerous low
molecular weight gelators (LMWG) is still not enough for predicting the ability of a new
molecule to generate gel systems through non-covalent supramolecular interactions. Fre‐
quently, the LMWGs are characterized by amphiphilicity and the capacity to generate noncovalent interactions (π–π interactions, hydrogen-bonding and charge interactions among the
molecules, host–guest interactions) allowing the formation of a three-dimensional fibrillary
network.

Figure 1. Classification of hydrogels function of the nature of interactions building the network.
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It can be accepted that hydrogels formed through non-covalent interactions leading to
assembly either of LMWG or polymers form a large family of supramolecular hydrogels [1, 3].
Research in the gels field is closely bound with their various applications. Gels find applica‐
tions in daily life, being frequently used in cosmetics and food chemistry [3], but there are
specific or high-interest domains that correlate structural gel characteristics with applications.
Thus, whether their building blocks are biocompatible or are structural biomaterials, hydrogels
are oriented towards regenerative medicine and tissue engineering, obtaining of enzymeresponsive hydrogels, enzyme–hydrogel hybrid materials, drug delivery and therapeutic
agents with release control, separation processes or water purification [1, 2, 6]. As smart
materials, gels may find applications in optoelectronic, responsive systems to pH, ions and
light harvesting systems [7]. Supramolecular hydrogels resulting from assembly of LMWG
can find application in catalysis generating either self-construction of the catalytic system or
by generation of new catalytic properties arising from association modes [8, 9]. Metallic
nanoparticles can be generated in situ in the chemical hydrogel matrices for further use as
catalysts [8].

2. Spectroscopic methods used in hydrogels studies
Unravelling the molecular organization inside a gel represents a complex issue and involves
a multitude of physicochemical methods. The majority of gel studies use electron microscopy
to demonstrate the existence of gel fibrils, while mechanical properties expressed by rheolog‐
ical parameters reflect the density of cross-linking, thickness of gel fibril, all of these aspects
being the result of molecular packing of gelators [10]. Hydrogels represent systems with a
dynamic nature given the interactions between building blocks, the encapsulated species and
interaction between solvent entrapped and gel fibres. Therefore, gel properties need to be
investigated through a large variety of complementary physicochemical methods. In this
chapter, the applications of several spectroscopic methods for characterizing polymeric or
supramolecular hydrogels are discussed. Figure 1 schematically represents different networks
that can be investigated by the methods discussed in this review: vibrational spectroscopy,
circular dichroism, fluorescence, pulsed-field gradient NMR and electron paramagnetic
resonance (EPR) spectroscopy. Some methods can be involved in characterization of hydrogels
irrespective of the driving forces that build the network, such as vibrational spectroscopy (IR
and Raman). Circular dichroism can be relevant for assembly of LMWG, especially as pre‐
ponderantly these molecules are chiral or in the particular case of polypeptides assembled into
gel networks. Pulsed-field gradient NMR is a method applied to estimate the mesh size of the
gel network, while other methods can be used to determine diffusion coefficients of solutes in
gels or to monitor the release of encapsulated species (e.g. vibrational spectroscopy, fluores‐
cence spectroscopy). Circular dichroism can also be used to estimate the transition from sol to
gel in the case of supramolecular hydrogels following changes in ellipticity. Fluorescence and
EPR spectroscopies are suitable methods to test the environment around the sensing groups
(fluorescent and paramagnetic, respectively), and thus can be used to demonstrate the
heterogeneity of the hydrogel systems, but also provide information on the dynamics of
encapsulated species or the gel network.
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2.1. IR spectroscopy
Vibrational spectroscopy or infrared (IR) spectroscopy is a suitable method to obtain substan‐
tial information on the self-assembly process leading to formation of supramolecular gels. IR
spectroscopy deals with the infrared region of the electromagnetic spectrum. The photon
energies (1–15 kcal/mol) corresponding to the IR region are not large enough to excite the
electrons but may induce vibrational excitation. The active vibrations in IR cause a change in
the dipole moment. Vibrations of bonds or a group of bonds include stretching, bending,
scissoring, rocking and twisting [11–14]. The analysis of intensities or shifts of wavenumbers
can probe involvement of specific bonds in gel network building.
Comparison of the IR spectrum in the gel state with the spectra of solution or solid states of
gelators can provide information on the interactions driving the formation of a gel network.
The formation of a supramolecular gel network involves different types of non-covalent
interactions: hydrogen bonding, van der Waals and π–π stacking. These interactions can be
identified in IR spectra by the appearance and disappearance of vibrational bands character‐
istic of associated and free groups. In many cases, the gelators have in their structure functional
groups with characteristic vibration bands (carboxy, hydroxy, amino and amide groups) that
are sensitive to formation of weak physical interactions. The hydrogen bonding involving, for
example, the carbonyl or amide groups, which often contribute to the building of hydrogel
network, is frequently hidden by the water hydrogen bonding. In such cases, the replacement
of water with deuterated water is required [13, 14].
The following examples are selected from studies reported in the literature highlighting the
applicability of IR spectroscopy in attempting to determine the assembly mode of gelators
(polymers or LMWG) in a supramolecular network. Suzuki and co-workers [13] synthesized
a lysine derivative, Nα-hexanoyl-Nζ-lauroyl-l-lysine and studied the organogelation and
hydrogelation of the gelator in combination with corresponding alkali salts (Li+, Na+ and K+).
Deconvolution of the broadbands arising in the interval 1750–1500 cm−1 (which summarize the
bands corresponding to the stretching vibration of the carboxylic acid, amide I and II and
carboxylate groups) and analysis of the CH2 stretching vibrations arising in the region 2850–
2950 cm−1 demonstrated that the gel network is the result of hydrogen-bonding interactions
between amide groups, interactions between carboxylic acid and alkyl carboxylate and
hydrophobic interactions involving CH2 groups.
Urea-based gelators represent a class of molecules suitable to be investigated by IR spectro‐
scopy due to the presence of the ureido group, which is likely to be involved in hydrogen
bonding. In general, a condition for obtaining supramolecular hydrogels resulting by assembly
of urea-based gelators is the presence of other moieties able to establish hydrophobic bonds
like π–π stacking or van der Waals interaction. The lack of a moiety able to interact through
hydrophobic forces from the structure of a potential gelator can be compensated by other
interactions. For instance, the study of Kleinsmann and co-workers [15] on the hydrogelation
capability of N-[(uracil-5-yl)methyl]urea in different buffers revealed that phosphate ions can
trigger the assembly in a gel network. IR spectra show that the characteristic N–H stretching
band shifts from 3314 to 3146 cm−1 due to strong hydrogen bonding with C=O groups during
the self-assembly, while the carbonyl stretching vibration band observed in solution at 1632
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cm−1 shifts to 1675 cm−1 due to the hydrogen-bonding interactions with the uracil N–H protons.
Moreover, the phosphate bands arising at 1070 and 982 cm−1 show intensity increase as a result
of immobilization of the phosphate ion into the supramolecular assembly.
In some cases, the formation of hydrogels through hydrogen-bonding interactions can be
demonstrated by FT-IR analyses of xerogels. This was the case of the supramolecular hydrogel
formed between 1,4-bi(phenylalanine-diglycol)-benzene (PDB) and sodium alginate (SA), a
polysaccharide composed of (1–4)-linked β-D-mannuronic acid (M) and α-L-guluronic acid
(G) residues [16]. In this hydrogel, nanofibres of PDB alternate with SA chains. The network
represents a semi-interpenetrating polymer network (semi-IPN) through hydrogen bonds,
which has been proven by analysis of the IR bands specific to carboxylate groups from SA and
the amide group from the PDB structure.
There is a large literature dedicated to polymeric hydrogels with medical applicability that
contain biocompatible polymers such as poly(N-isopropyl acrylamide) (PNIPAM) or natural
polymers such as dextran. PNIPAM has the amido group in its structure, whose vibrational
modes are sensitive to association through hydrogen bonding. Inclusion of PNIPAM polymer
in the structure of a hydrogel network can be thus demonstrated by FT-IR [17].
Dextran is a polysaccharide consisting of chains of 1–6 linked α-D-glucopyranosyl units with
1–2, 1–3 and 1–4 ramifications. The presence of hydroxyl groups allows chemical modifications
by grafting various functional groups. One of the most reported dextran derivatives refers to
introduction of methacrylic groups, which further can be involved in realisation of gel
networks that have been tested in drug delivery experiments. These systems are pH sensitive,
and changes in IR spectra corresponding to vibration motion associated with the bonds formed
between dextran groups and other reactive groups can be used to monitor synthesis or
degradation of dextran-based hydrogels [18–20]. In recent years, there has been an increasing
interest in studying self-healing polymer hydrogels. These hydrogels are characterized by their
ability to autonomously repair themselves without external stimuli utilising a multitude of cooperative non-covalent interactions such as hydrogen bonds, hydrophobic interactions and
host–guest interactions [21, 22]. IR spectroscopy shows that both hydrogen-bonding and
hydrophobic interactions make significant contributions to obtaining self-healing materials
[23–26].
IR investigations on hydrogels usually demonstrate the interactions involving gelator mole‐
cules in building the ‘solid network’. The non-homogeneous character of a hydrogel system is
not only given by the presence of two phases—the network and the solvent—but also by the
different water organization in the proximity of the fibres and in the solvent pools. Okazaki
and Satoh [27] have shown that FT-IR measurements can probe the hydration and water
properties in a hydrogel formed by cross-linking of poly(4-vinyl phenol) with different
amounts of ethylene glycol diglycidyl ether. The O–H stretching band around 3300 cm−1 was
deconvoluted into four sub-bands. On the basis of the relative band area and the peak
wavenumber, it was suggested that hydrogen bonding of water in the gel is the most stabilized
when the acidic proton of the phenol residue is not involved in chemical cross-linking. The
authors also studied the influence of salts in hydrophobic hydration of the polymer.
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Hydrogels can incorporate inorganic materials (e.g. graphene or graphene oxide (GO), oxidic
and metallic nanoparticles) resulting in hybrid materials with improved properties and
potential applications in biomedical fields. IR spectroscopy can be a method for the investi‐
gation of these hybrid materials. In a systematic study on the poly(vinyl alcohol) (PVA)/
graphene oxide composite hydrogels, Xue and co-workers [28] noticed that an increase of the
PVA molecular weight favours the formation of hydrogels containing GO. GO contains various
oxygen functional groups (e.g. hydroxyl, epoxide and carbonyl groups) on their basal planes
and edges that assure the possibility to be dispersed in water and at the same time to be
involved in supramolecular architectures. In such systems, both polar non-covalent interac‐
tions and π–π interactions are possible [28, 29]. For PVA–GO systems, the FT-IR spectra
suggested that oxygen-containing groups on the GO surface possibly interact with the PVA
molecules through hydrogen bonding involving the C=O group from the surface of GO and
H–O bonds from PVA and water molecules.
Another example of hybrid material is represented by the composite chitosan/ZnO hydrogel,
which can be used as a component for production of bandages for wound dressing due to the
antibacterial action of ZnO and adhesion properties of chitosan [30]. FT-IR spectroscopy was
among the various techniques involved in characterization of such material. IR spectra proved
the interaction involving ZnO nanoparticles and chitosan through hydrogen bonding, which
determined the broadening of O–H at 3400 cm−1.
2.2. Raman spectroscopy
Raman spectroscopy also studies the vibrational energy of molecules, being a suitable method
to investigate the interactions that generate the hydrogel network and also hybrid hydrogel/
nanoparticles materials. Both IR and Raman methods provide fingerprints of a system,
although the information is complementary and selection rules are different. In the case of
Raman spectroscopy, a vibration is active if this causes a change in the polarizability of the
molecule [31]. An advantage of using Raman spectroscopy compared with IR spectroscopy in
studying hydrogels is the fact that Raman spectroscopy is insensitive to aqueous absorption
bands, while IR spectra are dominated by the broad water absorbance band. Among various
Raman techniques, surface-enhanced Raman scattering (SERS) is characterized by high
sensitivity [32]. Herein will be illustrated the suitability of Raman investigation on structural
organization or characterization of diffusion properties of solutes in hydrogels.
Raman measurements are useful in characterization of carbon materials like graphene or GO
that are incorporated in hydrogels. The oxidation state of graphene sheet incorporated in
hydrogel can be determined by the ratio of the Raman peaks of GO that appear at 1606 and
1341 cm−1. Zu and Han [33] obtained stabilized solutions of GO in the presence of Pluronic
block copolymers. These solutions in the presence of α-cyclodextrin led to formation of
hydrogels. The authors of this study exploited simultaneously the property of poly(ethylene
oxide) (PEO) chains to form pseudo-polyrotaxanes and the ability of Pluronic to disperse
graphene in aqueous solution to obtain a hybrid supramolecular gel. They proved that the
presence of GO favours the gelation process of poly(ethylene glycol) (PEG)/α-cyclodextrin
systems.
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The SERS method provides enhancement of a Raman signal arising from molecules adsorbed
on a metal surface in an aqueous medium. This method has a high sensitivity, permitting
detection of molecules in very dilute solutions [14, 16] and demonstrating the interactions
between different species. Thus, SERS is a method of choice for studying gel formation or
hybrid inorganic nanoparticles/hydrogel composites.
Miljanic and co-workers [14] investigated the self-assembly process of bis-(S-phenylalanine)
in the presence of silver or gold nanoparticles. SERS measurements probe the existence of
adsorbed gelator molecules on the nanoparticles entrapped in a gel. The authors found that
the presence of nanoparticles perturbs the common fibrous gel structure, but their presence
allows identification of intermolecular interactions responsible for gelation.
Ou-Yang and co-workers [32] obtained a PVA hydrogel decorated with silver nanoparticles
(Ag NPs), which were obtained in situ using β-cyclodextrin (β-CD) acting as a reducing agent
and a shape-control agent. This material was then tested as a facile SERS sensor for determining
sulphonamides. Uniform dispersion of Ag NPs in hydrogels assures reproducibility of
detection of this type of antibiotic, which has a weak affinity for nanoparticles in the absence
of β-CD.
The study of IR and Raman vibrations in the spectra of hydrogels resulting from cross-linking
of β-CD with a pyromellitic anhydride (PMA) in different ratios gave the possibility to explore
the structural changes in the polymer network during the hydration process. Rossi and coworkers have studied intensively this type of nanosponge (NS) material, which can swell in
water. First, a gel network was obtained by a cross-linking process between β-CD and PMA
in anhydrous dimethyl sulfoxide (DMSO), followed by washing and drying to obtain a NS.
The hydrogel was obtained by adding the NS to water [34–37]. Deconvolution of the spectral
band arising from active vibrations either in IR or Raman demonstrated the type of interactions
between water confined in gel and the functional groups from the network. The formation of
hydrogen bonds was proved by comparing the spectra of hydrated networks with the
corresponding dry networks. The analysis of IR and Raman spectra allowed estimation of the
hydration level of the polymer network. Such analysis has an impact on the understanding of
the contribution of the interactions determining the formation and stabilization of a hydrogel,
which further allow a rational design of such systems.
Later, the same group of researchers used a combination of UV–Raman spectroscopy with IR
spectroscopy and offered an insight into the molecular mechanism related to the thermal
response of cyclodextrin-based hydrogels [34]. The results provided information on the degree
of H-bond association of water molecules entrapped in the gel network and the extent of
intermolecular interactions involving the hydrophobic/hydrophilic moieties of the polymer
matrix, which determine the pH-dependent thermal activation of hydrogels. The authors [24]
analysed the shift of the maximum of bands arising in the 1500–1800 cm−1 region corresponding
to stretching motions of the C=C bonds of the aromatic moiety of PMA, towards lower
wavenumber values. This effect was observed in the presence of Na2CO3, and it was explained
by the formation of intermolecular hydrogen bonds C–H•••O–H involving C–H from the
aromatic rings of PMA and O–H from water molecules.
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Equally, Raman spectroscopy can be a valuable tool in investigation of structural changes of
water and polymer networks during the dehydration process of a hydrogel. In a number of
papers, Ikeda-Fukazawa and co-workers [38] investigated the dehydration of poly(N,Ndimethylacrylamide) (PDMAA), PVA [39] and polyacrylamide (PAA)-based hydrogels [40].
It is accepted that the water in hydrogels exists in three states, namely bound water, inter‐
mediate water and free water [41] and dehydration occurs in two stages, which implies
structural changes in the polymer network and water. In the case of dehydration of PDMAA,
the free water is evaporated in the first stage, while in the second stage, the intermediate and
bound water to gel fibres evaporates [38]. The evolution of the dehydration process can be
followed by changes in the vibrational bands corresponding to H–O and C=O bonds of the
polymer, but also following the peaks corresponding to water molecules involved in various
types of hydrogen bonding. The authors found that the polymer network shrinks with water
evaporation and at the end in the gel the residual water forms a tetragonal structure [28].
Similar behaviour on dehydration has been noticed for all polymeric systems [38–40].
Diffusion characteristics in polymer hydrogels are relevant for possible applications in drug
delivery and controlled release because this can predict the release rates and the transport
properties. Raman spectroscopy is a method of choice to estimate such parameters. For
instance, Kwak and Lafleur [42] measured the mutual diffusion coefficients of poly(ethylene
glycol)s with different sizes in Ca-alginate gels, analysing the intensity of the C–H stretching
band as a parameter to estimate the concentration of solute in gel.
The number of studies regarding the applications of hydrogels in regenerative medicine is
continuing to grow due to various synthetic routes and the possibility to investigate the final
materials through various physicochemical methods. Among them, Raman spectroscopy is a
suitable method for investigating the cross-link type and cross-linking density as well as
conformation changes of polymers under various stimuli in a gel network. Moreover, this
method has the advantage of hydrogels monitoring in cell cultures [31].
2.3. Fluorescence spectroscopy
Fluorescence spectroscopy can be used in characterizing gel systems that contain fluorophore
species or moieties capable of absorbing energy allowing excitation from its ground electronic
state to one of the vibrational states in an excited electronic state. Then, the excited state of the
fluorophore reaches the lowest vibrational level of the excited state (singlet). This process
involves conformational changes and interaction with the microenvironment. The third step
involves transition from an excited electronic state to the ground electronic state and is
accompanied by a photon emission characterized by a lower energy than that corresponding
to the excitation photon.
To monitor the properties of gel formation using fluorescence methods, the presence of
fluorescent moieties in the system is required. An impressive number of studies regarding
investigation on gel systems that involve fluorescent methods have been reported. In most
cases, fluorescence measurements are performed to demonstrate the application of gel
materials as sorbents or as drug delivery agents, but can highlight as well the dynamics of
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molecules inside the gel. To demonstrate the suitability of fluorescence spectroscopy in
characterizing different aspects of gel systems, several examples are mentioned in this review.
Attachment of a fluorophore to polymeric hydrogels can find potential application in the
detection and removal of toxic cations such as Cd2+, Cu2+, Pb2+ and Hg2+. Chitosan has been
proved to be a good absorbent for Hg2+, and at the same time, this natural polysaccharide can
be easily functionalized. Geng et al. [6] described the synthesis of a fluorescent three-dimen‐
sional chitosan-based hydrogel via cross-linking with glutaric aldehyde. This new hydrogel
has been tested as a solid-phase fluorescent probe for the detection of Hg2+ in water. This cation
determines the fluorescence quenching, and in the case of the chitosan-based hydrogel a
remarkable selectivity and sensitivity determination of Hg2+ compared with other systems was
noticed. The detection limit achieved with this material was 0.9 nM, a value at least one order
of magnitude lower than with other fluorescent dye molecules.
An interesting example is represented by the study by Fraix and co-workers [43] reporting the
formation of a supramolecular hydrogel based on assembly of four components: two poly‐
meric structures—poly(β-CD) polymer and a hydrophobically modified dextran by attaching
lauryl chains—a commercial zinc phthalocyanine and a tailored nitric oxide photodonor. The
gel network resulted by inclusion complexes formed between cyclodextrin units and lauryl
chains. The photoactive components were also held in the gel through host–guest interaction
with the cyclodextrin cavity, this type of interaction avoiding their aggregation, which usually
results in inactivation of photodynamic properties. Steady-state and time-resolved fluores‐
cence methods showed that the photoactive components do not interfere when they are
enclosed in a hydrogel assuring their simultaneous operation under the light stimuli. The Zn
phthalocyanine complex is a well-known red photo emitter and an effective 1O2 photogener‐
ator [44]. The structure of the other component, which generates NO under the light action, is
a derivative of nitroaniline and a 4-amino-7-nitrobenzofurazan (known for its emission in the
green region) [45]. The system described assures simultaneous generation of active species
with therapeutic properties.
A similar example of hydrogel incorporating photoporphyrin units formed in this case by
chemical cross-linking between a PEG-derivative porphyrin and sodium alginate has been
reported by Dong et al. [46]. The system has been characterized by various methods: rheolog‐
ical analysis, thermogravimetric analysis and UV–visible and fluorescence spectrophotometry.
This hydrogel with porphyrin as a sensing unit has been prepared giving biocompatibility of
alginate and recognized bio-applications of porphyrin and tested for fluorescent imaging. The
alginate acted as a spacer for the porphyrin units, preventing aggregation and preserving the
fluorescent properties, which assure the tracking of hydrogel within organisms. Multispectral
fluorescence imaging for drug delivery from the hydrogel shows high yields and excellent
biocompatibilities have been demonstrated using doxorubicin, a fluorescent drug. The
photoporphyrin and the drug used have different spectra, this technique offering the possi‐
bility of simultaneous tracking of two (or, in extension, more) probes.
Montalti and co-workers [47] demonstrated the organization of gel fibres in a supramolecular
gel formed by assembly of 1,3,5-cyclohexyltricarboxamide-based gelator comprising two
hydrophilic moieties and one hydrophobic substituent containing a naphthalene group, which
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represents the fluorophore. This has been possible by analysing the energy transfer from the
fluorescent supramolecular hydrogel to a hosted fluorophore. The organization of gelator
molecules through naphthalene π–π stacking interactions has been demonstrated by intro‐
duction in the gel system of a fluorescent probe with similar structure, propyldansylamide,
characterized by sensitivity to the polarity of the microenvironment. In general, the formation
of one-dimensional assemblies of gelator represents a recognition process, but the possibility
to insert probes with similar structures cannot be excluded. In this case, the dansyl derivative
could be inferred in the gel fibres. Analysis of the fluorescence spectrum of dansyl derivative,
excited state life-time measurements, steady-state and time-resolved fluorescence anisotropy
measurements demonstrated the partition of the dansyl probe between the water environment
and gel fibres. The measurements revealed a strong immobilization of the dansyl moiety in
gel fibres. The authors also demonstrated that the percentage of photon transfer absorbed by
the gelator through the dansyl probe depends on the ratio between the species; a higher
concentration of probe increases the percentage. This system can be of particular interest in
the field of technology and solar energy conversion.
2.4. Circular dichroism
Circular dichroism spectroscopy represents a valuable tool for investigating the assembly of
gelators that include chiral centres in their structures [48, 49]. Circular dichroism (CD) refers
to the differential absorption of left and right circularly polarized light by chiral molecules and
is usually expressed as the ellipticity of the transmitted light [48]. In the case of achiral
molecules, both polarized rays are equally absorbed and the result is a ‘zero’ spectrum.
Formation of gel networks, in general, and hydrogel in particular, can be explored by CD
spectroscopy in the cases of assemblies resulting from organization of chiral biomacromole‐
cules, such as proteins or incorporating DNA, polypeptides or chiral LMWGs. A CD signal is
observed where the molecules exhibit absorbing UV bands. In many cases, the CD band of
chiral molecules is weak, but assembly in nanofibers often is translated into an increase of CD
ellipticity [11, 50]. The possibility of recording CD spectra at variable temperature is useful to
demonstrate the transition from sol phase to assemblies at the nanoscale level. CD measure‐
ments can be extended to the IR region [49], but in this case, there are only a limited number
of studies compared with UV-CD. This new technique can provide information on the
structural fragments of molecules involved in realization of gel networks, as in the case of selfassembled peptide [50], chiral bis-urea gelators [7] or guanosine-5′-hydrazide [51].
The vast number of studies on formation of gels through self-assembly of LMWGs stressed
the observation that the presence of a chiral centre favours assembly into a gel network. In
many cases, the urea unit appears in the structure of potential LMWG due to unidirectionality
of the non-covalent interactions assuring formation of gel fibres and the ability to form
hydrogen bonding. Rodriguez-Llansola et al. [7] reported studies on a self-assembly process
of bis-urea molecules bearing aromatic hydrophobic moieties that allow π–π stacking ar‐
rangements and chiral centres. They found that similar compounds without the chiral centres
do not form gels. The molecular solutions of a chiral molecule either in the R or S enantiomer
did not exhibit the dichroic band. Once the gel was formed, the CD spectra showed the positive
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and negative dichroic bands for the R and S enantiomers, respectively. Surprisingly, the
presence of an achiral molecule with similar structure added to a solution of a chiral gelator
results in a gradual increase of chiral bands attributed to assemblies of R enantiomer up to a
certain concentration, while a further increase produces precipitation of the mixture and
disappearance of the CD bands.
CD measurements can demonstrate the preservation of the natural state of proteins encapsu‐
lated in some hydrogels. For instance, Song et al. [52] reported that the formation of hydroge‐
lator resulting from self-assembly of amylopectin grafted with lauryl chains. Bovine serum
albumin (BSA) can be entrapped in this hydrogel without affecting its secondary structure.
Moreover, recording the CD spectra at different temperatures, it was observed that the BSA is
protected in the gel against thermal denaturation.
Polypeptides are often used as building blocks in hydrogelator structure. These fragments
exhibit CD bands depending on the chirality of the amino acid used and analyses of the CD
spectra can monitor changes in the secondary structure of polypeptide induced by the
formation of various self-assemblies. For example, poly(L-alanine) grafted to PEG with
different chain lengths changes its β-sheet structure observed in water to α-helical structure
in gel fibres. The change depends gradually on the PEG chain length. This effect of PEG in
peptide assembly results in a steric hindrance of polypeptide packing side-by-side character‐
istic of the β-sheet, favouring α-helix assembly [53].
CD measurements offer useful information on the assembly of hydrogelators with a common
backbone highlighting the differences induced by specific groups. Vilaca et al. [54] character‐
ized by various methods the dipeptide-type hydrogelators containing tryptophan N-capped
with the non-steroidal anti-inflammatory drug naproxen and C-terminal dehydroamino acids,
dehydrophenylalanine (ΔPhe), dehydroaminobutyric acid and dehydroalanine (ΔAla). The
assembly into gel fibres of these gelators is assured by the capacity to generate hydrogen
bonding, hydrophobic and aromatic π–π interactions. CD measurements revealed that
assembly is similar for these gelators, all spectra exhibiting a broad positive cotton effect,
assigned to the π–π* short-axis polarized transitions of naphthalene (with maximum around
287 nm). The presence of positive and negative bands at 219 and 233 nm, respectively, suggests
left-handed helical naphthalene arrangements through chiral stacking.
There is a trend to use chirality to tune the self-assembly, which determines later the applica‐
tions of the resulting gels in the biomedical area [55, 56]. Many chiral hydrogels result by selfassembly of biomolecules, such as amino acids, peptides, cholesterol and saccharides [57–61],
and they have potential applications, which include chiral adsorption and release and chiral
catalysis [57, 62–64]. For example, hydrogels obtained by free-radical co-polymerization using
N-acryloyl-L-alanine as chiral hydrophilic monomer and octadecyl acrylate as hydrophobic
monomer are pH sensitive and exhibit enantio-differentiating release ability to chiral drugs
such as ibuprofen [57]. This aspect is logical knowing that many biological processes are
defined as chiral-recognition types. Marchesan et al. [55] obtained a series of eight tripeptides
with the sequence Phe–Phe–Val having a combination of D and L enantiomers of amino acids.
The authors investigated in what manner the self-assembly is influenced by the chirality of
gelator and found that chirality of the CD signal is determined by the chirality of the central
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amino acid. The peptides exhibit either a positive maximum or a negative minimum in the
region 225–235 nm due to π–π stacking of phenylalanine with either L or D chirality, respec‐
tively.
Ma and co-workers [65] obtained new pentapeptides bearing aromatic fluorophore units
(fluorenyl, pyrenyl or naphthyl groups) as potential hydrogelators and characterized the
systems using CD and fluorescence spectroscopy combined with electron microscopy and
rheological measurements. In the absence of these fluorescent aromatic units, they did not
observe formation of a gel. Introducing proline in the peptide sequence, it was possible to
control the supramolecular assembly avoiding β-sheet arrangements [66]. This has been
proven by CD measurements, which demonstrated formation of α-helix assemblies.
CD measurements can also monitor the transition that occurs in the assembly of a peptide
amphiphile solution induced by the presence of salt additive on supramolecular assembly. It
was considered that the salt facilitated the α-helix to β-sheet transition and induced gelation
in amphiphilic peptide due to the electrostatic screening effect [67].
Huang et al. [68] investigated the thermohydrogelation of PEG and an oligo(tyrosine) block
copolymers with various PEG and tyrosine (Tyr) chain lengths. These copolymers selfassemble due to β-sheet organization of Tyr blocks and gradual dehydration of PEG by
increasing temperature favouring entanglement of the PEG chains. The β-sheet conformation
adopted in the hydrogel state has been proven by CD spectra, which exhibit an increased
negative band at temperatures corresponding to the gel state [68].
A library of naphthalene–dipeptide hydrogelators has been investigated by CD, X-ray and
electron microscopy to demonstrate structural aspects that govern the assembly in gel fibres
[69]. The CD spectra demonstrated that fibres are the result of the π–π stacking of the naph‐
thalene moieties as they exhibit bands corresponding to exciton couplets of the naphthalene
groups. At the same time, the sign of the naphthalene exciton is determined by the dipeptide
chiral properties, indicating that the handedness of the chiral arrangements in the fibres is
directed by the dipeptide chain.
These few examples chosen from the very broad types of studies demonstrate that CD
spectroscopy complements the electron microscopy methods, offering valuable information
on the gel organization.
2.5. Estimation of mesh-size distribution by pulsed-field gradient NMR spectroscopy
Mesh size (Figure 1) of a hydrogel or correlation length, ξ, represents the average distance
between consecutive cross-links [70]. Mesh-size distribution of a hydrogel is a characteristic
relevant for the ability of the entrapped species (ions, drugs and biomolecules) to diffuse
through the gel network [71, 72].
This parameter indicates the maximum size of solutes that can pass through the gel network.
To characterize the mesh size of hydrogels, different methods can be used that rationally offer
an average value [70, 73]. Methods such as solute exclusion, mercury porosimetry, nitrogen
adsorption/capillary condensation and microscopy were used in the beginning [74]. Solute
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exclusion is a method suitable to estimate the mesh size of polymeric networks that was
introduced more than 50 years ago to investigate the penetration of polymer molecules in
cellulose fibres [75]. The methods can be applied for wet samples. The other three methods
mentioned above require dry samples of polymeric structures. The drying process can induce
changes in network organization and distances between fibres. Other methods that can be
applied to determine the mesh size for both polymeric and supramolecular hydrogels are
based on determination of diffusivity of probes that have no specific interaction with gel fibres.
Pulsed-field gradient NMR (PFG-NMR) is one of the methods based on investigation of the
chaotic motion of molecules determined by molecular collisions. This method allows estima‐
tion of the average pore size in a hydrogel network from the ratio of the diffusion coefficient
of the probe molecules in the gel network (D), to their diffusion coefficient in the solvent (D0)
[75, 76].
Matsukawa [77] analysed in a review article the diffusional behaviour of molecular probes in
polymer networks. Two parameters, the spin–lattice relaxation time and spin–spin relaxation
time, reflect the solvent and polymeric probes’ behaviours in the gel network. The strength of
the field gradient has to be chosen as a function of diffusion coefficient. Thus, for molecules
with a diffusion coefficient of the order of 10–5 cm2 s−1 the strength of the field gradient is about
100 G cm−1. A larger magnetic field gradient, increased up to 2000 G cm−1, is necessary for
probes with small diffusional coefficients. The scheme for pulsed-field gradient pulse sequence
for measuring the diffusion coefficient D is represented in Figure 2:

Figure 2. Pulsed field gradient NMR sequence for determination of diffusion coefficient.

The diffusion coefficient is extracted from Eq. (1):
ln éë A (d ) / A ( 0 ) ùû ) = – g 2 g 2 Dd 2 ( D – d / 3) ,

(1)

in which A(δ) and A(0) are echo signal intensities at 2τ with and without the magnetic field
gradient pulse of length δ, respectively, τ is the pulse interval, γ the gyromagnetic ratio of the
proton, g the field gradient strength, D the self-diffusion coefficient and ∆ the gradient pulse
interval [77, 78]. The diffusion coefficient is related to the hydrodynamic radius of the probe.
Usually, NMR gives values of the hydrodynamic size, which is larger than the pore size of the
network estimated from thermoporometry. Scherer estimated a relation between the values

51

52

Emerging Concepts in Analysis and Applications of Hydrogels

provided by NMR and thermoporometry [79]. Estimation of the differences provided by
different methods is relevant for studies aiming to predict whether the network is capable of
encapsulation of large molecules.
Using this method, Matsukawa et al. [77, 78] analysed the diffusion behaviour in various
polymeric networks such as polypeptide gels, starch gel, gellan gum gels, polyacrylamide gel
or swollen polyisoprene.
Pescosolido and co-workers [72] investigated the properties of interpenetrating polymer
network hydrogels based on calcium alginate and a dextran methacrylate derivative, due
attention being given to determination of mesh size. The authors found significantly different
values for pore size provided by the two methods used in their study: 44.5 nm from cryopor‐
ometry and 22.5 nm from low-field NMR (using a pulse sequence). The differences have been
explained by the effect of water solidification, which occurs in the cryoporometry measure‐
ment. Release experiments of a model protein (myoglobin) from the interpenetrating polymer
alginate/dextran methacrylate network hydrogel confirmed the value for pore size provided
by NMR experiments.
Another example of application of the PFG-NMR technique refers to the microstructural
analysis of the calcium alginate gels resulting from introducing CaCO3 as an insoluble salt,
which is dissolved gradually upon acidification [80]. In the presence of glucono-δ-lactone
(GDL) as a proton donor, the calcium salt is dissolved. To tailor the microstructural properties
of the gel, the ratio between alginate, Ca2+ and the co-solvent methanol were varied. Hydro‐
philic dendrimers with PEG surface groups have been used as probes. Image analysis of
transmission electron microscopy (TEM) micrographs has revealed that the strand radii are in
a narrow range of 2–2.3 nm and are not influenced by Ca2+ concentration or the presence of
methanol. Dendrimer diffusion into these gels studied by PFG-NMR provided, as expected,
larger values for hydrodynamic radii, and demonstrated that the presence of methanol affects
the diffusion of the dendrimers into the gel networks. Walther et al. [81] studied the selfdiffusion of PEG into K-carrageenan gels with different microstructures tailored by adding
potassium or sodium chloride using nuclear magnetic resonance (NMR) diffusometry and
TEM. As expected, small voids observed in the case of potassium-induced gels reduced
diffusion coefficients and gave a strong dependence of the self-diffusion coefficient, while in
the case of sodium-induced gelation, the voids increase and the ratio D/D0 is close to 1.
Using PFG-NMR spectroscopy, Wallace et al. [82] determined the network’s mesh size in a
supramolecular hydrogel formed upon addition of Ca2+ to solutions of naphthalene dipheny‐
lalanine (2FF). A series of dextran probes with molecular weights in the range 6–2000 kDa and
hydrodynamic diameters in the range 2–60 nm was used. These probes are soluble in water
and have no specific interaction with naphthalene diphenylalanine.
The models applied in analysing the variation of the decrease in the diffusion coefficients
relative to those measured in dilute solutions suggested a value of mesh size for supramolec‐
ular hydrogel of approximately 40 nm. It was found that probes with hydrodynamic diameter
<40 nm move freely through the network, while a dextran probe with molecular weight 2000
kDa has a restricted diffusion.
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Jowkarderis and Van de Ven [83] prepared a hydrogel by cross-linking of cellulose nanofibrils
with diamines, and mesh-size analysis was performed by solute exclusion and PFG-NMR
spectroscopy using dextran-type probes. Diffusion coefficients have been determined both in
hydrogels (D) and in dilute solutions of dextrans (D0). The pore sizes of the hydrogel network
were determined by analyses of the ratio D/D0. It was found in this case that the average mesh
size was around 15 nm. They also found a group of large pores accessible to all dextran probes.
The spectroscopic methods referred to above are well recognized in studying the complex and
diverse hydrogel systems. Compared with these, EPR spectroscopy is a less-used method.
Therefore, the next part of this review is dedicated to general aspects of EPR spectroscopy and
will summarize the applicability of this method in studying formation and properties of
hydrogels.
2.6. EPR spectroscopy
Electron paramagnetic resonance (EPR) is a spectroscopic technique that detects transitions
induced by electromagnetic radiation between the energy levels of electron spins, in the
presence of a static magnetic field. EPR spectral features (e.g. resonance frequencies, splitting,
line shapes and line widths) are sensitive to the electron distribution, molecular orientation,
molecular motion and the local environment. Numerous books and review articles cover the
theoretical and experimental EPR methods, targeting various fields of applications: materials
and polymer sciences, physical chemistry, biochemistry and medicine, catalysis, environmen‐
tal sciences, radiation dosimetry and geological dating [84–90]. In this section, the application
of X-band spectroscopy in providing structural and dynamics (in the time range of 10−10–10−7
s) information on the hydrogels will be mentioned.
Hydrogels are usually EPR-silent systems, therefore, to have access to the type of information
that EPR spectroscopy can provide, it is necessary to introduce paramagnetic reporters, spin
labels and probes. Spin probes are stable free radicals or in some cases paramagnetic transition
metal ions introduced in the system of interest, while spin labels are stable radicals covalently
bound to a constituent of the studied system. Spin labelling involves modification of the system
or material studied by introducing a new moiety (with a paramagnetic property) [84–88].
The most widely used spin probes or labels are nitroxides, which are stable paramagnetic
molecules with a paramagnetic N–O• fragment bearing an unpaired electron. This fragment
is surrounded by shielding substituents (usually methyl groups) [84]. Nitroxides have the
advantage that by varying their chemical structure, the paramagnetic properties do not suffer
significant changes. TEMPO- and PROXYL-type nitroxides (Figure 3) are commercially
available, offering the possibility to be covalently attached to other molecules of interest
through reactive groups R (carboxy, amino, oxo and hydroxy). Depending on the system
analysed and the information needed to be obtained, they can be used directly as spin probes
or labels.
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Figure 3. Structures of the most common classes of nitroxide spin probes and labels. (a) TEMPO-type nitroxides, (b)
PROXYL-type nitroxides.

The EPR parameters of nitroxides, the rotational correlation time and nitrogen hyperfine
splitting constant (aN), are usually correlated with the properties of the microenvironment
sensed by the paramagnetic probes, like local viscosity or polarity. Although the information
provided by EPR spectroscopy is local and not global as in the case of CD, IR or Raman
spectroscopy, these can be further correlated with macroscopic properties of a system, in
particular, a hydrogel. Sol-to-gel transition can be easily demonstrated involving methods
providing global information on the system (vide supra), but the macroscopic observed
changes are the result of reorganization at microscopic or nanoscopic levels. Thus, a methodlike EPR spectroscopy can be used to demonstrate such a transformation.
Compared with other spectroscopic techniques, EPR spectroscopy has been very rarely used
for studying gel properties and dynamic aspects of these systems. The sol-to-gel transition can
be demonstrated in particular cases by other spectroscopic methods, such as CD if the gelators
are chiral or assembly induces a chiral conformation, vibrational spectroscopy, following
vibrational band intensities of groups involved in the assembly process generating the gel
network. For dynamic studies, EPR spectroscopy can be used only if such changes take place
in the range of 10−6–10−9 s. However, a hydrogel represents a complex system and a good
strategy for such investigation needs to involve different techniques. The literature indicates
hundreds or thousands of studies involving the spectroscopic methods described above, while
the number of EPR spectroscopy studies is very small. Most of the EPR studies reported in the
literature regard polymeric gels [89, 91, 92]. For instance, the EPR spectroscopy with its spin
probe method had been proved a valuable method for studying thermoresponsive systems
and in particular thermoresponsive hydrogels. Using an appropriate spin probe, it is possible
to demonstrate the inhomogeneities inside a gel system [89, 93–95]. EPR spectroscopy and EPR
imaging were used to study the translational diffusion process of spin probes in PVA hydro‐
gels, with vast applications in biotechnological field, to get information on the polymer
dynamics. The diffusion of 4-N-butylamino-TEMPO and 4-amino-TEMPO (4-NH2T) in PVA
hydrogel and in polymeric blends of PVA with other polymers has been determined as a
function of various parameters: molecular weight and concentration of polymer [91].
Natural polysaccharides are often part of hydrogel networks and the literature indicates a
number of EPR studies in studying the hydrogels resulting from assembly of polysaccharides.
A series of EPR studies has been reported on investigation of polysaccharide hydrogels
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resulting from complexation of polymeric chains with various cations or dynamics of synthetic
spin probes in polysaccharide hydrogels [92, 96–101].
Alginate or pectin form hydrogels in the presence of numerous divalent cations, most of them
being paramagnetic. Kajsheva [92] analysed the EPR spectra of metals in alginates and
pectinates to get information about the configuration of the corresponding complexes with
Cr(III), Cu(II), Ni(II), Mn(II) and Co(II).
EPR spectroscopy has been applied to study the binding of paramagnetic metal ions to
extracellular polysaccharide surfaces produced by cyanobacteria Anabaena spiroides [98]. The
results underline the potential application of this complexation process in water purification.
Kanesaka and co-workers [100] investigated the effect of Cu2+ on gelation of gellan solution
using EPR, CD and viscoelasticity measurements. The CD and EPR experiments revealed
valuable information regarding the sol-to-gel transition of gellan in the presence of this cation,
which can be considered as a two-step process. In the first phase Cu2+ binds to the gellan chain
determining a coil-to-helix transition. In the second stage, the hydrogen bonds formed between
gellan chains determined a further coil–helix transition.
Kempe [96] used spin-labelled insulin as a spin probe to analyse its behaviour in chitosan/
glycerol-2-phosphate (beta-GP) gel in terms of dynamics and pH sensitivity. In addition, the
release of this drug from the chitosan gel has been monitored. Bertholon and co-workers [97]
prepared a series of spin-labelled polysaccharides (dextran, dextran sulfate or chitosan), which
were incorporated into poly(isobutylcyanacrylate) nanoparticles aiming to study mobility of
the nanoparticle surface groups. The EPR spectra showed a two-component feature, the ratio
between them depending on the ability of polysaccharide to fold on the nanoparticle surface.
Numerous cations of transitional metals are paramagnetic and form complexes with various
starches. Such complexes were investigated by EPR [99].
The formation of alginate gel in the presence of different divalent cations has been investigated
by EPR spectroscopy using spin-labelled alginate (ALG-L) obtained by reaction of alginate

Figure 4. The EPR spectra of 4-NH2-T-ALG-L in: Zn2+/alginic acid gel (a), alginic acid/Zn2+/EDTA mixture (b), Ba2+/
alginic acid gel (c), alginic acid/Ba2+/EDTA mixture (d), Ca2+/alginic acid gel (e), alginic acid/Ca2+/EDTA mixture (repro‐
duced from [90]).
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with amino-TEMPO [101]. Sol-to-gel transition induced by the presence of dications was
demonstrated by change of EPR features of spin-labelled alginate reflecting different dynam‐
ics. Thus, in the presence of dications (Ca2+, Zn2+ and Ba2+) spin-labelled alginate became
immobilized (Figure 4, spectra a, c and e). It was noticed that the distance between the outer
lines in the EPR spectra of complexes can be correlated with the strength of the gel.
The complexes of divalent cations are dissolved in the presence of a stronger ligand for cations,
like EDTA. This is expressed in the EPR spectra by the change in the dynamics of spin-labelled
alginate, which became more mobile (Figure 4, spectra b, d and f).
Diffusion experiments revealed that both the cation and alginate polyanion in the gel fibres
can exchange with cations and molecules, respectively, in solution [101].
As EPR spectroscopy is sensitive to environmental changes around a paramagnetic probe and
its dynamics, Ionita and co-workers investigated by EPR spectroscopy the synthesis [102] and
properties [103] of covalent hydrogels that resulted via cross-linking of diisocyanate-termi‐
nated PEG with β-CD [104, 105]. In fact, these hydrogels were obtained by replacing the
reaction solvent (anhydrous DMF) with water. The synthesis has been monitored following
the dynamics of various spin probes (like commercially available TEMPO derivatives or
synthesized spin probes: spin-labelled cyclodextrins [106, 107], spin-labelled oligo(ethylene
glycol)s [108]). Spin-labelled cyclodextrins (SL-CD) introduced in the reactions showed
progressive immobilization as the gel network was formed (Figure 5).

Figure 5. EPR spectra of SL-CD: (a) in DMF, initial solution, (b) during gel formation in DMF, (c) after gel formation in
DMF and (d) after replacing the DMF form gel network with water (reproduced from [102]).

Using both spin probes and spin-labelling methods, it was possible to explore by EPR
spectroscopy the changes in the gel network as a function of temperature, solvent, polymer
chain length and initial ratio between reactants [103].
The EPR spectra of spin-labelled PEG/β-CD gels are dominated by two components, showing
strongly immobilized and relatively mobile spin labels (Figure 6). These components were
assigned to two different positions occupied by the β-CD units in the network. The immobi‐
lized component is associated with the β-CD units located at the cross-linking points of the gel
network, while the mobile component corresponds to the spin labels at the ends of the PEG
chains. Figure 6 shows EPR spectra of spin-labelled gels with different PEG/β-CD ratios and
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different PEG chain lengths at 293 K. These demonstrate that mobility of spin labels attached
to cyclodextrins representing the cross-links in the hydrogel network is due to the flexibility
of PEG chains connecting the spin label to the β-CD. In this sense, longer PEG chains determine
higher mobility.

Figure 6. EPR spectra of spin-labelled gels PEG900/β-CD and PEG2000/β-CD recorded at 293 K in water (reproduced
from [92]).

Hydrogels can encapsulate in the solvent pools various species as long as their size is smaller
than the mesh size of the network. In this particular case of chemical hydrogel resulting from
reaction of β-CD with PEG, the ability of cyclodextrin to act as a host for hydrophobic
compounds enhanced the encapsulation properties of the hydrogel. To probe the host
properties of the β-CD groups in the gel, a spin probe with high affinity for β-CD was used
adamantane–TEMPO (AT) 92. Diffusion into PEG/glycerol (glycerol replacing β-CD) and
PEG900/β-CD gels of this spin probe was followed using water or dichloromethane as solvents
(Figure 7). In the case of PEG900/glycerol gel, the EPR spectra of AT (Figure 7, spectrum A)
showed only one rapidly tumbling component consistent with the spin label dissolved in the
solvent pool. The same feature of EPR spectra was observed for the PEG900/β-CD gel, when
DCM was used as a solvent. This behaviour is normal as host–guest interactions of cyclodextrin
are demonstrated in water solutions. However, when AT was uploaded into the PEG900/β-

Figure 7. EPR spectra of AT in PEG900/β-CD gel in DCM (A); PEG/glycerol gel in DCM (B); PEG/glycerol gel in water
(C); PEG900/β-CD gel in water (D), and PEG900/β-CD gel in water in the presence of a large excess of amino-adaman‐
tane (E) (reproduced from [92]).
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CD hydrogel (Figure 7, spectrum D), the EPR spectrum showed two components, a rapidly
tumbling AT situated in water pools of the gel network and a slowly tumbling AT complexed
with the β-CD units at the cross-linking points of the gel network.
Complexation of AT to the β-CD cavity was further confirmed by a competition experiment
with 1-adamantylamine. The sample of PEG900/β-CD gel loaded with AT was placed in a
10−1 M solution of 1-adamantylamine. The EPR solution spectra recorded after equilibrium was
reached indicated that AT had partially diffused from the gel to the solution. The EPR spectra
of the gel (Figure 7, spectrum E) showed that the rapidly tumbling component became
dominant. This is a consequence of the replacement of AT from the β-CD cavities inside the
gel structure by 1-adamantylamine. This result proves that the β-CD cavities in the gel retain
their host–guest properties. Analyses of the EPR spectra of the TEMPO spin probe corre‐
sponding to frozen hydrogel samples showed that gel fibres prevent ice formation.
Few EPR studies reported in the literature regard the supramolecular gels resulting from
assembly of LMWG [109–112]. One explanation is probably that the self-assembly process
represents a reorganization and thus selective process and insertion of a different molecule in
the fibrillar assembly is, in general, less probable. Some studies involving EPR measurements
in studying formation of supramolecular hydrogels through assembly LMWG have appeared
recently.
Takemoto et al. [110] reported the synthesis of an amphiphilic optically active compound that
contains a paramagnetic (2S,5S)-2,5-dimethyl-2,5-diphenylpyrrolidine-N-oxyl radical fixed in
the inner position with a hydrophobic long chain and a hydrophilic R-alanine residue in the
opposite terminal position. They found that this compound acted as a LMWG in water,
resulting in a spin-labelled hydrogel. From the variable temperature EPR spectra recorded, it
was possible to determine the gel-to-sol transition temperature by analysing the EPR spectral
line-width of the central line from peak-to-peak (Hpp). This parameter increased at the sol-togel transition due to spin–spin interactions and decreased in the heating run. This study
demonstrated the suitability of EPR measurements in evaluation of the temperature for the
sol-to-gel transition, which depends on various factors such as gelator structure or solvent
nature.
Hydrogelation of three isomers of carboxy-dibenzylidene sorbitol induced by lowering the pH
from 13 to 4 has been investigated by rheological measurements, SEM and EPR spectroscopy.
Introducing in the system the corresponding spin-labelled carboxy-dibenzylidene sorbitol, it
was concluded that these are not included in the gel fibres, as gelation was not accompanied
by a change in the probe’s dynamics. Surprisingly, in the case of the spin probe 5-doxyl stearic
acid, its aggregation was noticed once the gel was formed from water solution. The behaviour
of spin probes in gel systems depends on the solvent used. Thus, it was observed that the spin
probe 5-doxyl stearic acid is entrapped in the gel fibres when the solvent composition water/
DMSO was 1:1 (v/v) [111].
These few examples presented above demonstrate that EPR spectroscopy is a valuable tool for
characterizing hydrogel properties, which can accompany other ‘classical’ well-established
physicochemical methods for investigating complex hydrogel systems.
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3. Conclusion
In summary, the aim of the review was to demonstrate the usefulness of different spectroscopic
techniques in physical characterization of the complex systems represented by hydrogels. The
results of these investigations orient each material towards a specific application. Nowadays,
there is a trend in development of multifunctional nanocomposites based on different types
of hydrogels acting as a matrix for various nanomaterials. Various physicochemical methods,
including those presented in the review, can be used to characterize new materials. Only a
limited number of spectroscopic techniques have been considered, most of them being
classically considered for characterization of hydrogels. Some of them provide global infor‐
mation on the hydrogel system (vibrational spectroscopy, circular dichroism and PFG-NMR
spectroscopy), others provide local information, like fluorescence or EPR spectroscopy.
Although less involved in characterization of hydrogels, EPR spectroscopy can bring an
important contribution not only in demonstrating the heterogeneity of hydrogel-based
materials by using spin-labelling and spin-probe methods mentioned here, but also to monitor
radical processes taking place in hydrogels. The choice of spectroscopic methods that can be
combined with microscopic and rheological methods depends on structural characteristics of
the investigated hydrogels.
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Abstract
Polymer superabsorbents commonly known as hydrogels are cross-linked highly
molecular compounds able to absorb water from physicochemical fluids in the amounts
from 10-fold to 100-fold larger than their dry mass. Numerous investigations have
shown that they can help reduce irrigation water consumption, lower the death rate of
plants, improve fertilizer retention in soil and increase plant growth rate. Besides water
absorption and retention, the superabsorbent polymers have many advantages over
conventional ones, such as a sustained supply of nutrition to plants for a longer time,
thus increasing the phosphate fertilizer use efficiency and decreasing application
frequency. The aim of this study is to investigate the influence of chemical conditions
on hydrogels, kinetic and absorption behaviour towards metal ions in the presence of
the chelating agent of a new generation. In this group, there are IDS, EDDS, GLDA,
MGDA, etc. In the chapter, the research on the applicability of the effective absorp‐
tion of metal complexes with a biodegradable complexing agent will be presented. The
possibility of the preparation of slow-release fertilizers of controlled activity of a new
generation in such system will also be discussed.
Keywords: superabsorbents, new complexing agents, IDS, EDDS, GLDA, MGDA, ab‐
sorption, fertilizers

1. Introduction
Superabsorbents were first developed in the early 1960s in the United States Department of
Agriculture by grafting acrylonitrile (AN) onto corn starch and saponifying the product. Over
the past decades, significant progress has been made in the field of hydrogels as functional
biomaterials. Since then in the group of the main global participants on the superabsorbent

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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market, Dow Chemical, Hercules, General Mills Chemical, DuPont, National Starch & Chemi‐
cal, Enka (Akzo), Sanyo Chemical, Sumitomo Chemical, Kao, Nihon Starch and Japan Exlan
should be mentioned.
Polymer superabsorbents commonly known as hydrogels are three-dimensional (3D) crosslinked highly molecular compounds able to absorb liquids in the amounts from 10-fold to 100fold larger than their dry mass. They are hydrophilic, cross-linked, and swelling in water
polymer materials. They are sometimes called smart hydrogels as they can absorb up to 1000
g water. The literature reports a number of classifications of hydrogels. As for physicochemical
properties, hydrogels can be divided into different modes. There are two main groups of
superabsorbents. The first group is physical hydrogels called reversible and they have the 3D
network in which the polymer chains are linked by electrostatic forces, hydrogen bonds and
hydrophobic interactions. These gels are unstable and upon heating can be converted into a
polymer mixture, e.g., gelatin and agar. The second group includes chemically stable gels with
the 3D network, in which the polymer chains are linked by stable covalent bonds. Both starch
and vinyl monomers such as acrylic acid, acrylamide, acrylonitrile and polyvinyl alcohol are
of interest as they contain a number of hydrophilic functionalities in their structures such as
hydroxyl and carboxyl groups. The ionic phase of hydrogels usually consists of both groups
bound onto the polymer chains (which can be ionized) and a number of mobile ions—counterions and co-ions (due to the presence of solvent surrounding the hydrogel). As for the source
they can be natural, synthetic and hybrid, as for the cross-linking they are physically and
chemically linked and as for degradability they can be biodegradable and non-biodegradable.
Homopolymeric, copolymeric and interpenetrating networks (IPN) can be recognized given
the way of preparation [1, 2]. Homopolymeric gels contain the same monomers, which are
basic structural units. Copolymeric gels comprise two or more different monomer species with
at least one hydrophilic component whereas interpenetrating polymers or double networks
are formed by swelling of the first network in a solvent containing monomers, which then
forms the second intermeshing network structure. The double networks will either be
hydrophobic or hydrophilic or the combination of both [3–5]. Depending on the charges of the
bound groups, hydrogels can be ionic (cationic or anionic), neutral, amphoteric (ampholytic)
containing both acidic and basic groups as well as zwitterionic (polybetaines) containing both
anionic and cationic groups in each structural repeating unit. Response hydrogels are bio‐
chemically (antigens, enzymes, ligands), chemically (pH, solvent composition, ionic strength,
molecular species) or physically (temperature, electric or magnetic field, light, pressure, sound)
responsive.
The types of cross-linking agents can also be the criterion of classification. It is also possible to
divide hydrogels into groups by their structure that is amorphous, semi-crystalline, crystalline
and hydrocolloid aggregates [6].
The phenomenon of liquid absorption is a result of separation of polymer chain network that
is manifested by swelling of polymer material assuming the gel form [1]. Hydrogels with
characteristic properties such as desired functionality, reversibility, sterility and biocompati‐
bility meet both material and biological requirements to treat or replace tissues and organs or
the function of living tissues as well as to interact with the biological system. During years, the
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number of hydrogel formulations steadily grew and the problems such as low solubility, high
crystallinity, non-biodegradability, unfavourable mechanical and thermal properties were
solved. This was due to the combination of natural and synthetic polymers characterized by
better biodegradation, solubility, crystallinity and biological activities. To avoid the disinte‐
gration (the hydrophilic linear polymer chain of hydrogel can dissolve in water due to the
polymer and water thermodynamic compatibility) different cross-linked agents were pro‐
posed. Cross-linking can take place in vitro, during the preparation, or in vivo (in situ) after
the application. The hydrophilicity of hydrogel network is due to the presence of hydrophilic
groups such as −NH2, −COOH, −OH, −CONH2, −CONH− and −SO3H, capillary effect and
osmotic pressure. It can be chemical or physical in nature. In the case of the chemical crosslinking, the polymer chains are covalently bonded by the cross-linking agent whereas in the
case of the physical cross-linking hydrogen bonding, hydrophobic interaction, ionic complex‐
ation, post-process bulk modification, reshaping, biodegradation take place [7].
It should be remembered that swelling of hydrogels is a complex process comprising a number
of steps. In the first step, the polar hydrophilic groups of the hydrogel matrix are hydrated by
water, which appears in the form of primary bound water. In the second step, the water also
interacts with the exposed hydrophobic groups and the secondary bound water layer is
formed. Both the primary and secondary bound water forms the total bound water. In the third
step, the osmotic driving force of the network towards infinite dilution is resisted by the
physical or chemical cross-links, so the additional water is absorbed. The water absorbed into
the equilibrium swelling is called bulk water or free water, which fills the spaces between the
network or chains and the centre of larger pores. The amount of water absorbed by a hydrogel
depends on the temperature and specific interactions between the water molecules and the
polymer chains. Table 1 summarizes the classification details for hydrogels.
Physical
properties

Conventional

Smart

Source

Natural

Cross-linking

Physically linked

Chemically linked

Degradability

Biodegradable

Non-biodegradable

Preparation

Copolymeric

Homopolymeric

Interpenetrating network

Ionic charge

Cationic

Anionic

Non-ionic

Response

Physical agents: temperature, pressure, light,
electric field,
magnetic field

Synthetic

Hybrid

Chemically responsive: biochemical agents,
antigens,
enzymes, ligands

Table 1. Criterion of hydrogels classification.

2. Hydrogels preparation
Hydrogels can be produced in the form of films, membranes, rods, spheres and emulsions.
They can be classed into three categories: starch-polyacrylonitrile graft polymers (starch co-
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polymers), vinyl alcohol-acrylic acid co-polymers (polyvinyl alcohols) and acrylamide sodium
acrylate co-polymers (cross-linked polyacrylamides) [8, 9]. They can be physical or chemical.
Physical gels are obtained due to physical nature of the cross-linking process. This is achieved
by physical processes such as hydrophobic association, chain aggregation, crystallization,
polymer chain complexion and hydrogen bonding. On the other hand, a chemical process, i.e.,
chemical covalent cross-linking (simultaneously or post-polymerization) is utilized to prepare
a chemical hydrogel. Physical hydrogels are reversible due to the conformational changes
where chemical hydrogels are permanent and irreversible because of configurational changes.
Another category is the double network hydrogels (interpenetrating networks), formed by the
combination of physical and chemical cross-linked hydrogels due to an electrostatic interac‐
tion. Recently, they have been employed to overcome the disadvantages of solely using
physical or chemical hydrogels with a high liquid uptake capacity over a wide range of pH
and a higher sensitivity towards changes in the pH value as compared to chemical hydrogels.
The hydrogels are divided into two main classes, i.e., natural, containing two basic groups
based on polypeptides (proteins) and polysaccharides, and another is artificial one [10, 11].
Natural hydrogels are usually prepared by the addition of some synthetic parts onto the
natural substrates, e.g., graft copolymerization of vinyl monomers on polysaccharides. The
synthetic route for the production of most synthetic hydrogel is the free radical multifunctional
vinyl monomers. Each monomer contains a carbon double bond where an active centre can
propagate to produce polymer chains. Active centres reaction also depends on the solvents,
reaction conditions as well as particular monomers and can be initiated by different factors:
heat (thermal initiators), light (photoinitiators), enzymes (bioinitiators) or electron beams.
Generally, water-soluble natural or synthetic polymers are cross-linked to form hydrogels in
a number of ways, such as (i) linking polymer chains by chemical reaction, (ii) using ionizing
radiation to generate main-chain free radicals that can recombine as cross-link joints and (iii)
interacting physically such as electrostatics, entanglements and crystallite interactions [12,
13]. Any of various polymerization techniques can be used to form hydrogels, including bulk,
solution and suspension polymerizations. The three main components of hydrogels are
monomers, initiators and cross-linkers which can be diluted in water or any solvent to control
the polymerization heat. However, its disadvantage appears in the form of impurities left from
the preparation process containing unreacted monomers, initiators, cross-linkers and side
products. Hydrogels are commonly prepared from polar monomers of both natural and
synthetic origins by graft polymerization, cross-linking polymerization, network formation in
aqueous medium and by radiation cross-linking methods. Their short characteristic is
presented below.
Solution polymerization (wherein the polymerization medium is a suitable solvent, which
dissolves both monomers and initiator) and suspension polymerization (wherein monomer
forming droplets, with the initiator in them, are completely insoluble and suspended in a
solution) are the most common techniques for the production of a variety of hydrogel networks
by reacting hydrophilic monomers with multifunctional cross-linkers and added initiators.
Polymerization reaction is frequently initiated with radiation, ultraviolet or chemical catalysts.
Cross-linking of polymers is due to chemical reaction, ionizing radiation or physical interac‐
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tions such as entanglements, electrostatics or crystallite formation. In the case of suspension
polymerization, monomers and initiator are dispersed in the organic phase. The hydrogel
properties depend on the viscosity of the monomer solution, agitation speed, rotor design and
dispersant type [1, 14]. Recently radiation polymerization and grafting have been also used.
In the case of the block polymerization to the liquid monomer, an initiator is added directly
and the obtained hydrogels are characterized by inherent weak structure therefore they are
frequently grafted. The suspension-gelation method (microcapsule templating method) was
also described to prepare macroporous polymeric hydrogels [15]. An aqueous suspension is
formed by dispersing the microcapsules as a pore template (porogen) into a pre-gel aqueous
solution containing monomers and cross-linking monomers. Then, a composite hydrogel
containing distributed microcapsules is prepared by copolymerizing the pre-gel aqueous
solution. Finally, a macroporous hydrogel is obtained by breaking down the structure of the
microcapsules dispersed in the composite hydrogel with a chemical treatment. The suspen‐
sion-gelation method is conducted using only low toxic and inexpensive physically crosslinked microcapsules such as calcium alginate gel. Graft copolymerization resulting in
development of physical and chemical properties of hydrogels makes them excellent smart
materials [16–18].
Hydrogels originating from microbial poly(γ-glutamic acid) and poly(ε-lysine) can be
prepared by γ-irradiation. These microbial poly(amino acid)s are water soluble, hydrode‐
gradable and biodegradable [19]. Free radical polymerization of different vinyl monomers and
aniline onto gum ghatti (Gg) under dissimilar reaction conditions was also described [18].
Polyaniline (PANI) is an attractive conductive polymer because of its simple methods of
synthesis, high stability, variable structure as well as unique optical, magnetic, electrical,
electrochemical and electromechanical properties. To optimize their properties, reaction
parameters such as synthesis time, kind of solvent, pH, microwave power, cross-linker
amount, aniline concentration, initiator concentration, monomer concentration and the
percentage swelling can be varied. Both radiation and thermal cross-linking methods are
inexpensive, safe, do not require a purification step and result in sterile hydrogels if a suitable
combination of hydrophilic polymers is used. There are numerous papers and reviews focused
on the synthesis of hydrogels [20].

3. Methods of hydrogels investigation
Fourier transform infrared analysis (FTIR) can be used for the analysis of the hydrogel
structure, type of the functional groups, different stages of biodegradation, crystallization
deformation of polymers, moisture uptake properties, to characterize the attached biomole‐
cules, nature of interactions between components, etc. [21–23]. In FTIR-ATR (attenuated total
reflection) spectroscopy technique, a beam of infrared light is passed through the ATR crystal
in such a way that it reflects at least once off the internal surface in contact with the sample (a
denser medium—crystal of diamond, include germanium, KRS-5 and zinc selenide or silicon,
characterized by the high refractive index and a rarer medium in the form of the thin film of
sample) must be in contact with each other. This reflection forms the evanescent wave which
extends into the sample. This method is used for both solid and liquid samples analysis. For
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example, in the case of chitosan (CS), itaconic acid (IA) and methacrylic acid (MAA) hydrogels
the characteristic bands are associated with the N−H and −OH stretching vibrations as well as
those connected with the absorption process of Zn(II) were distinguished. It was also found
that the stretching vibrations connected with the carboxylic groups (C=O) are weaker after
absorption of Zn(II) and the strong absorption band at 1712 cm−1 shifted to the lower wave
number 1705 cm−1. The absorption band at 1540 cm−1, assigned to the ionic interactions between
CS and the acids, and the absorption band at 1165 cm−1, assigned to the deformation absorption
bands of −OH groups, were enhanced and shifted to higher wave numbers after Zn(II)
absorption. On the basis of the FTIR spectra of unloaded and loaded hydrogels, it seems that
−NH2, −OH and −COOH groups are involved in Zn(II) ion bonding. This confirms the fact that
the dominant type of bonding onto hydrogel is through chemical interactions because a signal
corresponding to −COO anion is observed [24].
Atomic force microscopy (AFM) can be used for evaluation of the surface topography of
hydrogels and changes in the surface chemical composition after polymerization, absorption
and interaction with active agents. Grains of various sizes randomly aggregated can be seen.
Another consequence of the agglomeration is the appearance of very large grains, displace‐
ment of which leaves huge holes behind.
The X-ray diffraction (XRD) method allows to determine the plane of the network and to
calculate the size of the crystallographic cell. Tests are also carried out by small-angle X-ray
scattering (SAXS) and wide-angle X-ray scattering (WAXS) as well as differential scanning
calorimetry (DSC). Differential scanning calorimetry is a technique by which the difference
between the temperature of the sample and the reference samples is measured. It can be used
to determine the glass-transition temperatures (Tg). The glass transition temperature is
different for each polymer, but many polymers are above Tg at room temperature. The glass
transition of a polymer is related to the thermal energy required to allow changes in the
conformation of the molecules at a microscopic level, and above Tg there is sufficient thermal
energy for these changes to occur. However, the transition is not a sharp one, nor it is ther‐
modynamically well defined. Therefore, Tg depends on the polymer architecture and there are
several factors influencing the transition: chain length, chain flexibility, side groups, branching,
cross-linking, complexation. It was found that in the case of polymer metal complexes Tg and
the decomposition temperature increase. For example, the decomposition temperature for the
polymer complex of Cu(II) is 280°C and the Tg is about 140°C. This is the evidence that the
thermal stability is enhanced by the incorporation of metal into the organic backbone. In
addition, the Tg variation of metal incorporated polymer depends on the amount of metal ions
and cross-linking effect of polymers. Based on the thermogravimetric analysis (TGA), the
mechanism of decomposition of hydrogels can also be illustrated. The initial minor weight loss
occurs due to the removal of moisture and volatile components; however, the maximum
weight loss occurs due to the elimination of side chains, degradation of backbone polymer or
breakdown of the cross-linked structure. Maximum weight loss observed after the first stage
of decomposition of cross-linked samples indicates the chemical modification of hydrogels. In
many cases, the results obtained from the TGA method and scanning electron microscopy
(SEM) are consistent as for improvement of thermal stability after grafting and cross-linking.
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In the case of scanning electron microscopy (SEM), the electron beam, being the collimated
stream of accelerated electrons, is focused by magnetic lenses. In the case of the emission
scanning electron microscope, the electron beam with a diameter of 10–50 nm is used. As for
the tunnel scanning microscope, the current flow between the soda and the test material due
to the tunnelling effect is recorded while the field scanning microscope records changes in the
electric field. The radiation, passing through the material reflected by its surface or dispersed,
contains information about the structure and after being synchronized with the incident beam
is used to obtain an image. The images obtained from a scanning electron microscope make it
possible to analyze the 3D structure of the test materials at a magnification from 20 to 100,000
times. Using the SEM method, change in surface morphology due to the formation of covalent
bonds between different polymeric chains, structure of the material and its porosity as well as
cross-linking can be observed. Interior morphology of synthesized hydrogels can be examined
by the cross-sectional SEM analysis. For example, in the paper by Sato et al. [15], the surface
of macroporous hydrogels in the form of less than 1 mm sliced was analyzed using a stereo‐
microscope. As for the SEM analysis, the swollen samples were freeze-dried to avoid shrinkage
in the drying process and frozen using liquid nitrogen. Then, they were dried under reduced
pressure and coated with platinum and palladium. The hydrogels have different morphologies
depending on the synthesis process. Some of them have an interconnecting, 3D porous
structure, whereas others have a rather irregular structure with very large completely empty
spaces.
As for quasi-elastic light scattering (QELS), a monochromatic laser radiation is used. Beam of
monochromatic laser radiation is reflected from the sample surface and forms a plurality of
coherent elementary waves coming from different microscopic surface features. As a result of
the interference of the waves, so-called interference fringes with different intensities are
formed. Water microdroplets contained in the hydrogel material result in additional waves by
reflection from the surface of the incident light.
Water retention behaviour and hydrodegradation of hydrogels is very important especially
with regard to the difficulties of treating hydrogels waste by existing methods due to the
inclusion of substantial amount of absorbed water [19]. Hydrolytic degradation studies of
hydrogels can be determined at varying temperatures up to 100°C. After placing in a deionized
water, the hydrogel samples were heated and filtered. The amount of gel dissolved in water
can be measured using the total organic carbon analyser (TOC method). The degradation ratio
can be calculated from the ratio of filtered TOC amount to the total TOC amount of gel. For
example, it was that hydrogels were not degraded when held at 40°C for 3 h. When the medium
temperature was raised to 100°C, the gel was degraded to 90% during 1 h. In the case of 60
and 80°C, the rates of degradation were increased (40 and 20% of hydrogel was degraded).
This was due to the fact that the density of the polymer network decreased because of scission
of the polymer main chain and the removal amount of degraded polymer increased.
3.1. Mechanical properties
Examination of cross-linking and mechanical strength (compressibility at break) is based on
the measurement of the maximum clamping force, the change in solubility of the polymer in
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time using the compression testers. Typically, hydrogel samples are cut into cubes. The sample
was placed on the sample plate of the compression tester. The compression plunger fell at a
rate of 1 mm/5 s to compress the sample. For hydrogels, the compressive strength increased
with the increasing concentration of monomer and the decrease in the γ-irradiation dose as
well as with the decrease in the specific water content [19, 22, 23]. The hydrogels exhibited
higher compressive strength in the case of higher monomer concentration or greater irradiation
dose. This indicates that a higher cross-linked density causes a higher compressive strength
of hydrogel. The cross-linking is connected with the swelling (Ps). It changes with temperature,
pH and ionic strength.

4. Application
According to the Global Industry Analysts, Inc. report, the world demand for superabsorbent
polymers will reach up to 1.9 million metric tons in the next years. The fast increase in demand
will be seen on the developing markets and in new applications [25, 26]. Water-soluble
polymers such as poly(acrylic acid), poly(vinyl alcohol), poly(vinylpyrrolidone), poly(ethyl‐
ene glycol), polyacrylamide and some polysaccharides are the most common systems used to
form hydrogels [27–31]. These water-soluble polymers are nontoxic. Their physicochemical
properties such as good stability both in the swelling environment and during storage, rewetting capability, good absorption ability (maximum equilibrium swelling), good rate of
absorption, particle size and porosity, neutral pH, colourless, odourless, photo stability, low
soluble content and residual monomer and non-toxicity, maximum biodegradability without
formation of toxic groups and finally low price make them suitable for different applications
[32, 33]. Among others, the most important are agriculture, drug delivery, sealing, coal
dewatering, artificial snow production, food additives, pharmaceuticals, microfluidic control,
biomedical applications, tissue engineering and regenerative medicines, diagnostics, biomi‐
metic, biosensor/bioactuator, bioseparation and artificial skin and muscles, wound dressing,
separation of biomolecules or cells and barrier materials to regulate biological adhesions and
biosensor.
It should be mentioned that it is not possible to produce hydrogels with all these features,
although some properties can be achieved such as porosity, response to either pH or temper‐
ature, for example, the lowest re-wetting, the highest absorption rate and the lowest residual
monomer should characterize those used in drug delivery and production of personal hygiene
agents [34–37]. In the case of pH-responsive hydrogels (anionic or cationic), they should
contain groups that can accept or donate protons as response to pH change. Anionic hydrogels
possess carboxylic or sulfonic groups and deprotonation occurs at pH greater than pKa which
causes their ionization. This, in turn, increases hydrogel swelling. Cationic hydrogels contain
amine groups. In this case, ionization occurs at pH below the pKb and increased swelling is
observed. It was found that concentration, ionic charge, value of pKa or pKb, type of active
groups, hydrophilicity or hydrophobicity, degree of ionization of both hydrogel and solution
are very important. As for temperature-dependent hydrogels, their ability to swell and shrink
when the temperature changes is detected. When the temperature is below the upper critical
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solution temperature, hydrogels contract and release solvents from the matrix and the
dehydration process takes place. At temperatures higher than that the opposite process
(swelling) is observed. In the group of positive temperature hydrogels those based on
copolymer of polyacrylamide and n-butyl methacrylate (AAm-co-BMA) as well as derivatives
of chitosan are found [27]. The group of negative temperature hydrogels contains those with
two hydrophilic (−CONH−) and hydrophobic (R) parts.
4.1. Agriculture and horticulture industry
Recently, the research on the use of superabsorbents as water management materials for
agricultural and horticultural applications has attracted great attention. In the case of agricul‐
ture, the main role of hydrogels is release of nutrients into soil. Hydrogels can be impregnated
by fertilizer components (e.g., soluble phosphate, potassium ions, nitrogen compounds).
Chemicals trapped in a polymer network cannot be immediately washed out by water, but
gradually released into the soil and then absorbed by plants. The simplest way to use super‐
absorbents in agriculture is their mixing with the soil. Introduction of cross-linked hydrogels
into the root zone of plants releases not only mineral fertilizers but also pesticides. In this way,
they are used in the United States per year for 400,000 hectares of crops. For this aim, polya‐
crylamide, poly(acrylic acid) or polymethacrylic and their derivatives, much less frequently,
cross-linked poly(vinyl alcohol) and chemically modified polymers based on polysaccharides,
such as chitosan, pectin and carboxymethyl cellulose, have been used [5, 38–46]. However, the
use of the latest is considerably limited due to their rapid biodegradability in soil [47].
Superabsorbents increase water capacity of the soil, at the same time counteracting the loss
through seepage and evaporation [48–50]. They counteract rapid changes in soil moisture
acting as buffer water. They also block channels for water loss from the soil surface. The
effectiveness of the process depends on the soil properties such as aeration, temperature and
nutrient transport, water uptake and transformation, which affect plant growth. Therefore,
applicability of cellulose-based hydrogels can be recommended for the controlled release of
water and nutrients in arid and desert areas. The main advantage is controlled release of water,
long time maintaining soil humidity, increase of soil porosity and therefore better oxygenation
of plant roots. It was confirmed that the amount of moisture retained in the soil is dependent
on the concentration of the cellulose-based superabsorbent matrices. The advantages of this
type of hydrogels are also eco-friendly sources, high holding capacity, low cost and biode‐
gradability. Moreover, their application helps reduce irrigation water consumption, causes
lower death rate of plants, improves fertilizer retention in soil and increases plant growth rate
[51–54].
As for slow release fertilizers combined with superabsorbents to obtain both slow-release and
water retention properties are well described in the literature. In general, fertilizers and
superabsorbents are combined by two methods. In the first method, fertilizers are blended
with superabsorbents. In the second approach, fertilizers are added to the reaction mixture
and polymerized in situ whereby they are entrapped in the superabsorbents. These two
methods always result in a higher release rate [55, 56].

77

78

Emerging Concepts in Analysis and Applications of Hydrogels

Hydrogels are also used in the cultivation of nursery plants. Superabsorbents allow to reduce
the costs associated with maintaining plants, increase the survival rate of planted crops and
allow for non-invasive protect seedlings of various kinds of vaccines aimed at ensuring better
development of plants [54].
Hydrogels as components of horticultural substrates increase the soli water capacity. During
irrigation or rainfall they bind water in the soil, preventing it from seeping into deeper layers.
As a result, water is continuously provided to plants limiting water stress in plants [55–57]. It
should be mentioned that further research is needed because most of the superabsorbents are
based on pure poly(methacrylate) and therefore they are too expensive and not suitable for
saline containing water and soils. Non-ionic polymers have a much lower absorption, but they
are also less sensitive to ions in the water. Due to that many authors propose introducing
inorganic clays, such as kaolin, bentonite, montmorillonite, etc., into pure polymeric super‐
absorbents in order to improve swelling property, hydrogel strengths and reduce production
costs [58–61].
Hydrogels can also be used as a carrier of pesticides. For example, chitosan is characterized
by antimicrobial and insecticidal properties. In the mixture with other active substances, it can
be used as a matrix to carry bioinsecticides designed to control, for example, proliferation of
insect larvae. Similarly, microcapsules of alginate and chitosan were prepared, characterized
and evaluated as a carrier system for imidacloprid, synthetic analogs of brassinosteroids and
diosgenin derivatives, azadirachtin, etc. Bionanocomposite materials based on chitosan as well
as chitosan and clay blends (with montmorillonite) can be used as absorbents for herbicides
[57, 58].
4.2. Food production and packaging industry
According to the Food and Agricultural Organization of the United Nations (FAO), increase
of the global population to 9.1 billion by 2050 will be connected with the increase of the world
food production by 70% and double food production in the developing world [62–64]. The
application of hydrogels provides both economic and environment benefits by avoiding
contamination of the ground water. Due to using too much fertilizers, water supplies are
polluted. It may also lead to eutrophication, a situation where there is not enough oxygen
dissolved in the water for aquatic organisms to survive. The use of coated fertilizers is a
promising alternative to improve many aspects of fertilization based on the concept of
controlled release. The main advantages of using controlled release hydrogels are regular and
continuous delivery of nutrients, low-frequency fertilizer application and elimination of
damage to roots due to high salt concentrations [65–67].
Effective food production is an integral part of food storages. Development of the concept of
long-term food storage is connected with using polymers of various chemical compositions
and structures. Along with the required performance properties, such as chemical durability,
physicomechanical and technological properties, polymer materials used in direct contact with
foods should also meet high hygienic requirements. For this aim, typical synthetic polymers
as well as biopolymers widespread in nature in the form of cellulose, starch, natural rubber,
silk and various resins have been used. Besides a polymer binder, plasticizers, fillers, dyes,
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pore formers, lubricating agents and other components are made of these components. The
most popular way to obtain degradable blends is mixing natural and synthetic polymers or
incorporating inorganic fillers [68–70]. Hydrogels can also be applied to produce efficient
biopolymer packaging materials with desirable properties. Stiff and rigid linear polysacchar‐
ides mixed with proteins tend to form gels in the form of sheets, membranes and coatings [71].
Several biopolymers such as starch, cellulose, chitosan, poly(lactic acid) (PLA), poly(capro‐
lactone) (PCL), poly(hydroxybutyrate) (PHB) are used for packaging purposes. The current
trend in food packaging is the use of blends of different biopolymers such as starch-PLA blends
and starch-PCL blends. More globular and flexible polysaccharides form spherical structures
[26]. Promising applications of hydrogels in food packaging industries include improved
packaging (gas and moisture barriers), antibacterial packaging, product condition monitoring,
nanoadditives, enhanced shelf life, protection from oxidation and task masking.
4.3. Biomedical applications
For the first time, poly-2-hydroxyethylmethacrylate (PHEMA) as a synthetic biocompatible
hydrogel was used for contact lens applications in 1960. Hard contact lenses are primarily
based on hydrophobic materials such as poly(methyl methacrylate) (PMMA) or poly(hexafluoroisopropyl methacrylate) (HFIM), whereas soft lenses are based on hydrogels. Nowadays
many attempts are made to obtain lenses with good oxygen permeability. To this aim, the
hydrophilic monomers: 4-t-butyl,2-hydroxycyclohexyl methacrylate, methacryloylamino-4-tbutyl-2-hydroxycyclohexane and 4-t-butyl,2-hydroxycyclopentyl methacrylate with HEMA
and N-vinyl-2-pyrrolidone (NVP) are proposed [72].
Hydrogels are widely used in wounds treatment. Large wounds lead to the risk of infection
and loss of large amounts of fluids. It was proved that chitosan hydrogels and their derivatives
accelerate the division of fibroblasts and production of cytokines. The amount of collagen in
wounds treated with chitosan materials is lower, therefore the growth of tissues does not occur
so fast and the formation of small scars is observed. Chitosan is hypoallergenic and has natural
antibacterial properties, which further support its use in field bandages [73, 74].
Bandages were introduced by HemCon, Inc., which develops market technologies to control
severe bleeding for traumatic skin and organ injuries. Unlike the gauze, bandages made from
chitosan hydrogels interact with the blood cells (chitosan molecules carry positive charge). All
our cells, our blood cells, the outer membranes have negative charges. The negative charge of
the blood cells is attracted by the positive charge of the chitosan. As soon as they touch each
other, they fuse and form a tight, adherent clot on the surface of the wound. HemCon®
bandages are conveniently packaged, stable at room temperature and simple to use. Being
extremely robust and flexible, they can be used on irregular wound surfaces. They are also
non-heat-producing and can easily be removed by the water. The other examples are Granu‐
gel® (ConvaTec), Intrasite Gel® (Smith & Nephew), Purilon Gel®(Coloplast), Aquaflo (Covi‐
dien) or Woundtab® (First Water) [14].
Applications involving cell immobilization in alginate hydrogels to obtain artificial organs are
also very important. Hydrogels stimulate behaviour of human organs and they are sensitive
to the changes of conditions such as pH, temperature, enzymes and electric field. The fact that
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they are hydrophilic in nature because of reactive groups such as −OH, −COOH, −NH2,
−CONH2, −SO3H allows them to absorb or retain large quantities of water as well as to contain
bioactive materials within their network. They could be used in controlled release systems
without the need to remove them due to their biocompatibility. Therefore, development of
pH-sensitive biodegradable and biocompatible hydrogels based on polysaccharides, poly‐
peptides and proteins is observed. For example, polysaccharides/polyaniline based graftcopolymers have demonstrated their potential to be efficiently used for various biomedical
applications as medical implants, prosthetic muscles or organs, diagnostic devices to artificial
muscles, stabilization of bone implants and decreasing thrombosis [75, 76]. Used for produc‐
tion of urinary catheters, they prevent bacterial colonization on the surface and provide a
smooth and slippery surface to improve its biocompatibility. One of the advanced applications
of hydrogels was proposed by Caló and Khutoryanskiy [14]. Hydrogels can be used to convert
electrochemical stimuli into mechanical work, i.e., reversible contraction and relaxation under
physicochemical stimuli for the development of artificial muscles, which function like the
human muscle and tissue but with an electrically driven muscle. Hydrogels obtained from
natural polymers such as agarose due to its biocompatibility and the mild conditions of
gelation make them suitable for applications in tissue engineering.
Hydrogels are also applied for insulin regulation in diabetes, treatment of hemophilia B,
kidney failure (urea removal), liver failure, interferon production, treatment of Parkinson
disease, hypocalcemia and chronic pain [77–79].
4.4. Hydrogels in cancer treatment
Advances in chemotherapy have resulted in development of many innovative drug delivery
hydrogels which have significantly improved prognosis and quality of life in cancer patients.
Peppas et al. [80] and Nguyen et al. [81] reported the PEG–PLGA graft copolymeric hydrogels
application for cancer treatment and cancer imaging using light-sensitive polymers with
stimuli sensitive properties for potential biomedical applications. Kanamala et al. [82] indicate
that pH-sensitive hydrogels for tumour-targeted drug delivery have provided a new strategy
for addressing the limitations of the conventional chemotherapy, i.e., HPMA polymer-coated
liposomes to target tumour extracelluar pHex. Casolaro et al. [83] synthesized and studied two
acrylic hydrogels as a biomaterial to load and release the chemotherapeutic agent cis-platin.
Dual stimuli-responsive hydrogel has improved the release of platinum(II)-species for the
chemotherapy of solid tumours.
The most interesting approach to treatment of pancreatic cancer has been proposed by David
et al. [84]. Pancreatic cancer is a deadly form of neoplasm with the highest level of mortality
among different cancers. They have developed a novel material by combination of quercetin
and 5-fluororacil loaded on chitosan nanoparticles. The dual drug-loaded carrier system
exhibited significant toxicity towards pancreatic cancer cells in both two-dimensional (2D) and
3D cultures.
In the case of congenital anomalies, traumatic injuries or tumour resections both biocompatible
carriers and specific substances for bone reconstruction are applied. Many techniques applying
tissue engineering are reported to promote osteogenesis with appropriate scaffolds for bone
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regeneration. Fujioka-Kobayashi et al. [85] created a drug delivery system that allows the
controlled release of proteins—cholesterol-group- and acryloyl-group-bearing pullulan
(CHPOA) nanogels. They were aggregated to form fast degradable hydrogels (CHPOA/
hydrogels) by cross-linking with thiol-bearing polyethylene glycol. Two distinct growth
factors, BMP2 and recombinant human fibroblast growth factor 18 (FGF18), were applied to a
critical-size skull bone defect for bone repair by the CHPOA/hydrogel system. The CHPOA/
hydrogel system can successfully deliver two different proteins to the bone defect to induce
effective bone repair. The combination of the CHPOA/hydrogel system with the growth factors
FGF18 and BMP2 might be a step towards efficient bone tissue engineering.
4.5. Heavy metal ions removal
In the case of heavy metal ions removal, different physicochemical properties of hydrogels can
be taken into account [86–91]. Hydrogels (with and without magnetic properties) based on
natural polysaccharides for Cd(II) removal from aqueous solutions were described in [92]. The
chitosan-based hydrogels were synthesized with the addition of known amounts of chitosan,
acrylic acid, and methylene-bisacrylamide in the presence of initiator in the form of ammonium
persulfate and magnetite nanoparticles. It was found that the sorption process varies when
magnetite is added during the synthesis of hydrogels. As for the contact time, pH, initial
hydrogel mass and initial concentration of Cd(II) ions, it was found that the hydrogels without
magnetic properties can be applied in the treatment of water and industrial effluents conta‐
minated with Cd(II) more efficiently than those with magnetic properties. Application of new
pH-sensitive chitosan-based hydrogel as a sorbent for Zn(II) ions from synthetic wastewater
solutions was described in the paper by Milosavljević et al. [93]. The influence of different
variables such as pH, temperature, contact time and initial concentration on the Zn(II) ions
uptake was examined. The absorbate concentration (4.6, 9.2 and 14.1 mg/L), pH, absorption
time (0.5–48 h) and temperature (25, 37 and 45°C) were varied. It was found that the maximum
absorption of Zn(II) ions occurred at pH 5.5. The value obtained for maximum sorption
capacity of 105.5 mg/g at 25°C. The hydrogel can be regenerated with 0.01 mol/L HNO3.
The absorption of Cu(II) ions from aqueous solutions onto poly(acrylic acid-co-acrylamide)
hydrogels prepared via free-radical solution polymerization was investigated by OrozcoGuareño et al. [94]. They found that hydrogel with a less cross-linking agent showed the
highest capacity towards Cu(II) 121 mg/g. The effect of solution pH on the process effectiveness
without dissolving of hydrogels was not observed. The Cu(II) absorption kinetics results
showed that equilibrium was attained within 30 min. The absorption equilibrium data were
better fitted by the Langmuir isotherm model. However, the effect of the amount of crosslinking agent was reflected in a poor fit of this isotherm equation attributed to the narrower
interchain space. It was proposed that Cu(II) ions were coordinated through the carboxylic
and amide functional groups to form a tetradentate surface copper complex [94].
4.6. Dyes removal
Hydrogels based on (meth)acrylates have been used in cationic dye removal, for example,
(poly(methacrylic acid)-graft-cellulose/bentonite), poly(methacrylate-acrylic acid-vinyl
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acetate) and chitosan-graft-poly(acrylic acid) for methylene blue removal; poly(acrylic acidacrylamide), semi-IPN of poly(acrylic acid-acrylamide-methacrylate) and amylase and
poly(glycidylmethacrylate)-graft-cross-linked acrylate based resin for crystal violet, yellow 28
(BY28) removal [95–97]. Positive values of enthalpy, negative of entropy reveal favourable,
spontaneous, endothermic processes. The Langmuir and Freundlich sorption isotherms are
found to describe the experimental data best. Maximal sorption capacities corresponding to
the complete monolayer coverage reached 102 mg/g and 157 mg/g for poly(methacrylic acid)
based hydrogels with the neutralization degrees of monomer of 0 and 80%, respectively. Also
the guar gum-based hydrogels such as guar gum-acrylic acid (Gg-AA) based cross-linked
hydrogels were interpenetrated with PANI and evaluated for conductivity, antibacterial
properties and dye absorption application [98].

5. Perspectives
Increasing knowledge about hybrid or composite hydrogel materials allows to design very
useful shape-memory and self-healing, stimuli-responsive hydrogel materials. This is a
consequence of the approach wherein minimally invasive treatments are needed. At the
forefront are these which determine the immediate change from a low viscous solution before
injection and quick formation of a strong network in situ requires careful selection of appro‐
priate cross-linkers, possibilities to modulate release and degradation profiles after hydrogel
administration, shielding pharmaceutical drugs in micro- and nanoparticles, etc. Such
materials are also very interesting as sorbents because during the swelling process the network
structure tends to be more extensive which allows access of various molecules to active centres.
It should be mentioned that they can be readily and completely regenerated without no
significant change of their properties.
5.1. Electroconductive hydrogels and biosensors
Electroconductive hydrogels are polymeric blends or conetworks that combine integrally
conductive electroactive polymers (CEPs) with hydrated hydrogels. Electroconductive
hydrogels belong to the class of multifunctional smart materials which combine the properties
of constituent materials to give rise to technologically relevant properties for devices and
systems as a biorecognition membrane layer in various biosensors. As an example, the
biosensors of poly(HEMA)-based hydrogel and poly(aniline) (PANI) with the incorporated
recombinant cytochrome P450-2D6 and poly(HEMA)] as well as polypyrrole (PPy) hydrogels
with the incorporated analyte-specific enzyme can be mentioned. Such polymers have
potential applications in bioactive electrode coatings and electrochemical devices.
5.2. Indicators
pH-sensitive hydrogels can be applied in modern analytical methods such as dispersive solidphase extraction (DSPE) also known as QuEChERS (quick, easy, cheap, effective, rugged and
safe), semisolid-liquid dispersive microextraction (SSLDM), dispersive liquid-liquid microex‐
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traction (DLLME) and solid-phase extraction (SPE) which are often applied for multi-residue
analysis of active substances, plant extracts, pesticides etc. In many cases, some of them are
free from organic solvents and therefore classified as a green analytical method (in this case,
highly toxic, chlorinated solvent extractants are not applied). For example, pH-sensitive
hydrogels were prepared from a catechol-conjugated alginate hydrogel and a pyrocatechol
violet dye [98]. Chemical and mechanical stability in a wide range of pH values as well as a
simple method of synthesis determine their application as visible sensors to withstand and
monitor corrosive liquids (acids and bases) as well as radioactive compounds, hazardous
wastes and infectious microorganisms.

6. Hydrogels in controlled release of fertilizers chelated by the
biodegradable complexing agent IDS
Hydrogels found applications as slow-release fertilizers although the addition of fertilizers
generally causes hydration reduction and affects their physical properties. Another aspect is
the fact that most of the traditional hydrogels are polyacrylate-based products, thus not
biodegradable and regarded as potential pollutants for the soil [99, 100]. Our research group
has recently focused on the application of hydrogels in controlled release of fertilizes based on
the biodegradable complexing agents. It was proved that the commercial hydrogels Luquasorb
1160 and Luquasorb 1280 can be used for the absorption of Cu(II), Zn(II), Mn(II), and Fe(III)
complexes with the IDS [101].
It was found that the rate of absorption of the nutrients (macro- and micronutrients) by the
plants depends not only on plant age but also on the form in which the element is supplied
and the solution concentration. Micronutrients are applied in the form of simple complexes or
chelates. Several compounds are used as the complexing agents. They can be both natural and
synthetic. In this group, citric, formic, ascorbic, propionic, tartaric, succinic, lactic, gluconic
and salicylic acids or their K, Na and NH4+ salts, lignosulfonates, natural and synthetic amino
acids (glycine, cysteine, and glutamine), ethylenediaminetetraacetic can be listed. For example,
citric acid is a natural biodegradable chelator. Because of its carboxyl groups, citric acid
complexes are not stable in the acidic environment. EDTA forms strong water-soluble chelates
with polyvalent metal ions over a fairly wide range of pH [102].
Liquid fertilizers applied for feeding of plants should be characterized by defined properties
such as an appropriate content and ratio of macro- to micronutrients. In addition, the ligand
of the sequestering agent should undergo a metabolic conversion or biodegradation. There‐
fore, in the present paper the new complexing agent for binding nutrient ions was proposed.
ISD is characterized by excellent biodegradability.
This new, biodegradable complexing agent also known as Baypure CX 100 (Laxness, Germany)
or tetrasodium salt of (N-1,2-dicarboxyethyl)-D,L-aspartate acid. Iminodisuccinic acid belongs
to the group of biodegradable complexing agents of a new generation. It is environmentally
friendly and non-toxic. It is prepared by thermal polymerization of aspartic acid and
characterized by extremely rapid biodegradation, which equals approximately 80% after just
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7 days [103–105]. It can solubilize in water at any ratio. Its ability to form soluble complexes
with metal ions dissolved in water is in the range from 4 to 10. Formation of IDS complexes
with metal ions can be described as follows (Eq. (1)):
2+
n- 4
M + Hnids ® éëM ( Hnids ) ùû

n- 2

(1)

where ids is the ligand iminodisuccinic, M is the metal ion, n = 0–3. IDS is a pentadentate
complexing agent. It forms chelates of octahedral structure with many metal ions. For example,
for Cu(II) ion there are known the following complexes: [Cu(Hids)]−, [Cu(ids)]2−)]−, [Cu(OH)
(ids)]3−. The stability constants of metal complexes with IDS were presented in [106, 107]. In
our previous paper [108], the influence of chemical conditions on hydrogel, kinetic and
absorption behaviour towards Cu(II), Zn(II), Mn(II) and Fe(III) ions in the presence of the
chelating agent of a new generation, i.e., IDS was studied. The studies were carried out to
investigate the effect of the sorbent dose, pH of the solution, initial concentration as well as
phase contact time and temperature on the absorption efficiency. The kinetic parameters based
on the kinetic models, i.e., the pseudo first order (PFO), the pseudo second order (PSO) and
the intraparticle diffusion (IPD) equations were also determined. From the linear dependence
of the Langmuir and Freundlich isotherms, the maximal absorption capacities and the
constants of the studied hydrogel in relation to the complexes of Cu(II), Zn(II), Mn(II) and
Fe(III) with IDS were determined. Now the new hydrogels such as TerraHydrogel®Aqua,
THA (Terra, Poland), Agro® hydrogel, AH (EverChem, Poland) and Zeba® hydrogel, ZH
(Agrecol, Poland) were investigated. Their physicochemical properties are listed in Table 2.
Superabsorbent

TerraHydrogel®Aqua (THA) Agro® hydrogel (AH)

Zeba® hydrogel (ZH)

Matrix

Cross-linked polyacrylate

Cross-linked acrylamide polyacrylate Cross-linked polyacrylate

Form

Anionic

Anionic

Anionic

Commercial form

Na

Appearance

White granules

K

n.a.

White powder

White-yellow granules

The water absorbency 180–300 g H2O/g

380 g H2O/g

n.a.

Bead size (mm)

0.177–0.255

0.300–1.000

n.a.

Operating pH range

6–8

5–9

5–9

+

+

Abbreviation: n.a., not available.
Table 2. The physicochemical properties of THA, AH and ZH hydrogels.

In the first stage of investigations, the moisture retention capability (QH2O%) at time t was
measured. To determine the water absorption capacity of the hydrogels, a gravimetric method
was applied. It was found QH2O% values were changed from 34 to 89% for THA after the
measured time intervals [104]. For AH and ZH hydrogels, they were as follows: from 25 to
73% and from 12 to 87%, respectively (Figure 1).
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Figure 1. Comparison of water absorption capacity QH2O% of the (a) THA, (b) AH and (c) ZH hydrogels.

In the next stage THA, AH and ZH hydrogels were immersed in NaCl solution (initial
concentrations in the range 0.2–1.5 M) at room temperature to reach the swelling equilibri‐
um. After 24 h time, the samples were separated from the solution by filtration. The NaCl
solution (QNaCl%) absorbency of THA, AH and ZH hydrogels were determined by weighing
the swollen and dry samples. All the experiments were carried out three times to obtain the
average values. It was found that QNaCl% values were equal to 10, 8 and 15% for 1.5 M NaCl
solution, respectively. The obtained results were presented in Figure 2.

Figure 2. Comparison of NaCl absorption capacity QNaCl% of the (a) THA, (b) AH and (c) ZH hydrogels.

After immersing in water and NaCl solutions, the polymer network of negative charged due
to the presence of carboxylic groups can absorb and retain a large volume of water or salt
solutions. As follows from the literature data [25, 109] the rate of solution transport can be
much lower than the relaxation of the polymer chains (Fickian diffusion) or diffusion is very
rapid compared with the relaxation process (the rate of water movement is determined by
relaxation) as well as in the intermediate case the diffusion and relaxation rates are compara‐
ble. Those estimations can be based on the equation (Eq. (2))
mt / m¥ = kt

n

(2)

where mt is the mass of water absorbed at time t, m∞ is the mass of water or NaCl solution
absorbed at equilibrium, kis a characteristic constant of the polymer and n is a diffusional
exponent. For n < 0.5, the rate of solution transport is dominated by a Fickian diffusion
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mechanism, for n > 0.5 the dynamic swelling of the polymers is the main factor. In the case of
n = 0, the mass transfer is independent of time.
The maximum quantity of water absorbed by THA is 190 g/g for distilled water and 119 g/g
for 1.5 M NaCl solution during its 1st hydration cycle (Figure 1). For AH hydrogel, these values
are as follows: 165 g/g for distilled water and 98 g/g for 1.5 M NaCl solution, for ZH hydro‐
gel they are the lowest: 131 g/g for distilled water and 72 g/g for 1.5 M NaCl solution. The
absorption of water by AH, ZH and THA hydrogels was found to be faster in distilled water
compared to NaCl. Comparing the obtained results replicated in three steps, it was proved
that the first step of hydration was the fastest (data not presented). Swelling of polymer in the
case of salt solutions is smaller due to the difference in the osmotic pressure.
Static (batch) tests of absorption of metal complexes with IDS were made by putting 0.1 g of
THA, AH and ZH hydrogels and 50 cm3 of Cu(II) complexes with IDS solution (in the system
M(II):IDS = 1:1) into the 100 cm3 conical flask and shaking mechanically using the laboratory
shaker for 1–120 min. The procedure was repeated three times. The samples were shaken using
the laboratory shaker type 357 (Elpin Plus). The stirring speed was 180 rpm. The pH was
measured using a pH meter CPI-505 (Elmetron, Poland). The concentration of Cu(II) com‐
plexes with IDS in the filtrate was determined using the inductively coupled plasma optical
emission spectrometer ICP-OES of type 720 ES (Varian, Australia).
The amount of Cu(II) complexes with IDS absorbed on THA, AH and ZH hydrogels was
calculated from the difference between the initial concentration and the equilibrium one. The
rate of complexes absorption is expressed as percentage of the amount of metal ions absor‐
bed after a certain time related to that required for the state of equilibrium. This can be
described as follows (Eq. (3)):
S% =
( c 0 - c e ) / c 0 ´ 100%

(3)

The absorption capacity (qee, mg/g) of THA, AH, ZH hydroirst-order kinetic equation is
represented as (Eq. (4):
q e =( c 0 c e ) / md ´ V

(4)

where c0 is the initial concentration of M(II) complexes with IDS solution (mg/dm3), ct is the
concentration of M(II/III) complexes with IDS in the aqueous phase at time t (mg/dm3), V is
the volume of the solution (dm3) and md the mass of the dried hydrogel (g). The examplary
results of sorption of the Cu(II)-IDS complexes on THA are presented in Figures 3 and 4.
The data show that the amount of Cu(II) ions sorbed by THA hydrogel increases with the
increasing of concentration the complexes. The absorption percentage (S%) also increases with
increasing concentration. For the Cu(II)-IDS complexes at the concentration 100 mg/dm3, the
equilibrium time was attained in 10 min, whereas equilibrium was reached in about 20 min
for the concentration 200 mg/dm3 and 1 h for 300 mg/dm3.
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Figure 3. Comparison of S% of Cu(II) ions in the presence of IDS at different initial concentrations: (a) 100 mg/dm3, (b)
200 mg/dm3 and (c) 300 mg/dm3 on THA hydrogel (0.1 g of THA, 250–500 μm, 100 cm3 of Cu(II)-IDS solution, pH 6,
298 K).

Figure 4. Comparison of absorption kinetics of Cu(II) ions in the presence of IDS at different initial concentrations: (a)
100 mg/dm3, (b) 200 mg/dm3 and (c) 300 mg/dm3 on THA hydrogel (0.1 g of THA, 250–500 μm, 100 cm3 of Cu(II)-IDS
solution, pH 6, 298 K).

For estimation of kinetic parameters the pseudo first order (PFO) and the second order
kinetic (PSO) models were used [110, 111]. The pseudo first-order kinetic equation is
represented as (Eq. (5))
log ( q e - q t=
) log q e - ( k1t / 2.303 )

(5)

where qe and qt denote the amount of absorption at equilibrium and at time t (mg/g),
respectively; k1 is the rate constant of the pseudo first order absorption (1/min). Based on the
plot of log (qe – qt) vs. t the kinetic parameters were calculated. The pseudo second-order model
is expressed as (Eq. (6))
=
t / qt

(t / q ) + 1 / k q
e

2
2 e

(6)

where qe and qt denote the amount of absorption at equilibrium and at time t (mg/g),
respectively; k2 is the rate constant of the pseudo second-order absorption (g/mg min). The
kinetic parameters were calculated based on the plots of t/qt vs. t. Comparisons of absorption
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kinetics of Cu(II) ions in the presence of IDS at different initial concentrations on the THA
hydrogel fitted by the pseudo first and pseudo second kinetic models are presented in Figures 5
and 6.

Figure 5. Comparison of absorption kinetics of Cu(II) ions in the presence of IDS at different initial concentrations: (a)
100 mg/dm3, (b) 200 mg/dm3 and (c) 300 mg/dm3 on the THA hydrogel fitted by the pseudo first kinetic model (0.1 g of
THA, 250–500 μm, 100 cm3 of a Cu(II)-IDS solution, pH 6, 298 K).

Figure 6. Comparison of absorption kinetics of Cu(II) ions in the presence of IDS at different initial concentrations on
THA hydrogel fitted by the pseudo second kinetic model (0.1 g of THA, 250–500 μm, 100 cm3 of Cu(II)-IDS solution,
pH 6, 298 K).

The determined kinetic parameters of the process indicate that its course is consistent with the
reaction mechanism typical of the pseudo second-order reaction in the case of Cu(II) com‐
plexes sorption with IDS as confirmed by high values of the correlation coefficients and the
calculated sorption capacities are in the agreement with the experimental data. The kinetic
sorption data were better fitted with the use of the pseudo second kinetic model, which yielded
the best correlation coefficients R2(>0.99) and the rate constant k2 in the range 0.002–0.035 for
the Cu(II)-IDS complexes. The obtained data also show that the k2 rate constant decreased with
the increase of the initial Cu(II)–IDS concentration, which confirmed that the time to reach
sorption equilibrium increased with the initial concentration.
Furthermore, the experimental data were analyzed according to the Weber-Morris kinetic (Eq.
(7)), i.e., the intraparticle diffusion model (IPD) given below [112]:
q t = kit 1/ 2 + C

(7)
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where ki is the intraparticle diffusion rate constant (mg/g min0.5), C is the intercept which reflects
the boundary layer effect.
The comparison of absorption kinetics of Cu(II) ions in the presence of IDS at different initial
concentrations on the THA hydrogel fitted by the pseudo first and pseudo second kinetic as
well as Weber-Morris models are presented in Figures 5 and 7.

Figure 7. Comparison of absorption kinetics of Cu(II) ions in the presence of IDS at different initial concentrations on
THA hydrogel fitted by the intraparticle diffusion model (0.1 g of THA, 250–500 μm, 100 cm3 of Cu(II)-IDS solution,
pH 6, 298 K).

It was also observed that the absorption process can be divided into three stages where the
slope corresponds to the absorption rate. In the first stage, the regression line with short
intercepts almost passed through the origin, suggesting that the intraparticle diffusion is not
the sole rate controlling step. The sharper slope was attributed to the diffusion of studied
complexes to the external surface of hydrogels or the boundary diffusion layer. The second
stage implied the gradual absorption, where intra-particle diffusion was rate-controlling. As
the contact time increases, the effect exerted by the external mass transfer in absorption ratecontrolling becomes more and more evident. The intraparticle diffusion slowed down in the
third stage due to low concentration of Cu(II)-IDS complexes. It can be concluded that
intraparticle diffusion plays a predominant role in the first stage of the sorption process.
THA, AH and ZH hydrogels were also characterized by the pH of the point of zero charge
pHzpc determination using the pH drift method. Their pH in 0.01 M NaCl solution was adjusted
between 2 and 12 by adding 0.1 M NaOH and 0.1 M HCl. 0.2 g of the THA, AZ and ZH was
added to 50 cm3 of the solution and after 24 h the final pH was measured. As follows from the
previous studies pHzpc determined for the THA hydrogel was equal to 6.9 [104]. For AZ and
ZH hydrogels those values were equal 7.4 and 6.5. At pH > pHzpc the surface charge will be
negative while at pH < pHzpc positive and therefore pH affects the sorption process. In the
whole pH range of 2–11, THA was the most efficient for removal of Cu(II)-IDS complexes.
Generally, the absorption is more favourable at the pH values 4–10 and decreases at the pH
values of 2 and 13. The analogous results were obtained for AH and ZH hydrogels. Howev‐
er, a slight loss of the mass of the used hydrogels was observed. Therefore to examine
stability (mass loss) of the used hydrogels, the samples were immersed at room temperature
in buffer solutions at pH 1.96, 4.01, 7.0, 9.0 and 11.0 for 3 h. Mass loss was determined by the
gravimetric method, as previously. It was found that at pH 11 the mass loss was the largest
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and equal to 36 and 24% for AZ and ZH hydrogels, respectively. It can be noticed that the
swelling ratio of the hydrogels increases at pH greater than 1.96 and decreases sharply for the
samples at pH 11.0. At pH 1.96, H-bonding between −OH, −CO and −COOH groups increas‐
es the cross-linking density and hence results in small swelling ratio, especially for AH
hydrogel. At pH 7.0, the carboxylic groups are dissociated and the hydrogen bonds are
disrupted. The electrostatic repulsion between the polymer chains occurs and THA, AH and
ZH hydrogels tend to swell. At pH greater than 7.0, the polymeric chains swell rapidly and
deprotonation of the basic groups and dissociation of the acidic groups carboxylic groups
occurs.

Figure 8. SEM scans of THA before the sorption of Cu(II)–IDS complexes.

For the used hydrogels, scanning electron microscopy images were also recorded using
Quanta 3D FEG microscope (FEI). Fourier transform infrared spectra of THA were obtained
using the attenuated total reflectance technique (FTIR-ATR) and measured with a FTIR
Carry 630 spectrometer (Agilent Technologies). The bands at 3400 cm−1 (νas NH2), 3190 cm−1 (νs
NH2) and 1687 cm−1 (C=O) are characteristic of the acrylamide unit. The characteristic
stretching 2 vibrations at 1453 cm−1 connected with the presence of –CH2 group as well as the
symmetric and asymmetric stretching vibrations of the carboxylate ion (COO−1) at 1399 and
1553 cm−1 are also visible [113, 114].
It should be mentioned that the samples were prepared before the sorption process (Figure 8).

7. Conclusions
Cross-linked hydrophilic polymers are capable of absorbing large volumes of waters and salt
solutions. Therefore, they can find widespread applications in bioengineering, biomedicine,
food industry and water purification as well as in separation processes. They are also applied
in the production of slow release of fertilizers. In the present paper, the application of the
biodegradable complexing agent, iminodisiccinic acid (IDS) for the sorption of Cu(II), was
presented using commercially available hydrogels. It was found that with the increasing phase
contact time and concentration the sorption effectiveness increases. The equilibrium state is
established at the phase contact time about 10–20 min depending on the complex concentration
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of the initial solution. The determined kinetic parameters of the process indicate that its course
is consistent with the reaction mechanism typical of the pseudo second-order reaction in the
case of sorption Cu(II) complexes with IDS as confirmed by high values of the correlation
coefficients and the calculated sorption capacities are in the agreement with the experimental
data. TerraHydrogel®Aqua, THA hydrogel can find application in the controlled release of
fertilizers based on the biodegradable complexing agent.
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Abstract
In this chapter, we discuss the design and synthesis of hydrogels and related polymeric
materials with metal ion coordination properties, with the aim to review the main synthetic
strategies used in the area. Then, we focus on the solid-state nuclear magnetic reso‐
nance (ss-NMR) spectroscopic technique due to its importance as a structural elucida‐
tion tool in both powdered and hydrated state, with emphasis on cross-polarization magic
angle spinning (CP-MAS) and high-resolution magic angle spinning (HRMAS). Also, we
explain different adsorption models, with the aim to present the methods most common‐
ly used to analyze the uptake properties of hydrogel materials toward metal ions or organic
compounds. Finally, we will discuss the applications of these materials for the removal
of heavy metal ions and organic compounds, in terms of efficiency in the uptake of these
ions and the different techniques commonly used to study the coordination process and
the generation of reactive oxygen species (ROS) from hydrogen peroxide (H2O2). The main
aim is to provide scientists with a review of the spectroscopic techniques most common‐
ly used for bulk and surface characterization of non-soluble materials.
Keywords: Polymers, coordination, ss-NMR, metal complexes, H2O2 activation

1. Introduction
Various human activities lead to increase in the concentrations of heavy metal ions in the
environment. For example, the effluents from electrical and plastic industries contain copper
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and cadmium ions, which are toxic and harmful, even at low concentrations, not only to
humans but also to plants and animals because they are not biodegradable [1]. An effective
and versatile method to remove these heavy metal ions is adsorption [2]. Thus, in the last years,
many research groups have worked on the design of functionalized polymers for the
development of effective and economic adsorbents for the removal of these toxics from
effluents. In this context, polymeric materials with polyampholyte and polyelectrolyte
characteristics have interesting properties such as acid–base behavior and coordination of
inorganic and organic compounds [3]. Polymeric materials with polyampholyte characteris‐
tics consist of monomers which can have positive and negative charges, whereas those with
polyelectrolyte characteristics may possess electric charge of one sign. Both can be synthe‐
sized by conventional techniques of radical polymerization [4].
Regarding the textile industry, most of the pigments used today are poorly biodegraded or
resistant to environmental conditions. Thus, there is a growing need to remove these
pigments from its effluents and a growing demand for new physical, chemical, and/or
biological methods to reduce their concentrations [5].
With the aim to fight this pollution panorama, scientists have developed different smart
systems using copper complexes of inorganic or organic material for H2O2 activation,
thereby generating reactive oxygen species (ROS) for oxidative degradation of the pollutant.
There are numerous examples of Cu(II)/organic ligand complexes as homogeneous systems
in which amino acids [6], carboxylic acid [7], and Schiff bases are used as chelating agents
[8], since the coordination of the metal ion produces an increase in the catalytic activity of
Cu(II). In this area, heterogeneous catalysts, obtained by modifying the surface of particulate
materials (such as silica, clays, and diverse polymeric materials) with Cu(II), where its
efficiency is strongly dependent on the synthetic method used in their preparations, are
actively being used.
In turn, the macromolecular complexes generated between ligands and transition metal ions
have been widely studied because they can model the complexation of metal ions with
biological ligands present in the active site of enzymes that can be emulated with carboxylic,
hydroxyl, and imidazole groups present in the polymer matrix [9, 10]. Particularly, copper
proteins are a group of enzymes which have copper ion as a cofactor. According to the
coordination mode in the copper centers, a subclassification is carried out taking into
account the geometry of the complex or the number of Cu(II) ions [11].
Nowadays, the use of biohydrogels is preferred to reduce the amount of vinyl or acryl
monomers used in the preparation of synthetic hydrogels, and thus to decrease the impact
on the environment. However, in general, natural materials are modified with chemical
crosslinking molecules to enhance their mechanical strength and applications. Furthermore,
it is interesting to obtain biomimetic Cu(II) systems that are resistant to the attack by free
radicals and adverse conditions of pH and temperature, which make their recovery and
reutilization possible [12–15].
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2. Synthesis of polyelectrolyte and polyampholyte hydrogels
Ionic polymers contain covalent and ionic bonds, the latter being responsible for their acid–
base and coordination properties. This class of materials is divided into two groups: polye‐
lectrolytes, which have anionic or cationic groups, and polyampholytes, which contain both
groups. For polyampholytes, the charged or ionizable groups can be located in the same or
different monomer units. From the chemical point of view, polyampholytes are copolymers
consisting of weak acidic and basic monomers or strong acidic and basic monomers as well as
combinations of them, where the net charge and the charge distribution along the polymer
chain is mainly controlled by pH changes occurring in the solution wherein the polymeric
matrix is dissolved or swelled depending on the soluble behavior of the material. The net
charge and the effect of the different function groups in terms of acid–base properties can be
studied through potentiometric titration and the determination of the Z-potential in differ‐
ent conditions [16]. The first polyampholytes with weak basic and acidic groups were
synthesized from acrylic acid (AA) or methacrylic acid (MAA) and 2-vinylpyridine (2VP) in
the 1950s by the research group of Morawetz and Katchalsky as indicated below (AIBN: azobis-isobutyronitrile) (Scheme 1) [17]:

Scheme 1. Synthesis of polyampholytes materials from acrylic acid (AA) and 2-vinylpyridine (2VP).

Also, the vinyl pyridine compound can be replaced by any other vinyl basic monomers such
as diethylamino-ethyl methacrylate. Using the same strategy, polymers containing sulfonic
acids with vinyl or styrene residues with N-substituted allylamines were obtained to gener‐
ate polyampholytes with strong acidic and basic groups [3]. Usually, the radical copolymeri‐
zation of the acidic or basic monomers results in polymers with a statistical distribution of
molecular weight due to the different reactivity of the monomers used. A classic example is
the copolymerization of 2VP and MAA. The ability to ionize or to form hydrogen bonds
between the monomers can greatly affect the copolymerization reaction [3].
More recently, Annenkov et al. [18] noted that the polymerization of AA or MAA with vinyl
imidazole leads to a polymer contaminated with free imidazole monomers due to acid–base
interactions between them [18]. This reaction leads to a deviation from the classic mecha‐
nisms of polymerization because some of the monomers are coordinated with polymer chains,
decreasing the concentration of the monomers and stimulating competing reactions, such as
template polymerization. Regarding this point, our research group obtained polyampholyte
hydrogels from MAA, ethylene glycol diglycidyl ether (EGDE, a diepoxy compound), and
imidazole (IM) or 2-methylimidazole (2MI) monomers (poly(EGDE-MAA-IM or 2MI)).
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However, the synthetic yield was lower than that of those obtained in the synthesis of related
polyelectrolyte poly(EGDE-MAA) and poly(EGDE-2MI) materials (Scheme 2) [16, 19].

Scheme 2. Chemical structures of poly(EGDE-MAA), poly(EGDE-2MI), poly(EGDE-MAA-IM), poly(EGDE-MAA-PYR),
poly(EGDE-MAA-TRZ), and poly(EGDE-DA).

Chromatographic methods led to the observation that during the evolution of the synthetic
procedure of poly(EGDE-MAA-2MI), a new chemical compound (X) arose and remained
through the synthesis with the polymer material (TLC Silica gel 60, Cl2CH2:CH3OH 9:1, Rf X:
0.2, Rf EGDE: 0.8, Rf 2MI: 0 and Rf MAA: 0.5). The liquid 1H-NMR spectrum in Cl3CD shows that the
isolated compound, through chromatographic methods, was an ionic pair formed between
2MI (pKa = 7.18) and MAA (pKa = 4.66) monomers during the reaction. However, even when
the yield of the reaction was low (45–50%) for poly(EGDE-MAA-IM or 2MI), it was possible to
obtain functionalized polymer materials in only one simple synthetic step where IM and MAA
residues were attached to a same polymer backbone with no remaining free IM molecules since
all the monomers used in its synthesis were removed with acetonitrile solvent and alkaline
solution during the washing step. Three parallel reactions take place in these polymer
materials: radical polymerization of MAA, which gives linear segments, such as poly(MAA),
condensation between EGDE and MAA monomers, and reaction of some epoxy units with IM,
which results in N1-substituted IM units. These N1-substituted azole units may react with other
oxirane rings to give rise to N1,N3-disubstituted IM units. Furthermore, linear poly(MAA)
segments interact with azole moieties of the EGDE-IM fragments, giving some kind of
interpolymeric complex, which results in an interesting system with interpenetration of linear
and crosslinked polymers with application in different areas [19]. Based on this observation,
our research group prepared new hydrogel materials from triazole (pKa = 2.39) and pyra‐
zole (pKa = 2.5) molecules with a synthetic yield of around 80–90%, since these azole com‐
pounds have the advantage of not forming an ionic pair with MAA (Scheme 2) [16].
This evidence indicates that the best strategy to carry out the synthesis of copolymers by radical
polymerization of vinyl monomers with acid–base properties is the use of the sodium salts of
the corresponding acids [18]. In this way, the reproducibility of the chemical reaction is
achieved, and the sodium salts of the carboxylic acids are readily obtained after precipita‐
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tion from ethanolic solutions, by the addition of equimolar amounts of sodium hydroxide.
Another alternative is to carry out the synthesis of soluble polyampholytes in aqueous media
using the copolymer prepared from 2-(1-imidazolyl)ethyl methacrylate (ImEMA) and
tetrahydropyranyl methacrylate (THPMA), which is subsequently unprotected in the final
step to generate the polyampholyte matrix as indicated below (MTS: 1-methoxy-1-trimethyl‐
siloxy-2-methyl-1-propene, TBABB: tetrabutylammonium bibenzoate) (Scheme 3) [20]:

Scheme 3. Modern strategy to synthesize polyampholytes materials carrying both imidazole and carboxylic acid
groups.

Significantly, these procedures require the use of monomers where the acid function is
protected. The combined use of imidazole derivatives and carboxylic acids allows obtaining
polymers with targeting application, such as catalysts, resins, and ion exchange matrices for
solid phase extraction, which are widely applied in analytical and organic synthetic chemis‐
try. These are materials that respond to changes in pH and ionic strength of the medium, being
suitable as matrices for the uptake of inorganic and organic compounds and for controlled
release of drugs and proteins [21]. Furthermore, the coordination processes may be studied
during the uptake of Cu(II) ions in polyampholyte systems bearing 2-methyl-5-vinylpyri‐
dine and AA due to the catalase-like activity of the Cu(II) hydrogel toward H2O2 decomposi‐
tion [9].
In turn, azole heterocyclic systems are interesting systems given their wide distribution in
synthetic and natural compounds. In particular, our research group synthesized macromole‐
cules containing imidazole in the structure due to the catalytic activity of this heterocyclic
compound in a wide range of hydrolytic enzymes. The imidazole ring is present in most of the
enzymes as part of the histidine amino acid residue, being partially responsible for catalytic
activity with synergistic effect of other groups in the active site such as carboxylic acid,
hydroxyl, or sulfhydryl residues. In addition, these imidazole-containing polymers have been
used as anticorrosion agents [22], for protein separation [23], and as models to understand the
biological activity of proteins involved in Alzheimer's disease or prion infections [24].
Furthermore, the absence of toxicity in some of these materials makes them good candidates
for their use in the engineering of artificial tissues. With this purpose, Casolaro et al. synthe‐
sized polyampholytes containing methacrylate-modified L-histidine (MA-His) as outlined
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below (TEA: triethylamine, EBA: N,N′-ethylenebis-acrylamide, and APS: ammonium peroxodisulfate) (Scheme 4) [25]:

Scheme 4. Synthetic strategy for the synthesis of Poly(histidine) hydrogel materials.

The Poly(histidine) hydrogel is also currently being studied for its use in the controlled release
of bisphosphonates to improve the bioavailability of these active drugs, together with the
benefit that the polymer material is not toxic to osteoblasts [26].
Continuing the development of new polymeric materials, monomers containing epoxy groups
in its structure are widely used to cause thermosetting epoxy resins, given the high degree of
crosslinking that can be obtained as the curing agent used. Furthermore, the amino or carboxyl
residues present in the different monomers have the chemical ability to produce the opening
of epoxy groups. The reason why the imidazole molecules are highly effective for use as curing
agents when added to epoxy systems is due to the fact that they can catalyze the homopoly‐
merization of epoxide groups via a poly-O-etherification mechanism that leads to thermosta‐
ble materials [27]. In particular, the hydrogel poly(EGDE-IM or 2MI) can be synthesized upon
the opening of the epoxy group in the EGDE molecule by the imidazole molecules (“A”)
followed by a proton migration (“B”); then, an N1-substituted imidazole unit produces the
opening of another oxirane ring, allowing the poly-O-etherification mechanism between the
alkoxide intermediate species and EGDE molecules (“C”), as indicated below for any die‐
poxy (DE) compound and imidazole (Scheme 5) [16, 27]:

Scheme 5. Synthetic strategy for the synthesis of hydrogel materials containing imidazole groups.
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In this way, our research group prepared an interesting polyelectrolyte hydrogel poly(EGDEIM) (Scheme 2) bearing 55% of N1-monosubstituted imidazole units able to be protonated or
neutral, depending on the pH of the contact solution, and 45% of N1,N3-disubstituted imida‐
zole units with a permanent positive charge in all the pH range, according to the measure‐
ment of the zeta potential (Figure 1) and potentiometric titration [16]. In contrast, the hydrogel
poly(EGDE-MAA-IM) has a positive charge at pH values lower than 8.0 and a negative charge
at pH values higher than 8.0. Thus, the polyampholyte hydrogels poly(EGDE-MAA-IM or 2MI)
with an isoelectric point of 8.0 present a high loading capacity for bovine serum albumin (730
mg g−1), together with a good desorption profile, which makes these materials acceptable for
eventual applications in formulations for controlled release of proteins [19]. Even when the
chemical nature of both hydrogels is quite different, the maximum loading capacity (qm) values
for copper ion uptake are around 60–70 mg g−1 due to the presence of the imidazole ring as the
most active ligand in the coordination of the metal ion, since the poly(EGDE-MAA) material
bearing hydroxyl and carboxyl groups takes up only 1 mg of copper per gram of polymer [10].
In the case of poly(EGDE-MAA), the zeta potential was zero at pH values below 4, becoming
negative at pH higher than 4, as expected for a weak polyelectrolyte (Figure 1) [16].

Figure 1. Effect of pH on the zeta (ζ) potential for the indicated materials [14, 16]. ζ potential measurements were per‐
formed with a zeta potential analyzer ZetaPlus from Brokhaven Instruments Corporation at 25°C and constant ionic
strength of 10−3 M KCl. Each polymer suspension (0.25 g L−1) was dispersed and shaken on a magnetic stirrer. The pH
was adjusted using KOH or HCl, and the pH of the final supernatant was measured before and after the ζ potential
measurements. The optical unit contains 35 mW solid-state laser red (660 nm wavelength). ζ potential was measured
using a 16 V cm−1 electric field, 15 mA current, and 21 count times.

More traditional strategies for the design of macroporous ion exchange resins consist in the
radical polymerization of glycidylmethacrylate (GMA) and ethylene glycol dimethacrylate
(EGDMA) since the resulting material, poly(GMA-co-EGDMA), is versatile to be functional‐
ized with amine groups [28]. In this sense, the group of Driessen immobilized azole ligands in
poly(GMA-O-co-EGDMA) and in the sulfur derivative poly(GMA-S-co-EGDMA) after the
opening of the oxirane and thiirane ring, respectively, give rise to different hydrogels with
varied chemical structures (Scheme 6) [29]. The uptake of Cu(II) ions indicated that the
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maximum loading capacities of these materials were 25 and 39 mg per gram of material for
IM-SH and TRZ-SH hydrogels, respectively (Scheme 2). Then, the authors also synthesized
similar resins by using bis-imidazole derivative compounds as a new class of azole com‐
pounds to increase the density of coordination sites. These materials showed that the uptake
of Cu(II) ions was around 42 mg per gram of material, without a significant increase in the qm
compared to the above-mentioned resins containing imidazole, pyrazole, triazole, and
tetrazole. However, highly Cu(II)-selective resins were obtained (Scheme 6) [30].
Finally, another strategy to synthesize hydrogels is the use of diepoxy (DE) with diamine (DA)
compounds, which gives rise to hydrogels with high capacities for metal ion uptake. In this
way, the linear chain containing --DE-DA-DE-DA-- is crosslinked by free DE molecules since
the nitrogen site in the linear polymeric chain can still produce the opening of new oxirane
rings [28]. In particular, poly(EGDE-DA) (DA = 1,8-diamino-3,6-dioxaoctane) presents a qm for
copper of 151 mg g−1 (Scheme 2) [12].

Scheme 6. Azole-modified oxirane and thiirane resins.

2.1. Natural materials
Regarding biopolymers, chitosan is one of the most widely used for the treatment of
wastewater containing heavy metal ions as well as starch and cellulose. Chitosan is a poly(Dglucosamine) with a variable content of acetylation of the amine group since it is obtained from
the deacetylation of chitin (poly(N-acetylglucosamine)). The problem that arises with the use
of chitosan is that it is partially soluble in acidic solution. For that reason, to increase its
chemical stability and resistance to acidic and alkaline medium as well as to increase its pore
size, mechanical strength, and biocompatibility, it is chemically crosslinked with different
molecules such as EGDE, glutaraldehyde, and epichlorohydrin [31]. It is important to point
out that although the chemical stability is increased with the crosslinking, the qm is reduced
due to the chemical modification of the reactive sites (amino and hydroxyl groups) involved
in the uptake of different metal ions. Particularly, the qm capacity for copper ion in chitosan
is 80 mg g−1, whereas that for the modified chitosan with glutaraldehyde, epichlorohydrin, and
EGDE is 60, 62, and 45 mg g−1, respectively. Also, once these hydrogels are saturated with
copper ions, they can be easily removed with EDTA solution or with acidic solution as in other
Cu(II) polymer complexes and be reused many times.
Another natural polymer source to create hydrogels for the removal of pollutants together
with the immobilization of enzymes is cellulose. Cellulose is a linear polymer of (1→4)-β-O-
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glucopyranose linkage between the glucose units and with the same chemical modifications
as in chitosan. Cellulose can be grafted with acrylamide or AA, increasing the partition
coefficient and retention capacity of the hydrogel if the grafted cellulose is hydrolyzed. The
graft polymerization of acrylamide onto cellulose presents a metal ion uptake of around 80–
90% for chrome, manganese, nickel, and lead [32].

3. Characterization techniques
3.1. Nuclear magnetic resonance (NMR)
Concerning the characterization of the chemical structure of the synthesized hydrogels or any
other polymeric compound, only a few spectroscopic methods, such as FT-IR, Raman, and
NMR, may bring substantial chemical information. Particularly, the non-soluble behavior of
these compounds prevents studying them through the common spectroscopic techniques used
in the structural elucidation of soluble organic compounds. Thus, solid-state NMR (ss-NMR)
experiments are used to analyze in detail the chemical structure of hydrogels and non-soluble
materials in general. This technique will be briefly explained below.
Conventional liquid or solution state 1H- and 13C-NMR spectra are formed by narrow and wellresolved signals containing molecular information that can be interpreted by chemists.
However, similar experiments performed in solid samples produce very broad signals, which
can be up to several kHz or MHz, which prevents obtaining accurate information by direct
observation of the spectra. This broadening also implies loss of sensitivity, especially when
low-abundance nuclei such as 13C (1.1%) are studied. The difference in the form of solid and
liquid lines comes from the different mobility of the molecules. In the liquid state or in solution,
molecules are reoriented very quickly, averaging anisotropic interactions, whereas in solid
samples, this does not occur. Thus, special techniques should be applied to obtain highresolution spectra of solids.
To resolve the structures of complex molecules, mainly chemical shifts (δ) together with the
scalar coupling (J) are used. This information is obtained from NMR experiments in solution.
For solid-like powder samples, these parameters are masked due to the presence of heavy
anisotropic interactions such as dipole coupling and chemical shift anisotropy, which cause
the widening of the signals between 0 and 50 kHz, unlike 5 kHz and 0–200 Hz for the δ and J
values obtained in the liquid state, respectively [33, 34].
In fact, for spins I = ½, the Hamiltonian (H) can be expressed as follows: H = Hz + Hj + Hd + Hcs ,
where Hz represents the Zeeman nuclear spin interaction with the applied magnetic field,
Hcs is the chemical shift interaction arising from the magnetic fields induced by electrons,
Hj is the scalar coupling interaction (J) between linked nuclei or through related chemical
bonds, and Hd is the dipolar coupling interaction for each nuclear spin. In homonuclear
and heteronuclear coupling, the Hamiltonians depend on the orientation of the molecule
with respect to the direction of the external magnetic field. Generally, solid powder-like
samples contain various crystals with random orientations where the anisotropic
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interactions produce a characteristic pattern for solids since all the different molecular
orientations in the sample will result in different absorption values [34]. Therefore, the
information is inaccessible due to the lack of resolution of the spectrum, and it is necessary
to use special techniques to increase the resolution. This is the difference with NMR in
the liquid state, where the rapid movement of the molecules causes the average of the
anisotropic interactions to zero to yield the isotropic chemical shift. In the solid state, the
frequency of absorption for a particular crystal has spatial dependence, but all interactions
have the same spatial dependence for the second term (ω) described below:
1
ω ∝ 2 (3cos2θ − 1), where θ represents the angle between the main axis of the interaction
of the tensioner and the static magnetic field Bo. This spatial dependence can be used for
our convenience to obtain a high-resolution 13C NMR spectrum in the solid state for
example. In the 1950s, the pioneers Lowe [35] and Eades [36] showed that the widening
caused by the anisotropic interactions could be averaged to zero when the sample is
physically rotated about an angle θ = 54.74°. This angle was called “magic angle” (θm)
because the spectrum obtained had narrow signals that resembled those obtained in
solution. From its discovery, this technique was known as rotation at the magic angle
spinning (MAS), and it is widely used in experiments in the solid state. The routine
rotation speeds are between 10 and 30 kHz and up to 80–100 kHz with technological
advances that have been made in this area in the last years. This is why when a sample
is rotated at a spinning rate greater than the anisotropic interaction, at the magic angle,
all crystals seem to have the same orientation, and the θm dipolar interactions are averaged
to zero, reducing the width of the signals. Unfortunately, this technique is not perfect,
since such widths for each signal 13C resonance frequency are around 50 Hz in the solid
state, but this also depends on the characteristics of the samples, being narrower when
the sample is crystalline than when it is amorphous, like hydrogels.
Additionally, the sensitivity of X nuclei that exhibit low isotopic abundance, such as 13C,
N, or 29Si, which are typical nuclei studied through ss-NMR, can be improved by increasing
the signal through the transfer of the magnetization of the abundant nuclei (1H in general)
toward the X nuclei. In solids, this technique is known as cross-polarization (CP) [37],
which is optimal under certain radiofrequency field, known as the Hartmann–Hahn
condition. This condition is described as follows: γH B1 (1H) = γX B1(X), where γ corresponds
to the gyromagnetic ratio and B1 to the field of spin lock for each nucleus, respectively.
The result of combining CP with MAS (CP-MAS) is the right strategy to obtain a highresolution spectrum in the solid state, with adequate sensitivity for different nuclei.
Therefore, it is a very valuable tool used to characterize and study insoluble materials,
heterogeneous catalysts, polymorphic compounds, and pharmaceutical formulations in the
solid state.
15

The presence of compounds containing naturally abundant nuclei, such as protons,
usually generates strong interactions (either homonuclear or heteronuclear between the
1
H and 13C, 15N, 29Si, and 31P). This leads to a broadening of the signals that cannot be
completely averaged, making it necessary to carry out additional techniques, including
homo- and heteronuclear decoupling sequences of radiofrequency pulses to average
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residual dipolar interactions under MAS conditions. The 1H-13C decoupling sequences
most commonly used are SPINAL-64, Two-Pulse Phase-Modulation, and continuous-wave
among others, used in the area of polymeric materials or pharmaceutical compounds
[38]. In summary, the combination of MAS, CP, and heteronuclear decoupling is used
for the acquisition of the 13C-NMR experiment which is referred to as solid-state 13C CPMAS (Figure 2D).

Figure 2. 1H HRMAS spectra of 600 MHz for poly(EGDE-MAA-IM) acquired in a 4-mm HRMAS probe swelled in D2O
at a spinning rate of 4 (A) and 0 kHz or “static conditions” (B). 150 MHz 13C-NMR spectrum for poly(EGDE-MAA-IM)
acquired in a 4-mm HRMAS probe swelled in D2O at a spinning rate of 4 kHz (C) and 13C CP-MAS in a 3.2 mm ssNMR probe at a spinning rate of 10 kHz (D). The assignment of the NMR signals corresponds to imidazole (Im), poly‐
merized MAA (M), and EGDE (E) segments [16, 39]. All the ss-NMR experiments were performed at room
temperature in a Bruker Avance III HD Ascend 600 MHz spectrometer.

In addition, the 13C CP-MAS spectra can be edited to assist in the assignment of the NMR
signals observed. Some of the edition techniques frequently used are the cross-polarization
with polarization inversion (CPPI) [40] and non-quaternary suppression (NQS) experiments
[34]. In the former, the quaternary (>C<) and methyl (−CH3) carbons remain as positive signals,
the methylene carbons are negative or have inverted signals, and methyne (>CH-) carbons
remain in the baseline without being observed. In NQS experiments, only the quaternary and
methyl carbons are visualized.
Chemists are also interested in obtaining quantitative information related to the monomer
composition in copolymer materials or in any modification made in the polymer structure.
However, this information is difficult to obtain because it is necessary to apply 13C direct
polarization techniques (13C DP), which require the use of the NMR spectrometer for a long
time, and because not all the polymeric powders give rise to an adequate signal-to-noise ratio.
In contrast, 13C DP spectra can be very useful to provide quantitative information related to
the crystalline and amorphous amounts in crystalline or semicrystalline polymers. For
instance, our research group studied semicrystalline poly(ethylenimine) hydrochloride
systems ([−CH2-CH2-NH(HCl)-]n) due to the different environments of the crystalline and
amorphous domains where the polymeric segments in the crystal lattice are confined. We
observed two well-resolved 13C resonance signals at 44.5 and 42.9 ppm, being the signals
associated with the amorphous and crystalline regions, respectively [41].

111

112

Emerging Concepts in Analysis and Applications of Hydrogels

Regarding 1H-NMR spectra, it is necessary to point out that these kinds of simple experi‐
ments are not determined as routine in the solid state because the dipolar coupling among
protons is higher than the commonly spinning speed obtained by the commercial NMR
probes (10–35 kHz). However, partially or well-resolved 1H spectra can be obtained at high
spinning rate (>60 kHz) or with particularly high-power decoupling techniques at moderate
spinning rate. In general, proton spectra of solid polymer samples consist in wide lines and in
some cases an overlapping of wide and sharp lines at static conditions [34].
Fortunately, for hydrogels, there is an experiment called high-resolution magic angle spin‐
ning (HRMAS), where the 1H-1H dipolar interactions can be partially averaged, rendering
liquid-like 1H-NMR spectra similar to those observed for liquids. In this technique, the material
is swelled with deuterated solvents, making it possible to expand the analysis of hydrogel
compounds and tissue samples [42, 43]. Another advantage of this technique is that the sample
is not spun at high rates because at 2–4 kHz the residual 1H–1H dipolar couplings, which were
partially averaged by the swelling produced by the solvent, are eliminated (Figure 2). The
deuterated solvents that can be used are the same as in the liquid state since the HRMAS probe
is designed with a deuterium channel (2H) to lock the NMR signal. The sample is placed in
special zirconia rotors with different volumes as in ss-NMR, with the difference that they are
designed with cylindrical spacers to contain the sample. In this way, HRMAS experiments
allow chemists to study hydrogels or swelled samples as in liquid-state NMR (Figure 2A and
B).
Although all these examples are very interesting, the ss-NMR technique has to achieve some
sensitivity limits that make this spectroscopic tool not able to analyze small chemical modifi‐
cations of materials or encapsulation of molecules among others. However, these sensitivity
problems can be partially resolved with the use of dynamic nuclear polarization (DNP)
experiments for solid samples [44–46]. In this technique, the powder sample is impregnated
with a biradical solution and introduced in a zirconia rotor which will be spun at the magic
angle at ~90–100 K. At this temperature, the polarization transfer is increased from the electron
of the radical molecules to the proton network of the material under study, allowing the
polarization of the spins in the material under study through spin diffusion. To polarize the
electron of the radical molecules, microwave irradiation is on throughout the experiment. For
protons, the maximum theoretical enhancement achievable is given by the gyromagnetic
ratios (γe-/ γ1H), being around 660.
3.2. X-ray photoelectron spectroscopy (XPS)
Several spectroscopic analyses exist for surface characterization, but the most commonly used
to conduct this experiment is based on the irradiation of the surface of the sample with
monochromatic X radiation, called X-ray photoelectron spectroscopy (XPS), also known as
electron spectroscopy for chemical analysis (ESCA) [47]. This spectroscopic technique allows
identifying all the elements of the periodic table, except hydrogen and helium, but more
importantly it allows determining the oxidation state of an element and species to which it is
attached, thus providing valuable information on the electronic structure of the molecules.
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Due to the short penetration power of the electrons, this technique only provides informa‐
tion on a surface layer of a thickness of 20–50 Å. The most important and valuable applica‐
tion of XPS is for the qualitative analysis of the surfaces of solids, such as metals, alloys,
polymers, semiconductors, and heterogeneous catalysts. It also allows quantifying each
element on the surface, having into account their sensitivity factors.
XPS records the kinetic energy of the emitted electrons after a monochromatic X-ray beam of
known energy (hv) affects the surface of the testing sample. This causes the release of an
electron from a K orbital with specific energy Eb. The reaction can be represented as follows:
A + hv → A +* + e −, where A can be an atom, a molecule or an ion, and A+* is an electronically
excited positively charged ion. The kinetic energy (Ek) of the emitted electron is measured in
the electron spectrometer. In this way, the electron binding energy (Eb) can be calculated by
the following equation: Eb = hv − Ek − w . In this equation, w is called the work function of the

spectrometer, a correction factor of the electrostatic environment in which the electron is
formed and recorded. The value of w can be determined by several methods. The Eb is
characteristic of an electron orbital of the atom, wherein the electron was released.
As a result, an XPS spectrum is a graph of the number of emitted electrons (or electron beam
power) based on Eb. The high background level observed occurs because with each character‐
istic peak there is a queue due to the ejected electrons that have lost some of their energy in
inelastic collisions inside the solid sample. These electrons have less kinetic energy than
equivalent non-dispersed electrons and therefore appear at higher binding energies.
Simultaneously, Auger electron emissions are originated throughout the interaction with Xray. The Auger process emissions are generated during the relaxation of the excited ion A+*
after interacting with a beam of monochromatic X-ray photons, where an Auger electron is
emitted at the same time as an ion A++ is generated on the surface of the material under study.
These emissions are described according to the type of orbital transitions involved in the
production of the electron (KLL, LMM, or MNN Auger transitions). The applications of XPS
in hydrogels and copper–hydrogel complexes will be discussed in the last part of this chapter.
3.3. Other characterization techniques

Another technique for the study of heterogeneous catalysts or hydrogel-containing paramag‐
netic centers is electron paramagnetic resonance (EPR), also called electronic spin resonance
(ESR). This technique is based on the absorption of electromagnetic radiation in the micro‐
wave region of a sample with paramagnetic electronic properties which is subjected to a
magnetic field. However, this magnetic field is not as intense as in NMR. EPR allows obtain‐
ing information about the different geometries adopted by paramagnetic ions when they are
part of either biological complexes or biomimetic systems, as well as of heterogeneous
catalysts [10, 11]. An important difference with any other spectroscopic technique is that in the
EPR spectra, the first derivative absorption line is plotted. The number and intensity of the
EPR lines depend on the interaction between the unpaired electron spin (S = 1/2) and the
nuclear spin (I, i.e. ICu = 3/2). The application and examples of EPR experiments will be
discussed later in this chapter.
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Other complementary techniques for the study of surfaces include the following:
• Scanning electron microscopy (SEM) and atomic force microscopy (AFM), which can
provide information on the physical microstructure by images of morphology and topog‐
raphy.
• Energy dispersive X-ray diffraction (EXD) experiments, which allow obtaining a semiquan‐
titative elemental composition of the surface of the material observed by SEM microscopy
and analyzing the distribution of a particular element such as spreading of a metal ion in a
particular section of interest.
• N2 adsorption isotherms, which allow measuring the specific surface area by using the
nitrogen adsorption isotherm BET [48]. The advantage of this approach is that it allows
estimating the surface area and pore dimensions of different materials together with the
interior texture of particles.

4. Metal ion uptake equilibria and characterization techniques
To analyze the sorption processes involved in the uptake of different inorganic (metal ions) or
organic compounds (dyes, proteins, pollutants, among others), different models can be used,
and these will be discussed in this section.
When a gas or solute in a solution affects a solid surface, it can either bounce or remain
attached (adsorbed). The sorbate can diffuse on the surface, remain attached, undergo a chemical
reaction, or be dissolved in the solid (this last process is known as absorption). Two different
behaviors can be distinguished: physisorption and chemisorption, although intermediate
situations are often found.
In physisorption, the molecules remain attached to the surface of the sorbent by means of van
der Waals forces (dipolar interactions, dispersion, and/or induction). In chemisorption, the
molecules remain attached to the surface, forming a strong covalent binding, and the chemi‐
sorption enthalpies are higher than the physisorption enthalpies and are generally exother‐
mic processes that stop after monolayer formation on the surface. Chemisorption involves the
breakdown and formation of bonds. This is why the chemisorbed molecule does not pre‐
serve the same electronic structure as in the former phase.
The equilibrium of metal ion uptake can be explored by analyzing the results of the adsorp‐
tion isotherm for the polymeric adsorbent at a given temperature. Several isotherm models
are generally used to fit the experimental data of the adsorption of ions or any other mole‐
cule on particles by nonlinear regression. These models include the Langmuir adsorption
isotherm, the Freundlich equation, the Temkin model, and the Dubinin–Radushkevich
isotherm, each of which is described below.
The Langmuir adsorption isotherm is derived from theoretical models, provides informa‐
tion on uptake capabilities, and reflects the usual equilibrium process behavior but does not
provide information about the mechanistic aspects of adsorption. The equation is qe =

qmCe

K L + Ce ,
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where qe is the adsorption capacity in equilibrium with the corresponding Ce (M), which is the
concentration of metal ion, qm is the maximum adsorption capacity, and KL is the equilibri‐
um constant of dissociation. In some cases, the linear form is preferred to simplify the analysis
of the experimental data [31]. The Langmuir equation assumes a homogeneous surface of the
adsorbent (a flat surface), a single site per molecule (monolayer), and no interaction between
the adsorbed species and adjacent active sites [49]. The change in free energy related to the ion
uptake can be calculated from: ΔG = − R T ln K a, where R (8.314 x 10−3 kJ mol−1 K−1) is the gas

constant, T is the thermodynamic temperature, and Ka (M−1) is the equilibrium constant of
association (1/KL). The negative sign of this thermodynamic parameter indicates the sponta‐
neous nature of the reaction.

( )
1

The Freundlich equation is described as qe = K F Ce n . This model assumes that the surface is

heterogeneous in the sense that the adsorption energy is distributed, and the surface topog‐
raphy is patchwise [50]. The sites with the same adsorption energy are grouped together into
one patch (the adsorption energy here is the energy of interaction between the adsorbate and
the adsorbent). Each patch is independent of each other (i.e., there is no interaction between
patches), and the Langmuir equation is applicable for the description of equilibrium of each
patch. In fact, this isotherm can be theoretically derived supposing that the surface has different
types of adsorption sites. KF can be defined as the sorption or distribution coefficient and
represents the amount of sorbed molecules/ions onto the polymer surface normalized by the
equilibrium concentration and 1/n is a measure of surface heterogeneity. When the value of n
becomes larger than about 10, the adsorption isotherm approaches a so-called irreversible
isotherm, because the concentration needs to go down to an extremely low value before the
adsorbate molecules desorb from the surface [50].
The Temkin model is empirically derived and assumes that the heat of adsorption (which is a
function of temperature) of all molecules in the layer will decrease linearly rather than
logarithmically with coverage [51]. It allows estimating the equilibrium constant and the
adsorption heat: qe =

RT
bT

ln(K TCe).

The Dubinin–Radushkevich isotherm is a semi-empirical equation which was originally
developed for subcritical vapors in microporous solids, where the adsorption process follows
a pore-filling mechanism: qe = qme

−BD∊ 2

, where qm is the maximum amount of adsorbate that can

be adsorbed in micropores, and BD is a constant related to the energy.
Liquid-phase adsorption data can also be analyzed by the equation below, where the amount
adsorbed corresponding to any adsorbate concentration is assumed to be a Gaussian func‐

(

tion of the Polanyi potential (ε): ∊ = R T ln 1 +

1
Ce

), where C

e

represents the solute concentra‐

tion at equilibrium (g solute per gram of solution) [52]. This equation is generally applied to
express the adsorption mechanism with a Gaussian energy distribution onto a heterogene‐
ous surface. The approach is usually applied to distinguish the physical and chemical
adsorption of metal ions by means of the equation E =

1
2BD

. The parameter E is the mean free

energy of sorption [53], whose magnitude is a way to estimate the type of sorption process. In
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the case that E is lower than 8 kJ mol−1, weak physical forces, such as van der Waals and
hydrogen bonding, may affect the sorption mechanism. If this value is between 8 and 16 kJ
mol−1, the sorption process can be explained by ion exchange. If this value is higher than 16 kJ
mol−1, the sorption process can be explained by other chemical reactions such as coordina‐
tion [54].
The isotherm parameter sets with statistical support can be determined by nonlinear regres‐
sion, using the algorithm based on the Gauss–Newton method. An error function can be used
to evaluate the fit, the second-order corrected Akaike information criterion (AIC):
æ RSS ö
AIC = N ln ç
÷ + 2P
è N ø
2 P ( P + 1)
AICc = AIC +
N - P -1
where P is the number of parameters in the model, N the number of data points, and RSS the
residual sum of squares [55]. Δ AIC represents the difference in AIC values between two
competing models. The associated Akaike weights for the better and worse models are:
1

Wbetter =
1+ e

Wworse =

1
- DAIC
2

1
- DAIC
e 2
1
- DAIC
1+ e 2

The Akaike weights provide information about the strengths of evidence supporting the two
competing models. The ratio of the two Akaike weights, Wbetter/Wworse, is termed as the evidence
ratio and represents the relative likelihood favoring the better of two competing models. As
reported by other authors, an evidence ratio greater than 20 would indicate extremely strong
evidence favoring the better model [56]. Another fundamental aspect of the uptake of metal
ions or organic molecules for industrial application is the knowledge of the kinetic parame‐
ters ruling this process and the rate-controlling step of the sorption process. For this reason,
the adsorption capacity of the adsorbent is usually studied as a function of time. The sorp‐
tion mechanism could be controlled either by a chemical reaction or by diffusion processes,
such as pore and film diffusion. If the experiments are performed in a well-stirred batch system,
the thickness of the boundary layer surrounding the particle should be minimal, and boun‐
dary layer resistance or film diffusion should not be major rate-controlling factors [57]. Besides,
the particles can have mesopores and macropores, expected to be accessible for different metal
ions and small organic molecules in general. If the contact time necessary to achieve equili‐
brium conditions is short, it might initially indicate that the adsorption of the studied cations
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is a chemical-reaction-controlled process [58–60]. For example, the poly(EGDE-MAA-2MI)
hydrogel with polyampholyte properties (Scheme 1) was tested as adsorbent for the remov‐
al of Pb(II) and Cd(II) from aqueous solutions. The metal ion uptake equilibration end point
could be estimated in 10 hours for Cd(II), even if the 80% of the load was reached in less than 3
hours. For Pb(II), the equilibrium was reached in a shorter time. These results evidenced a
chemical-reaction-controlled process. In this case, a network expansion was predicted as a
result of repulsive interaction between the fixed positive charges. The same kinetics profile
was found for Cu(II) and Co(II) ions, with this type of adsorbents [61].
Different kinetic models can be used to fit the experimental adsorption data by nonlinear
regression. The Elovich equation is based on a general second-order reaction mechanism for
heterogeneous chemisorption processes and is formulated as:

d qt
dt

= αe

−βqt

, where qt is the

amount of adsorbed ion at the contact time t [57, 58]. After integration and application of the
boundary conditions, for qt = 0 at t = 0 and qt = qt at t = t, the equation becomes [57]
1

qt = β ln(1 + (α β t )). Teng and Hsieh proposed that constant α is the initial adsorption rate, and β

is related to the extent of surface coverage and the activation energy involved in chemisorp‐
tion [62]. This equation assumes that the active sites of the sorbent are heterogeneous in nature
and therefore exhibit different activation energies for chemisorption [57]. Another explana‐
tion for this form of kinetic law involves a variation of the energetics of chemisorption with
the extent of surface coverage [62].
The modified Freundlich model was originally developed by Kuo and Lotse: qt = kFCo(t 1/m),
where kF is the apparent adsorption rate constant, Co is the initial ion concentration, and m is
the Kuo–Lotse constant [63]. Bache and Williams indicated that the energy of adsorption
decreases exponentially with increasing surface saturation when the adsorption fits the
Freundlich equation. Everett suggested an increase in the perturbation potential as a conse‐
quence of the interactions between the species at close distance [64]. In concordance with this
theory, kF usually decreases as Co increases. This modified Freundlich model can describe a
surface-diffusion-controlled process different from intraparticle diffusion. Instead, when the
estimated m parameter is close to 2, the kinetics is controlled by the intraparticle diffusion in
the pores, involving the movement of the adsorbing ion along the walls of the less accessible
spaces of the adsorbent and the diffusion into the solid itself.
In addition, most metal ion sorption system models in the literature are based on reaction
kinetics using pseudo first-order kinetics or pseudo second-order kinetics. The pseudo firstorder model suggests that one ion sorbs to one active site. The integrated equation by applying

the boundary conditions, for qt = 0 at t = 0 and qt = qt at t = t, is qt = qe(1 − e −kt ), where qe is the
amount of cadmium sorbed at equilibrium as well as the equilibrium adsorption capacity of
the sorbent, and k is the rate constant. A series of pseudo first-order terms involves different
types of binding sites, and in each case, the stoichiometric ratio between the binding site and
the adsorbate molecule or ion is 1:1. The pseudo second-order model is described by
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qt =

qe2 k t
1 + (qe k t )

h = qe2 k ,
where k is the rate constant of the pseudo second-order equation, and h is the initial adsorp‐
tion rate. The pseudo second-order kinetic model presupposes that each metal ion binds to the
active sites on the surface in a 1:2 stoichiometric ratio [57, 65]. The experimental kinetic results
of Cd(II) and Pb(II) uptake on poly(EGDE-MAA-2MI) hydrogel fitted different models,
depending on the initial metal ion concentration. For lower concentration levels, the best model
was the modified Freundlich. At higher concentration values, Cd(II) uptake followed the
Elovich model, and Pb(II) the pseudo first-order model with two parameters. It could be
concluded that the kinetic models that better fitted these results were those that described
variations of the energetics of chemisorption with the extent of coverage due to interactions
between the involved species [61].

Figure 3. X-band EPR spectra for the solid Cu(II) poly(EGDE-MAA-IM) complex (Scheme 1) with different copper ion
content (Bx = x mg copper per gram of complex as determined from the direct measurement of the solids through Xray fluorescence (XRF) in an advant XP+ thermo electron spectrometer) (A) [10]. 13C CP-MAS for poly(EGDE-MAA) and
its Cu(II)-complex (Scheme 1) with 1 mg Cu(II) g−1 = A1 (B) [66]. EPR measurements of the Cu(II)-complexes were per‐
formed at X-band on a Bruker EMX plus spectrometer at 20°C. The ss-NMR experiments were performed at room
temperature in a Bruker Avance-II 300 MHz spectrometer. The different Cu(II) complexes were obtained from the ad‐
sorption of Cu2+ ions on the different polymers by batch adsorption experiments. Each material (0.1000 g) was placed
in contact with 2 mL of cupric sulfate (CuSO4) solution in a 4–100 mM concentration range. The resulting suspensions
were shaken in a thermostatic bath at 25°C for 24 hours. Then, the samples were centrifuged, filtered, and dried at
60°C for 24 hours.

Although all these analyses allow the complete characterization in terms of physicochemical
aspects, they do not allow obtaining information related to example with the ligands in‐
volved in the uptake of metal ions. For that reason, complementing them with spectroscopic
techniques can bring important information related to chemical aspects associated with the
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coordination process in different conditions. Our research group, for example, studied the
coordination sphere of copper ions in the synthetic Cu(II) hydrogel complexes by using a
combination of ss-NMR and EPR techniques [10, 66]. The EPR spectra of isolated Cu(II) cen‐
ters with a minimum distance of 10–15 Å between each paramagnetic nucleus provide more
information because the values of parallel hyperfine coupling constant (A||) and parallel gfactor (g||) obtained from the hyperfine structure of the Cu(II) complexes differ depending
on the geometry and the ligands of the paramagnetic entity (Figure 3A). In general, the EPR
parameters show that when oxygen becomes more active in the uptake of copper ions, the
A|| values decrease, and the g|| values increase as the amount of ions in the polymeric struc‐
ture increases. However, EPR spectroscopy must be used together with ss-NMR or any oth‐
er spectroscopic technique due to the broad range of materials and chemical compositions,
because the elucidation of the chemical sphere of Cu(II) centers based on EPR does not re‐
sult in a clear-cut result [10]. For Cu(II) proteins and any other Cu(II) materials, the Peisach–
Blumberg plots can be very useful to access to the coordination sphere of the paramagnetic
center [10, 67]. On the other hand, the ss-NMR technique retrieves information of the li‐
gands involved in the coordination of paramagnetic ions due to the enhancement in the re‐
laxation behavior of the different nuclei present in the polymer matrix (1H, 13C, 15N, etc.),
avoiding the detection of resonance signals. In particular, 13C CP-MAS experiments are ef‐
fective to study the preferences in the uptake of Cu(II) ions at different concentrations of the
metal ions in polyelectrolyte and polyampholyte materials. However, some experimental
conditions, such as the contact time used in the cross-polarization step in 13C CP-MAS ex‐
periments, must be taken into account before setting the acquisition parameters. For exam‐
ple, for a Cu(II) hydrogel (poly(EGDE-MAA-IM)) bearing carboxylic acid as ligand for
copper ion, it is possible to observe how the signal corresponding to the carbon of these
groups is affected after the uptake of the paramagnetic ion and is thus not detected (Figure
3B) [10, 66]. This strategy to study the coordination of copper ions can also be used to under‐
stand the uptake of zinc [68], mercury [69], cobalt [13], and samarium [70] ions in polymer
matrixes.
The uptake of Cu(II) ions allows that different ligands distributed in the same or different
polymeric chains of the adsorbent material participate in the coordination process, modify‐
ing the polymer properties. Particularly, the glass transition temperatures (Tg) are increased
as a consequence of the crosslinking induced by the metal ion [12, 68, 71]. However, the
presence of metal ions produces a lower thermal stability of the complex, as a result of the
weakening in the chemical bonds after the coordination of the metal ion that produced changes
in the electron density [10, 66]. For example, the Tg value obtained for the polyelectrolyte
hydrogel poly(EGDE-DA) (Scheme 2) was 120.0°C, while that for the Cu(II) hydrogel com‐
plex containing 131 mg of Cu(II) per gram of polymer was 169.5 °C. This shift to higher
temperature values was due to the stabilization of the d-electron of the copper ion on coordi‐
nation, as expected, and it was also another fact of the crosslink between the polymer chains
and the copper ion. For the Co(II) hydrogel complex, the Tg value was 134.1 °C, and it was
lower than in the case of copper, in concordance with the low amount of cobalt ions adsor‐
bed to the polymer material (23 mg of Co(II) per gram of polymer), reducing the crosslink‐
ing between the polymer chains and cobalt ions [12].
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Finally, the polymeric particles loaded with cations were cut into slices to see if these
compounds had access to the entire network or were only attached to the surface. In all the
cases, they reached the interior binding sites of these particles, and it was impossible to
distinguish a core from the exposed surface. These results, together with the swelling
properties of these materials, confirm the fact that they are hydrogels. The water molecules
and solutes have access to the bulk of the swelled particles. The materials absorb water and
dissolved ions. This was demonstrated by the fact that “water adsorption surface” determined
for poly(EGDE-MAA-2MI) and its copper complex was 287 and 346 m2 g−1, respectively, clearly
indicating the absorption of water molecules [12, 16].

5. Environmental application of hydrogels and metal ion hydrogel
complexes
Both natural and synthetic polymeric materials can be used to remove organic and inorganic
pollutants given their high load capacities associated with the functional groups present in
their chemical structures. Adsorption is the easiest method to remove substances from
effluents, but a second residue is generated because pollutants are adsorbed to the material
used. Specifically, hydrogels can be used to concentrate different kinds of industrial dyes.
Regarding inorganic contaminants adsorbed in different materials, heavy metal ions can be
desorbed under acidic conditions from the matrix where they are retained. In these condi‐
tions, the metal ions are concentrated, which allows their recovery. Some of the materials that
can be used for metal ion uptake have been described throughout this chapter.
On the contrary, organic pollutants can be adsorbed in the first instance, and then oxidative
methods where ROS are generated from H2O2 can achieve the partial or complete mineraliza‐
tion to CO2 and H2O. These catalytic systems are usually called advanced oxidative technolo‐
gies for wastewater treatment, and some of them will be covered in this section.
Hydrogen peroxide (H2O2) is a powerful oxidant used in the degradation of pollutants
combined with catalysts and/or UV light to give rise to reactive species such as hydroxyl
radical. With respect to the oxidation of aromatic hydrocarbons, Fenton-like reactions (Fe(III)/
H2O2) are widely used but are only effective in acidic conditions [72]. In contrast, Cu(II)/H2O2
systems can be used for similar purposes but in a broader pH range. In turn, the catalytic

Scheme 7. Chemical structures of some dyes used in the textile industry.
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activity of the copper ion in the activation of H2O2 with concomitant generation of hydroxyl
radicals is enhanced after coordination with pyridine, organic acids, and other chelating
agents, but the recovery of these complexes is expensive because they are soluble in water. For
these reasons, heterogeneous catalysts are an attractive alternative for decolorization,
combining effectiveness, ease of recovery, and reuse potential. Also, transition metals
supported on alumina and silica have proved to be more efficient for the activation of H2O2
than homogenous catalysts. In addition, complexes of Cu(II) with alumina or chitosan have
been used to remove color from industrial waste [73, 74], Cu(II) complexes immobilized on
silica particles have been used as catalysts in the hydroxylation of phenols from H2O2 [75] and
non-soluble Cu(II) chitosan/H2O2 systems have been used to degrade anthraquinone and azo
dye compounds commonly found in the textile industry [76]. Textile dyes are considered the
most common industrial pollutants in waters. In addition, modern dyes are stable to the
ineffective conventional treatment methods performed on wastewater (Scheme 7). This results
in an intensely colored discharge that is released from the factory with a direct negative impact
on the environment. Both Cu(II) chitosan and any other modified chitosan coordinated with
copper ions can act as efficient heterogeneous catalysts for the activation of H2O2, in which
radical species (mainly hydroxyl radicals, OH•) are generated, and dyes and other organic
pollutants are concomitantly degraded to CO2 and H2O. This process is highly dependent on
the efficiency in the oxidative capacity of the catalyst, susceptibility of the pollutant, and the
amount of H2O2 added [76].
However, even when these systems are very effective, some precautions must be taken into
account to ensure the catalytic activity. To not affect the structure of the catalyst, the initial
concentration of H2O2 ([H2O2]o) needs to be controlled. As an example, synthetic Cu(II)
poly(EGDE-MAA-IM or 2MI) hydrogels are stable up to a [H2O2]o = 50 mM since higher
concentrations affect the structure of the catalyst (Scheme 2) [14, 15]. In addition, at higher
[H2O2]o, the H2O2 molecules combine with OH• radical species to generate superoxide
radicals (O2•-) with lower oxidation potential. Moreover, the use of high concentrations of H2O2
produces its self-decomposition to O2 and H2O [15].
There are some experimental techniques that can be done to do an exhaustive characteriza‐
tion of each Cu(II)-supported material or any other metal complex. Once the coordination
behavior and the amount and distribution of the metal ion have been studied, the activation
of H2O2 can be explored. However, it is also useful to explore the stability of the metal
complexes in the experimental conditions in which the catalyst will be used (pH, ionic strength,
temperature, etc.).
The reaction with 4-aminoantipyrine is usually used for the detection of free radical species
and can be tested in different samples as an easy screening [15, 77]. Nevertheless, it is not able
to discern which free radical species are generated through the activation process of H2O2 on
the catalytic surface. For the correct identification of the radical species generated in diverse
Cu(II) complex/H2O2 systems, EPR measurements should be made with a spin trap molecule.
In this way, a stable radical is formed from the incubation of 5,5-dimethyl-1-pyrroline Noxide (DMPO) solution with a sample obtained from the reaction mixture (Cu-hydrogel/H2O2)
where the radical (R•) species are generated, thus allowing its detection and identification
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through EPR spectroscopy. The EPR spectra obtained depend on the R• nature in the medium
since the spectral lines characterize each DMPO-R adduct. As an example, Figure 4 shows the
EPR spectrum obtained by the reaction of DMPO (1 M) with an aliquot from the supernatant
of a mixture reaction containing 10 mg of Cu(II) poly(EGDE-MAA-IM) hydrogel (qm Cu(II): 60
mg g−1), [H2O2]o = 25 mM and a final volume of phosphate buffer of 10 mL (pH = 7.0).
The Co(II)-poly(EGDE-DA)/H2O2 heterogeneous system also produced free radicals that
diffused to the solution and were detected by spin trapping experiments with DMPO
([H2O2]o = 63 mM) (Figure 4E). The simulation and fits of the experimental spectrum al‐
lowed establishing the presence of two species: DMPO-OOH (93%) and DMPO-OH (7%)
adducts from anion superoxide (O2•-) and hydroxyl radical (OH•), respectively [12]. In
addition, for the coexistence of both hydroxyl and superoxide radical species in cobaltcomplexes, it is possible to add the enzyme superoxide dismutase to only visualize the DMPOOH adduct and to indirectly evidence the presence of the DMPO-OOH (DMPO + O2•-) adduct
in the mixture [12].
It is important to note, that, in some cases, ROS can oxidize DMPO and/or the organic matrix,
giving rise to nitroxide-like radical and/or carbon-centered radical, respectively, with a
characteristic DMPO adduct depending on the reactivity of the system [15].

Figure 4. Schematic representation of the inner sphere mechanism where the OH• radicals are generated due to the
interconversion between Cu(II)⇔Cu(I) in a Cu(II)- poly(EGDE-MAA-IM) hydrogel as a heterogeneous catalyst (A), Cu
2p region of the XPS spectra (B), Auger spectra for Cu(I) or Cu(II)-hydrogel complexes (C), and the corresponding Xband EPR spectrum of a DMPO-OH adduct obtained from a mixture reaction as indicated (D) [14, 15]. X-band EPR
spectra of DMPO-OOH and DMPO-OH adducts obtained from a Co(II)-poly(EGDE-DA)/H2O2 heterogeneous system
as indicated (E) [12]. EPR measurements were performed at X-band on a Bruker EMX plus spectrometer. XPS spectra
were collected using a physical electronics PHI 5700 spectrometer.

Then, when the generation of free radical species is identified, it is possible to access to the
catalytic system which can describe the mechanism involved in the generation of these species.
Particularly, the Cu(II) complexes have been extensively studied, and the most acceptable
catalytic cycle involves the reduction of Cu(II) to Cu(I) induced by the action of the H2O2, which
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is converted to OH• radical (inner sphere mechanism, Figure 4). In this aspect, the XPS
technique is a valuable tool to analyze changes in the oxidation state of metal centers. For
example, the synthetic Cu(II) poly(EGDE-MAA-IM) hydrogel system, containing 63 mg of
Cu(II) per gram of polymer (Scheme 2), after being in contact with a [H2O2]o = 25 mM for 1
hour, produces the reduction of Cu(II) to Cu(I), which can be visualized because the conver‐
sion of Cu(I) to Cu(II) is low with the decrease in the consumption of H2O2. The Cu 2p region
in the XPS spectrum is different after the treatment with H2O2 because characteristic shake-up
satellite structures of Cu(II) are not observed. However, the Auger line for copper has to be
measured with a short irradiation time due to a photoreduction of Cu(II) to Cu(I). With the
correct acquisition of the Auger line for copper, it is possible to prove the presence of Cu(I)
species generated by the action of H2O2 in a Cu(II) hydrogel system (Figure 4) [14]. Further‐
more, it has been observed that the ultrahigh vacuum in which the sample is exposed prior to
the XPS measurement can produce the reduction of Cu(II) to Cu(I) in Cu(II) poly(ethyleni‐
mine) complexes [41].
In addition, the catalytic performance of the catalyst can be studied with the azo dye methyl
orange as a model compound because its absorbance can be easily monitored as a function of
time through UV-visible spectroscopy at 465 nm (Scheme 7). In general, the concentration of
methyl orange in the solution where the catalyst and H2O2 are also present decreases as a
consequence of two parallel processes: surface adsorption on the catalyst and oxidative
degradation, both following pseudo first-order kinetics [5, 7, 12, 14, 15].
Regarding other metal ion complexes, cobalt complexes can be very useful for soft oxidative
procedures in organic chemistry. There are only a few reports related to Co(II) complexes
supported in non-soluble polymeric structures, although a Co(II)-crosslinked polyacryla‐
mide can be mentioned as a selective catalyst for the oxidation of olefins and alkyl halides with
H2O2 in aqueous media [78]. The difference with copper complexes is that the metal ion is
converted to Co(III) from the corresponding Co(II) in the presence of H2O2 [12, 13, 78].
Regarding environmental applications, our research group observed that the Co(II)
poly(EGDE-DA) hydrogel/H2O2 system is not as reactive for the degradation of methyl orange
as the corresponding Cu(II) system supported in the same polymeric structure (Scheme 2). It
is important to remark that the maximum loading capacities for Co(II) and Cu(II) ions are
estimated in 15 and 151 mg g−1. However, although a Co(II) hydrogel/H2O2 system can
achieve 87% of oxidation of methyl orange in 110 minutes, the Cu(II) hydrogel/H2O2 system
can do so in 10 minutes. Even when the amount of Co(II) ions is low, the catalytic impor‐
tance makes this kind of system of interest since the Co(II) can produce superoxide radicals
with a lower oxidative potential [12, 13].

6. Remarks
The coordination of a polymeric ligand by a transition metal ion is an efficient way to obtain
processable materials with unique and valuable properties. Polymer networks offer new
possibilities to scientists for the creation of artificial materials. In recent years, hydrogels with
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chelating ligands have attracted the attention of industrial applications. In particular, polye‐
lectrolyte and polyampholyte hydrogels have become of great interest in the macromolecu‐
lar chemistry area due to their versatility as excellent adsorbents of chemical compounds.
Stimulus-sensitive hydrogels are used in a variety of novel applications, including control‐
led drug delivery, immobilized enzyme systems, separation processes, fuel cells, and sensor
development.
The development of polymers containing nitrogen remains a growing area because of their
applications in the destabilization of negative colloids in effluents and water clarification,
electrophoretic depositions, recovery of heavy metal ions or exchange resins for ions, and the
mimicking of active sites of enzymes.
Currently, the main goals for the material science community are the design and synthesis of
new hydrogels containing ligand for the uptake of heavy metal ions to reduce the direct impact
of this industrial waste on the environment. The characterization of the different non-solu‐
ble polymeric structures is limited to the spectroscopic techniques in the solid state, being ssNMR the principal characterization tool for bulk analysis. However, some sensitivity problems
can be resolved with new polarization techniques such as DNP-NMR. In addition, some other
surface characterization techniques such as X-ray photoelectron spectroscopy can be used.
However, the results provide only information limited to the interface area and not from the
bulk content. Particularly, the activation of H2O2 from the corresponding Cu(II) and Co(II)
hydrogels, obtained from the uptake of Cu(II) or Co(II) ions, can be successfully used with
H2O2 for the degradation of azo dyes, to reduce the impact of both inorganic or organic
pollutants.
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Abstract
With the development of chemical synthetic strategies and available building blocks, in
situ‐forming hydrogels have attracted significant attention in the biomedical fields over
the past decade. Due to their distinct properties of easy management and minimal
invasiveness via simple aqueous injections at target sites, in situ‐forming hydrogels have
found a broad spectrum of biomedical applications including tissue engineering, drug
delivery, gene delivery, 3D bioprinting, wound healing, antimicrobial research, and
cancer research. The objective of this chapter is to provide a comprehensive review of
updated research methods in chemical synthesis of in situ‐forming cross‐linking
hydrogel systems and their diverse applications in the biomedical fields. This chapter
concludes with perspectives on the future development of in situ‐forming hydrogels to
facilitate this multidisciplinary field.
Keywords: chemical cross‐linking, free radical polymerization, in situ‐forming hydro‐
gel, biomedical applications, hydrophilic polymers

1. Introduction
Hydrogels are a class of three‐dimensional (3D) cross‐linked polymeric structures capable of
holding large amounts of water or biological fluids in their swollen state [1]. The first report
of water‐swollen cross‐linking polymer network of 2‐hydroxylethyl methacrylate and
ethylene glycol dimethacrylate for applications of contact lenses was published by Wich‐
terle and Lim in 1960 [2]. Due to their high water content and structure similarity to natural
extracellular matrix (ECM) as well as their biodegradability and low immunogenicity,
hydrogels have gained considerable interest in biomedical and pharmaceutical fields over the
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past few decades, especially with the development of a wide variety of chemical building
blocks and various synthetic strategies in polymer chemistry, organic chemistry, and biocon‐
jugation chemistry. Up to date, hydrogels have been applied in a broad spectrum of biomed‐
ical applications including tissue engineering, 3D bioprinting, drug delivery, gene delivery,
would healing, antimicrobial research, and cancer research [3]. Among these applications, in
situ‐forming hydrogels have been intensively investigated because of their easy formulation
to encapsulate bioactive ingredients and/or cells into hydrogel by mixing followed by a cross‐
linking process. They can be delivered into the desired sites through minimal invasive
injection, which improves patient compliance and curative efficacy [4, 5]. They can also be
used in surgery as tissue adhesive to seal tissue defects [6].
With regard to biomedical applications, in situ‐forming hydrogels must first meet the basic
requirement of biocompatibility to provide the appropriate macro‐ and microenvironment for
cell proliferation and tissue growth. Therefore, it is of great importance to develop in situ‐
forming hydrogels with minimized immunological rejection through thoughtful selection of
the materials and incorporation of physicochemical and biological cues to replicate the natural
ECM. Porosity of the hydrogel should be considered when selecting the hydrogel materials as
it affects the viability and proliferation of cells in 3D culture as well as the drug release profile
for delivery. In addition, rigidity of the in situ‐forming hydrogel is crucial due to its influ‐
ence on cell differentiation [7] and its mechanical strength to support 3D constructs in
bioprinting and tissue engineering.
There are two strategies to synthesize in situ‐forming hydrogels. One strategy is the polymer‐
ization of small molecules in the presence of initiators and cross‐linkers. The other strategy is
to directly cross‐link either natural or synthetic hydrophilic polymers [3]. In general, synthet‐
ic polymers are hydrophobic and mechanically stronger compared to natural polymers, which
results in slow degradation but high durability in hydrogels. Another property of synthetic
polymers is their inert cellular environment that prohibits active cell binding, which results in
low cell viability. To compensate, bioactive compounds such as peptides or growth factors
need to be incorporated into the hydrogel network [8]. Natural polymers, on the other hand,
have the advantages of low toxicity and biodegradability but their mechanical properties are
weaker. The opposite properties between synthetic and natural polymers need to be bal‐
anced through optimal design for specific hydrogel applications [9].
The most used natural polymers for in situ hydrogels are hyaluronic acid (HA), collagen,
gelatin, alginate, chitosan, fibrin, etc. Some commonly used synthetic polymers are
poly(ethylene glycol) (PEG), poly(acrylic acid) (PAA), poly(acrylamide) (PAM), poly(vinyl
pyrrolidone) (PVP), poly(vinyl alcohol) (PVA), poly(lactic acid) (PLA), and poly(lactic‐co‐
glycolic acid) (PLGA). Detailed information about each polymer will not be covered in this
chapter. Interested readers may refer to review articles for more information [10‒12].

2. Chemistry of in situ‐forming cross‐linking hydrogels
Since hydrogels are simply hydrophilic polymer networks cross‐linked in some fashion to
produce an elastic structure, any strategy that can produce a cross‐linked network could be
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used for in situ hydrogel synthesis [9]. Hydrogels can be classified into different categories
based on various parameters such as preparation method, ionic charge, and mechanical and
structural characteristics [13]. Based on cross‐linking mechanisms, hydrogels can be divided
into physically cross‐linked hydrogels and chemically cross‐linked hydrogels. Physically
cross‐linked networks are often called “reversible” or “physical” gels, as they can be dis‐
solved by changing environmental conditions such as pH, ionic strength, or temperature [3].
They possess temporary connections either through polymeric chain entanglement or
physically induced gelation through stimuli such as ion‐ion interaction, hydrogen bonding,
thermo‐induced gelation, complementary binding, inclusion complex formation, and
hydrophobic interactions [9]. Physically cross‐linked hydrogels are of great interest for
encapsulation of bioactive substance and cells [14], although they are not covered in this
chapter. Chemically cross‐linked hydrogels are also called “permanent” or “chemical” gels
which are networks cross‐linked by covalent bonds through chemical reactions to achieve
cross‐linking of macromolecular chains in solution. In order for in‐depth discussion, this
chapter will focus on chemically cross‐linked in situ hydrogels by reviewing various chemi‐
cal cross‐linking strategies to synthesize in situ‐forming hydrogels and their updated biomed‐
ical applications.
To be suitable for biomedical applications, it is preferred that the cross‐linking occurs in
aqueous and mild conditions. The reactions should not damage the cells or biofunctional
molecules in the hydrogel matrix. Reactions employed should not generate toxic side products
and should not require high temperatures or heavy metal catalysts that are toxic to the cells [15].
Chemical cross‐linking is the most common and highly efficient method for the formation of
in situ‐forming hydrogels that have excellent mechanical strength. This section will review the
updated chemistry and various cross‐linking mechanisms in hydrogel synthesis including free
radical polymerization, reactions of complementary groups, and enzyme‐catalyzed reactions.
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Figure 1. Hydrogels by 3D polymerization.

There are two commonly used strategies to prepare chemically cross‐linked hydrogels which
are illustrated in Figures 1 and 2 [3]. The first strategy is called “3D polymerization,” which is
achieved by polymerization of hydrophilic molecules, such as acrylates and vinylic mono‐
mers, in the presence of multifunctional cross‐linkers. The drawback of 3D polymerization is
the significant amount of unreacted monomers and other small molecules, which could be
toxic and have to be removed by extensive purification processes. The second strategy is to
directly crosslink hydrophilic polymers so that extensive purification can be avoided as there
are not as many toxic small molecules remained in the system. Water‐soluble polymers such
as PAA, PVA, PEG, PAM, and polysaccharides are commonly used systems for biomedical
and pharmaceutical applications due to their nontoxicity and biocompatibility [3].

Figure 2. Hydrogels by cross‐linking of biopolymers.

2.1. Cross‐linking by free radical polymerization
Free radical polymerization is the most commonly used cross‐linking strategy for hydrogel
synthesis due to its advantages over other polymerization methods. First, it is highly reac‐
tive, which results in polymers of high molecular weights and cross‐linking density. Second,
free radical polymerization tolerates a variety of functional groups and it occurs in mild
conditions, even in aqueous conditions. This makes it a facile approach for cross‐linking
hydrogel synthesis [16]. Free radical polymerization can be further classified as homopoly‐
merization, copolymerization, and multipolymer interpenetrating polymeric hydrogels by
hydrogel composition [9].
2.1.1. Hydrogels by homopolymerization
Homopolymeric hydrogels are hydrogel systems originated from polymerization of a single
monomer species in the presence of an initiator and a cross‐linker. For example, homopoly‐
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merization of N‐acryloylglycinamide through radical polymerization with 2,2′‐azo‐bisisobu‐
tyronitrile (AIBN) as an initiator and N,N'‐methylene‐bis‐acrylamide (MBAm) as a chemical
cross‐linker yields a hydrogel [17]. Similarly, N‐vinyl‐2‐pyrrolidone is homopolymerized in
the presence of a free radical initiator AIBN and a cross‐linker MBAm to produce a pH‐
responsive hydrogel for in vitro delivery of propranolol hydrochloride [18].
2.1.2. Hydrogels by copolymerization
Copolymerization hydrogels are synthesized by polymerization of two or more different
monomers with at least one hydrophilic component. Depending on the structure of the
polymer chain, copolymers are further classified into random, block, or alternating copoly‐
mers. A recent report described the synthesis of pH temperature dual stimuli‐responsive smart
hydrogel for drug release. In this research, PEG was reacted with methyl ether methacrylate
to afford methacrylate terminated PEG, which copolymerized with N,N'‐dimethylaminoeth‐
yl methacrylate. The copolymer solution is mixed with α‐cyclodextrin (α‐CD) to form a pH‐
thermo dual sensitive hydrogel allowing the release of a model drug 5‐fluorouracil to be
effectively controlled by temperature and pH [19]. Copolymerization allows for the combina‐
tion of properties from both ingredients with varied ratios.
2.1.3. Hydrogels of interpenetrating polymer networks
Interpenetrating polymer networks (IPNs) and semi‐interpenetrating polymer networks
(semi‐IPNs) have emerged as innovative biomaterials for biomedical applications. IPNs are a
family of hydrogels that contain two independent hydrogel components with each compo‐
nent being a cross‐linked hydrogel from synthetic and/or natural polymers. Semi‐IPNs contain
two independent hydrogels with one being cross‐linked hydrogel and the other noncross‐
linked hydrogel [9]. The purpose of two hydrogel components is to provide tuned physical
properties or stimuli responsiveness. For example, Reddy et al. fabricated cyclotriphospha‐
zene‐based IPN hydrogels through free radical polymerization of mono (methacryloyl‐2‐
ethoxy)‐pentakis(N1,N1‐dimethylpropane‐1,3‐diamino)‐cyclotriphosphazene and acrylamide,
and cross‐linked by MBAm in the presence of pectin. The synthesized semi‐IPN hydrogels
exhibited dual responsiveness for pH and temperature which triggered the delivery of 5‐
fluorouracil [20].
2.2. Cross‐linking by chemical reaction of complementary groups
In situ‐forming hydrogels can be prepared by direct cross‐linking of natural or synthetic
polymers through chemical reactions of complementary functional groups. In consideration
of biomedical applications, chemical reactions employed in cross‐linking hydrogels should be
achievable in aqueous solutions without generating toxic by‐products. The reaction should be
very efficient with few reactants and active functional groups remaining. For that purpose,
click chemistry, Michael additions, thiol‐ene/yne coupling, Diels‐Alder reaction, disulfide
formation, Schiff‐base formation, and epoxide reactions are examples of suitable reactions
which will be discussed in detail. A summary of cross‐linking reactions via complementary
groups is depicted in Table 1.
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Entry Reaction

Complementary groups

Conditions

Ref.

1

Alkyne + azide

Cu(I), aqueous

[23–25]

Alkyne + azide

aqueous, 37 °C

[26]

Oxanorbornadiene + azide

aqueous, 37 °C

[22, 27]

Cyclooctyne + azide

aqueous, 37 °C

[28–31]

Maleimide + thiol

aqueous, 37 °C

[15, 36]

Vinyl sulfone + thiol

aqueous, 37 °C

[37]

Acrylate + thiol

aqueous, 37 °C

Methacrylate + thiol

aqueous, 37 °C

Alkene + thiol

aqueous, 37 °C

Norbornene + thiol

Photo, radical

2

3

Click reaction

Michael addition

Thiol‐ene/yne coupling

[38–43]

catalyzed
Alkyne + thiol
4

5

Diels‐Alder reaction

Furan + maleimide

aqueous, 37 °C

[44, 45]

Tetrazine + norbornene

aqueous, 37 °C

[46]

Tetrazine + trans‐cyclooctene

aqueous, 37 °C

[47, 48]

Thiol‐thiol

aqueous, H2O2

[49, 50]

Pyridyl disulfide + thiol

aqueous, 37 °C

[52, 53]

Epoxide + amine

aqueous, 37 °C

[54, 55]

Epoxide + hydroxyl

acidic or basic

[56]

Diepoxide + amine

aqueous, carbon black [57]

Aldehyde + amine

aqueous, 37 °C

[59]

Aldehyde + hydrazide

aqueous, 37 °C

[61]

Aldehyde + hydroxylamine

aqueous, 37 °C

[60, 61]

Amine or hydroxyl + acid derv.

aqueous, 37 °C

[33]

Amine or hydroxyl + isocyanate

DMSO, 35 °C

[62]

Boronic acid + amine/hydroxyl

aqueous, pH 4.8

[65]

Genipin coupling

Amines + genipin

0.1 M acetic acid, 4 °C

[63]

Photo‐induced

Alkenes

UV, photoinitiator

[64]

Disulfide formation/
exchange

6

7

8

Epoxide coupling

Schiff‐base formation

Condensation

crosslink
9

Staudinger‐ligation

Azide + ester derivative of triphenylphosphine aqueous, BaCl2, 37 °C

[70]

Tetrazole‐photoclick

Alkene + tetrazole

aqueous, UV light

[71]

Quadricyclane‐ligation

Quadricyclane + Ni bis(dithiolene)

aqueous, pH 4.5

[72]

Table 1. Summary of cross‐linking reactions of complementary groups.
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2.2.1. Click reactions
Click reactions refer to the cycloaddition of azide and alkyne to form a linkage through a
triazole ring. It was proposed by Sharpless and co‐workers in 2001 as copper‐catalyzed azide‐
alkyne cycloaddition (CuAAC), aiming for efficient chemical synthesis with minimized
byproducts and purification effort [21]. Over the past decade, click chemistry has gained
significant application in a broad range of chemical synthesis of small molecules, polymers,
dendrimers, biomacromolecules, and bioconjugation. Click chemistry has been widely used
in cross‐linking hydrogels due to its high selectivity and efficiency without generating by‐
products in aqueous conditions, plus the bioorthogonality of the components without
interaction with the environment of biological or biomedical systems [22]. To date, click
reactions of different versions have been developed not only to build materials that are
biologically compatible, highly functional and organized in structure, but also to produce
highly complex patterns of biofunctionalities within a single cellular scaffold [23]. For example,
HA‐based hydrogels were cross‐linked by CuAAC reaction to produce a thermo‐responsive
hydrogel with tailorable mechanical properties [23, 24]. Kaga et al. fabricated “clickable”
hydrogels using dendron polymer‐based triblock polymers [25].
To avoid the toxicity of copper, metal‐free click chemistry has been developed to eliminate
heavy metal residue in hydrogel matrix. Truong et al. synthesized chitosan‐PEG hydrogels by
copper‐free azide‐alkyne click reaction [26]. Chitosan and HA‐based hydrogel were cross‐
linked after functionalization by oxanorbornadiene and azide [22, 27] (Table 1, entry 1).
Another good example of metal‐free click reaction is strain‐promoted azide‐alkyne cycload‐
dition (SPAAC) that involves a difluorinated cyclooctyne moiety. Due to the ring strain and
the electron‐withdrawing difluoride, the alkyne functionality is greatly activated for a
cycloaddition without a catalyst [28]. This reaction has been shown to be very efficient with
high chemoselectivity even for in vivo applications, making it suitable for in situ cross‐linking
hydrogel [29, 30]. DeFrost et al. synthesized PEG‐based hydrogel by cross‐linking PEG‐
tetraazide and a difluorinated cyclooctyne functionalized cleavable peptide. The reaction
occurred in aqueous conditions at 37 °C in the presence of cells, which enabled independent
and in situ tuning of biochemical properties of biomaterials [31]. It is worth noticing that the
cross‐linking of azide and alkyne functionalized polymers with metal‐free click reactions is
normally too slow to be used in most in situ applications [29]. In order for this cross‐linking
strategy to be useful, the gelation kinetics needs to be improved by increasing the electron
deficiency of alkynes and electron density of azide structures. Interested readers may refer to
review articles for more information [32, 33].
2.2.2. Michael addition
Michael addition is a 1,4‐addition of nucleophiles to α,β‐unsaturated ketones or esters. It occurs
in high efficiency under aqueous conditions without any side products, making it a suitable
approach for cross‐linking in hydrogel synthesis. The common nucleophiles are macromole‐
cules that are functionalized with multiple terminal amine or thiol groups, which cross‐link
with electrophilic macromolecules functionalized with alkene groups with adjacent electron
withdrawing groups, such as vinyl sulfone, acrylate, or methacrylate [15]. Surfactants can be
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used to promote the kinetics of the Michael addition when the nucleophilic and the electro‐
philic macromolecules exhibit significant differences in hydrophilicity [34].
Like the cross‐linking of alkyne and azide in SPAAC, the cross‐linking kinetics of Michael
addition depends greatly on the electron deficiency of the alkenes. Our research group has
systematically studied the gelation kinetics and mechanical property of poly(amidoamine)
(PAMAM) dendrimer‐HA cross‐linking hydrogels. PAMAM dendrimers are a family of
synthetic polymers with well‐defined structures and ample surface groups for conjugation of
bioactive functionalities. They are widely used as a platform to deliver bioactive molecules
into biological systems due to their water solubility, nontoxicity and nonimmunogenicity [35].
The combination of PAMAM and HA allows for easy chemical modification of dendrimer
structures to modulate the physical and mechanical properties of the cross‐linking hydrogel.
In this research, PAMAM dendrimers are functionalized with maleimide, vinyl sulfone,
acrylic, methacrylic, and a normal alkene group. When alkene functionalized PAMAM
dendrimers are cross‐linked with thiolated HA at experimental concentration, the gelation
time displayed a large range from 8 seconds to 18 hours, and modulus from 36 to 183 Pa
depending on the alkene group attached to the dendrimer. 1H NMR study revealed that the
gelation time is governed by the electron deficiency of alkenes [36]. Introduction of a RGD
peptide in hydrogel greatly enhanced the cell attachment, viability, and proliferation of both
bone marrow stem cells and human umbilical vein endothelial cells [37].
2.2.3. Thiol‐ene/yne coupling
Thiol‐ene reaction is a radical‐mediated mechanism at room temperature and in aqueous
conditions even in the presence of biological cargos such as proteins or cells, thus making it a
good technique for hydrogel cross‐linking. Unlike the traditional free radical polymerization,
the radical thiol‐ene reactions are relatively not oxygen sensitive [38]. The radicals that initiate
the thiol‐ene reaction can be generated using thermal, oxidation‐reduction, or photochemi‐
cal process based on initiator selection [39]. Fairbanks et al. devised photoinitiated thiol‐ene
reaction between four‐armed PEG tetra‐norbornene and dicysteine‐terminated peptide to
form in situ‐forming hydrogels [40]. In another study, tetra‐acetylene functionalized PEG and
pentaerythritol are cross‐linked in the presence of trimethylamine under moderate tempera‐
tures to form a robust hydrogel network [41]. Interested readers are referred to other recent
articles for more information [42, 43].
2.2.4. Diels‐Alder reaction
The Diels‐Alder reaction is a robust cross‐linking strategy for biopolymer‐based hydrogels as
it is rapid, efficient, versatile, and selective. It proceeds with high efficiency in aqueous
conditions for hydrogel cross‐linking or covalent immobilization of functional biomolecules.
The most commonly employed functional groups for Diels‐Alder cross‐linking are furan and
maleimide groups. As an example, furan and maleimide functionalized HA were cross‐linked
in 2‐(N‐morpholino)ethanesulfonic acid buffer at various volume ratios for delivery of
dexamethasone which is an adipogenic factor [44]. Using the Diels‐Alder reaction, Fisher et al.
cross‐linked furan‐modified HA with bismaleimide enzyme‐cleavable peptide cross‐linkers
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to study MDA‐MB‐231 breast cancer invasion [45]. Recently, inverse electron demand Diels‐
Alder reaction has been employed in hydrogel cross‐linking with tetrazine as the diene for
cycloaddition with an alkene or alkyne (Table 1, entry 4). Desai et al. synthesized tetrazine
and norbornene functionalized alginate to form cross‐linking hydrogel using inverse elec‐
tron demand Diels‐Alder reaction without the external input of energy, cross‐linkers, or
catalyst [46]. Tetrazine and trans‐cyclooctene are also a good pair of functional groups for
inverse demand Diels‐Alder reactions. Jung and others have employed tetrazine and trans‐
cyclooctene for protein conjugation using a tobacco mosaic virus template assembled with
hydrogel microparticles for protein sensing applications [47]. Zhang et al. reported the
interfacial bioorthogonal cross‐linking of tetrazine modified HA with bis‐trans‐cyclooctene
cross‐linker to produce pattern biomaterials through diffusion‐controlled gelation at the
liquid‐gel interface [48]. Similar to SPAAC, the cycloaddition between tetrazine and cyclooc‐
tene is also promoted by the strain in the trans‐cyclic structure and the rate constant was
determined to be k2 > 105 M−1 S−1 [48].
2.2.5. Disulfide formation/exchange
Disulfide bonds are usually formed from oxidation of thiol groups. For example, thiolated HA
can be chemically synthesized with varied degrees of thiolation and cross‐linked through
oxidation in the air or using hydrogen peroxide [49]. In another report, HA and gelatin were
chemically modified using 3,3'‐dithiobis(propionic hydrazide) followed by treatment of
dithiothreitol. The thiol derivatives of HA and gelatin bearing thiol groups were mixed to form
a disulfide cross‐linking hydrogel in the presence of hydrogen peroxide. The hydrogel can be
degraded by hyaluronidase [50]. Zhang et al. synthesized elastin‐like polypeptide hydrogels
for wound repair by disulfide bond cross‐linking in the presence of ultraviolet (UV) light [51].
Macromolecules with pyridyl disulfide can react with thiol functionalized polymer through
disulfide exchange, eliminating pyridine‐2‐thione as a by‐product. Kannan et al. developed
PAMAM dendrimer‐PEG hydrogels for the sustained release of amoxicillin through disul‐
fide exchange of a pyridyl disulfide functionalized PAMAM dendrimer generation 4 and an
eight‐armed thiolated PEG [52]. Similarly, an HA‐based cleavable hydrogel was synthesized
by cross‐linking pyridyl disulfide functionalized HA with PEG dithiol [53]. The disulfide
exchange reaction has been found to exhibit fast cross‐linking kinetics and cytocompatibility
as hydrogels can be synthesized in minutes under physiological pH in the presence of many
cell types, with tunable rheological and physical properties. The limitation of the disulfide
cross‐linking approach is that the hydrogels may exhibit low stability by degradation
especially in the presence of hyaluronidase or reducing agents such as glutathione [53].
2.2.6. Epoxide coupling
Water‐soluble epoxides are highly reactive electrophiles that readily react with nucleophiles
such as amines, alcohols, and even carboxylic acids, and the reactions are not oxygen sensi‐
tive. Due to the difference in nucleophilicity, the reaction rate is fast with amines and slow
with alcohols. PEG diepoxide, 1,2,3,4‐diexpoxbutane, and 1,4‐butandiol diepoxide are
commonly used epoxide sources [15]. HA was reported to react with diepoxide to form cross‐
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linking hydrogels under either basic or acidic conditions [54, 55]. However, epoxides may
suffer from some degree of hydrolysis under basic conditions. Binetti and others cross‐linked
PVA with PEG diglycidylether (PEGDGE) through epoxide coupling to form PVA/PEG
hydrogels for injectable nucleus replacement [56]. Calvert et al. made epoxy hydrogels as
hydrogel sensors for glucose by epoxide coupling of PEGDGE and Jeffamine in aqueous
conditions [57].
2.2.7. Schiff‐base reaction
A Schiff base is usually achieved by reaction of amines, hydrazides, or hydroxylamines with
aldehydes or ketones to form an imine, hydrazone, or oxime linkage. Schiff‐base formation
can occur in aqueous conditions without using extra chemicals or catalysts. It also displays
controllable reaction rates depending on the pH. Therefore, it becomes a facile approach to
produce in situ‐forming hydrogels. The disadvantage of Schiff‐base reaction is that aldehyde‐
containing compounds could affect bioactive factors or extracellular matrix molecules through
reaction with amine groups [58]. In one study, aldehyde functionalized alginate was pre‐
pared by reaction of oxidized alginate and borax, followed by cross‐linking with amine groups
in gelatin. The hydrogel formation time ranged from a couple of seconds to less than one
minute by varying the concentration of the components [59]. Similarly, aldehyde and
oxyamine functionalized PEG was cross‐linked through Schiff‐base chemistry [60]. The
hydrazone linkage is known to be labile and reversible due to hydrolysis, which may cause
instability to hydrogels. A recent report demonstrated a hydrazone bond that was 15‐fold more
stabilized than regular hydrazone by fine tuning of the charge distribution over the hydra‐
zone moiety, thus producing a stable hydrogel for tissue engineering [61]. The oxime link‐
age exhibits better hydrolytic stability than the hydrazone or imine linkage [58].
2.2.8. Cross‐linking by other reactions
Other chemical reactions suitable for hydrogel cross‐linking include condensation reactions
that involve hydroxyl or amino groups reacting with carboxylic acid derivatives such as
activated esters or isocyanates [33, 62], and genipin coupling through which nucleophiles such
as amine or alcohol‐containing polymers react with a natural cross‐linker genipin [63].
Reactants that contain a photo‐activated functional group can be cross‐linked by photoirra‐
diation [64]. The reaction between boronic acid and amine or hydroxyl group has been
employed as a cross‐linking approach to make pH responsive hydrogels [65].
2.2.9. Cleavable cross‐linking
It is worth noticing that the stability of cross‐linking is not always preferable in some appli‐
cations when the encapsulated payload in hydrogel needs to be released at the target site. In
that case, reversible cross‐linking with labile linkages can be introduced so that the hydrogel
is broken down in response to stimuli and the cargo can be released for function. The most
common cleavable cross‐links are cleavable to pH, photo, redox, enzyme, etc. Interested
readers should refer to relevant articles for details [33, 66].
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2.2.10. Bioorthogonal chemistry
Despite the various cross‐linking strategies for synthesis of different hydrogel networks and
immobilization of functional cues within a cellular scaffold, techniques are needed to intro‐
duce different functionalities in specific locations and at different times to produce spatiotem‐
porally complex and yet well‐defined biochemical cues in hydrogels for specific applications
or studies [67]. For that purpose, a strategy has been established to use two or more orthogo‐
nal reactions in a sequential fashion with the first reaction to form the cross‐linking hydrogel
and the second or later reactions to introduce biochemical functionalities. Figure 3 illustrates
how bioorthogonal strategy increases spatiotemporal diversity in hydrogel networks.

Figure 3. Bioorthogonal chemistry to increase spatiotemporal diversity in hydrogels [67].

The reactions employed in bioorthogonal chemistry must be nontoxic to cells. In addition, the
reaction should be selective and the fidelity of the reaction should not be affected by other
functionalities present. Among the cross‐linking reactions for in situ‐forming hydrogels, the
azide‐alkyne click chemistry, the SPAAC, thiol‐ene reaction and thiol‐based Michael addi‐
tion are widely used to achieve orthogonality due to their virtues of simplicity, mild reaction
conditions, availability of functional precursors, and versatility for spatiotemporal manipula‐
tion. For example, DeForest et al. demonstrated the bioorthogonal chemistry of a four‐armed
PEG‐tetraazide and a degradable peptide which was double functionalized with dicyclooc‐
tyne and a pendant allyl moiety. The cross‐linking occurred between the dicyclooctyne in
peptide and the azide in PEG through SPAAC. The allyl moiety in the hydrogel matrix allowed
for subsequent postgelation, photopatterning, or attachment of bioactive molecules such as
RGD sequence at a different time and location through orthogonal photoinitiated thiol‐ene
reaction [68]. This hydrogel system created niches for 3T3 fibroblast cell culture and dis‐
played a remarkable impact on dynamic cellular behaviors such as cell attachment, prolifera‐
tion, and morphology in defined regions controlled by photoexposure. This system
demonstrated the possibility to manipulate cell functions by spatially tuning the material
properties through chemistry. In another study, a tough hydrogel was synthesized by two
orthogonal cross‐linking reactions that reinforce each other. First, a loose network was formed
through an electron‐demand Diels‐Alder reaction of norbornene‐functionalized chitosan and
ditetrazine‐functionalized PEG. Subsequent postfunctionalization through thiol‐ene cross‐
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linking of a four‐armed PEG‐tetraalkyne and a linear PEG‐dithiol resulted in a dense and
biocompatible hydrogel network that exhibited high viability in 3D culture of human
mesenchymal stem cells [69].
In spite of all the recent advancements, bioorthogonal strategy is still open for expansion in
chemical synthesis of biomaterials for specific applications. Staudinger ligation, tetrazole
photoclick reaction, and quadricyclane ligation are new orthogonal reactions that are poten‐
tially useful for synthesizing in situ‐forming hydrogels with bioorthogonality [70‒72] (Table 1,
entry 9). In addition, reactions facilitated by thermal‐ or photochemical stimuli also hold
potential as bioorthogonal reactions for hydrogels. Thiol‐yne photoclick reactions are yet to
be investigated for bioorthogonal chemistry in hydrogel [73]. Reactions of ultrasound‐
mediated reversible cycloadditions are also candidates for bioorthogonal chemistry [74].
2.3. Cross‐linking by enzyme catalysis
Enzymes can be used to cleave or establish a chemical bond with greater efficiency than other
methods. Due to their short reaction times and specificity, enzymes have been used for catalytic
cross‐linking to form hydrogels without interference with other chemical functional groups in
macromolecules. Enzymatic cross‐linking occurs under mild reaction conditions such as an
aqueous environment, a neutral pH, or mild temperatures [58]. The most studied enzymes to
prepare hydrogels are horseradish peroxidase, transglutaminase, tyrosinase, phosphopante‐
theinyl transferase, and lysyl oxidase [75]. Themolysin, galactosidase, and esterase have also
been used to prepare in situ hydrogels through the enzymatic cross‐linking reactions or
decreased aqueous solubility of the polymer or the compound [15].
Overall, enzyme catalyzed reactions are a new approach in hydrogel formation. The reac‐
tions provide exceptional control over hydrogel formation, promoting higher complexity,
noncytotoxicity and noninvasiveness. Despite the major advantages of enzymatic reactions,
the challenges of this approach include instability of some of the enzymes and the insuffi‐
cient mechanical properties of the gels formed. Interested readers may refer to more recent
reports for a comprehensive review [76, 77].

3. Biomedical applications of in situ‐forming cross‐linking hydrogels
Hydrogels are suitable for biomedical applications due to their favorable properties such as
biocompatibility, structural similarity to ECM, and biodegradability. Among the hydrogel
family, in situ‐forming hydrogels are specifically attractive as they can be injected by mini‐
mally invasive techniques and exhibit sol‐to‐gel phase transition under external physical or
chemical cross‐linking [78]. Among any possible applications, we reviewed the most promis‐
ing applications of hydrogels, such as tissue engineering, 3D bioprinting, drug delivery, gene
delivery, antimicrobial hydrogels, wound healing, and cancer research.
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3.1. Tissue engineering
The objective of tissue engineering is the fabrication of living parts for the body due to the
tremendous need for organs and tissues [79]. Hydrogels have been widely used in tissue
engineering because their properties are similar to those of natural ECM, which is essential for
these purposes [48]. Many strategies employ material scaffolds to engineer tissues. These
scaffolds serve as a synthetic ECM to provide a 3D architecture for cells and direct the growth
and formation of desired tissues. Those scaffolds can be used for space filling agents, bioac‐
tive molecule delivery, and cell/tissue delivery.
Hydrogels made from natural polysaccharides are ideal scaffolds, as they resemble the native
ECM of tissues which are comprised of various glycosaminoglycans. An injectable electroac‐
tive and antioxidant hydrogel based on a tetra‐aniline functional copolymer and α‐CD has
exhibited excellent biodegradation, cell proliferation, and regeneration properties in tissue
engineering [80]. In situ‐forming metal‐free chitosan/hyaluronan hydrogels also showed
biocompatible and biodegradable properties and are good for soft tissue engineering. The
hydrogel could support cell survival and proliferation of human adipose‐derived stem cells
(hADSCs) [27].
One major drawback of hydrogels is the lack of mechanical strength; hence, maintaining and
improving the mechanical integrity of the processed scaffolds has become a key issue
regarding 3D hydrogel structures [81]. Many researchers focus on the development of
hydrogels using synthetic biomaterials that may have enhanced mechanical properties.
Schuurman et al. prepared gelatin‐methacrylamide (GelMA) hydrogels with tunable mechan‐
ical properties by manipulating the cross‐linking parameters [82]. Hu et al. designed and
synthesized a library of supramolecular hydrogels inspired by collagen. Those hydrogels
exhibited promising potential for tissue engineering as they mimic properties of collagen [83].
Readers may refer to reviews of hydrogel scaffolds for tissue engineering [13, 76].
Lack of vascular networks in engineered tissues thicker than 200 μm puts a limitation on the
nutrition of encapsulated cells. Therefore, advances in tissue engineering in vitro have
generated a necessity for a parallel development and design of 3D vascular networks [84].
Current approaches in vascular network bioengineering mainly use natural hydrogels as
embedding scaffolds that have drawbacks of poor mechanical stability and suboptimal
durability. The search for improved hydrogels has become a priority in tissue engineering.
Chen et al. developed a vascular network generated in photo‐cross‐linkable GelMA hydro‐
gels, in which human blood‐derived endothelial colony‐forming cells and bone marrow
mesenchymal stem cells generate extensive capillary‐like networks in vitro [85].
3.2. 3D Bioprinting
3D bioprinting technologies enable the automated biofabrication of cell‐laden constructs
through the layer‐by‐layer deposition of biochemicals (termed as “bioinks”) both in vitro and
in vivo. Among the wide range of biofabrication techniques available to generate cellular
constructs for tissue engineering, 3D bioprinting is currently one of the most fascinating
because of its ability to print multiple biomaterials, cells, and bioinks in precise spatial locations
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with high resolution and accuracy, which is important to the precise shape of the 3D struc‐
tures as well as the self‐development of cells in the structures [86, 87].
The full implementation of bioprinting strongly depends on the development of novel
biomaterials exhibiting fast‐cross‐linking kinetics, appropriate printability, cell‐compatibility,
and biomechanical properties. Different biomaterials have been used in 3D bioprinting, such
as alginate [88], HA, PEG [89], gelatin, collagen [90], and thermo‐responsive biodegradable
polyurethane [91]. Various cells have been printed on those materials, such as tumor cells,
neural cells, and stem cells [88‒91]. Hsieh et al. investigated two thermo‐responsive water‐
based biodegradable polyurethane dispersions (PU1 and PU2) [91]. The stiffness of the
hydrogel could be easily fine‐tuned by the solid content of the dispersion. Neural stem cells
(NSCs) were embedded into the polyurethane dispersions before gelation and showed
excellent proliferation and differentiation in 25‒30% PU2 hydrogels. Therefore, the newly
developed 3D bioprinting technique involving NSCs embedded in the thermo‐responsive
biodegradable polyurethane ink offers new possibilities for future applications of 3D bio‐
printing in neural tissue engineering.
Photo‐cross‐linkable hydrogels are attractive materials for bioprinting as they provide fast
polymerization under cell‐compatible conditions and exceptional spatiotemporal control over
the gelation process. Photo‐cross‐linkable GelMA and PEG dimethacrylate (PEGDA) were
used as example hydrogels to demonstrate the feasibility and effectiveness of the approach.
An array of GelMA/PEG hydrogels encapsulating human periodontal ligament stem cells
(PDLSCs) with a gradient of material composition was printed, and the responses of human
PDLSCs in the hydrogel array were investigated. The approach may be helpful for human
PDLSCs‐ECM screening and other cell‐ECM systems. Please refer to the review for most recent
developments on 3D bioprinting of photo‐cross‐linkable biodegradable hydrogels for tissue
engineering [86].
3.3. Drug delivery
The use of hydrogels in drug delivery applications has been a significant subject in recent
research due to the unique physical properties of hydrogels, the biodegradability, and the
changes in gel structure according to environmental stimuli such as temperature, pH, and/or
ionic strength. Their highly porous structure can easily be tuned by controlling the density of
cross‐links in the gel matrix and the affinity of the hydrogels for the aqueous environment in
which they are formed. Their porosity also permits the loading of drugs into the gel matrix
and subsequent drug release through the gel network [92]. The hydrogel systems have been
developed for delivery of biomolecules ranging from small molecular drugs to large bioma‐
cromolecules such as nucleic acids, peptides, and proteins [93, 94]. Readers are directed to
some recent reviews on drug delivery [95, 96].
There are several important areas in the field of hydrogels for drug delivery. First, develop‐
ment of in situ‐forming hydrogel systems for drug delivery is an area of great interest. Fan et
al. developed in situ injectable biocompatible poly(glutamic acid)‐based hydrogels that are
potential candidates in cell encapsulation and drug delivery [97].
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Second, the development of strategies to increase the loading rate and capacity and to control
the release of drugs from the hydrogel is an important area of interest. There are generally two
ways to load drugs into hydrogels, e.g., soaking formed hydrogels in drug solution and
forming hydrogels in the presence of drugs. Both ways have their limitations and often result
in a modest amount of drugs loaded into hydrogels. Ray et al. prepared an IPN hydrogel based
on PVA networking with PAA (PVA‐co‐PAA)/NaCl microspheres. The hydrogels were loaded
with diltiazem hydrochloride (DL) and showed comparatively higher DL entrapment (79%),
better control over DL release up to 24 h, and were more effective in reducing blood pres‐
sure to 40.1% [98]. Josef et al. investigated a composite gel system formulated from microe‐
mulsions (ME) embedded in alginate hydrogels. These hydrogels appeared to be a promising
drug delivery system since they were capable of loading several hydrophobic compounds with
a wide range of aqueous solubility and exhibited a release of 6‒8 hours in water [99].
Third, there is a great interest in the development of stimuli‐responsive hydrogels that are
sensitive to temperature, pH, sugar, ionic strength, etc. These hydrogels are good candidates
for controlled delivery systems that would release drugs to match a patient's physiological
needs at the proper time and/or site [100]. Zhou et al. synthesized a series of pH‐tempera‐
ture dual stimuli‐responsive copolymers [19]. Altering the temperature and the pH values of
the environment could effectively control the release of the model drug. Li et al. synthesized
pH and glucose dually responsive injectable hydrogels through the dynamic covalent imine
bond and phenylboronate ester based on phenylboronic modified chitosan and oxidized
dextran [101]. The rapid gelation and biocompatible cross‐linking chemistry were appropri‐
ate for the incorporation of drug molecules and cells by in situ gel formation. Either decreas‐
ing the pH from physiological to mildly acidic or increasing the concentration of glucose
around the gels could accelerate the rate of drug release from the gels. This hydrogel system
potentially represented a versatile material platform for anticancer drug delivery.
3.4. Gene delivery
Gene delivery via hydrogels provides a fundamental tool for a variety of clinical applica‐
tions including regenerative medicine, gene therapy for inherited disorders, and drug
delivery [102]. Hydrogels serve the purpose of gene delivery by preserving activity of viral or
nonviral vectors and shielding vectors from any host immune response. Hydrogels can also
be injectable and environmentally responsive. Therefore, hydrogels hold great promise for
gene delivery. There are two major areas that attracted great attention, vectors and biomate‐
rial delivery system optimization.
Hydrogels used in gene delivery often need higher strength for extended use in order for
internalization and transgene expression to occur. A hydrogen bonding strengthened hydrogel
was prepared by radical copolymerization of PEG methacrylated β‐CD and 2‐vinyl‐4,6‐
diamino‐l,3,5‐triazine monomer [103]. Kidd et al. investigated the delivery of lentiviral gene
therapy vectors from fibrin hydrogels containing hydroxyapatite nanoparticles that can
interact with both fibrin and the lentivirus [104]. The interaction of the hydroxyapatite with
the fibrin may stabilize the hydrogels that will influence the rate of cell infiltration and vector
release. The interaction of hydroxyapatite with lentiviral particles can enhance and localize
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gene transfer within the hydrogel. These studies demonstrate the potential of fibrin hydro‐
gels to serve as a material support for regenerative medicine and as a vehicle for the local‐
ized delivery of lentiviral vectors in vivo.
By choosing the proper vector and biomaterial system, gene delivery can be controlled for
improved transgene expression. The interactions between scaffolds and vectors should be
optimized so that vectors are adequately retained, but undergo dissociation, which enable
vectors to interact with nearby cells and internalize [102]. The diffusion rate must be bal‐
anced to maintain spatial localization of gene transfer. The addition of interconnected
macropores into the hydrogels can further increase the probability that infiltrating cells will
internalize vectors and thereby improve transgene expression.
3.5. Wound healing
Wound healing is a complex process that implies equilibrium between inflammatory and
vascular activity in the connective tissue and epithelial cells. The regenerative process needs
the assistance of important elements to activate the natural processes of angiogenesis,
activation of growth factors, and regeneration in a well‐structured and biomimetic sequen‐
tial process [105]. Hydrogel wound dressing has been widely researched because hydrogels
promote wound healing by moisture retention to maintain a homeostatic environment. Ajji et
al. prepared hydrogel wound dressings composed of PVP, PEG, and agar [106]. The gel fraction
increased with increasing PVP, and decreased with increasing PEG. The hydrogel dressings
could also be considered a good barrier against microbes. Reyes‐Ortega et al. reported a new
system based on the sequential release of two complementary bioactive components for
application in the healing of compromised wounds [105]. The internal layer was a highly
hydrophilic and biodegradable film loaded with the proangiogenic, anti‐inflammatory, and
antibacterial peptide, proadrenomedullin N‐terminal 20 peptide for release. The more stable
and less hydrophilic external layer was loaded with resorbable nanoparticles of bemiparin to
promote the activation of growth factors and to provide a good biomechanical stability and
controlled permeability of the bilayer dressing. This system demonstrated high efficacy of the
early steps of the regenerative process in the wound site.
Traditional hydrogel dressings are inconvenient in applications as they need some degree of
expertise and cause pain during changes. The thermo‐sensitive hydrogels avoid the necessi‐
ty of repeated and complicated application. Lee et al. investigated the ability of a thermo‐
sensitive hydrogel made of a triblock copolymer, PEG‐PLGA‐PEG, with TGF‐β1 to treat the
wound surface [107]. Results showed that the thermo‐sensitive hydrogel provided excellent
wound dressing activity and delivered plasmid TGF‐β1 to promote wound healing in a
diabetic mouse model. Hassan et al. developed a stem cell hydrogel system, in which the
hADSCs were encapsulated in situ in the water‐soluble, thermo‐responsive hyperbranched
PEG‐based copolymer with multiple acrylate functional groups in combination with thiolat‐
ed HA [108]. The hADSCs were successfully encapsulated in situ with high cell viability for
up to 7 days in hydrogels and secrete proangiogenic growth factors with low cytotoxicity. This
stem cell hydrogel system could be an ideal living dressing system for wound healing
applications.
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Supramolecular hydrogels are formed by noncovalent cross‐linking of polymeric chains in
water and can be developed specifically for biomedical applications [95]. Supramolecular
hydrogels prepared by incorporating uranium chelating agents to eliminate uranium ions from
the radionuclides contaminated wound sites of mice [109]. D‐Glucosamine‐based supramo‐
lecular hydrogels assist wound healing and prevent the formation of scars [110].
3.6. Antimicrobial hydrogels
The infectious diseases caused by pathogenic microorganisms such as bacteria, viruses, and
parasites are still a public health problem despite the major development in health care and
medical technology. Treatment with conventional antibiotics of infectious diseases often leads
to the development of antibiotic resistance [111]. Recently, a new strategy to treat infectious
diseases has been developed using antimicrobial hydrogels. The hydrogels act on the entire
cellular membrane, which leads to cell membrane rupture, followed by a leakage of cytoplas‐
mic contents and cell death. Different types of antimicrobial hydrogels have been developed
in recent research.
Some hydrogels possess antimicrobial properties that include natural and synthetic polymer‐
ic hydrogels, and peptide‐based hydrogels. Mohamed et al. prepared hydrogels by chitosan
cross‐linked with different amounts of pyromellitimide benzoyl thiourea moieties [112]. The
hydrogels were extremely porous and exhibited a higher antibacterial activity and antifun‐
gal activity. The swelling ability of hydrogels and their antimicrobial activity increased with
cross‐linking density. Peng et al. developed novel cellulose‐based hydrogels that showed
superabsorbent property, high mechanical strength, good biocompatibility, and excellent
antimicrobial efficacy against Saccharomyces cerevisiae [113]. The results showed possible use
of these hydrogels for hygienic application. Synthetic polymeric hydrogels often have good
mechanical properties and have been widely studied. Liu et al. developed a series of in situ‐
forming antimicrobial and antifouling hydrogels generated from cationic polycarbonate and
four‐armed PEG [114]. Peptide‐based antimicrobial hydrogels with excellent inherent
antibacterial activity have also been reported in recent years. Salick et al. designed a β‐hairpin
hydrogel scaffold based on the self‐assembling of 20‐residue peptide MAX1 that possessed
intrinsic broad‐spectrum antibacterial activity [115].
Despite the tremendous ability of antimicrobial hydrogels in breaking down multidrug
resistant microbes, the interactions between antimicrobial polymers and microbial cell
membranes are nonspecific which, in most cases, cause mammalian cell death above certain
concentrations [111]. One solution is to combine antibiotics and antimicrobial hydrogels so
that less antimicrobial hydrogel is used and the associated toxicity is minimized.
Another type of interesting hydrogels contains antimicrobial metal nanoparticles. The use of
silver ions and silver nanoparticles in hydrogels has obtained substantial advances in wound
treatment [111]. The silver nanoparticles supported within PVA/cellulose acetate/gelatin was
successfully synthesized. The hydrogels have antimicrobial activity against various fungi and
bacteria [116]. The toxicity of silver and other metal salts is a disadvantage for this type of
hydrogels. Efforts have been made to reduce the toxicity.
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3.7. Cancer research
Hydrogels have been used in cancer research among many other applications. However, many
drugs are hydrophobic and cannot be efficiently loaded and released from hydrogels. There
are two ways to improve the loading and releasing, incorporating hydrophobic domains into
hydrogels and introducing nanoparticles which encapsulate hydrophobic compounds [99].
Recent trends have indicated significant and growing interest in developing nanocomposite
hydrogels (NCH) for various biomedical applications. NCH are hydrated polymeric net‐
works, cross‐linked with each other and/or with nanostructures [117]. Some of the nonocarri‐
ers have been successfully incorporated in gel networks, such as carbon nanotubes, ME,
dendrimers, metal, ceramic, and polymeric nanoparticles [99, 117]. The NCH has nanocarri‐
er stabilization, shape regulation, improved composite viscoelasticity, and mechanical
properties with optimized drug release kinetics on top of the conventional hydrogel charac‐
teristics [118]. Abdel‐Bar et al. developed a cisplatin ME hydrogel for controlled cisplatin
release and improved cytotoxicity with decreased side effects [119]. The NCH containing nano‐
sized carriers allowed a zero order drug release for 14 days and enhanced cytotoxicity. The
higher animal survival rate and lower tissue toxicities proved the decreased toxicity of cisplatin
nanocomposite compared to its solution. This system could help in achieving better out‐
comes and quality of life during use of chemotherapy for cancer treatment by intraperito‐
neal administration.
Another great interest of hydrogels in cancer research focuses on the cancer cell invasion in
hydrogels. Fisher et al. studied the HA‐based cross‐linked hydrogels in breast cancer cell
invasion [45]. The results showed that increased crosslink density correlates with decreased
breast cancer cell invasion whereas incorporation of enzyme‐cleavable sequences within the
peptide cross‐linker enhances invasion. This study provides a platform that recapitulates
variable tissue properties and elucidates the role of the microenvironment in cancer cell
invasion by independently tuning the mechanical and chemical environment of ECM mimetic
hydrogels. Zhang et al. created covalently cross‐linked hydrogel materials through a rapid
reaction at the gel‐liquid interface [48]. The interfacial cross‐linking was then used to encap‐
sulate prostate cancer cells. The cells obtained 99% viability, proliferated readily, and formed
aggregated clusters. Such in vitro models are critically needed for drug testing and discovery.

4. Conclusions and perspectives
In this chapter, we have discussed recent progress in polymerization, various strategies for
cross‐linking of natural and synthetic biopolymers for preparation of in situ‐forming hydro‐
gels, and updated applications in biomedical fields. There are a number of points that should
be emphasized for future direction of design and synthesis of in situ‐forming hydrogels for
biomedical applications.
From a chemistry point of view, the reactions selected should occur in an aqueous environ‐
ment under mild reaction conditions without damaging the encapsulated biofunctional
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molecules and cells. The chemicals used for cross‐linking such as monomers, initiators, cross‐
linkers, and catalysts should be carefully selected to minimize toxicity to cells. Attention should
also be paid to biocompatibility between polymers and incorporated bioactive species such as
cells and proteins. Introduction of reactive functional groups to hydrogel materials will surely
promote the cross‐linking of hydrogels, but the active groups may also show off‐target
reactivity to incorporated bioactive species or cells. For example, amino groups and thiol
groups on proteins can react with vinyl sulfone and acrylate groups used in Michael addi‐
tion, aldehyde groups used in Schiff‐base formation, or diepoxide groups in coupling reaction
for hydrogel cross‐linking. These undesired reactions may damage proteins, reduce drug
efficacy, or induce immunogenicity. Therefore, reactions are preferred to be highly efficient
and selective for cross‐linking so that all groups intended for cross‐linking are reacted, but no
undesired reactions occur between the hydrogel and incorporated biofunctionalities or cells.
Because of the widespread biomedical applications, research on in situ‐forming hydrogels is
increasingly intensive. However, the potential of hydrogels has not been fully explored yet.
There are future challenges in each area of the applications. For example, one of the most
important challenges in tissue engineering is how hydrogels can be used to stimulate the blood
vessel network formation through angiogenic factors and endothelial cells in the desired
tissue [120]. In addition, many tissues such as bone and muscle require high mechanical
properties that most current hydrogels lack. The mechanical properties of hydrogels origi‐
nate from the intrinsic rigidity of the polymers and the cross‐linking density. Therefore, higher
mechanical properties may be achieved by increasing the component of synthetic polymers in
hydrogel. Orthogonal cross‐linking reactions could be employed to enhance mechanical
properties by increasing cross‐linking density. Other strategies to develop strong hydrogels
include double networks for which two polymeric networks with contrasting properties are
combined to achieve much higher mechanical properties than the two independent net‐
works, topological gels in which the long polymer chains are topologically interlocked by
cross‐linkers to achieve high tensility, and nanocomposite hydrogels in which the main
hydrogel networks are incorporated with high‐strength inorganic nanostructures [121]. In
drug delivery, hydrogels will become a large portion of drug delivery systems in the future.
Hydrogel systems that administer drugs with a controlled release rate at the desired sites are
to be investigated. Specifically, more research on hydrogels for delivery of therapeutic proteins
and peptides is expected [3].
In general, a deeper understanding of material properties for the development of in situ‐
forming hydrogels that replicate the complex nature of tissue will facilitate these efforts. To
meet these goals, both physicochemical and biological cues should be applied with spatio‐
temporal control in hydrogel. Novel hydrogel materials such as stimuli‐responsive smart
hydrogels, hydrogels prepared with bioorthogonality, enzyme‐mediated cross‐linking, or a
combination of diverse chemistries should result in hydrogels that are precisely controllable,
diverse, and biomimetic in order to perform specific requirements of biomedical applica‐
tions in the future.
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Abstract
The use of water-soluble polymers of natural, semisynthetic, and synthetic origin for
dermal and transdermal drug delivery systems is manifold. Among the most used
biopolymers in the formulation of skin preparations, the cellulose ether derivatives as
representatives of semisynthetic polymers distinguish through their specific physico‐
chemical properties, by which the pharmacist can select the appropriate cellulose
derivative for a particular purpose. The hydrogels containing cellulose derivatives as
gelling agents are widely used as water-soluble ointment bases, because they usually
associate the characteristics of both conventional and innovative hydrogels, including
especially safety, biocompatibility, biodegradability, and a relatively easy way of
preparation and low price. The present chapter describes the following issues: the
physicochemical properties of water-soluble cellulose derivatives in relationship with
their type and grade; physical and chemical properties of cellulose-derivatives-based
hydrogels and their compatibility with other auxiliary substances commonly used in
the formulation of pharmaceutical hydrogels; the development and manufacturing of
these hydrogels on both small and large scales; the characterization of cellulose
derivatives hydrogels as pharmaceutical dosage forms through different compendial
and noncompendial methods; and well-recognized and novel applications of cellulosederivatives-based hydrogels for dermal and transdermal drug delivery.
Keywords: cellulose derivative, hydrogel, dermal, drug delivery, gelation, viscosity

1. Introduction
Over the past decades, the delivery of drugs to and through the skin has gained an increased
interest in research and in the pharmaceutical industry, mainly due to the fact that the skin is

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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an easily accessible and painless route for drug administration, which in turn leads to in‐
creased patient compliance. Furthermore, dermal and transdermal drug delivery represents an
attractive alternative to the conventional oral and parenteral route of administration, as it offers
several advantages.
In present-day pharmaceutical and dermatological practice, most of the drug products applied
to the skin for either localized or systemic effects are semisolid preparations, such as oint‐
ments, creams, and gels. Hydrogels, as conventional semisolid vehicles with hydrophilic
properties, are highly valued in dermatology because they are transparent, completely water
washable, greaseless, thixotropic, easily spreadable, suitable for the incorporation of lipophil‐
ic compounds or insoluble solids, and present good bioadhesive properties. In addition,
innovative hydrogel formulations recently developed show other advantageous characteris‐
tics, namely biocompatibility, biodegradability, and sensitivity to various external stimuli.
Biodegradability is nowadays a preferred and even a required property considering the need
for environmentally friendly materials and technologies in different domains.
Hydrogels generally consist of two main components, the gelling agent responsible for the
network formation and an aqueous liquid vehicle. Among the gelling agents extensively used
in the pharmaceutical compounded and industrialized topical hydrogel formulations are
cellulose derivatives (also referred to as cellulosics) such as methylcellulose, carboxymethyl‐
cellulose, and hydroxypropylmethylcellulose (HPMC). The cellulose-derivatives-based
hydrogels are particularly attractive as ointment bases because they usually associate the
characteristics of both conventional and innovative hydrogels. Moreover, the large availability
in nature, nontoxicity, and the low cost of cellulose derivatives represent other important
features, which recommend these polymers as first choice raw materials for the preparation
of pharmaceutical hydrogels.
This chapter focuses on the current design, development, and applications of cellulosederivatives-based hydrogels as semisolid pharmaceutical dosage forms intended for dermal
and transdermal drug delivery.

2. Classification of cellulose derivatives
Cellulose is the most abundant naturally occurring biopolymer, found as the major component
of annual plants and natural fibers (e.g., cotton, hardwoods and softwoods, linen, jute, and
hemp) and also produced by some bacteria, fungi, and animals [1–5]. This glucose polymer is
extensively used in pharmaceutical applications as it fulfills the two essential requirements:
biocompatibility and biodegradability [6].
Plant-derived cellulose occurs as fibers, formed of macromolecules that contain hundreds of
glucose molecules, determining the variability in chain length and molecular weight. The
cellulose molecular weight can reach 1500 Da, each 40–50 glucose units being associated with
longitudinal formations, named crystallites, which are oriented parallel to the longitudinal
axis of the fiber and have 600–650 nm in length. In cellulose, as a linear polysaccharide polymer,
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the glucose monomers in pyranose form are linked to unbranched chains by β-1,4-glucosidic
bonds, every glucose monomer being flipped related to the next one. Due to this structure,
cellulose shows high crystallinity and rigidity and is practically insoluble in water and most
organic solvents [7, 8].
In order to alter these disadvantageous properties, which limit its biomedical applications,
chemical modification of cellulose, involving reactions of hydroxyl groups such as
esterification or etherification, was performed. The extension of these reactions is expressed
through the degree of substitution (DS), representing the average number of hydroxyl groups
replaced by the substituents; the maximum value of DS is 3. For the cellulose derivatives used
in pharmaceutical domain, the DS values correspond to pharmaceutical grades [8, 9].
Cellulose derivatives, named cellulosics, fall within the general class of hydrophilic colloids
and have in common that they are hydrophilic, semisynthetic linear macromolecules obtained
through chemical modification of cellulose. A more specific classification of cellulose
derivatives can be made on the basis of other criteria, namely type of chemical modification
of cellulose (etherification or esterification), electrolytic dissociation, and water solubility. Such
classifications are useful because they facilitate the discussion of cellulose derivatives
properties. Thus, based on the type of chemical modification of cellulose, cellulosics can be
divided into two major groups:
- polymers formed by hydroxyl etherification with the appropriate alkyl halide of previously
alkalinized cellulose. Principal examples of cellulose ethers derivatives used in pharmaceutical
applications include methylcellulose (MC), ethylcellulose (EC), benzylcellulose (BC),
hydroxyethylcellulose (HEC), hydroxypropylcellulose (HPC), hydroxypropylmethylcellu‐
lose (HPMC), hydroxyethylmethylcellulose (HEMC), and sodium carboxymethylcellulose
(CMCNa);
- polymers formed by hydroxyl esterification with various organic acids, in the presence of a strong
acid as catalyst. Some of the most important cellulose esters derivatives used in pharmaceut‐
ical domain are: cellulose acetate, cellulose nitrate, cellulose acetate phthalate, hydroxypro‐
pylmethylcellulose phthalate, and hydroxypropylmethylcellulose acetate succinate.
Table 1 presents the general chemical structures of cellulose ether derivatives and the formulas
of the R groups in these biopolymers, which are further discussed in this chapter.
Cellulose derivatives may also be classified according to their electrolytic dissociation or
charge as nonionic (uncharged) polymers that do not have an electric charge (i.e., MC, EC, HEC,
HPC, HEMC, and HPMC) and ionic (anionic and cationic) polymers with electric charge. Among
the above-mentioned cellulose derivatives, only NaCMC is an anionic or negatively charged
polyelectrolyte at pH values above its isoelectric point, being sensitive to pH and ionic strength
variations [9–11].
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Cellulose ether derivatives

R groups

Methylcellulose

H, CH3

Ethylcellulose

H, CH2CH3

Hydroxyethylcellulose

H, [CH2CH2O]nH

Hydroxypropylcellulose

H, [CH2CH(CH3)O]nH

Hydroxyethylmethylcellulose

H, CH3, [CH2CH2O]nH

Hydroxypropylmethylcellulose

H, CH3, [CH2CH(CH3)O]nH

Carboxymethylcellulose

H,CH2COONa

Table 1. Chemical structures of some important cellulose ether and ester derivatives.

In addition, the cellulose derivatives can also be categorized based on their water solubility
into two groups: water-soluble polymers, including most of the cellulose ethers, and waterinsoluble polymers, including the cellulose esters and both EC and BC from the group of cellulose
ethers. It is to be mentioned that the water-insoluble cellulose derivatives are soluble in various
organic solvents.

3. Water-soluble cellulose derivatives
In this section, it will be discussed in detail the physical and chemical properties of several
water-soluble cellulose ether derivatives including methylcellulose (MC), hydroxyethylcellu‐
lose (HEC), hydroxypropylcellulose (HPC), hydroxypropylmethylcellulose (HPMC), and
sodium carboxymethylcellulose (CMCNa), which are widely used as polymeric gelling agents
in pharmaceutical hydrogels.
The commercial types of cellulose ethers for pharmaceutical applications are available in
various grades, with different molecular weight, structural formula, and distribution of
substituent groups and with different degree of substitution. These specific characteristics
determine the physicochemical properties of cellulose ethers, such as solubility, viscosity in
solution, surface activity and stability to biodegradation, heat, and hydrolytic and oxidative
degradation. The solubility and the thermal gelation temperature of aqueous solutions of
cellulose ethers are affected by their degree of substitution. But the viscosity of their solu‐
tions is directly related to their molecular weight and degree of polymerization. Therefore, the
pharmacist has the possibility to select the appropriate cellulose derivative for a particular
purpose [12].
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3.1. Methylcellulose (MC)
Methylcellulose is included in various pharmacopoeias as methylcellulose (i.e., British
Pharmacopoeia, BP; Japanese Pharmacopoeia, JP; European Pharmacopoeia, PhEur; United
States Pharmacopoeia, USP; and International Pharmacopoeia) and is commercially availa‐
ble as different trade names Benecel, Methocel, Metolose, Tylose etc [13].
It is a nonionic, linear, and filiform macromolecule of cellulose, in which approximately 27–
32% of the hydroxyl groups are in the form of methyl ether. At present, there are various grades
of MC commercially available, having degrees of polymerization in the range of 50–1000,
molecular weights (number average) in the range 10,000–220,000 Da, and a degree of substi‐
tution in the range 1.64–1.92 [13].
Methylcellulose occurs as a white, fibrous powder or granules, practically odorless and
tasteless, and slightly hygroscopic. It swells and disperses slowly in cold water (1–5°C),
forming a clear to opalescent, viscous colloidal dispersion, with pH 5.0–8.0. MC is practical‐
ly insoluble in hot water (70°C), ethanol (95%), and glycerol. This methyl derivative of cellulose
has the specific property of forming thermally reversible hydrogels on heating, being classified
as a lower critical solution temperature polymer. In addition, other typical physicochemical
properties of methylcellulose, which are to be considered for its selection as gelling agent in a
pharmaceutical formulation, are presented in Table 2.
Specific property Methylcellulose
Surface tension

MC has an important surface activity, decreasing the surface tension of water from 72.8 dyn/cm to 45–55 dyn/cm for a
0.1% (w/v) solution at 20°C

Stability

Solutions of methylcellulose are stable to alkalis and dilute acids at pH 3–11, at room temperature. At pH less than 3,
acid-catalyzed hydrolysis of the glucose-glucose linkages occurs and the viscosity of methylcellulose solutions is reduced

Incompatibilities MC is incompatible with various drugs (i.e., chlorocresol, mercuric chloride, phenol, resorcinol, tannic acid, silver nitrate,
tetracaine), antimicrobial preservatives (i.e., cetylpyridinium chloride, methylparaben, propylparaben and
butylparaben), salts of mineral acids, and strong oxidizing agents

Table 2. Several specific properties of methylcellulose important as selection criteria in the formulation stage of a
pharmaceutical gel.

3.2. Hydroxyethylcellulose (HEC)
The grades of HEC used in pharmaceutical applications comply with the specifications defined
in the hydroxyethylcellulose monograph included in different pharmacopoeia (i.e., BP, PhEur,
USP, and International Pharmacopoeia). Commercially, HEC is available in different trade
names such as Cellosize HEC, Natrosol, Tylose H etc.
Hydroxyethylcellulose, a partially substituted poly(hydroxyethyl) ether of cellulose, is a
nonionic, hydrophilic polymer, with a linear and filiform chain, having a degree of substitu‐
tion of minimum 1.5 (three hydroxyls substituted/two units). With a further increase in DS
over this minimum, the water solubility of HEC is increased.
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There are available several grades of HEC, which differ in viscosity (determined by molecu‐
lar weight) and in degree of substitution; further, some grades are modified to improve their
water dispersibility. Also, HEC may contain a suitable anticaking agent. HEC appears as a
white, yellowish-white or grayish-white, odorless and tasteless, and hygroscopic powder. It
dissolves readily in either hot or cold water, forming clear, smooth, uniform solutions, with
pH 5.0–8.5. HEC is practically insoluble in acetone, ethanol (95% m/v), ether, and most other
organic solvents, but it swells or is partially soluble in polar solvents, usually those that are
miscible with water such as glycols, dimethyl formamide, dimethyl sulfoxide, and etha‐
nol:water mixtures (70:30, 60:40, 30:70 by weight) [13, 14].
Since the aqueous formulations of HEC are sensitive to biological contamination, a watersoluble antimicrobial preservative should be added for a prolonged storage (i.e., sodium
benzoate, sorbic acid, and methyl-propylparaben combinations).
In Table 3, other HEC typical properties of interest for its incorporation into a pharmaceuti‐
cal formulation are presented.
Specific property Hydroxyethylcellulose
Surface tension

HEC has an insignificant surface activity that lead to a negligible lowering of water surface tension, from 72.8 dyn/cm to
66.8 dyn/cm for a 0.1% (w/v) solution at 20°C

Stability

Although the aqueous solutions of hydroxyethylcellulose are stable over the pH range of 2–12, at room temperature,
their greatest stability is achieved in the pH range of 6.5–8.0. The solutions are less stable below pH 3 and under highly
alkaline conditions, due to acid hydrolysis and oxidative degradation respectively

Compatibilities

Due to its water solubility and nonionic character, HEC is soluble in many salt solutions that will not dissolve other
water-soluble polymers
For example, HEC dissolves in most 10% salt solutions and many 50% salt solutions, with several exceptions which are
mentioned below. Further, HEC is compatible with a wide range of water-soluble materials, including other cellulosic
hydrosoluble polymers, natural gums, and surfactants

Incompatibilities HEC will precipitate in sodium carbonate and sodium sulfate 10% solutions, and in 50% (saturated) solutions of sulfates
of bi- and trivalent metals (i.e., magnesium, zinc, and aluminum), di- and trisodium phosphate, ferric chloride, sodium
nitrate, sodium sulfite. HEC is also incompatible with some quaternary disinfectants and partially compatible with the
following water-soluble compounds: casein, gelatin, methylcellulose, polyvinylalcohol, and starch
Safety

Generally, HEC is considered as an essentially nontoxic and nonirritant material, being mainly used in ophthalmic and
cutaneous pharmaceutical formulations

Table 3. Some specific properties of hydroxyethylcellulose as gelling agent.

3.3. Hydroxypropylcellulose (HPC)
According to Ph. Eur. and USP-NF, hydroxypropylcellulose intended for pharmaceutical use,
is a partially substituted poly(hydroxypropyl) ether of cellulose, which may contain no more
than 0.6% of silica or another suitable anticaking agent. HPC, also known as hyprolose and
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oxypropylated cellulose, is made by the Aqualon Division of Hercules Inc. and Nippon Soda
Co., Ltd. (NISSO) under the brand names Klucel and NISSO HPC, respectively. The pharma‐
ceutical grades of HPC are commercially available in several different viscosity types with
molecular weight in the range of 50,000–1,250,000, depending on the degree of polymerization.
This ether of cellulose is a hydrophilic, nonionic, linear thread-like polymer where some of the
hydroxyl groups of the cellulose have been hydroxypropylated, forming –OCH2CH(OH)CH3
groups. Moreover, the added hydroxypropyl groups can also be etherified during HPC
preparation, leading to a value of moles of substitution (the number of moles of hydroxy‐
propyl group per glucose ring) higher than 3. Hence, HPC with good water solubility must
have a DS value of 2.5 and an MS value of approximately 4.
Hydroxypropylcellulose occurs as a white to slightly yellow-colored, odorless and tasteless
powder. It feature a remarkable combination of properties: solubility in cold or hot polar
organic solvents such as methanol (1:2), ethanol 95% (1:2.5), isopropyl alcohol (1:5), propyle‐
neglycol (1:5); water solubility (1:2) below 38°C, forming a smooth, clear, colloidal solution;
surface activity; aqueous thickening and stabilizing properties. HPC is insoluble in hot water,
precipitates as a highly swollen floc in the temperature range 40–45°C, but this precipitation
is completely reversible; thus, the gelation of HPC occurs on heating and yields to thermally
reversible gels, similar to MC. It is also practically insoluble in aliphatic and aromatic
hydrocarbons, glycerin, and oils [13, 15, 16].
In addition, other physical and chemical properties of pharmaceutical grades hydroxypropyl‐
cellulose are indicated in Table 4.
Specific property Hydroxypropylcellulose
Surface tension

HPC is a surface active cellulose polymer, lowering the surface tension of water, from 72.8 dyn/cm to 46.3 dyn/cm for a
1% (w/v) solution, at 20°C

Stability

Aqueous solutions of hydroxypropylcellulose are stable in the pH range of 6–8, at room temperature. However, under
highly acid or alkaline conditions, the degradation of polymer can occur, due to acid hydrolysis or alkaline oxidation

Compatibilities

The compatibility of hydroxypropylcellulose with inorganic salts varies according to the salt and its concentration
For example, HPC dissolves in most 2–3% salt solutions and few 10% salt solutions. Further, HEC is compatible with a
wide range of organic materials, including water-soluble as well as solvent-soluble resins, polymers (i.e., natural gums,
semisynthetic, and synthetic polymers), surfactants, and organic liquids

Incompatibilities In aqueous solutions, HPC will precipitate in the presence of 10% aluminum, ammonium or sodium sulfates, disodium
phosphate, sodium acetate, carbonate, chloride, and thiosulfate. This polymer tends to be salted out in the presence of
high concentrations of other dissolved compounds
Safety

Generally, HPC is considered as an essentially nontoxic and nonirritant material, being widely used as excipient in oral
and topical pharmaceutical formulations. It does not exhibit skin irritation or skin sensitization. It is GRAS listed and is
included in the FDA Inactive Ingredients Database (for oral solid dosage forms such as capsules and tablets, and also for
topical and transdermal preparations)

Table 4. Some typical properties of hydroxypropylcellulose used in pharmaceutical applications.
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3.4. Hydroxypropylmethylcellulose (HPMC)
It is also known as hypromellose, a nonproprietary name under which this cellulose deriva‐
tive is found in different pharmacopoeias (BP, JP, PhEur, and USP) or their current editions.
In addition, hydroxypropylmethylcellulose intended for use in pharmaceutical applications
is produced by different manufacturers and commercialized under several trade names such
as Benecel MHPC, Methocel, Metolose, Pharmacoat, Tylopur, Tylose MO [17–21].
Hypromellose is the propyleneglycol ether of methylcellulose, described by the PhEur as a
partly O-methylated and O-(2-hydroxypropylated) cellulose. This nonionic, water-soluble
polymer is available in several grades that differ in viscosity and extent of substitution.
Different viscosity grades of HPMC are identified by an attached number indicating the
apparent viscosity, in mPa s, of a 2% (w/w) aqueous solution at 20°C. The substitution type of
hypromellose is specified in the pharmacopoeias as a four-digit number following the
nonproprietary name, e.g., hypromellose 2208. The first two digits indicate the approximate
percentage content of the methoxy group (OCH3) and the second two digits indicate the
approximate percentage content of the hydroxypropoxy group (OCH2CH(OH)CH3), calculat‐
ed on a dried basis.
Methocel and Metolose grades

Compendial (JP, PhEur, USP) substitution type

Nominal viscosity (mPa s)

Methocel K3 Premium LV

2208

3

Methocel K100 Premium LVEP

2208

100

Methocel K4M Premium

2208

4000

Methocel K15M Premium

2208

15,000

Methocel K100M Premium

2208

100,000

Methocel E3 Premium LV

2910

3

Methocel E5 Premium LV

2910

5

Methocel E6 Premium LV

2910

6

Methocel E15 Premium LV

2910

15

Methocel E50 Premium LV

2910

50

Methocel E4M Premium

2910

4000

Methocel F50 Premium

2906

50

Methocel F4M Premium

2906

4000

Metolose 60S

2910

50, 4000, 10,000

Metolose 65SH

2906

50, 400, 1500, 4000

Metolose 90SH

2208

100, 400, 4000, 15,000

Table 5. The substitution type and typical viscosity values for 2% (w/v) aqueous solutions of Methocel (Dow Wolff
Cellulosics) and Metolose (Shin-Etsu Chemical Co. Ltd.). Viscosities measured at 20°C [13, 17, 20, 21].
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In the case of Methocel products of Dow Wolff Cellulosics, the substitution type is incorporat‐
ed into the product name as an initial letter “E”, “F,” and “K,” the number that follows stands
for the viscosity (in mPa s) of that product measured at 2% concentration in water at 20°C;
further, in referring the viscosity, the letter “C” is frequently used to represent 100 and the
letter “M” is used to represent 1000 (Table 5). Also, several suffixes are used to identify special
products: “P” denotes Methocel Premium grade products which means they are compliant
with the USP, PhEur, and JP; “LV” stands for Low Viscosity products; “CR” refers to a
Premium, Controlled Release grade (Table 5). On the other hand, the Metolose SH types of
Shin-Etsu Chemical Co. Ltd. may be distinguished based on the degree of substitution by a
number preceding the initial letters “SH” which identify the hypromellose products (Table 5)
[13, 17, 20, 21].
The percentage content of methoxy and hydroxypropoxy groups affects both the molecular
weight that is approximately 10,000–1,500,000, and the physicochemical properties of HPMC,
such as solubility, surface activity, and thermal gelation [13]. HPMC appears as a white or
creamy-white fibrous or granular powder, which is odorless and tasteless. It is soluble in cold
water, forming a transparent, viscous, and surface active colloidal solution (the surface tension
range from 42 dyn/cm to 64 dyn/cm). Certain types and grades of hypromellose are also soluble
in various binary cosolvent systems such as ethanol/water, isopropanol/water, ethanol/
dichloromethane, isopropanol/dichloromethane, providing a unique combination of solubil‐
ity in organic solvents and water. However, hypromellose is practically insoluble in hot water,
chloroform, ethanol (95%), and ether.
Another interesting characteristic of HPMC is the thermoreversible gelation behavior in
aqueous media, which can be explained as follows: the aqueous solutions of hypromellose,
obtained at room temperature, turn into gels when heated to their specific gel temperature
(50–90°C); the resulting gels are completely reversible and liquefy upon cooling to room
temperature, returning to their solution form. The thermoreversible gelation of hypromel‐
lose is particularly affected by several factors, such as its concentration in solvent media and
the nature of additives. Thus, the additives that impart a solubilizing effect (i.e., ethanol,
propyleneglycol, PEG 400) raise the gel point of HPMC, whereas the additives that exhibit a
coagulant effect (i.e., glycerol, sorbitol, and most electrolytes) lower the gel temperature. In
the past decade, numerous studies on thermoreversible gelation behavior of HPMC solu‐
tions have been carried out [22–26].
In addition, hypromellose possesses several other physicochemical characteristics, which are
generally, similar to those of the above described cellulose ether derivatives of pharmaceuti‐
cal grade. Some of these properties are presented below: HPMC in powder form is a stable
material, although it is hygroscopic; aqueous solutions of HPMC are predisposed to microbi‐
al spoilage and require the addition of an antimicrobial preservative; in solution, hypromel‐
lose is stable in a wide pH range (3–11); HPMC is incompatible with some oxidizing agents,
but exhibits a higher tolerance for salts in solution than MC; it is generally regarded as nontoxic
an nonirritating excipient, being extensively used in topical pharmaceutical formulations and
cosmetics; also, it is GRAS listed [13].
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3.5. Carboxymethylcellulosesodium (CMCNa)
Among the two salt forms of carboxymethylcellulose (calcium and sodium) available for
industrial use, sodium carboxymethylcellulose is commonly used for pharmaceutical
preparations, including hydrogels. This cellulose ether derivative, also known as carmellose
sodium, must comply with the compendial requirements of carmellose sodium or carboxyme‐
thylcellulose sodium monographs listed in BP, PhEur, JP, and respectively USP, which de‐
scribe it as the sodium salt of polycarboxymethyl ether of cellulose, with a 6.6–10.8% sodium
content. It is commercially available as various trade names such as Akucell, Aqualon CMC,
Aquasorb, Blanose, Tylose CB, and Walocel C.
CMCNa is a hydrophilic, anionic polymer, with a linear, filiform chain, prepared by partial
substitution of the two, three, and six hydroxyl groups of cellulose by carboxymethyl groups.
The carmellose sodium pharmaceutical grades are available in a wide variety of types with
regard to the degree of substitution, viscosity, and particle size. The value of DS varies in the
range 0.6–1, affecting some of the polymer physicochemical properties. Hence, as the DS value
is higher, the solubility in water and sodium content of CMCNa increase and a better polymer
tolerance for other components in solution is achieved. The viscosity of different types of
carmellose sodium depends on their polymerization degrees and molecular weights which
are of 100–2000 and 90,000–700,000, respectively. Particle size has a pronounced effect on the
ease of dispersing and dissolving CMCNa.
Sodium carmellose occurs as granular or fibrous, white to slightly off white, odorless, tasteless,
and hygroscopic powder. It is slightly soluble in water at all temperatures, forming clear,
viscous colloidal solutions, but is practically insoluble in most organic solvents such as
ethanol (95%), methanol, acetone, ether, and toluene. However, it can be dissolved in aque‐
ous mixtures if the content in water-miscible solvent is less than 40% (by weight). The powder
of CMCNa presents a high chemical and microbiological purity and stability, and is not surface
active. The aqueous solutions of carboxymethylcellulose sodium exhibit maximum viscosity
and stability at pH 7–9, although they are stable over a broad pH range (2–10); at pH < 2,
precipitation of CMC acid can occur, and at pH > 10 the viscosity of solutions decreases rapidly.
Similar to HPMC, sodium carmellose exhibits thermoreversible gelation behavior in aque‐
ous media. Also, its aqueous solutions are sensitive to microbiological attack and should
contain a preservative for prolonged storage [13, 27, 28, 29].
Being a polyelectrolyte, CMCNa is sensible to pH and ionic strength variations. Therefore, its
compatibility in solution with other components (Table 6) is another critical characteristic for
the formulation of a pharmaceutical hydrogel.
In the past decade, cross-linked networks of CMC have been obtained and reported by
applying chemically and physically cross-linking technologies. The chemically cross-linking
method involves the use of bifunctional cross linkers such as epichlorhydrin [30], multifunc‐
tional carboxylic acids [31–34], ethyleneglycol diglycidyl ether [32], and polyethyleneglycol
diglycidyl ether [35]. However, some of these reagents such as epichlorhydrin and ethylene‐
glycol diglycidyl ether produce large amounts of toxic byproducts under the cross-linking
conditions, requiring their elimination through extensive washing, thus affecting the biocom‐
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patibility of the resulted hydrogel and the environmental safety of the production process.
Considering these environmental and health safety risks, a physical cross-linking method,
namely the radiation technology based on γ or electron-beam irradiation under relatively mild
conditions, has attracted increased interest [36, 37]. This method presents some advantages:
the addition of chemical reagents is not required, the side products are not present, and the
simultaneously sterilization of the final hydrogel is possible.
Common excipients compatible with CMCNa in solution

Common excipients incompatible with CMCNa in
solution

Most hydrophilic nonionic and anionic polymers and gums

Xanthan gum
Gelatin, pectin and collagen forming complexes

Most 10% and 50% inorganic salts of monovalent cations,

Most inorganic salts of bivalent (Ca2+, Ba2+, Mg2+, Co2+,

which form soluble salts of carboxymethylcellulose, with a

Fe2+, Mn2+, and Zn2+) and trivalent cations (Al3+, Fe3+),

prerequisite condition: the polymer should be dissolved in

and also trace amounts of heavy metals cations (Ag+,

water before adding the salt

Cu2+, Pb2+, Zr2+), which form precipitates

Table 6. Compatibility of carboxymethylcellulose sodium with other components in solution.

Although cross-linked CMC is a water-insoluble biopolymer, it is capable to absorb large
amounts of water and swells to form superabsorbent hydrogels that exhibit superior mechan‐
ical properties and viscoelasticity compared with conventional sodium CMC-based hydro‐
gels [38]. Due to this characteristic, the cross-linked CMC-based hydrogels were recently
studied as potential wound dressing materials, as well as dermal and transdermal drug
delivery systems [35, 38, 39].
Similar to the others cellulose ether derivatives, sodium carmellose is a safe excipient, being
regarded as nontoxic and nonirritant. It is GRAS listed and included in different databases of
inactive ingredients. Consequently, this polymer is extensively used in oral, topical, and some
parenteral formulations, in cosmetics, toiletries, and food products [13].

4. Colloidal dissolution and gelation as processes involved in the formation
of cellulose-derivatives-based hydrogels
To obtain a topical semisolid drug product, such as a medicated hydrogel, which meets the
specific requirements, one of the major objectives of its formulation is the excipients selec‐
tion and preparation of the base (hydrogel base) with semisolid consistency, jelly-like
structure, and bioadhesive properties. Further, the hydrogel base must be stable, formed of
compatible components, and therapeutically acceptable. Due to the specific jelly-like struc‐
ture, hydrogels preserve their shape during the stockage, spread evenly, and adhere to the
skin surface. In order to achieve this goal of hydrogel formulation, the knowledge of process‐
es involved in the formation of hydrogels, such as colloidal dissolution and gelation of
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hydrophilic polymers, are of great importance as they are closely related with the physical and
chemical properties of the gelling agent.
Based on the jelly-like structure, cellulose derivatives hydrogels are categorized as singlephase, reversible (or physical) gels composed of a network of organic macromolecules
dissolved in water, without the existence of definite boundaries between the two compo‐
nents. However, due to the large size of the dissolved molecules, cellulose derivatives
hydrogels are considered, on the microlevel, as biphasic colloidal systems, consisting of
colloidal polymer and a liquid phase (water) [16, 40].
According to the formation mechanism of hydrogel, all cellulose derivatives described in the
previous section are biopolymers that form hydrogels independently of pH, but in the case of
MC, HPC, and HPMC the hydrogel formation is temperature dependent. Usually, the watersoluble cellulose derivatives form hydrogels in the concentrations of 1–10% (by weight),
depending on the polymerization degree. The gelation of cellulose ether derivatives has been
extensively studied for decades and numerous of these studies have been reviewed in several
scientific journals and books [24, 39–47].
It is generally accepted that the gelation of water soluble cellulose ether derivatives is due to
some physical processes such as molecular entanglements, hydrophobic associations be‐
tween macromolecules and hydrogen bonding. The filiform macromolecules chains connect
at both ends by forming some intermolecular bonds as a result of interaction between the
existing functional groups. Also, entanglements develop from the interpenetration of ran‐
dom-coil flexible chains of polymers. Thus, they form a continuous three-dimensional network
that occupies the entire system and entraps the entire amount of water. The formation of
cellulose-derivatives-based hydrogels occurs in three stages. The first stage, identified as the
diffusion of water molecules into the polymer network, is attributed to hydrogen bonding
between the water molecules and the hydrophilic functional groups of macromolecules
including carboxyl and hydroxyl groups. So, the solvent molecules will be oriented along the
polymer chain, increasing the rigidity of the dispersed system. The second stage, correspond
to relaxation of the polymer chains by hydration, when large amounts of water permeated into
the polymer network are spontaneously absorbed by the macromolecules that swell and
therefore greatly enhance the gel volume. In this stage of hydrogel formation, the interac‐
tions between polymer and water molecules through coordinate bonds lead to the formation
of very stable complexes of hydration. Also, wetting determines the enhancement of macro‐
molecule chains permeability and their stretching, accompanied by a more or less linear
arrangement. The third stage, namely the polymer network expansion displayed through the
increase of the gel volume, is due to water absorption and swelling of macromolecules. The
stronger macromolecules hydration is the lower mobility of water molecules and the higher
stability of the cross-linked gel network [9, 11, 16, 48].
The two main processes, namely colloidal dissolution and gelation, involved in the forma‐
tion of cellulose-derivatives-based hydrogels, depend on several physicochemical factors (i.e.,
properties of cellulose-based polymers determined by chemical structure, macromolecular
chain configuration, molecular weight, degree of substitution and also by the composition of
the aqueous media, the pH, and the temperature) and thus influence to a great extent the
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formulation of a suitable pharmaceutical hydrogel. In general, lower temperature, higher
concentration, and higher molecular weight of polymer promote gelation of cellulose ether
derivatives, leading to firmer hydrogels. In most cases, the gelation of polymer is affected in
the presence of relatively high concentrations of electrolytes, surfactants, sugar, or some
natural gums, which reduce the polymer hydration and consequently the gelation tempera‐
ture by the “salting out” phenomenon; the magnitude of this effect depends not only on the
nature and concentration of the other dissolved components, but also on the substitution
degree of the polymer. Generally, the cellulose ether derivatives with lower substitution
degrees tend to exhibit a higher tolerance for the other dissolved components in the system.
Due to the stability of aqueous solutions of water-soluble cellulose derivatives in a wide range
of pH values (3–11), the gel formation is affected only under highly acid or alkaline condi‐
tions [9, 11, 16, 48].
Among the water soluble cellulose derivatives, MC, HPC, and HPMC are lower critical
solution temperature polymers (Table 7) that form thermoreversible hydrogels [49, 50].
In order to understand and clarify the thermal gelation of these biopolymers, in the past two
decades a large number of studies have been performed using different techniques. However,
it was not reached a consensus in all cases, due the complexity of this process involving several
different phenomena which can occur during the sol-gel transition.
Cellulose

Trade name

derivative and type

Methoxy,

Methoxy,

Hydroxypropoxy,

Hydroxypropoxy,

Gelation

DS

wt%

MS

wt%

temperature
(°C)

MC

HPC

HPMC

Benecel™ A

1.8

27.1–31.5

−

−

56

Methocel A

1.8

30

−

−

50

Metolose SM

1.8

Not specified

−

−

50–55

Klucel™ HPC

−

−

3.4–4.4

Not specified

40–45

Nisso HPC

−

−

Not specified

53.4–77.5

40–45

Benecel™K

Not specified

20.0–24.0

Not specified

7.0–12.0

80

Benecel™E

Not specified

28.0–30.0

Not specified

7.0–12.0

63

Methocel E

1.9

29.0

0.23

8.5

63

Methocel F

1.8

28.0

0.13

5.0

63

Methocel J

1.3

18.0

0.82

27

62

Methocel K

1.4

22.0

0.21

8.1

85

Metolose 60SH

1.9

28.0–30.0

0.25

7.0–12.0

65–66

Metolose 65SH

1.8

27.0–30.0

0.15

4.0–7.5

61–65

Metolose 90SH

1.4

19.0–24.0

0.20

4.0–12.0

75

Table 7. Thermal gelation temperatures of various grades and types of methyl- and/or hydroxypropyl-derivatives of
cellulose.
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In the case of the above-mentioned three cellulose derivatives (MC, HPC, and HPMC) is
generally accepted that the formation of thermoreversible hydrogels occurs in two stages: (1)
the formation of water clusters around the methyl or hydroxypropyl substituents of the
polymer chains (the hydrophobic portions), which will be isolated one from another at low
temperatures (below 50°C); (2) the phase separation accompanied by gelation at high
temperatures (above 50°C).
For methylcellulose, the sol-gel transition is currently defined as the transformation from a
clear solution to a turbid strong gel. Although the gelation of MC has been extensively studied
by various analytical techniques (NMR, differential scanning calorimetry, IR attenuated total
reflectance spectroscopy, small-angle neutron scattering, static and dynamic light scattering,
and rheology) and the researchers have proposed different gelation mechanisms, the specif‐
ic molecular interactions that govern this process is still unclear. However, the results of
various studies, which were in good agreement one with another, indicated several factors
and/or phenomena which play an important role in the gelation of MC [24, 51–64]:
- the first stage (pregel state) is mainly governed by hydrophobic interactions between highly
methylated glucose regions, but also by bundles of residual native cellulose crystals, liquid
crystal phases, and intermolecular bonding between unsubstituted hydroxyl groups along
the polymer chains;
- the second stage (gel state), when the phase separation and gelation occur almost simulta‐
neously, results from micellar interactions, formation of crystallites of trimethylated glucose
rings, hydrophobic polymer-polymer interactions, and entangled physical cross links
between chains leading to a three-dimensional network.
Recently, it was confirmed experimentally by rheological measurements that a nucleation and
growth mechanism is also involved in the gelation of MC, as the gelation temperature depends
on the heating rate [65].
The same group of researchers has also demonstrated by cryogenic transmission electron
microscopy and small-angle neutron scattering that MC hydrogels have a heterogeneous
fibrillar structure that is responsible for their turbidity [66, 67].
For HPMC, the formation of thermoreversible hydrogels is, similar to MC, a two-stage process.
Conventionally, it is considered that the mechanism of HPMC gelation involves polymer
reptation and dissociation of cellulosic bundles followed by exclusion of water (syneresis) from
heavily methoxylated regions of the macromolecule. This syneresis allows hydrophobic
interactions between the respective macromolecules accompanied with the formation of
polymer clusters, which further associate in a three-dimensional network. This specific
mechanism of gelation is supported by the results obtained from several experimental
techniques including: differential scanning calorimetry, IR attenuated total reflectance
spectroscopy, UV/VIS and fluorescence spectroscopy, polarized light microscopy, and
oscillatory rheometry [22, 26, 68–71].
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However, several studies have indicated some differences between MC and HPMC regard‐
ing thermal gelation properties and gel network structure. Generally, these differences are
generated by the presence of hydroxypropyl substituents along the HPMC polymeric chains
that hinder the gelation process by inhibiting intermolecular association. This observation is
supported by the fact that HPMC has a higher gelation temperature and forms weaker
thermosensitive gels compared to MC. Also, as the temperature rise to ca. 55°C, hydroxy‐
propyl derivative of MC precipitates and causes only clouding of the solution, but no gelation,
unlike MC [53, 72–74].
On the other hand, hydroxypropylcellulose being soluble in water at room temperature
undergoes the gelation in these conditions. Increasing the temperature above the cloud
point (40–45°C), the resulted hydrogel suddenly becomes opaque, loses its gel-like character‐
istics (evidenced by a marked reduction in/rapid decrease in viscosity) and exhibits a sud‐
den shrinking in volume. These effects are due to separation of the polymer as a highly swollen
precipitate at the above-mentioned temperature that corresponds to its phase transition
temperature (or lower critical solution temperature). However, the polymer precipitation is
reversible, because upon cooling the system below 40°C, redissolution of polymer and
restoring of original viscosity take place [13, 15].
In contrast to MC and HPMC, only a few studies have investigated the gelation mechanism
of HPC by NMR spectroscopy and thermal analysis [75, 76].
As the results from all these studies fitted well one with another, it was proposed the follow‐
ing plausible explanation of the HPC gelation mechanism. At room temperature, due to its
high DS and uniform distribution of substituents along the polymeric chains, the HPC
backbone has a little hydrophilic character that promotes a hydrophobic effect with water in
solution, being extended, and mobilized. At elevated temperature, this hydrophobic struc‐
ture breakdown and the cellulose backbones of the polymer chains coil into supramolecular
helical structure. Although the cellulose backbones of the polymer chains are immobilized in
this way, the hydroxypropyl substituents remain solvated projecting outward from the coiled
backbone into the solvent and exhibiting a cilia-type motion. These cilia keep adjacent coils
apart, leading to a highly dispersed solid phase (precipitate), with no gel-like properties.
Finally, the only one “smart” cellulose derivative, namely sodium carboxymethylcellulose,
does not form thermoreversible hydrogels and is soluble in either hot or cold water, because
it is an anionic polyelectrolyte. Consequently, the three-stage process of hydrogel formation,
described above, is mainly determined in the presence of electrostatic charges attached to the
polymer network, which enhance the polymer swelling capability in water by two mecha‐
nisms: (1) due to the electrostatic repulsion between the electric charges of the same sign, the
macromolecule chains are forced to get more elongated than in a neutral network; (2) enhanced
water penetration in the polymer network, due to the presence in the hydrogel of counter‐
ions to ensure the electrical neutrality [39]. Nevertheless, the gelation of sodium carboxyme‐
thylcellulose is influenced by pH and ionic strength variations (due to the presence of different
inorganic salts). In addition, it is generally accepted that the firmness of NaCMC hydrogels
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increases with the increase in carboxymethyl substitution, molecular weight and polymer
concentration [13, 28, 29].

5. Physical and chemical properties of cellulose derivatives hydrogels
Cellulose derivatives hydrogels are interesting as water-soluble ointment bases and topical
drug delivery systems, because they present several advantageous characteristics: transpar‐
ency (especially HPMC- and NaCMC-based hydrogels); high water content (80–95%), which
is responsible for their favorable cooling effect and washability; nongreasy, being practically
free from fats or fatty substances; porosity; nonocclusive; safety, as they are nontoxic and
nonallergenic; are well tolerated by skin and different mucosa (oral, buccal, ophthalmic, nasal,
auricular, vaginal, and rectal); are mucoadhesive and bioadhesive materials, adhering well to
skin, mucosa and suppurative wounds, and providing intimate contact between the drug and
the site of action; can be safely sterilized. They also may be formulated to ensure excellent
spreading properties or to optimize drug delivery. Other important advantages of cellulose
derivatives hydrogels include biocompatibility, biodegradability, smart stimuli-responsive
behavior (in the case of NaCMC), compatibility with most active substances and auxiliary
pharmaceutical components (excepting NaCMC which is an anionic polyelectrolyte). Also, the
availability in nature and the low cost of cellulose derivatives make them more attractive as
gelling agents [16, 45, 39, 77–81]. It is noteworthy that the cellulose derivatives hydrogels are
considered biocompatible because they are similar to living tissues, with regard to physical
properties, based on their water content, soft consistency, and low interfacial tension with
water or biological fluids [39, 82].
The physical properties of cellulose derivatives hydrogels can be divided into two groups:
transitional properties (including swelling behavior, sol-gel transition or gel point, and
physical aging) and rheological properties (including rigidity, yield point, and rupture
strength). These properties of cellulose derivatives hydrogels are directly related to their
structure through their polymeric composition, because the selected cellulose derivative
decisively influences the network structure as well as the final hydrogel properties [80].
5.1. Transitional properties
5.1.1. Swelling behavior
The capacity to absorb water or aqueous solutions and the permeability (the rate at which the
liquid is absorbed into the hydrogel structure) are the most important features characteriz‐
ing hydrogels, including those based on cellulose derivatives. Generally, the amount of the
aqueous medium incorporated in a hydrogel is determined gravimetrically and is expressed
as fractional hydration (W) or as swelling ratio (r):
W = ( w1 – w0 ) / w1 or r = ( w1 – w0 ) / w0
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where w1 andw0 are the weights of the swollen and dry gels, respectively. Also, the amount of
water absorbed by a polymer can be described by the equilibrium swelling as the maximum
degree of the polymer swelling.
Hydrogels of cellulose derivatives are considered highly swollen gels (containing large
percentages of water), because of the high solubility of these polymers in water, high flexibil‐
ity of the polymeric chains and a large free volume available between polymeric chains [40,
83–85].
However, the water content at the swelling equilibrium of cellulose derivatives hydrogels is
influenced basically by the nature of the monomer that makes them up, by the type and density
of the cross link (entanglements) and also, by other factors including temperature, pH, and the
composition of the hydration medium (the presence of salts and nonsolvents). So, dynamic
and equilibrium studies carried out by the Peppas group on hydrogel discs of HEC, HPC,
HPMC K4M, and HPMC K100M [44] showed that the volume-swelling ratio and the swel‐
ling time (the time when hydrogel discs reached the equilibrium state, namely the gel thickness
became essentially constant) of the polymer were dependent on their hydrophilicity and
number of junctions or entanglements per original chain. Thus, the equilibrium state for HEC
was reached after 240 h, for HPC and HPMC K100M after 260 h, and for HPMC K4M after 170
h, whereas the obtained volume-swelling ratios up to 190 h of swelling ranked the polymers
as follows: HPC < HPMC K4M < HPMC K100M < HEC. The swelling kinetics of the studied
HPMC polymers in the dynamic state was accurately described by the equation used to
calculate the volume-swelling ratio, Q:
Q = Vs / Vd
where Vs is the volume of the swollen gel and Vd is the initial volume of the dry disc. At
equilibrium, the swelling kinetics of HPMC polymers correlated well with the Flory-Rehner
equation, describing the average molecular weight between two consecutive entanglements,
Me :
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where Mn is the number average molecular weight of the cellulose ether tested, v is its specific
volume, V1 is the molar volume of water, v2,s is the polymer fraction in the swollen gel at
equilibrium (v2,s = 1/Q), and x1 is the Flory or polymer-water interaction parameter [44]. From
detailed explanation given in this paper, further references are made only for HEC and HPC.
In the swollen state, HEC formed the thicker hydrogel layer, signifying that the largest amount
of water is physically and chemically trapped in the HEC hydrogel structure. This entrap‐
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ment was attributed to the relatively high number of entanglements which holds the net‐
work structure together at equilibrium. In contrast, HPC formed the thinnest hydrogel layer,
meaning that the interactions between the HPC chains are very strong and that water
molecules occupy a smaller volume than in the case of HEC. This behavior is supported by the
higher number of entanglements and the relatively high molar substitution for HPC, and also
by the large volume occupied by hydroxypropyl substituents in the network structure of the
HPC hydrogel [44].
As in the case of other hydrogels, the equilibrium degree of swelling influences different
properties of cellulose derivatives hydrogels, including permeability, surface properties and
surface mobility, optical properties, mechanical properties, and solute diffusion coefficient
through these hydrogels. Consequently, the knowledge of the swelling characteristics of
cellulose derivatives is of great importance in their pharmaceutical applications [80, 83].
5.1.2. Sol-gel transition (gel point)
Sol-gel transition is an essential property of most cellulose derivatives hydrogels as they are
thermoreversible and is dependent on several factors, including polymer concentration and
temperature.
The critical gelling concentration is the concentration below which the polymer and the solvent
form a sol rather than a macroscopic gel, under the current experimental conditions [86]. For
thermoreversible hydrogels of cellulose derivatives (MC, HPC, and HPMC), the critical gelling
concentration obviously depends on temperature because, above the melting temperature, this
concentration is nominally infinite, requiring a maximum gelation temperature and a critical
gelation time [87]. The critical gelling concentration of cellulose derivatives depends on the
polymer-polymer and polymer-solvent interactions, their hydrophilic-lipophilic character and
molecular weight, and the flexibility of the chain [16, 88, 89]. Moreover, certain additives such
as electrolytes, sorbitol, sucrose, and solvents (glycerin, ethanol, propyleneglycol, and
polyethyleneglycol 400) can have different effects on the gel point and critical gelling concen‐
tration of cellulose derivatives [23]. Thus, it was demonstrated that most electrolytes, as well
as sorbitol, sucrose and glycerin depress the gel point, whereas other cosolvents (ethanol,
propyleneglycol, and polyethyleneglycol 400) raise the gel point of various grades of methyl‐
cellulose [90]. In Table 8, the minimal concentration domains for the most used cellulose
derivatives as gelling agents in pharmaceutical hydrogels are listed.
Cellulose derivative

Gelling concentrations (wt %)

Required additives

Carboxymethylcellulose

4–6

Na+

10–25

Na+

Methylcellulose

2–4

Hydroxypropylcellulose

8–10

Hydroxypropylmethylcellulose

2–10
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Table 8. Gelling concentrations of cellulose derivatives commonly used in topical hydrogels [18].

5.1.3. Physical aging
As the structure of cellulose derivatives hydrogels have not reached the equilibrium, these gels
physically age as they move toward respective equilibrium. It is important to consider this
physical aging of cellulose derivatives hydrogels, because it is accompanied by changes in gels
microstructure where noncovalent cross links are breaking and reforming [16].
5.2. Rheological properties
The mechanical properties of cellulose derivatives hydrogels as water-soluble ointment bases
must be considered during the development of a topical medicated hydrogel, as they are very
important not only for the establishment of the topical drug formulation and the manufactur‐
ing method, but also for packaging, storage, and application.
Due to their semisolid consistency, cellulose derivatives hydrogels are viscoelastic, semistiff
gels that exhibit a pseudoplastic flow [91]. These rheological properties are strongly related to
the concentration and average molecular weight of the polymer, the gel structure and
interchain interactions, and entanglements. So, the hydrogels of methylcellulose and hydrox‐
ypropylcellulose of 3–6% concentration exhibit a pseudoplastic character, while those of
sodium carboxymethylcellulose types of high molecular weight and low substitution, with a
concentration of 5–6% exhibit thixotropy, in addition to pseudoplastic flow. The apparent
viscosity or gel strength of cellulose derivative hydrogels increases with an increase in their
effective cross-link density or in the concentration and molecular weight of the polymer. Also,
a rise in temperature decrease the apparent viscosity of these hydrogels, but under normal
conditions, this effect is reversible. In addition, as it was discussed in the previous section,
changes in apparent viscosity and consequently in other rheological properties of cellulose
derivatives hydrogels can occur when different components such as salts, surfactants, solvents
or nonsolvents, and other compatible polymers are added in the formulation. The effects of
these additives have been extensively studied in the past decades and are presented in each
cellulose derivative technical book [15, 17, 28, 29, 92–94].

6. Preparation of cellulose-derivatives-based hydrogels as pharmaceutical
dosage forms
Cellulose-derivative-based hydrogels are relatively easy to prepare. In pharmaceutical
applications, these hydrogels can be formulated with or without a drug substance. Medicat‐
ed dermal gels can contain, in addition to the cellulose derivative as gelling agent and active
substances, antimicrobial preservatives (i.e., methylparaben and propylparaben, or chlorhex‐
idinegluconate), stabilizers (i.e., edetate disodium), dispersing agents (i.e., alcohol and/or
glycerol, propyleneglycol, sorbitol), and permeation enhancers [95–98]. Minimum gel-forming
concentrations of cellulose derivatives are different, based on the type and the molecular
weights of these derivatives, but the medium range is about 4–6% (w/v), as mentioned
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before (Table 8). The most widely used hydrophilic external phase, in the preparation of these
gels, is purified water. If the addition of cosolvents as dispersing agents is necessary, care
should be taken to avoid their evaporation or degradation during gel preparation.
In manufacturing of dermal pharmaceutical cellulose derivatives hydrogels on a small scale
(as in extemporaneous compounding), but also on a large scale (industry), the obtaining of an
uniform preparation depends in a great extent on several factors including order of mixing,
processing conditions, duration of swelling, and removal of entrapped air.
Mixing the above-mentioned components with the gelling agent should be made consider‐
ing their influence on the gelling process. If the rate and extent of swelling of the gelling agent
is affected by these ingredients, they are mixed after the gel formation. If such interference
does not occur, the drug and the other additives are mixed prior to the swelling process; in
this case, the effects of swelling duration, mixing temperature, and other processing condi‐
tions on the physicochemical stability of the drug and additives are also to consider. In general,
the following order of mixing is recommended: (1) the drug substances are dissolved or
suspended in the hydrophilic phase necessary for the gel preparation; (2) the other additives
are dissolved in the obtained solution or in a small amount of the hydrophilic phase respec‐
tively; (3) if necessary, the drug dispersion is mixed with the additives solution; (4) the powder
of the gelling agent is added under light stirring in the obtained solution/dispersion and
allowed to swell.
In the preparation of cellulose derivatives hydrogels, the temperature and pH of the disper‐
sion are critical parameters, as the gelation mechanism of these polymers is temperature
dependent and their optimum stability depends on pH. Thus, the macromolecules disper‐
sion is recommended to be heated either before, or after the polymer swelling. In case of MC
and HPMC, the heating is indicated before the swelling occurs, but in case of HPC, HEC, and
NaCMC, which dissolve better in hot water, the heating of their molecular dispersions is
performed after de particle swelling. Practically, the general preparation method of most
cellulose derivatives hydrogels involve the dispersion of polymer powder in cold water by
using mechanical mixing to form uniform lump-free dispersion, followed by heating to
about 60–80°C of the obtained dispersion, which is then gradually cooled to room tempera‐
ture to form a gel. Also, there are differences regarding the pH values of dispersion medium
favorable for gel formation: NaCMC, MC, and HPMC form gels over a wide pH range (4–10),
whereas HPC and HEC form gels at a pH of 6–8 and respectively at alkaline pH condition.
Another critical parameter in the preparation of cellulose derivatives hydrogels is the duration
of polymer swelling. Generally, a swelling duration of about 24–48 h helps in obtaining
homogeneous gels, as the cellulose polymers require about 48 h for complete hydration.
Finally, removal of the entrapped air is also an important issue to consider in the manufac‐
turing of cellulose derivatives hydrogels, because the presence of air bubbles in the gel, which
is inevitable, affects their transparency. The incorporation of air bubbles into the gel can be
minimized by positioning the propeller at the bottom of the mixing container. Further removal
of air bubbles by different methods including long - term standing, low -temperature stor‐
age, sonication, or inclusion of silicon antifoaming agents is commonly used. In addition, in
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large scale production vacuum vessel deaerators are used to remove the entrapped air [95, 97–
99].
Figure 1 shows the flow chart of the fabrication process of a cellulose derivative hydrogel.

Figure 1. Flow chart of the manufacturing processes of a cellulose derivative hydrogel.

In small scale, the preparation of hydrogels by dispersing of polymer by hand or mechanical‐
ly, in hot/cold water or in a nonsolvent, is carried out using simple equipment and utensils
existing in the pharmacy laboratory, such as: mortars and pestles of porcelain or glass, beakers,
magnetic stirrers, and different propeller mixers. In large scale production of pharmaceuti‐
cal cellulose derivatives hydrogels, different mills, separators, mixers, deaerators, and shifters
are used. Figure 2 present two different processing machines for the hydrogels preparation: a
single mixing kettle equipment with slow agitation to avoid air entrapment (a) and “one bowl”
vacuum processing machine (b) which is designed to control the processing temperature, and
to mix (using a counterrotating mixing system), homogenize (using a high-shear rotor/stator
system) and remove the entrapped air (during the product recirculation) [95, 98].

7. Characterization of cellulose derivatives hydrogels as dermal
pharmaceutical dosage forms
The physicochemical, microbial and biological characteristics of cellulose-derivatives-based
hydrogels are evaluated by a variety of pharmacopoeial and nonpharmacopoeial tests that are
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carried out to assess the quality and performance of hydrogel formulations and to minimize
the batch-to-batch variations. Generally, the US, European, Japanese, and many other
pharmacopoeias recommend the following tests: appearance (transparency or clarity),
homogeneity, particle size analysis, pH, minimum fill, rheological measurements (viscosity,
consistency), stability, microbial screening, in vitro drug release testing and assay. Conse‐
quently, a range of experimental techniques are used, more often in tandem, to characterize
these hydrogels, providing appropriate evidences for their quality and performance.
The transparency or “clarity” of hydrogels is determined by visual methods or is measured as
light transmittance by spectroscopy. Their homogeneity is usually assessed by visual exami‐
nation and the surface morphology by scanning electron microscopy, which analyze under an
electron microscope the lyophilized hydrogel gold sputter coated [99, 100]. Optical microsco‐
py, dynamic light scattering and laser diffraction are currently used to determine the size,
shape and granulometric distribution of particles of the suspended active substances, as these
particles characteristics can influence several properties of a medicated hydrogel such as the
rheological properties, stability, and therapeutic activity. Since these properties of cellulose
derivatives hydrogel may be also affected by their pH, this parameter must be considered in
their quality control. The pH is measured by potentiometry, using either special pH electro‐
des designed for viscous gels, or conventional pH electrodes for water diluted gels [101]. The
content uniformity assessment of hydrogel product can be supported by the minimum-fill test
that is performed to compare the weight of product filled into each container labeled with their
weight.
Rheological analysis of cellulose derivatives hydrogels is very important for their characteri‐
zation and quality control, providing valuable information for their formulation, manufac‐
turing, use, and therapeutic activity. Rheological properties of cellulose derivatives hydrogels
are determined by mechanical techniques using more often small-deformation and penetro‐
metric measurements. Small-deformation measurements can be performed under both
continuous shear and dynamic oscillatory conditions, being used to determine the viscoelas‐
tic properties of these gels. Continuous shear instruments (i.e., rotational viscosimeter, cone-

Figure 2. Processing machines for the hydrogels preparation: (a) Stainless steel jacketed kettle with agitator (courtesy
of Lee Industries, Inc., Philipsburg, Pennsylvania); (b) vacuum processing machine used for the preparation of gels
(courtesy of Fryma Koruma, Rheinfelden, Switzerland).
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and-plate viscosimeter) measures the apparent viscosity, yield stress, and shear modulus G(or
modulus of rigidity), and generates a complete rheogram for a particular hydrogel, allowing
to identify its flow behavior. Unlike continuous shear measurements, dynamic oscillatory
testing, using rheometers, does not modify the hydrogel microstructure and measures another
two important parameters, namely the storage modulus G′ and the loss modulus G″, reflect‐
ing the hydrogel viscoelasticity [23, 102–105]. The consistency determination is a specific test
for semisolids, including the hydrogels and is performed by penetrometry, according to
pharmacopoeial specifications [101]. This compendial method measures the hardness of
hydrogels, but the other rheological characters of these systems reflected by consistency (i.e.,
rigidity, spreadability, elasticity, and adhesiveness) can be also measured by different
noncompedial techniques, using modern instruments such as texture analyzers [106]. Further,
as it was mentioned in Section 5, rheological measurements are powerful experimental
techniques for probing both the sol-gel transition and swelling behavior of cellulose deriva‐
tives hydrogels.
Due to their high water content, cellulose derivatives hydrogels are susceptible to physical,
chemical, and microbial stability alterations. Syneresis, a commonly observed phenomenon of
physical instability of these hydrogels, can be determined by water loss from the gel net‐
work after a heating-cooling cycle. In the case of medicated cellulose derivatives hydrogels,
the chemical stability of active substances into the gel is evaluated by accelerated aging studies,
which use different analytical methods to evidence the possible drug degradation in the
hydrogel, under extreme conditions of temperature, moisture and light [95].
Although is a noncompendial test, in vitro drug release testing is of high interest as it can reflect
the combined effects of several formulation parameters (i.e., the type of cellulose derivative as
gelling agent, the drug concentration, the pH, and viscosity of hydrogel) on the in vitro drug
release and permeation parameters. In the last decade, continuous efforts in international
harmonization have been made to standardize the methodology and the study protocols of in
vitro drug release from dermal products [107, 108].

8. Applications of cellulose-derivatives-based hydrogels for dermal and
transdermal drug delivery
Cellulose-derivatives-based hydrogels, as pharmaceutical dosage forms, have been devel‐
oped with their end use mainly in topical drug delivery [109]. These hydrogels are widely used
as water-soluble ointment bases usually for dermal and, in a lesser extent, for transdermal
delivery of various categories of drugs including nonsteroidal anti-inflammatory agents,
antifungals, antibiotics, anesthetics, analgesics, antiallergics, antiseptics, keratolytics, revul‐
sive agents, β-blockers etc. From the formulations intended for dermal delivery, the drug has
to pass through the stratum corneum, the outermost layer of the skin to reach the subjacent skin
layers. Therefore, medicated dermal formulations ensure the drug localization in the skin
layers. Instead, from transdermal formulations the drug is transported in the skin dermis and
then enters into the systemic circulation [110]. However, the excellent barrier properties of the
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stratum corneum limit the drugs penetration through the skin in both dermal and transder‐
mal drug delivery. Therefore, several strategies have been used to enhance and control the
drug transport across the skin, and to increase the number of the delivered drugs. These
strategies involve both chemical methods, based on the use of penetration enhancers that
temporarily increase the skin permeability, and physical methods, in which a driving force is
provided to act on the drug [110].
8.1. Dermal drug delivery
Dermal medicated hydrogels based on cellulose derivatives are intended to treat different
acute or chronic, mild or moderate skin conditions (i.e., eczema, dermatitis, psoriasis, acne,
warts, inflammations, and allergies).
Medicated gel formulations based on cellulose derivatives were obtained by dispersing the
drug directly into the hydrogel vehicle or by entrapping the drug in colloidal carriers (microand nanoemulsions, liposomes, niosomes etc.) acting as percutaneous enhancers. In the past
decades, the favorable effect of cellulose derivatives hydrogels on dermal drug delivery has
been demonstrated by a large number of published original scientific papers, academic
reviews, monographs and books focused on preparation, characterization and applications of
cellulose derivative hydrogels [85, 89, 111–117].
Due to their specific properties, some of gel-forming cellulose derivatives, such as NaCMC
and MC are used for the development of wound dressings, usually in combination with other
hydrophilic polymers and propyleneglycol, which act as humectant and preservative. These
hydrogels proved to be effective as treatment for burned tissues and nonhealing diabetic
ulcers [16, 39, 118, 119].
In Table 9 are included the main studies that have been conducted in the past decade on
cellulose-derivatives-based hydrogels as vehicles for dermal delivery of different drugs.
This section provides a survey of the relevant results of the recent reports published in the last
decade.
Kouchak and Handali [121] studied the effect of some skin penetration enhancers, including
sodium tauroglycocholate, lauric acid, and ethanol on the in vitro permeation of aminophyl‐
line from 3% HPMC-based hydrogels through snake skin. Sodium tauroglycholate and ethanol
at concentration of 100 μg/ml and 60%, respectively, produced a 6-fold increase of the
permeation parameters (flux and permeation coefficient), being the optimum enhancers for
aminophylline, intended to be used as anticellulitic agent.
From the class of antifungal agents, clotrimazole, bifonazole, and fluconazole were selected as
model drugs that were solubilized in emulsion or microemulsion systems, which were then
loaded in a cellulose derivative-based hydrogel in order to improve the viscosity of the
emulsion/microemulsion and make it suitable for cutaneous application. Shahin et al. [125]
studied several jojoba oil-based emulgel formulations as potential clotrimazole delivery
vehicles. Jojoba oil was used as lipophilic phase, Span 60 and Brij 35 were used as surfac‐
tants, propyleneglycol was selected as humectant and for its aesthetic benefits, and hydroxy‐
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propylmethylcellulose and/or Carbopol 934P were chosen as gelling agents; triethanolamine
was used to neutralize the formula containing carbomer to the pH range 5.5–6.5. It was found
that the concentration and type of the gelling agent significantly influenced the viscosity and
the consistency of the examined systems. Also, the in vitro clotrimazole release data showed
an inverse correlation between the concentration of the gelling agent and the extent of the
released drug. The formulation containing the combination of two gelling agents, HPMC and
Carbopol 934P, in concentrations of 1% and 0.2%, respectively, showed stable rheological
properties (shear thinning behavior with little thixotropy), high extent of drug release and
superior antifungal activity in comparison to a commercially available preparation [125].
Drug

Cellulose

Pharmaceutical dosage

derivative as

form

References

gelling agent
Alaptide

HEC, HPC, MC

Hydrogel

[120]

Aminophylline

HPMC

Hydrogel

[121]

Bifonazole

HPMC

Microemulsion-loaded hydrogel

[122]

Clarithromycin

HPMC

Emulgel

[123]

Chlorphenesin

HPMC

Emulgel

[124]

Clotrimazole

HPMC

Emulgel

[125]

Diclofenac sodium

CMCNa

Hydrogel

[126]

Etoricoxib

HPMC

Hydrogel

[127]

Fluconazole

CMC

Emulgel, microemulsion-loaded hydrogel

[128]

HPMC

Hydrogel

[129]

Ketorolac tromethamine

HPMC

Hydrogel

[130]

Lidocaine

HPC

Hydrogel

[131]

HPC

Hydrogel

[132, 133]

Hydrogel

[134]

HPMC

Emulgel

[135]

MC, HPMC, CMC

Microemulsion-loaded hydrogel

[136]

HPMC

Hydrogel

[137]

Lidocaine hydrochloride
Meloxicam
Mepivacaine
Piroxicam

Propranolol hydrochloride

Table 9. Overview of cellulose-derivatives-based hydrogels as vehicles for cutaneous delivery of drugs.

In order to improve the solubility and skin permeability of bifonazole, Sabale et al. [122]
investigated several oil-in-water microemulsion-loaded hydrogels composed of bifonazole
(1%) water, oleic acid as oil, Tween 80/isopropyl alcohol as surfactant/cosurfactant mixture,
and two grades of HPMC (K15M and K100M) in concentrations of 1, 1.5, and 2%. After
optimization of the microemulsion formulation by 32 factorial design and of the polymer
concentration for preparation of microemulsion-loaded hydrogel based on viscosity, the
composition of the optimized microemulsion-loaded hydrogel was bifonazole (1%), oleic
acid (6.25%), Tween 80/isopropyl alcohol (55%, 3:1), water (38.75%), and HPMC K100M (2%).
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The results of the ex vivo permeation study through excised rat skin indicated that bifona‐
zole presented a permeability of 84% within 10 h and a sustained release from the optimized
formulation, due to the presence of the gelling agent; the drug release was accurately descri‐
bed by the zero order model. Also, the developed preparation exhibited a good stability over
a period of 3 months, no skin irritancy and an antifungal activity comparable with a market‐
ed bifonazole cream [122].
Salerno et al. [128] studied the in vitro fluconazole release from different topical dosage forms,
aiming to determine a formulation with the capacity to deliver the whole active compound
and maintain it within the skin, in order to be considered as a useful formulation, either for
topical mycosis treatment or as adjuvant in a combined therapy for Cutaneous Leishmania‐
sis. Sodium carboxymethylcellulose was used for emulgels and microemulsion-loaded
hydrogels as gelling agent, and propyleneglycol and diethyleneglycol monoethyl ether
(Transcutol P®) were used for each dosage form as solvent for the drug and also as penetra‐
tion enhancers. The microemulsion-loaded hydrogel containing Transcutol P® delivered the
whole applied dose of fluconazole, and showed the highest ability to penetrate pig skin (a four
times greater of total amount drug released than that from lipogels) and an important ability
to keep the drug within the skin layers; also this formulation proved to be the most effective
in regard of the in vitro antifungal activity. Further, the authors concluded that in the case of
CMCNa-based dosage forms (emulgels and microemulsion-loaded hydrogels), the viscosity
was not the main parameter governing the fluconazole release, as these systems showed
similar viscosity, but different rates of the released drug [128]. Other study investigated the in
vitro release of fluconazole from different hydrophilic gels, containing HPMC, chitosan or
poloxamer 407 as gelling agents, propyleneglycol as cosolvent and various penetration
enhancers (glycerol, PEG 400, Tween 80, and cetrimide). Among the studied hydrogels, those
based on HPMC produced the higher percentages of fluconazole released after 6 h, either in
the presence or absence of glycerol (66.66 and 71.65%, respectively), glycerol was found to be
the most effective release enhancer [129].
Nonsteroidal anti-inflammatory agents, such as diclofenac sodium, oxicams (piroxicam,
meloxicam), and ethoricoxib, were used as model drugs in several studies investigating the
effects of the structure and the components of the vehicle on drug release and penetration from
cellulose-derivative-based hydrogels [126, 127, 130, 132, 133, 135, 136]. A base-gel formula‐
tion consisting of 2.5% hydroxypropylcellulose (Klucel), propyleneglycol, ethanol, and
water (1:1:1) was selected to investigate the effect of four penetration enhancers (dimethyl‐
sulfoxide, Tween 20, oleic acid, and menthol) on in vitro permeability of meloxicam through
IPM-saturated cellulose membranes and human cadaver skin [132]. Permeation studies
through human cadaver skin showed that the highest flux value (2.43 ± 0.47 μg/cm2/h), with
a corresponding enhancement ratio of 27.5, was obtained from HPC-based hydrogel contain‐
ing 5% menthol as penetration enhancer. According to the authors, the developed meloxi‐
cam gel formulation consisting of 2.5% Klucel® gel, 0.3% meloxicam, 5% menthol, and the
mixture of propyleneglycol, ethanol, and water (1:1:1) offers the possibility to deliver through
the skin therapeutically effective amounts of meloxicam [132]. The potential of 2.5% hydrox‐
ypropylcellulose hydrogel, containing a combination of enhancers, to produce a required flux
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of meloxicam to maintain therapeutic concentration, was confirmed by another study
performed by Chang et al. [133]. The effects of a combination of four penetration enhancers
(ethanol, propyleneglycol, menthol, and azone) acting by different mechanisms, on the
penetration of meloxicam sodium from HPC-based hydrogels through rat skin, was investi‐
gated by the response surface methodology. Also, the uniform design technique was ap‐
plied to prepare systematical model formulations, which were composed of four formulation
factors (the content of ethanol, propyleneglycol, menthol and azone); the penetration rate
(flux) was chosen as the response. The obtained results demonstrated, on one hand, that the
optimal meloxicam sodium hydrogel formulation can be designed using this response surface
methodology, and on the other hand, that menthol influenced, in the greatest extent, the skin
permeation of meloxicam sodium, followed by azone, ethanol, and propyleneglycol respec‐
tively. The optimal transdermal formulation, containing 1% meloxicam, 2.5% HPC, 37.1%
ethanol, 15.4% propyleneglycol, 2.9% menthol, 4.3% azone, and water, had appropriate flux
value (467.6 ± 89.3 μg/cm2/h) which met the required flux value of meloxicam (400 μg/h) for
maintaining a therapeutic concentration. Further, the in vivo absorption study showed that
meloxicam could be determined at 1 h after 2.3 cm2 topical administration and reached steadystate concentration in about 12 h; the bioavailability of the optimal meloxicam sodium gel was
about 50.1% [133]. In another study, aiming to determine the optimal base that promote the in
vitro release of piroxicam, several gel bases consisting of different polymers in various
concentrations (3% MC, 2% CMC, 3% HPMC, 0.5% Carbopols 934 and 940, and 20% Pluronic
F-127) were evaluated [136]. In each of these gel bases, piroxicam (0.5%) was incorporated as
such and in the form of a microemulsion, consisting of oleic acid as oil, Tween 80 as surfac‐
tant and propyleneglycol as cosurfactant. The developed gel formulations were evaluated for
their rheological properties, stability and in vitro piroxicam release through an artificial
membrane. Comparison of the in vitro release results showed that the 3% MC and 3% HPMC
gel bases loaded with piroxicam-microemulsion released the higher amounts of drug after 180
min (97% and 94%, respectively). However, considering also the rheological properties and
shelf life, the above mentioned HPMC gel-base loaded with microemulsion was proposed as
the most suitable vehicle for topical delivery of piroxicam [136].
Prakash et al. studied the in vitro release of ethoricoxib through rat epidermis and human
cadaver skin from several hydroethanolic gels based on different polymers as gelling agents
(Carbopol, HPMC K4M, MC, and HPC) in the presence of various permeation enhancers such
as DMSO, lemongrass oil, menthe oil, and oleic acid [127]. The results of ex vivo permeation
study revealed that hydroethanolic gel containing 2% HPMC with 2% lemongrass oil produced
the highest cumulative amounts of ethoricoxib permeated at 6 h (99.28%), similarly as the
studied marketed product (99.89%). Also, this formulation showed comparable anti-inflam‐
matory activity with the marketed product.
In our research work, a hydroethanolic gel based on 2% HPMC and 60% ethanol was used as
vehicle for a hydrophilic model drug (propranolol hydrochloride) in the presence of some
terpenes as penetration enhancers (menthol, camphor, eucalyptol, thymol, and α-bisabolol)
at 5% concentration [137]. The results of our in vitro permeation study through pig ear skin,
indicated that eucalyptol and α-bisabolol were the most effective terpenes in enhancing the
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skin transport of propranolol hydrochloride from HPMC-based hydroethanolic gels. Thus, we
considered that the gel formulations consisting of 3% propranolol hydrochloride, 2% HPMC,
60% ethanol, and 5% terpene (eucalyptol or α-bisabolol) should be an alternative to oral dosage
forms of this drug, recently reported as an effective treatment for infantile haemangioma [137].
These studies, but also many other, showed that the release properties of topical formula‐
tions and consequently of the base, are mainly controlled by the drug thermodynamic activity,
particle size and diffusion through the preparation. Generally, the diffusion coefficient of a
solute in a base is inversely related to the viscosity of the continuous phase. Consequently, the
drug release decreases with the increase of viscosity, which is due to the increase in gelling
agent concentration. Also, it was suggested that high polymer concentrations increase the
resistance to diffusion in a greater extent than expected, because the drug particles are trapped
by the polymer macromolecules and they are much closed to the respective entities. Moreover,
at high polymer concentrations the density of chain structures increases, thus limiting the drug
movement area. Therefore, in the case of gels, including those based on cellulose derivatives,
it is considered more appropriate to relate the diffusion coefficient of drug particles in solution
to the gel microviscosity, which controls the movement of the particles [138, 139].
8.2. Transdermal drug delivery
Nowadays, transdermal drug delivery is considered an attractive alternative to the conven‐
tional drug delivery methods (oral administration and injection) used for the systemic delivery
of drugs. Hydrogels, including cellulose-derivatives-based hydrogels, were proposed and
studied as transdermal drug delivery systems due to their several benefits including ease of
application and delivery, sustained and controlled drug release, reduced systemic side effects,
bypass of hepatic first pass effects and potential to provide a better feeling for the skin
compared with conventional ointments and patches [140]. A recent research paper evi‐
denced that a 1% HPMC-based hydrogel formulation produced higher permeation rates of
diltiazem hydrochloride through rabbit skin (1569.5 μg/cm2) than other studied gel formula‐
tions (organogels and bigels). Moreover, in vivo study of diltiazem hydrochloride as transder‐
mally applied antihypertensive agent revealed that the HPMC-based hydrogel formulation
produced a faster and sustained antihypertensive effect compared with other studied gels. The
superiority of diltiazem hydrochloride hydrogel based on 1% HPMC in terms of drug
permeation through the skin was attributed to high water content that facilitates the release
of the hydrophilic drug from the gel-base and increases epidermal cell hydration, thus
enhancing the drug diffusion across stratum corneum [141].
However, numerous drugs such as hydrophilic, high molecular weight, and charged active
substances are not able to penetrate the skin, because of their structure and physicochemical
properties. Therefore, in the recent past, physical penetration enhancement techniques
including ionophoresis, sonophoresis, electroporation, and laser irradiation gained attention
in transdermal drug delivery research. The therapeutic effects of above-mentioned electrical‐
ly assisted techniques, used alone as well in combination or further, in conjunction with
chemical enhancers, for transdermal drug delivery were intensively investigated [110, 142–
147]. Furthermore, hydrogels proved to be suitable formulations for assisted transdermal
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delivery by ionophoresis, sonophoresis, and electroporation due to their advantageous
characteristics such as ease of loading into the device, suitability with the electrode design,
good flexibility and fitting with the skin contour, strength, transparency, stability, and high
electrical conductivity, which is attributed to their high water content [116, 148, 149].
A number of studies reported the successfully transdermal delivery of different drugs from
cellulose-derivatives-based hydrogels using ionophoresis alone and combined with other
enhancement physical or chemical techniques. Tavakoli et al. [150] investigated the transder‐
mal iontophoretic delivery of celecoxib from several gel formulations, containing different
gelling agents (sodium alginate, sodium carboxymethyl cellulose, hydroxypropyl methylcel‐
lulose, and Carbopol 934P). Among the studied gel-bases, the hydrogel containing 4% HPMC
K4M was considered the optimal formulation for the iontophoretic studies, as it showed higher
spreadability and ability to retain on the skin, and released the highest percent of celecoxib
after 5 h (41.5%). The findings of the ex vivo studies showed that iontophoretic transport of
celecoxib from HPMC K4M-based hydrogels through rat skin was 2-fold higher than the
passive flux [150].
Recently, the feasibility of using a 2% HEC-based hydrogel as gel-base for successful ionto‐
phoretic transdermal delivery of the E-selectin antagonist CGP69669A, a sialyl Lewisxglycomimetic with potential activity against inflammatory skin diseases was reported.
Although the in vitro drug permeation through porcine and human skin from the hydrogel
formulation was lower than from aqueous solution, the skin deposition (more relevant for the
local treatment of dermatological conditions) was 3-fold higher, which was attributed to the
occlusive effect of the gel layer on the skin surface, increasing the degree of dermal hydra‐
tion and consequently promoting the permeation of the hydrophilic CGP69669A [151].
Nandy et al. studied the efficacy of iontophoresis used alone and in combination with chemical
enhancers (L-menthol and Tween 20) on transdermal delivery of atenolol from an aqueous
solution and several hydrogel formulations based on 3% sodium carboxymethly cellulose or
3% methylcellulose, through excised abdominal rat skin. The obtained results demonstrated
that cellulose-derivatives-based hydrogels were more suitable than a solution as transder‐
mal iontophoretic delivery systems, ensuring a sustained release of atenolol. Also, com‐
pared with passive delivery, iontophoresis increased the atenolol transport from all studied
gel formulations through rat skin. Moreover, the synergistic effects of iontophoresis and
chemical enhancers were revealed. Considering this and the superiority of L-menthol as
penetration enhancer compared to Tween 20, the NaCMC- and MC-based hydrogel formula‐
tions, containing 1.5% atenolol and 2% L-menthol combined with iontophoresis were
considered as the best drug delivery systems to achieve the desired drug level [152]. The
advantageous combination of iontophoresis and penetration enhancers for transdermal
delivery was also recently evidenced in the case of diclofenac sodium formulated as hydrox‐
yethylcellulose-based hydrogels containing different terpenes. The diclofenac sodium
hydrogel containing geraniol produced an iontophoretic flux 5.16-fold higher than the passive
control, being considered as optimal formulation [153]. Another research report revealed the
feasibility of using carboxymethylcellulose-based hydrogels for transdermal delivery of
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buprenorphine under the application of iontophoresis or electroporation, separately or
together [154].
8.3. Commercial products
A list of examples of pharmaceutical gel products, based on cellulose derivatives with their
corresponding therapeutic activity, is shown in Table 10. The pharmaceutical gel products
containing HPC offer the advantage of the polymer compatibility with high percentages of
alcohol.

Commercial gel and manufacturer

Cellulose derivative

Drug and therapeutic activity

Persa-Gel 10 (Otho Derm)

Hydroxypropyl

Benzoyl peroxide; antibacterial

methylcellulose
Diclac gel (Hexal AG)

Hydroxypropyl

Diclofenac sodium; antiinflammatory, analgesic

methylcellulose
Xylocaine jelly (Astra)

Hydroxypropyl

Lidocaine HCl; anesthetic

methylcellulose
ArthriCare triple-medicated gel

Hydroxypropyl

(Commerce)

methylcellulose

Methyl salicylate, menthol; analgesic, revulsive

Erygel (Herbert)

Hydroxypropylcellulose

Erythromycin; antibiotic for acnee

Retin-A gel (Ortho)

Hydroxypropylcellulose

Retinoic acid; antiacne

Compound W gel (Whitehall)

Hydroxypropylcellulose

Salicylic acid; keratolytic

DuoPlant gel (Schering-Plough)

Hydroxypropylcellulose

Salicylic acid; keratolytic

Hydrisalic gel (Pedinol)

Hydroxypropylcellulose

Salicylic acid; keratolytic

Keralyt gel (Summers)

Hydroxypropylcellulose

Salicylic acid; keratolytic

Fungicure-Tolnaftate gel

Hydroxypropylcellulose

Tolnaftate; antifungal

Naftin (Merz Pharmaceuticals, LLC)

Hydroxyethylcellulose

Naftifine; antifungal

Nurofen gel (Reckitt Benckiser

Hydroxyethylcellulose

Ibuprofen; antiinflammatory, analgesic

Sodium carboxymethyl

Wound dressing

(Alva-Amco Pharmacal
Companies, Inc.)

Healthcare Int. Ltd.)
IntraSite™ Gel (Smith and Nephew)

cellulose
GranuGel™ (ConvaTec)

Sodium carboxymethyl

Wound dressing

cellulose
Purilon Gel™ (ColoPlast)

Sodium carboxymethyl

Wound dressing

cellulose
Aquacel Ag™ (ConvaTec)

Sodium carboxymethyl
cellulose

Silver ions; wound dressing
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Commercial gel and manufacturer

Cellulose derivative

Drug and therapeutic activity

Silvercel™ (Johnson & Johnson)

Sodium carboxymethyl

Silver ions; wound dressing

cellulose

Table 10. Some commercially available gels containing cellulose derivatives.

9. Conclusion
Due to their typical properties, several water-soluble cellulose derivatives, namely methylcel‐
lulose, hydroxyethylcellulose, hydroxypropylcellulose, hydroxypropylmethylcellulose, and
sodium carboxymethylcellulose, have gained increasing interest for pharmaceutical applica‐
tions, being currently used as gelling agents in the development of topical drug delivery
systems. Among the specific properties, which support the extensively use of water-soluble
cellulose derivatives as thickening agents in dermal gel formulations, it can be mentioned the
diversity of cellulose derivatives, with broad compatibility with many active substances and
wide range of viscosities correlated with variable polymer concentrations. In the presence of
water, these hydrophilic cellulose derivatives form reversible hydrogels composed of
networks of dissolved macromolecules, which possess specific properties in terms of swel‐
ling behavior, gel point and sensitivity to external stimuli. The cellulose-derivatives-based
hydrogels are widely used as water-soluble ointment bases for dermal and transdermal drug
delivery, due to their unique characteristics such as transparency, high water content,
spreadability, good skin tolerability, bioadhesiveness, availability, and also biocompatibility
and biodegradability, which make them similar with living tissues. In addition, these
hydrogels with or without drug substances are relatively easy to prepare either on a small
scale (as in extemporaneous compounding) and on a large scale (industry). Although
numerous medicated and nonmedicated hydrogels based on cellulose derivatives have been
developed, studied and even patented, only few have reach the pharmaceutical market.
Therefore, more studies on this topic are expected so as to fully explore the potential of cellulose
derivatives hydrogels as dermal and transdermal drug delivery systems.
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Abstract
In this chapter, the modern uses of hydrogels in pharmaceutical and biomedical
applications are revised following an engineering point of view, i.e. focusing the attention
on material properties and process conditions. The chapter discusses the applications
following the increase in scale‐size. First, the nanoscale systems, i.e. hydrogel nanopar‐
ticles (HNPs), are analysed in terms of preparative approaches (polymerization methods
and uses of preformed polymers) and with a brief mention of the future trends in the field.
Secondly, systems based on hydrogel microparticles (HMPs) are examined following the
same scheme (polymerization methods, uses of preformed polymers, a mention of novel
and future trends). Thirdly, and last but not the least, the hydrogel‐based drug delivery
systems (macroscopic HB‐DDSs) are presented, focusing in particular on tablets made of
hydrogels, discussing the characterization methods and on the modelling approaches
used to describe their behaviour. Other macroscopic systems are also discussed in brief.
Even if the vastness of the field makes its discussion impossible in a single chapter, the
presented material can be a good starting point to study the uses of hydrogels in
pharmaceutical and biomedical sciences.
Keywords: nano‐hydrogels, micro‐hydrogels, macro‐hydrogels, drug release, model‐
ling

1. Introduction
Hydrogels are hydrophilic polymer networks, which are able to absorb and retain large amounts
of water. Networks can be composed of homopolymers or copolymers, and their network
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structure and physical integrity are due to the presence of cross‐links of chemical (tie‐points,
junctions) or physical (entanglements, crystallites) nature. Based on the stability/strength of
these cross‐links, hydrogels can either withstand exposure to water or they can degrade and
dissolve in water, after a given exposure time [1]. Because of the wide spectrum of chemical and
mechanical properties as well as their excellent biocompatibility, hydrogels have been exten‐
sively investigated for pharmaceutical and biomedical applications [2–6]. In particular,
hydrogels are the main component in controlled drug delivery systems (DDSs), as described in
reviews by Kamath and Park [7], Peppas [8], Peppas et al. [4] and Hoare and Kohane [9]. For
some drugs difficult to be administered, such as the protein, the hydrogels are one of the most
important ways to delivery [10–15]. Hydrogels are also interesting because they can be prepared
in situ [16–20], and their degradation times can be tailored by the used building blocks, the
chemical nature of cross‐links and the cross‐link density [21]. Importantly, because of their high
water content and soft nature, hydrogels are well tolerated by cells and tissues and therefore
they possess a good biocompatibility [22]. Hydrogels are also under investigation in the form
of nanogels as delivery systems for NABDs (nucleic acid‐based drugs, such as pDNA, siRNA
and mRNA) [23,24].
This chapter is intended to give an overview of the hydrogels in pharmaceutical applica‐
tions, with a particular—even if not exclusive—focus on the research activities carried out at
the University of Salerno by Transport Phenomena and Processes Group (http://grup‐
potpp.unisa.it). The chapter is organized following the size of the described systems: first of
all, the applications of nanoscale hydrogels are discussed, then the micro‐scale hydrogels are
analysed and, last but not the least, macroscopic drug delivery systems based on hydrogels
are presented. Of course, since this is a huge topic, the chapter cannot be exhaustive but it has
to be considered as a guiding path to explore the active researches in the field.

2. Nano systems
Over the past few years, hydrogel nanoparticles (HNPs) or nanogels have been investigated
as carrier systems for site‐specific and/or time‐controlled drug delivery. The reason for this
interest is because of the combination of the features of a hydrogel, i.e. hydrophilicity, high
water content and swelling ability, useful for controlled release [25] with those of a nanopar‐
ticle, especially the small size [26]. Both synthetic and natural polymers can be used in hydrogel
nanoparticles production for their different surface properties or bulk erosion rates to control
the release rate of active molecules. The former (synthetic polymers) include especially block
copolymers consisting of two or more segments of simple polymers (blocks) joined in some
arrangement, such as the biodegradable and biocompatible poly(D,L lactic acid) (PLA),
poly(glycolic acid) (PGA) and their copolymer poly(D,L‐lactic‐co‐glycolic acid)
(PLGA)polyvinyl alcohol and polyethylene oxide [27]. The latter (natural polymers) are
characterized by a variety of functional groups, a wide range of molecular weights and variable
chemical composition. Among them, polysaccharides are the more often used: they are
carbohydrate‐based polymers formed of repeating units (monosaccharides) joined together by
glycosidic bonds and can be of algal (alginate), plant (cellulose, starch) and animal (chitosan)
sources [28]. Therefore, hydrogel nanoparticles are ideal drug‐delivery systems due to their
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excellent drug loading capacity, high stability, biologic consistence, flexibility, versatility,
biocompatibility and response to a wide variety of environmental stimuli (such as ionic
strength, pH and temperature) [29]. The techniques for preparing hydrogel nanoparticles can
be divided into two main categories: methods exploiting the direct polymerization of
monomers (based on chemical cross‐links) and methods based on the use of preformed
polymers (based on physical interactions) [30].
2.1. Polymerization methods
The preparation of HNPs via monomer polymerization includes two simultaneous steps,
polymerization and formation of nanostructures, that can be accomplished by interfacial
polymerization, by emulsion polymerization or by controlled radical polymerization [31]. For
example, an inverse emulsion polymerization method was used for poly(ethylene glycol)
(PEG) cross‐linked acrylic nanoparticles for the controlled release of curcumin, a hydropho‐
bic molecule that inhibits proliferation and induces apoptotic cell death in numerous cell lines
established from malignancies such as leukaemia, breast, lung, prostate and colon tumours
[32]. In particular, emulsification was obtained by dispersing the aqueous phase, made of 10%
acrylic acid, 5% sodium hydroxide and 15% water, in a continuous lipophilic phase consist‐
ing of liquid paraffin (68%) and emulsifiers (2%): Span 80 and Tween 80 (75:25 ratio). To the
mixture, first a PEG diacrylate (1%) as cross‐linker and then the initiator, ammonium persul‐
phate, were added. The polymerization was performed at 60°C for 6 h. The obtained parti‐
cles were centrifuged, washed and finally freeze‐dried. Curcumin was loaded in polymer
nanoparticles after polymerization: a nanoparticle/water solution was placed in contact with
a solution of curcumin dissolved in chloroform under constant stirring (by vortex) and
sonication. The curcumin‐loaded nanoparticles were then lyophilized. They showed a higher
entrapment efficiency and lower particle size with the decrease of the cross‐linking degree,
and a release rate dependent on the pH of the releasing medium, in particular, a high swelling
at pH 7.4 than at pH 2.2. However, a higher cross‐linking degree caused a reduction of the
HNPs swelling at pH 7.4, thus a more controlled increase in mesh size that allowed a lower
initial burst release followed by a sustained release. Moreover, curcumin HNPs showed in vitro
a cellular uptake similar to their free counterpart confirming their ability to overcome the
barrier of curcumin's aqueous dispersibility, facilitating the in vivo administration. Again, they
showed more cytotoxicity and apoptotic effects towards cancer cells than free curcumin,
thanks to both nanoparticulate form and the use of hydrophilic polymers for minimizing the
opsonization and prolonging the in vivo circulation of HNPs. A different polymerization
technique was the PRINT (particle replication in non‐wetting templates) particle fabrication
technique, which is characterized by a higher degree of difficulty, but by complete, orthogo‐
nal control over particle characteristics, and an easiness of scaling up [33]. Ma et al. pro‐
posed a PRINT particle fabrication technique for the production of hydrogel nanoparticles
conjugated with siRNA (short interfering RNA, highly used for gene therapy) [34]. The same
technique was used by Kai et al. for the nano‐encapsulation of cisplatin, a cytotoxic drug used
in therapy against a wide variety of cancers [33]. In both cases, a pre‐particle solution was
prepared by dissolving different percentages of reactive monomers in methanol, where the
reactive monomers were: a cure‐site monomer, the oligomeric poly(ethylene glycol) (PEG,
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MM: 700 g/mol) with terminal acryloxy functionality; a hydrophilic monomer, tetraethylene
glycol monoacrylate (HP4A); an amine containing monomer, 2‐aminoethyl methacrylate
hydrochloride (AEM), for providing the amine functionality needed to conjugate PEG onto
the surface of the PRINT particles; a photoinitiator, diphenyl (2,4,6‐trimethylbenzoyl)‐
phosphine oxide (TPO). A thin film was drawn onto polyethylene terephthalate (PET),
laminated to the patterned side of the mould and delaminated at the laminator nip roll. Then
particles were cured by passing the filled mould through a UV‐LED; a polyvinyl alcohol
harvesting sheet was hot laminated to the filled mould and cooled to room temperature and
particles were removed from the mould by splitting the harvesting sheet from the mould.
Particles were then harvested by dissolving the polyvinyl alcohol in water and passed through
a filter. After centrifuge, the cisplatin‐containing particles were also subjected to PEGylation
and succinylation. Incubation of the active molecules for obtaining the conjugation with the
HNPs followed. siRNA‐conjugated HNPs were characterized by a loading efficiency of up
to 29% and high transfection efficiency in vitro by efficiently controlling hydrogel composi‐
tion, surface modification and siRNA loading ratio. For cisplatin HNPs, an inverse correla‐
tion between PEG density (conformation that surface‐bound PEG chains achieve:
‘mushroom conformation', with low density PEG coverage, i.e. PEG chains are not fully
extended away from the nanoparticle surface, and ‘brush conformation’ with the PEG chains
extending away from the nanoparticle surface, resulting in a thick layer ) and drug loading,
and an improved exposure in the blood (higher total amount of drug reaching circulation) and
tumour accumulation (due to both nanodimensions and PEG presence), with concurrent renal
protection were observed.
2.2. Preformed polymers: physical and chemical interactions
Chemically cross‐linked nanogels need the presence of reactive sites along the polymer chains.
Some polymers possess inherent reactive sites, such as polyethyleneimine (PEI) with a high
density of amine functional groups, or natural polymers containing amine or carboxylic acid
groups. Chemical cross‐linking provides nanogels with a great structural stability owing to
irreversible inter‐ or intra‐molecular covalent bonding formations. The chemical networks in
the core inhibit the simple diffusion of hydrophobic drug molecules, giving enhanced
encapsulation efficiency. However, some drawbacks can arise—sometimes the desired
functionality requires complex chemical modifications of cross‐linkers causing the loss of
nanogel versatility; also, small chemicals for the cross‐linking reaction can be toxic for medical
uses [35].
2.3. Novel and future trends
Physically cross‐linked HNPs, usually obtained in aqueous media with mild conditions, can
be modified in size by changing some parameters, such as the pH value, ionic strength and
temperature [29]. In particular, amphiphilic polymers can self‐assemble into micelles with
core–shell structure: the hydrophilic outer shell allows a prolonged circulation, i.e. it is a barrier
against recognition and opsonization, and the hydrophobic core increases the drug loading
via hydrophobic or electrostatic interactions [36]. Physical interactions are of two typologies:
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amphiphilic association, based on Van der Waals links, including hydrogen bond and
hydrophobic interaction, and electrostatic interaction. Used preformed polymers can be
consequently divided into amphiphilic or triblock copolymers that form self‐aggregates in
water by undergoing intra‐ and/or inter‐molecular association between hydrophobic moiet‐
ies due to the minimization of interfacial free energy, and polymers modified with the aim to
have reactive sites to form physical cross‐links via electrostatic interaction [37]. To obtain
physical cross‐linking by self‐association, hydrophobic polymers chains, such as poly(lactic
acid), were grafted on a backbone of dextran in order to obtain water‐soluble biodegradable
graft copolymers of dextrose and PLA able to form nanometric aggregates in an aqueous
solution [38]. The nanogel was prepared by the solvent exchange method: the copolymer was
first dissolved in dimethyl sulphoxide (solvent for both PLA and dextran); then distilled water
was added at a rate of 1 drop every 10 s under high shear stirring until a water content of
about 30–50 wt% was reached; the resulting solution was dialyzed for organic solvent removal,
after that the solution turned slightly opaque because of an aggregate formation with the
hydrophobic PLA cores and the hydrophilic dextran skeleton. The mean diameters of the
aggregates ranged from 16 to 73 nm with narrow size distribution. Moreover, copolymers
showed low critical aggregation concentration values, further decreasing by increasing the
amount of hydrophobic PLA, indicating a strong tendency of the copolymers towards
formation of stable nanogels.
Recent trends in preparation of HNPs exploit the use of a hydrogel core in liposome nanopar‐
ticles to obtain lipogels. Liposomes are vesicular structures consisting of an aqueous core
enclosed in one or more phospholipid layers which possess low intrinsic toxicity and immu‐
nogenicity, capability to incorporate hydrophilic and hydrophobic drugs and good biocom‐
patibility [39]. Wang et al. demonstrated for the first time the possibility to form a poly(acrylic
acid) (PAA) hydrogel core in liposomes for the encapsulation of an anticancer drug 17‐
DMAPG, a geldanamycin (GA) derivative [40]. In particular, a PAA hydrogel core was formed
inside liposomes (already produced by the thin film hydration method) through UV‐initiat‐
ed activation and polymerization of acrylic acid (AA) and N,N'‐methylenebis(acrylamide)
(BA). An optimized pH gradient and electrostatic/hydrophobic interactions between cation‐
ic drug and anionic gel in the liposomal core were used to obtain about 90% of loading
efficiency of the active molecule and its sustained release independently of the external
solution pH, confirming that the lipid bilayer was intact in the presence of the gel core.
Moreover, lipogels did not exert cytotoxicity to cells in vitro neither at the highest concentra‐
tion tested (about 0.4 mg/ml of material).
These few examples showed how polymeric hydrogel nanoparticles are particularly attrac‐
tive, thanks to their easiness of production, affordability and ability of incorporating a variety
of active molecules, including proteins, peptides and oligosaccharides, anti‐tumour agents and
vaccines. However, the development of these systems still require a more comprehensive
characterization, especially about the structure of the HNPs, the application of novel materi‐
als with targeting and environmental sensitivity, the toxicology effect and the interaction with
cells and tissues in vivo, before their full potential can be exploited.
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3. Micro systems
When hydrogels are in the form of macroscopic links confined to micrometric dimensions,
they are termed as microgels or hydrogel microparticles (HMPs), which are different in size
from the sub‐micrometrc HNPs (nanogels) [41]. The size of the particles is a crucial factor in
determining their properties: the specific surface area of a spherical particle, as well as the
diffusion rate, is inversely proportional to the diameter, and the time required for a stimulus
to reach the centre of a gel particle is proportional to the square of the particle's diameter. Thus,
a smaller particle is a much quicker and more serviceable tool; however, if the particles are too
small, they sometimes can cause problems such as difficulty in handling, difficulty in recovery,
unavoidable dissipation and so on. Due to their size and environmentally sensitive nature,
microhydrogels can be used as smart micro‐containers, micro‐reactors, building block for
intelligent materials and for optically functionalized devices [42]. Microgels show unique
advantages in comparison with other polymer systems: in particular, a fast response rate to
external stimuli; suitability for subcutaneous administration; high biocompatibility for the
large amount of water in the swollen state; a large surface area for multivalent bioconjuga‐
tion; an internal network for the incorporation of several active molecules, thus large drug
loading capacities; and adjustable chemical and mechanical properties, and soft architecture
enabling them to flatten onto vascular surfaces, thus simultaneously anchoring in multiple
points [43]. As already seen for HNPs, hydrogel microparticles can be formed from both
natural and synthetic polymers and produced by essentially two methods: particle‐forming
polymerization, including inverse emulsion polymerization and precipitation polymeriza‐
tion, and molecular assembly of existing polymer molecules in aqueous solutions, aided by
the external stimuli, such as temperature, pH and/or the presence of polivalent ions [44]. In
particular, microgels of synthetic polymers are usually obtained starting from a monomer,
such as acrylic acid, methyl methacrylate, acrylamide and ethylene glycol. Some examples are
pH‐sensitive hydrogel P(MAA‐co‐EGMA) microparticles obtained by dispersion photopoly‐
merization by using MAA and ethylene glycol (EG) as monomers [45] and pH‐sensitive
microhydrogels prepared from N‐vinylcaprolactam and methacrylic acid monomers by free
radical polymerization [46]. Instead, biopolymer microgels are obtained either by the poly‐
mer itself, for example, alginate or chitosan that is gelled in a microparticle, or by a macro‐gel,
which is mechanically comminuted for producing anisotropic and irregularly shaped
microgels, of high interest for tissue replacement applications [47], for biosensor, diagnostics
and targeted drug delivery [48]. Methods for producing HMPs are shown in Table 1.
Particle properties which can be manipulated to obtain good entrapment and release
properties are: the degree of crosslinking; particle size and size distribution; polymer type
(controlling their responsiveness to the environment pH, temperature or enzymatic response);
particle surface charge; and particle shape from spherical to elongated rods and fibres. HMPs
can also be designed to shrink or swell by creating an imbalance in the osmotic pressure
between their inside and outside via alteration of pH, temperature or ions in the suspension
[49]. Moreover, existing microhydrogels can be modified to improve their properties or
functions by using post‐treatments such as surface modification, that is, surface grafting or
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surface graft polymerization, and composite formation by inclusion in HMPs of functional
nanoparticles, such as colloidal metals, semiconductor nanocrystals and magnetic
nanoparticles.

Polymerization methods

Molecular assembly

Dispersion photopolymerization: It involves the mixing of

Emulsion technique: Uniform‐sized droplets

monomers with the addition of cross‐linker, UV‐initiator and

(obtained by microfluidics or membrane method) are

dispersion stabilizer followed by ultraviolet light irradiation

dispersed into a continuous phase resulting in oil in
water, water in oil or multiple emulsions. After the
formation of emulsion, the cross‐linking agent is
incorporated to harden the final product.

Free radical precipiation polymerization: It is a heterogeneous Physical gelation: Uniform‐sized droplets (obtained
polymerization that involves a continuous phase in which

by atomization by different ways, such as twin nozzle

monomer and initiator are completely soluble. When the

or ultrasonic atomization) of biopolymer form a

reaction starts, the yielded polymer remains insoluble and

network structure through non‐covalent bonds, such

precipitates.

as hydrogen bonding, electrostatic (ionic) interactions
and hydrophobic interactions, under specific
conditions (for example, temperature or pH).

Free radical polymerization: It involves a repeated addition of

Chemical gelation: Uniform‐sized droplets (obtained

free radicals building blocks and requires polymer, monomer,

by atomization by different ways, such as twin nozzle

initiator, and cross‐linker. In most cases, the HMPs are obtained or ultrasonic atomization) of biopolymer form a
by passing hydrogel through a sieve of desired size, using an

network structure via covalent bonds with a chemical

anti‐solvent, or by stirring at a high rate.

cross‐linking agent.

Inverse emulsion polymerization: It involves the water in oil

Macro‐gelation: It involves the comminution of a

polymerization method: water‐soluble droplets are uniformly

macro‐gel during its gelation in microgel by shearing

dispersed by mechanical stirring in a continuous organic phase the gel to form uniform droplets or, for proteins, by
with the help of oil‐soluble surfactants. Polymerization is

interrupting the aggregation process of random coil

initiated in aqueous droplets upon addition of a radical

proteins with shearing or denaturing the protein,

initiator.

followed by cooling to form a network gel
structure.

Ionic gelation method: A solution containing the monomer–
cross‐linker and a solution with the polymer and an initiator are
mixed, and the reaction is carried out at a given temperature for
a specific time.
Table 1. Methods for producing HMPs.

3.1. Polymerization methods
As shown in Table 1, the production of HMPs via polymerization can be accomplished by
several methods, that is, photopolymerization, precipitation polymerization, free radical
polymerization, inverse emulsion polymerization and ionic gelation polymerization. Han et
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al. produced hollow‐structured poly(vinyl amine) (PVAm) hydrogel particles, which are able
to encapsulate macromolecules, by using the in situ hydrolysis/cross‐linking reaction on
poly(N‐vinylformamide) (PNVF) particles, previously obtained by using dispersion polymer‐
ization [50]. PNVF particles were produced by performing the polymerization at 70°C for 24
h of a mixture of 19 g of N‐vinyl formamide and 1 g of N,N'‐methylene‐bisacrylamide (MBA)
in 170 g of methanol containing an initiator, 2,2'‐azobis(isobutyronitrile) (AIBN) and a
stabilizer, poly(2‐ethyl‐2‐oxazoline) (PETOZO). After polymerization, all unreacted mono‐
mers and additives were completely removed by repeated centrifugation with an ethanol. The
PNVF particles (about 1 g) were then re‐dispersed in an ethanol solution containing glutaral‐
dehyde, GA (76 ml, conc. GA: 0.1 mol/l). Then, 40 g of a 2 N sodium hydroxide aqueous solution
was slowly added and the reaction was carried out at 80°C for 12 h. After washing away by‐
products, PVAm hydrogel particles were obtained. They were generated by competition
between the partial disconnection of the cross‐linked network in the centre part of PNVF
particles and the secondary cross‐linking induced by additional reaction of glutaraldehyde
with primary amine groups in the PVAm chains located at the periphery of the particles (the
secondary cross‐linking depended on the glutaraldehyde diffusion from the continuous
phase). Particles were characterized by an average diameter of 2.3 μm and showed a dis‐
crete spherical hollow capsule structure. As the cross‐linked hydrogel shell is formed by the
diffusion‐limited secondary cross‐linking, the thickness of the shell was constant at approxi‐
mately 250 nm (the cross‐linking density could be tuned by changing the concentration of
glutaraldehyde). Except the cases using a high amount of glutaraldehyde, all the particles were
found to be non‐toxic to the cells, that is, it is the glutaraldehyde moiety that affects the cell
viability, and not the cationic moieties in PVAm chains. Moreover, regardless of the cross‐
linking density of the hydrogel phase, the HMPs were very adhesive to both the normal human
keratinocyte cells and the normal human dermal fibroblast cells. Thus, the carrier system
seemed to be applicable for macromolecule delivery into the cell.
Thermo‐sensitive microgels useful as drug carriers were produced by precipitation copoly‐
merization of N‐isopropylacrylamide (NIPAM) and N‐hydroxyethylacrylamide (HEAM) with
various concentrations of a cross‐linker in the presence of an anionic surfactant, sodium
dodecylsulphate (SDS) [43]. In particular, the poly(NIPAM‐co‐HEAM) HMPs were synthe‐
sized by free radical precipitation polymerization: a water solution of NIPAM, HEAM, N,N'‐
methylene‐bis‐acrylamide (BIS) and SDS was first heated to 70°C under a gentle stream of
nitrogen, after 1 h a solution of potassium persulphate (KPS) was inserted to start the reaction,
that proceeded for 8 h. After cooling the product to room temperature, the obtained HMPs
were purified by dialysis and then freeze‐dried. The monomer ratio was defined by the
knowledge that the linear copolymer poly(NIPAM‐co‐HEAM) at 10:2 molar ratio in the initial
reaction mixture has a lower critical solution temperature (LCST) close to the physiological
temperature of 37°C. The volume phase transition temperature (VPTT, a characteristic of all
thermoresponsive gels) was evaluated by different methods and it approached very close to
the human body temperature, thus confirming the applicability of these HMPs for biomedi‐
cal and biological applications (requiring a sharp phase transition around the physiological
temperature). In effect, the in vitro release rates of a model drug, propranolol, was strongly
influenced by the temperature: below the VPTT, when HMPs were in a swollen state and no

An Engineering Point of View on the Use of the Hydrogels for Pharmaceutical and Biomedical Applications
http://dx.doi.org/10.5772/64299

steric or hydrophobic interactions occurred, the drug was rapidly released, whereas above the
VPTT, shrunk HMPs produce a reduced release rate.
3.2. Molecular assembly
Self‐assembly methods are characterized by the use of amphiphilic polymers that
spontaneously form self‐aggregates in water (in this way the uses of solvents and harsh
reaction conditions are avoided) by undergoing intra‐ and/or inter‐molecular association
between hydrophobic moieties due to the minimization of interfacial free energy. This process
allow the production of both particles with a shell‐core structure and good stability, depending
on hydrophobic/hydrophilic constituents and polyelectrolytes complexes between two
polymers having different charges, for example, polysaccharides of complementary charge.
Moreover, polyelectrolytes can aggregate into microparticles by cross‐linking with substances
with opposite charge via electrostatic interaction by the ionotropic gelation [30]. For example,
chitosan undergoes ionic gelation due to the complexation with oppositely charged species,
such as tripolyphosphate (TPP). Barba et al. deeply studied the release kinetics and the
influence of the structure of chitosan‐TPP complexed particles on transport phenomena [51].
In particular, vitamin B12‐loaded chitosan microparticles were produced by dripping or
nebulizing via ultrasonic atomization in a water solution of 1% w/w chitosan (containing 0.2%
w/w of B12) in the cross‐linking solution of 1% w/w TPP (with defined reticulation time and
stirring), as shown in Figure 1. Then particles were filtered, washed and finally stabilized by
convective drying at 50°C. The concentration of chitosan was chosen taking into account that
low values brought low encapsulation efficiency and poor particles consistence, instead, at

Figure 1. Sketch of the homemade apparatus assembled and used to produce chitosan and alginate cross‐linked HMPs.
From Barba et al. [51], Copyright © (2012) Croatian Society of Chemical Engineers.
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large values, highly viscous solutions that are difficult to process are obtained. In a similar
manner, the concentration of TPP was chosen, taking into account that chitosan cross‐linked
structure obtained at pH 3 had a higher density (and lower porosity) then those reticulated at
pH 9. The milli‐ and micrometric particles (from dripping and ultrasonic atomization,
respectively) presented an average diameter of 3.75 mm and 613 μm, respectively. High losses
of B12 in the reticulating bulk, giving a low encapsulation efficiency, and a very fast B12 release
rate were observed for both the particles: after 30 min more than of 70% of active molecule was
transferred in the dissolution bulk. These phenomena suggested that diffusion was the
dominant transport phenomenon, thus polymeric network mesh‐size (PNMS) was placed
under investigation. A simple model of the drug release was proposed, considering a drug‐
containing spherical particle inserted in a dissolution medium, to obtain the evolution of the
drug concentration with time, in function of known or estimated parameters, such as number
of particles, particles radius, volume of dissolution medium and initial drug loading
concentration, and of the unknown parameter B12 diffusivity:
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The fitting between experimental data and model data allowed to calculate the B12 diffusivi‐
ty through the polymeric shell resulted in larger milli‐metric particles because the kinetics
(and the extent) of the reticulation may be affected by the size of the produced droplets and
ultrasound can have an effect on gel network. These values were inserted in a relationship
obtained starting from the volume free theory (proposed by Lustig and Peppas and tested by
Amsden):
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In this way, they were able to calculate the mesh sizes of two kind of particles (2.3 nm for milli‐
particles and 1.2 nm for microparticles), that were shown to be larger than the B12 Stokes
radius (0.86 nm, estimated by www.chemspider.com); thus, they were able to demonstrate
that the hydrogel structure had to be modified (by physical protocols, for example, by
microwaves curing, or by the use of reactive chemical agents) in order to keep the active
molecule inside.
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The same relationship was already used for estimating the release of a little molecule,
theophylline (TP), from calcium chloride‐cross‐linked alginate HMPs [52]. Production of
particles was performed in the same plant used for chitosan (Figure 1). An alginate/TP aqueous
solution was atomized into a beaker containing 80 ml of a stirred calcium chloride solution
(concentration 8.9 g/l) in order to have a rigid network deriving from the coordination of
alginate molecules by bivalent positive ions. Once reticulated, the alginate particles were
separated by centrifugation or by filtration and dried. Also in this case, the mesh size of

Figure 2. (A) Schematic diagram of the microparticles production. (B) Layout of the microencapsulation single‐pot
semi‐continuous bench scale apparatus (Z‐1, ultrasonic double channel atomizer; D‐3, wet collector; B‐1, microwave
oven cavity; G‐1/G‐2, peristaltic pumps‐core and shell feeding channels; G‐3/G‐4, centrifugal pumps‐reticulation solu‐
tion feeding and suspension recirculation; D‐1/D‐2, core and shell feeding tanks; D‐4/D‐5, reticulation solution tank,
rinsewater tank; and F‐1, filter; box with dashed line: MW cavity). Reprinted with permission from Dalmoro et al. [54],
Copyright © (2014) American Chemical Society.
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polymer network was not able to retain the small molecule: from the equation of the release
kinetic by diffusion from a sphere, using the estimated TP diffusivity in sodium alginate
membranes and the particles size (about 100 μm), a 99.9% release of the encapsulated drug
after 2–3 s in a water medium (thus the cross‐linking bulk) was estimated. To improve the
entrapment of a model drug in cross‐linked alginate particles, an external protection could be
the right choice, thus shell‐core particles were produced and compared to matrix (only core)
system. Dalmoro et al. produced both shell‐core and matrix beads of alginate encapsulating
vitamin B12: the shell water solution (alginate 1.5% w/w) and the core water solution
(alginate 1.5% w/w and B12 0.525 g/l and some drops of Tween 80) were separately pumped,
under controlled conditions, into a stainless steel coaxial double‐channel device (a variant of
a typical drop generation systems, such as a syringe used to produce large drops) and dropped
into a stirred water calcium solution (0.89% w/v) to promote alginate chains reticulation. For
matrix particles production, only core channel was fed. After a given time of exposure to
calcium ions, they were filtered, and washed by distilled water. Dissolution tests of B12‐loaded
particles showed that the presence of an additional thin layer of reticulated alginate (the shell‐
core structure) reduced losses during production, giving a loading B12 ratio of about 70% for
shell‐core systems, higher than that of matrix systems, of about 45% (same value theoretically
estimated from the equation of the release by diffusion from a sphere), and allowed a delayed
B12 release [53]. An evolution of shell‐core dripping was the use of a double‐channel ultrasonic
nozzle for the production of shell‐core HMPs. Dalmoro et al. proposed the design of a novel
process to produce microparticles with a shell‐core structure in a bench scale apparatus
purposely realized, involving the coupling of atomization assisted by ultrasonic energy and
microwave heating for stabilization (Figure 2) [54].

Figure 3. Structure of the HMPs produced by ultrasonic‐atomization—two stage polyelectrolyte complexation. From
Dalmoro et al. [59], Copyright © (2016).
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A core feed aqueous solution, composed of 1% active principle, α‐tocopherol, 1.5% alginate
and a mesh size reducer, Tween 80 (as previously described in [53]), together with the shell
feed solution, made of an aqueous solution of 1.5% alginate, were sent to the coaxial ultrason‐
ic atomizer for the nebulization in the CaCl2 cross‐linking aqueous solution. Then they were
filtered and stabilized in the same apparatus and finally recovered. Also in this case, the matrix
system was obtained by atomizing only the core solution, containing the active molecule and
alginate, in the inner channel leaving the external one empty. Both the kinds of HMPs (shell‐
core and matrix) showed an encapsulation efficiency of around 100% and globally good enteric
release properties because α‐tocopherol was negligibly released at simulated stomach pH 1,
and completely released only at intestine simulated pH 6.8. Again, shell‐core HMPs were
preferable to matrix ones, confirming the functional role of the shell structure because they
showed a better gastro‐resistance, that is, a smaller amount of α‐tocopherol released at acidic
pH. Moreover, microwave treatments, used for stabilization, proved to be useful in control‐
led drug release since they caused a little delay in α‐tocopherol release, especially for shell‐
core HMPs. The described production process not only gave alginate HMPs with good drug
release and entrapment properties, but shown several other advantages [55], that is, it was
simple, able to operate at room conditions and in absence of solvents, low energy consump‐
tion, thanks to the use of ultrasound compared to conventional techniques of atomization [56],
with easily predictable and tuneable features (size) of the micro‐droplets as function of process
parameters [56,57]. The process proved to be versatile allowing the encapsulation of a
molecule, ergocalciferol (vitamin D2), which is less lipophilic than α‐tocopherol [58]. The
alginate concentration and flow rates of shell and core solution were kept unchanged. The
variations needed to encapsulate D2 were: vitamin D2 was first dissolved in ethanol and then
emulsified with the aqueous core feeding solution in order to achieve a concentration of 0.2%
(w/v) of D2; Tween 80 in core solution as stabilizer was replaced by Pluronic F127 for its
amphiphilic properties, that is, for its ability to link to alginate with the hydrophilic moiety
and to D2 with the hydrophobic one. Optimization of manufacturing parameters allowed to
obtain high encapsulation efficiency (nearly 92%); good gastro‐resistance properties (less
than 10% release at pH of 1.0, nearly 100% release at pH of 6.8 and 240 min of dissolution);
limited ergocalciferol degradation after 5 months of storage, reduction of D2 degradation
during microwave‐assisted stabilization process compared to the convective one. Another
modification of the process, that is, the coupling of the ultrasonic atomization technique with
the polyelectrolyte complexation, allowed to produce enteric shell‐core HMPs encapsulating
an anionic gastrolesive drug, indomethacin (Figure 3) [59]. Again, both the solutions, core and
shell feed (with unchanged features), were sent to the coaxial ultrasonic atomizer where they
were nebulized and placed in contact with the cross‐linking solution. In this case, the cation‐
ic Eudragit® E 100 (E100) was used as a new complexing agent for the anionic alginate and
also to interact with the anionic drug to raise encapsulation efficiency. However, E100 dissolves
at pH < 5, thus particles obtained after cross‐linking were filtered and put in a solution of the
anionic Eudragit® L30D‐55 (L30D) copolymer that interacted with the cationic E100 and
formed an external gastro‐resistant layer on the fine droplets (fresh shell‐core microparticles).
HMPs were then centrifuged and freeze‐dried. The interaction of the cationic E100 with
alginate first, and then E100 with L30D‐55, obviously caused the formation of larger parti‐
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cles than the previous cases where there was the interaction of alginate with bivalent ions.
Also, HMPs obtained by the double complexation method showed high encapsulation
efficiency (about 74%) and good enteric release properties.
3.3. Novel and future trends
The methods used for HMPs production are numerous and their suitability depends on the
polymer carrier as well as the functionality, particle size and particle size distribution required.
Some methods are accessible at industrial scale, although methods producing HMPs with a
mono‐disperse size distribution are currently best suited to laboratory‐scale manufacturing
only [49]. Moreover, HMPs are sometimes very sensitive to the presence of contaminants, thus
this feature must be improved for enlarging their application field. Therefore, the research
must aim at the development of novel innovative matrices with controlling mechanical
viscoelastic properties, versatile swelling performance, size and internal organization,
triggered degradation behaviour and the enhancement of their biological interactions with
body components. It will be also interesting to explore ‘softness’ for developing biomimetic
particles (i.e. artificial cells), shape changing colloids or particles which evolve or move in time
based on local chemical cues from each other or other entities (e.g. cells). Fundamental will be
also the studies about the mechanisms of passive (traditional methods, i.e. polymerization or
gelation) and driven (innovative methods, such as lithographic processing where hydrogel
colloids are templated in a highly controlled and reproducible manner) self‐assembly in HMPs.
There are also still many opportunities not yet realized in the food industry, such as the
possibility to use them for food preservation (thus, compatibility with foods), satiety control,
encapsulation of phytonutrients and prebiotics and texture control for healthier food formu‐
lations.

4. Macro systems
4.1. Compressed tablets
Among the compressed systems used in oral administrations, the hydrogel‐based tablets and
matrices are the most diffused and, consequently, studied. The process of drug release from a
hydrogel‐based matrix is very complex and different transport phenomena have to be taken
into account. For these reasons, during the years several experimental techniques and
modelling approaches have been developed to describe the whole release process, starting
from simplified systems (i.e. simple geometry, reduced number of components or 1D mass
transport allowed), to more complex systems (i.e. complex geometry, pharmaceutical forms
composed of several units, each with a specific behaviour).
4.1.1. Experimental approaches
The first step to characterize a hydrogel matrix behaviour is to measure the swelling phenom‐
enon, which can be quantified by water uptake measurement [60], by evaluation of the swelling
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ratio [61] or by rheological analyses [62]. Each of these measurements can be performed using
several experimental techniques, ranging from the simple gravimetric technique to evaluate
the weight gain after a certain dissolution time [60], to a colorimetric technique combined with
the image analysis to identify the position of the swelling, the diffusion and the erosion
fronts [63]. In general, to describe the swelling phenomenon, the use of a combination of
experimental techniques, each with its pros and cons [64], is widely diffused [65] due to the
plurality of the aspects involved.
From an engineering point of view, the experimental measurements that characterize the
hydrogel behaviour inside a compressed pharmaceutical form can be divided into two
groups: (i) the macroscopic measurements, which involve the changes of the whole matrix,
how the entire system evolves during the time; and (ii) the microscopic measurements, which
involve the changes inside the matrix, how a single part of the system is affected by the external
conditions during the time.
Typical examples of macroscopic measurements on a tablet are the evaluation of the total water
uptake of the polymer eroded and the drug released after a certain dissolution time. The water
uptake and the polymer eroded can be easily obtained by a gravimetric technique, which
allows to determine their amounts in the whole matrix during the dissolution time. Concern‐
ing the drug eventually contained into the matrix, using an analytical technique, such as a
spectrometric or a HPLC method, the amount of drug released can be measured and, since the
initial amount of drug in the tablet is usually a known quantity, the drug amount residual into
the matrix can be calculated. Thus, by the use of simple techniques all the macroscopic profiles
can be measured [66].
In order to understand which parameters and phenomena influence the hydrogel behaviour,
a microscopic analysis can be of aid in evaluating what happens inside the polymeric matrix.
As described above, when the water diffuses inside the matrix, the polymer starts to swell,
leading to the formation of a gel layer, which modulates the rate of drug release. For this reason,
evaluate the water distribution inside the matrix is a key topic in the pharmaceutical applica‐
tions and it is the basis of a deeper knowledge of the swelling process, necessary to under‐
stand the tablet behaviour. One of the most used techniques to evaluate the water distribution
inside a polymer matrix (i.e. for a cylindrical tablet along the radius of the matrix) is the image
analysis technique. The basic principle of this method is that, during the hydration of a tablet
inside a dissolution medium, a camera records several grey‐scale pictures of the tablet, which
has a different grey level, depending on the hydration level [67] (i.e. in the glassy white core
of the tablet, where the water has not penetrated, the image remains white, whereas in the
hydrated gel the image is darker). Based on this non‐destructive technique, after a proper
calibration, it is possible to determine the water mass fraction along the radius of a swelling
matrix made of pure hydrogel in which the water uptake is allowed only in the radial
direction [67]. This last hypothesis is fundamental to maintain the water content uniform in a
given section of the matrix. Moreover, with the aid of the image analysis, the movements of
the erosion, swelling and diffusion fronts can be evaluated [68]. The main drawback of this
technique is that if a third component (i.e. a drug) is added to the polymer (and water) in the
tablet, it may interfere with the light intensity and the correlation may fail.
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Focused on the development of a non‐invasive method to study the behaviour of hydrophil‐
ic matrices, a technique based on the nuclear magnetic resonance imaging (NMRI) to pro‐
duce a two‐dimensional map of the density of nuclei inside a complex object has been
developed [69]. This technique is very useful to characterize the water content and the diffusion
phenomena in a swollen hydrogel matrix, and the evolution of the matrix diameter during the
swelling [70]. The extent of the swelling can be identified evaluating the position of the
interface between the dry core of the tablet and the swollen region; the erosion front can be
identified at the interface between the dissolution medium and the swollen region. By the
coupling of a NMR micro‐imaging analysis and of an ad hoc experimental apparatus [71], it is
possible to study the water uptake and the swelling behaviour of extended release tablets of
hydrogels [72]. Once a NMR image has been taken, at each pixel of the image can be associat‐
ed a numerical value that can be put in relation with the proton T2 relaxation (due to the water
protons). Once the proton relaxation has been associated with the amount of water inside the
tablet with a calibration [73], the hydration level of the matrix during the dissolution can be
evaluated both in the axial and in the radial direction, which is a great improvement com‐
pared with the simple image analysis technique.
A laborious but effective technique to determine all the mass fractions inside the matrix is the
gravimetric technique [66], which can be used both for simplified systems, for example, a
cylinder in which the water penetrates only by the radial surface, and in more complex ones,
in which the water uptake is allowed both from radial and axial surface. After a certain
dissolution time, the tablet is withdrawn from the dissolution medium and, using several
punches of different diameters, a series of radial sections and a central core can be obtained.
In each of these sections, measuring the water content (by weighting the hydrated tablet and
drying until constant weight, and weighting once again), the drug content (by dissolving the
section content and assaying the drug concentration in the solution) and the polymer con‐
tent (by difference between the initial weight of the section material and the water and drug
weights), it is possible to obtain the components’ mass fractions. Repeating these evalua‐
tions for several dissolution times, it is possible not only to determine what happens during
the time to the matrix, but even the mass evolution along the radius. These data are particu‐
larly useful to identify the most relevant transport phenomena involved in the dissolution and
to build a predictive tool of the hydrogel‐based matrices behaviour. The described method is
very labour intensive and time consuming, but allows to gain a lot of information about the
matrix behaviour. However, the main drawback of this technique is the fact that it is destruc‐
tive for the samples. A combined approach could be used to compare the image analysis results
with the gravimetric ones [74].
A recent approach to evaluate the degree of hydration of a hydrogel matrix is the use of texture
analysis, which is a non‐destructive method based on indentation or compression tests on the
swollen matrix to evaluate the gel layer position and strength. It is based on the fact that the
resistance of the swollen matrix to the penetration (in the indentation tests) is related to the
water content. Indeed, the higher the water concentration inside the polymer matrix, the larger
the amount of gel formed and the lower the resistance opposed by the matrix. Moreover, due
to the difference between the strength of the glassy core and the gel layer, the position of the
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swelling front and the thickness of the gel layer formed can be easily evaluated during the
swelling by measuring the force opposed to the penetration from the slope of the force‐
displacement diagram. The use of this technique alone does not allow to quantify the water
amount into the matrix, but it gives qualitative indication. For this reason, a method based on
the coupling of the texture analysis and the gravimetric technique has been developed to relate
the water content to the penetration work resulting from an indentation test [75] for a simple
system, in which the water uptake is allowed only by lateral surface. Then, this technique has
been improved to correlate the slope of the force‐displacement diagram to the water amount
even for more complicate system in which the matrix swells both in radial and axial direc‐
tions [76].
4.1.2. Modelling approaches
Once the mechanisms which affect the drug release from a hydrogel‐based compressed system
have been clarified and quantified using both the macro‐ and microscopic approaches, the final
goal of the engineering applied to the study of such pharmaceutical systems is to develop a
mathematical model. This model should be able to describe the observed phenomena and to
predict the matrix behaviour, with the aim to reduce time and costs required by the develop‐
ment of novel dosage forms. During the years, several modelling approaches have been
proposed, starting from the empirical to the mechanistic ones.
First of all, the empirical models have been used to describe the release profile, relating the
fractional drug release from a thin film to the square root of time by Higuchi [77], an ap‐
proach later generalized relating the release to a general nth‐power of time, where ‘n’ is a
function of the drug transport regime [78]: generally, for a thin film, it is 0.5 for Fickian diffusive
process (Higuchi's equation), 1 for the Case‐II transport (swelling‐controlled drug release) and
takes intermediate values for anomalous transport. The hypotheses on which the model was
founded are constant diffusivities and negligible swelling, thus it is not particularly suitable
for hydrogel‐based systems and, despite it is widely used to describe the experimental results,
its use should be avoided to derive phenomenological interpretation.
Then, a more complex modelling approach, which takes into account the simultaneous
presence of the solvent, polymer matrix and drug during the dissolution process, is the
mechanistic approach. To proper describe the complex phenomena which take place during
the dissolution, the mass balance equations, coupled with the momentum conservation
equation, have to be used. Often these models obtain the constitutive equations from the
mixing and elastic free energy of the hydrogel, following the theory of Flory‐Huggins and the
affine network theory, respectively [1]. Being the gel made of cross‐linked polymer and water,
the degree of hydration, which in turns is influenced by the gel elasticity, is crucial to the drug
release purpose [79]. Indeed, the amount of water modifies the stretching of the polymer chains
and tunes the mobility of the active ingredient. Another factor, which affects sensibly the drug
release from such matrices, is the tortuosity of the diffusion path inside the hydrogel [2]. The
tortuosity is an aspect usually difficult to be estimated and it depends on the pore size into the
matrix, on the pore size distribution and it is influenced by the composition and cross‐link
density of the hydrogel polymer network. A recent trend in pharmaceutical application is to
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produce superporous hydrogels, which are characterized by fast swelling and large swelling
ratios [80].
The mechanistic models could be divided into two groups: (i) the multicomponent mixture
models, in which the hydrogel is considered as a single phase constituted by several compo‐
nents; and (ii) the multiphasic models, in which the hydrogel is considered as constituted by
different phases.
The multiphasic models have the advantages of using different phases for the solid (polymer)
and liquid (solvent plus dissolved components) parts, that makes them theoretically easier to
extend to very complex systems such as drug delivery matrices [81]. However, this ap‐
proach has several drawbacks like the high numbers of non‐linear partial differential equa‐
tions (PDEs), that make the system numerically solvable under very limitative conditions, and
the scarce physical meaning of some parameters. Instead, the multicomponent approach, with
more rigorous thermodynamic bases, limits the numbers of PDEs and constrains the varia‐
bles to physical quantities. However, the theoretical complexity, until now, has led to
simplified approaches which take into account only the mass transport equations. One of the
first multicomponent models for drug delivery systems was based on purely diffusive mass
transport equations by Siepmann et al. [82]. Considering the matrix composed by water,
polymer and drug, the water and drug mass transport equations were solved, coupled with
their boundary conditions, in a 2D axisymmetric domain, under several hypotheses: (i) no
volume contraction upon mixing, (ii) fast drug dissolution compared to drug diffusion, (iii)
perfect sink condition for the drug, (iv) strong dependence of the diffusivities (of water and
drug) on the hydration level and (v) affine deformations:
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where ρi is the mass concentration of the ith species, ρi,eq is the interface mass concentration of
the ith species and Di the diffusion coefficient of the ith species. R(t) and Z (t ) represent the
radius and the thickness, respectively, of the erosion boundaries. The diffusivity has been
described by a Fujita‐type equation [83] and the polymer mass release during the time
(erosion) has been evaluated by the product of an erosion constant and the erosion surface
area, which changes during the time due to the swelling:
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where m2 and m2,0 are the polymer mass and the initial polymer mass, ker is an erosion constant
and Aer is the erosion surface, that is the surface exposed to the external medium. The model
is able to describe the evolution of water, polymer and drug masses during the time for a given
system. Based on this work, a 1D model to describe the hydration of pure HPMC tablet
confined between glass slabs has been developed [67]. The system swelling has been descri‐
bed considering the variation of the total mass due to both the water inlet and the polymer
erosion. The efficacy of this model has been proved by the authors comparing its results and
the experimental data of water mass fraction profiles along the radial direction obtained by
analysing the normalized light intensity of swollen tablet pictures for several dissolution times.
The model has been later improved [84] to describe the drug release kinetics from different
shaped matrices. These models are very useful to describe the behaviour of geometrically
simple systems, but the hypothesis of affine deformation is a big limitation for more com‐
plex systems. For this reason, recently a 2D axisymmetric model was proposed [85] to
overcome the affine deformation hypothesis. In this model, the transport equations for water
and drug have been solved for the respective mass fractions with a finite element method,
along with the proper initial and boundary conditions, and the constitutive equation for the
system density has been obtained considering the summability of the specific volumes of the
single species. The novelty of this model consists in the description of the swelling phenom‐
enon: the inlet water flux has been divided into two components, the first one responsible for
the tablet swelling ( j1,swe ) and proportional to a swelling constant (kswe ), and the latter respon‐
sible for the inner layer hydration( j1,diff ). The deformation rate of the hydrogel has been defined
by a water mass balance on a boundary element (Aδ), where simultaneously the swelling and
the erosion phenomena (the first leads to a volume increasing and the latter to a volume
decreasing) happen:
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The model has been proved to work in comparison with experimental macroscopic results.
Recently, a mechanistic model based on water diffusion in concentrated systems has been
proposed [86,87]. This model is based on the assumption that: (i) the swelling is due to the
water uptake and to the translocation of polymer, thus the polymer flow at the interface
between the tablet and the external medium causes the swelling and the shape change, without
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polymer release; and (ii) the erosion phenomenon is due to interactions between the tablet
surface and external fluid. Due to this new approach, the model has been found able to describe
not only the macroscopic behaviour of a matrix, but even what happens inside the hydrogel
matrix, and it is in good agreement with the experimental data.
4.2. Hydrogels for biomedical applications
During the years, biomedical applications of the hydrogels in the tissue engineering are
gaining increasing interest, which aims to create biological body parts to replace harvested
tissues and organs. In this application, the polymer plays a major role in the determination of
the cell adhesion, in the formation and growth of a new 3D structured tissue in the human
body; and its selection is governed by the physical, the mass transport properties and the
biological interaction requirements. For these reasons, and due to their properties, the
hydrogels have been explored as systems suitable for tissue engineering [88]. Despite the
critical parameter in the selection of the hydrogel to be used in tissue engineering, the
biocompatibility, the mechanism of gelling [89], the mechanical properties, the controlled
degradation, the interaction with cells [90] and the gel structure are the most important design
parameters to be taken into account [91]. That is, alginate hydrogels, already well exploited
for biomedical applications like wound dressing and drug release, are receiving particular
attention in tissue engineering applications, thanks to the property of forming macro‐porous
anisotropic structure with ordered capillaries [92]. This 3D structure can mimic the primary
microstructural elements of some tissues (nerve, bone, microvasculature, etc.) and facilitate
the cells growth processes. Recently, with a combined experimental and modelling ap‐
proach, the variables that affect the capillaries formation and length, like ion and alginate sol
concentration, have been investigated [93].
A consolidated biomedical application of the hydrogels is the development of patches based
on water swellable polyacrylates for long‐term transdermal drug delivery. One of the most
relevant side effects of a conventional transdermal delivery system is the skin occlusion due
to the long‐term application. In fact, the conventional patches were based on hydrophobic
polymer matrices, and therefore intrinsically occlusive; this drawback can be easily over‐
came with non‐occlusive water swellable matrices as hydrogels. The ability of these poly‐
mers to exchange water with the skin increases their suitability for the transdermal
applications [94]. Of great relevance for the hydrogels used in the development of transder‐
mal patches are the mechanical properties, due to the high mechanical stresses experienced by
these systems. In fact, the force exerted to promote the adhesion on skin surface and the
continuous mechanical stimuli connected with the patient movements are a key parameter to
be taken into account during the development of these delivery systems [95]. Among the
various patches types, the muco‐adhesive buccal patches are largely diffused due to large
permeability of the mucus membranes that allow rapid uptake of a drug into the systemic
circulation. Bio‐adhesion, which is a phenomenon taking place between a biological material
and another, usually a polymer, is the fundamental property in the designing of these
systems [96]. The main factor promoting bio‐adhesion is the presence of carboxyl and hydroxyl
groups on the polymer backbone, to form hydrogen bonds. It was seen that anionic poly‐
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mers form stronger bonds with respect to neutral or cation polymers. Good polymer wetta‐
bility is also required to expose the bond‐forming sites. The polymer molecular weight should
be kept within an optimum range so that the dry system can quickly uptake water (upper limit
for the Mw) to form a gel, that should not be too weak (lower limit for the Mw) [97]. However,
in mucoadhesive applications, although the formation of H‐bonds remains crucial, the
modification of the mucus layer beneath the mucoadhesive material becomes important. This
step, needed to overcome the anti‐adherent properties of mucus, can be attributed to the
macromolecular interpenetration effect or to the dehydration effect [98]. To better under‐
stand the mechanisms that lead to the adhesion phenomenon and to develop a mathemati‐
cal model able to describe the mechanical behaviour and the water uptake of the system,
following the engineering point of view, the adhesion phenomenon has been studied be‐
tween a water‐rich agarose system (which simulates the biological membrane), and a Carbopol
tablet (which simulates the patch) [99].
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Abstract
Given increasing environmental issues and energy crisis, mimicking nature to confer
materials with self-healing attribute to prolong their lifespan is highly imperative. As
representative of soft matter with extensive applications, hydrogels have gained
significant attention. In this chapter, a survey of the current strategies for synthesizing
self-healing hydrogels based on inorganic-based, polymer and nanocomposite hydro‐
gels is covered and highlighted. Several examples for non-autonomic and autonomic selfhealing hydrogels, according to the trigger exerted, are presented. General mechanisms
accounting for self-healing hydrogels are listed. Some typical instances to outline the
emerging applications of self-healing hydrogels are also provided. Finally, a perspec‐
tive on the current trends and challenges is briefly summarized.
Keywords: self-healing, hydrogel, hydrogen bond, interactions, application

1. Introduction

After billions of years of evolution, living organisms in nature possess special functions, such
as super-hydrophobicity, self-healing, self-cleaning and anti-reflection [1]. Among these, selfhealing, the ability of a system or material to repair itself and regenerate function upon the
infliction of damage, gained numerous academic curiosity, for this fascinating property would
extend the working lifespan and broaden their applications of creatures. Inspired by this,
scientists have been trying their best to design and impart intriguing self-healing properties to
desired materials with low production costs and improved safety. As representative of soft
matter with widespread applications, hydrogels with a self-healing attribute have been
developed rapidly as “smart” materials [2].

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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2. Self-healing process
Self-healing hydrogels can be divided into two different categories according to the required
additional external energy or trigger exerted on the hydrogels during the self-healing process:
non-autonomic and autonomic.
2.1. Non-autonomic self-healing process
Non-autonomic self-healing hydrogels require a modest external trigger, such as heat or light.
Trigger-responsive hydrogels adapting to the surrounding environment and responding to
external stimuli are emerging as ‘smart hydrogels’. Ultrasound is used in sonophoresis to
disrupt skin transiently for needle-free transdermal drug delivery, and damage caused by
sonophoresis can be self-healed by skin after the removal of ultrasound stimulus. Similarly,
Ca2+ cross-linked alginate smart hydrogels were fabricated and ultrasonicated to accelerate
drug release, but the Ca2+ in physiological fluids would allow crosslinks to self-heal upon
removal of the stimulus [3].
Graphene-poly(N,N-dimethylacrylamide) (PDMAA) hydrogel exhibits a thermally trig‐
gered (heated at 37°C in air for 12 h), analogous to the healing of wounds in human tissues
(37°C), and near-infrared laser-triggered (near-infrared laser irradiation treatment for 2 h),
similar to a minimal invasive surgery procedure, self-healing behaviour [4].

Figure 1. (a) Self-healing and recycling properties of GO/PAACA hydrogel; (b) self-healing process of the GO/PAACA
hydrogel with two manual ruptures. The hydrogel was healed just by dripping two drops of acid solution into the
ruptures and pushing the fresh surface into contact [5].

Besides ultrasound, heat and light, hydrogels can also self-heal through another important
stimulation pH. After immersing in acid solution (pH<3) completely for several seconds, the
separated parts of punched GO/poly(acryloyl-6-aminocaproic acid) (PAACA) hydrogel were
recombined together, the healed hydrogel separated again when being reintroduced into the
high-pH solution (Figure 1a) [5]. It was a reversible process, demonstrating fast self-healing
capability and reversibility of healing-separation-rehealing process to the pH stimulus.
Dropping two drops of acid solution instead of immersing into acid solution can heal the
ruptures too (Figure 1b).
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2.2. Autonomic self-healing process
Compared with non-autonomic self-healing hydrogels, hydrogels with autonomic self-healing
capacity do not require any additional external trigger, the damage itself is the stimulus for
the healing. Below we highlight some recent examples of autonomic self-healing hydrogels.
The multiple ionic interactions between Fe3+ ions and carboxyl groups of poly(acrylic acid)
(PAA) produced a non-covalent network of polymer chains [6]. Inter-chain bonding be‐
tween PAA and ferric ions across the interface autonomously self-heals the damage and rejoins
the two halves of the hydrogel. Rheology measurement is used to quantitatively assess the
extent of damage or self-healing of the PAA hydrogel. The gel-like character (G′>G″) was
recovered instantaneously, and G′ and G″ were recovered to the initial values immediately.
This disruption and recovery of the PAA hydrogel properties under different oscillatory shears
can be repeated several times.

Figure 2. Self-healing properties of HG1G2 (10 wt%) and HG1G3(10 wt%) [7].

HG1G2 (prepared from aldehyde-terminated 3-armed PEO (G1) and dithiodipropionic acid
dihydrazide (G2)) and HG1G3 (prepared from G1 and hexanedioic acid dihydrazide (G3))
hydrogels can automatically self-heal under both acidic (pH 3 and 6) and basic (pH 9)
conditions through dynamic covalent bonds of acylhydrazone or disulphide (Figure 2).
However, the hydrogels are not self-healable at pH 7 because both bonds are kinetically locked,
whereas catalytic aniline added can accelerate the acylhydrazone exchange reaction and
facilitate the hydrogels self-healing at pH 7. All of the self-healing processes are autonomic at
room temperature in air [7].

3. Classification of self-healing hydrogels
The past decade has witnessed the rapid development of self-healing hydrogels. According to
the materials utilized, self-healing hydrogels can be clarified into inorganic-based, polymer
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and nanocomposite hydrogels. The important aspects of and trends in self-healing hydro‐
gels are discussed in the following section.
3.1. Self-healing inorganic-based hydrogels
Generally speaking, hydrogels consist of cross-linked networks of hydrophilic polymers
swollen with an aqueous solution. Herein, inorganic-based hydrogels, with or without organic
macromolecules or metal ion as the crosslinkers, are those whose main building blocks are
inorganic [8]. It is different from classical nanocomposite hydrogels with polymer as main
building blocks, and nanofillers usually provide physical cross-linking sites [9]. With one- or
two-dimensional (2D) basic building blocks, inorganic-based hydrogels have attracted great
attention because the fascinating properties of inorganics may bring additional functions to
the macroscopic hydrogels [10–12].
Numerous intriguing properties of novel inorganic graphene have prompted scientists to
translate its 2D sheets into complex three-dimensional (3D) macrostructures. Shi’s group had
synthesized the first graphene hydrogel via facile one-step hydrothermal reduction of a highly
concentrated graphene oxide (GO) aqueous dispersion in 2010 [13]. Strong hydrophilicity and
electrostatic repulsion effect result in random and uniform dispersing of separated GO sheets
in GO aqueous dispersion before reduction. After hydrothermal reduction, the oxygenated
functionalities, located on the basal planes and at the edges of GO, decreased significantly,
whereas π-conjugation restored largely. Combined with hydrophobic effect, π-π stacking
interaction promoted flexible rGO sheets to partially overlap and interlock with each other for
self-assembling into hydrogel. Hydrothermal reduction strategy is one of the most direct and
non-chemical methods to produce graphene hydrogels without introducing any other
chemicals or further purification treatment. In addition to hydrothermal reduction, ultrasoni‐
cation is another additive-free approach for preparing graphene hydrogels [14].

Figure 3. Preparation schematic of graphene-based hydrogel with cross-linking structure [4].

Besides, GO sheets can readily self-assemble into hydrogels in water with the assistance of
various promoters, including multivalent metal ions (e.g. Ca2+, Mg2+, Fe3+) and polymer [15].
After the monomer solution free-radical polymerized in the graphene hydrogel network,
graphene-based hydrogel can be obtained (Figure 3). Graphene-PDMAA hydrogels pre‐
pared through this method demonstrate thermally triggered and near-infrared laser-trig‐
gered self-healing capacity. The electrical conductivity and compressive strength of the
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graphene–PDMAA hydrogels recover 60% and 82% approximately of the initial value through
the thermally triggered self-healing process [4].
In another typical example, β-cyclodextrin (β-CD) functional graphene-PDMAA hydrogel
with self-healing property can control drug linear release at the beginning of 7 h [16], mak‐
ing the double network graphene-based hydrogel potential candidate for anticancer drug
carrier. However, single network β-CD functional graphene hydrogels can’t self-heal.
Therefore, the hydrogen bonding interaction between PDMAA and graphene attributed to
self-healing capability of double network graphene-based hydrogels.
Clay, another typical inorganic widely spread on earth, distributes inhomogeneous charge on
its disk-like structure. With this special structure and distributed ion, ‘house-of-cards’
structured hydrogel generates [17].

Figure 4. Schematic description of the formation mechanism for D-clay hydrogels [21].

Hydrogels with swollen clay as the basic building block and a small proportion of telechelic
dendritic macromolecules as the crosslinker are fabricated readily by mixing the compo‐
nents in water at room temperature. Multiple adhesive termini in the telechelic dendritic
macromolecules provide strong noncovalent interactions with clay in these hydrogels.
Together with high mechanical strength, such supramolecular hydrogels are also featured by
their rapid and complete self-healing behaviour [18]. Though the hydrogel can be fabricated
facilely, key component telechelic dendritic macromolecules, physical crosslinker of the
hydrogel, cannot be synthesized and obtained easily.
Catechol groups in 3,4-dihydroxy-L-phenylalanine (DOPA), a natural amino acid abundant‐
ly present in mussel adhesive proteins, are capable of forming metal-ligand complexes with
various surfaces [19]. The reformation of catechol-Fe3+ complex after breaking can self-heal the
damage [20]. Similar to catechol-ferric ion complexes in mussel-adhesive proteins fibres, claybased hydrogels with polydopamine (PDOPA)-modified clay (D-clay) as the main building
block and ferric ion (Fe3+) as the physical crosslinker are constructed [21]. The coordination
bonds between the PDOPA coating on clay nanosheets and Fe3+ drive the formation and selfheal the damage of the clay-based hydrogels (Figure 4).
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3.2. Self-healing polymer hydrogels
Compared with inorganic-based hydrogels, polymer hydrogels are more biocompatible for
they resemble biological systems in many ways. On the basis of this, self-healing polymer
hydrogels gain much more attention. Li et al. [22] developed a kind of degradable and
biocompatible poly(L-glutamic acid) (PLGA)-based self-healing hydrogels via host-guest
interaction (Figure 5a–h). The self-healing ability of the hydrogels was confirmed by the
macroscopic self-healing tests qualitatively (Figure 5i) and rheological measurements
quantitatively. A 15% w/v PLGA30250 hydrogel in phosphate-buffered saline (PBS) at 37°C
can totally degrade in 72 days. Cytotoxicity investigation had shown that the hydrogels could
provide a suitable environment for cell growth. Taken together, the self-healing hydrogels
could potentially be applied in biomedical fields.

Figure 5. Flexibility of self-healing hydrogels: (a) two rod-like hydrogels stained with erioglaucine disodium salt (EDS)
and tartrazine (TAR), respectively; (b and e) colour alternating hydrogel columns; (c) the self-healed hydrogel column
held vertically by forceps; (d and f) the healed hydrogel rod bent to a semicircle or a circle. The evolution process of the
colorant diffusion: Photo images of colour alternating hydrogel column stored for 1 (f), 12 (g) and 36 h (h). Preparation
and self-healing process of supramolecular hydrogels (i) [22].

As a typical biocompatibility and nontoxicity macromolecule with crystalline nature,
poly(vinyl alcohol) (PVA) has long been used to fabricate hydrogels via freezing/thawing
methods [23, 24]. After self-healing for 12 h at room temperature without any external stimulus,
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PVA hydrogel can withstand bending without failure at the interface (Figure 6). Tensile tests
confirmed that the fracture stress after 48 h healing is ∼200 kPa, and the healing efficiency is
∼72% [24].

Figure 6. Self-healing behaviour of PVA hydrogel: (a) two pieces of original hydrogel with and without rhodamine B
for coloration; (b) two halves of the original hydrogels cut from the middle; (c) self-healed hydrogel upon bringing the
two separate halves in contact for 12 h in air at room temperature without any external stimulus; (d) bending of the
self-healed hydrogel; (e) stretching of the self-healed hydrogel to about 100% extension [24].

Self-healing attributes to the hydrogen bonding between PAA chains. However, hydrogen
bonding is commonly a weak noncovalent bond. In order to solve the issue, diaminotriazinediaminotriazine (DAT-DAT) hydrogen bonding is formed, and both the tensile and compres‐
sive strength can be significantly enhanced; after heating at 90°C for 3 h, healing efficiency
(HE) is able to reach 84% and the strength of the mended hydrogel was up to 1 MPa, quite
amazing in self-healing hydrogels [25]. Though mechanically robust, lack of effective energy
dissipating made these hydrogels brittle. What’s more, they don’t have the antibacterial
property, thus limiting their implantation application [26].
Polyimide (PI) is an important high-performance plastic, and there are many hydrogen
bonding, π-π stacking interactions between the chains of its traditional precursor poly(amic
acid) (PAA). These non-covalent interactions may confer PAA special attributes, such as selfhealing, as macroscopic material. To verify our hypothesis, we aim to synthesize a PAA
hydrogel. However, as is known to all, PAA is hydrophobic. In order to overcome this
limitation, triethylamine (TEA) was utilized to react with the carboxyl of PAA, and a hydro‐
philic polyelectrolyte poly(amic acid) ammonium salt (PAS) was obtained (Figure 7a) [27]. The
as-prepared PAS hydrogel is temperature responsive and robust. In addition, multiple
intermolecular interactions, including hydrogen bonds, π-π stacking and polyanion-polyca‐
tion interactions, served as a combined driving force for the self-healing of hydrogel net‐
works (Figure 7b,c). On the basis of this pioneering work, PI aerogels with multifunction were
fabricated [28]. Our strategy could open a pathway and possibility for the fabrication of other
self-healing functional hydrogels through transformation of hydrophobic polymers to
hydrophilic.
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Figure 7. (a) Schematic diagram for the synthesis of PAS hydrogel; (b) self-healing process of PAS hydrogel; (c) possi‐
ble interactions between PAS chains of PAS hydrogels [27].

Figure 8. (a) Fabrication of gel-1 healing layer formed of nanofibre networks; (b) enhanced self-healing procedure
upon embedding a healing layer into the damage area of gel-1 bulk hydrogels; a sample constructed by juxtaposing a
healing layer between two hydrogel blocks exhibits extraordinary mechanical toughness: (c) before and after stretch‐
ing; (d) a hydrogel column constructed from the connection of 12 hydrogel blocks alternating with six healing layers
can be held horizontally and bended by hands; fluorescent images of hydrogels constructed by connecting together
two hydrogel blocks (e) without and (f) with 0.05 wt% rhodamine B, respectively, stored for 7 days [29].
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Substances

Healing

Healing

Self-healing

conditions

efficiency

mechanisms

Ref.

PVA

RT, 48 h

∼72%

Hydrogen bonds

[24]

PNAGA

90 °C, 3 h

84%

Hydrogen bonds

[25]

A6ACA

pH ≤3,

Hydrogen bonds

[30]

∼100%

Hydrogen bonds

[31]

>60%

Quadruple hydrogen

[32]

<2 s
PAMPSA

water,
72 h

PU

RT,10
min

DNODN, BNOBN

RT,

bonds
57%

Multiple intermolecular interactions

RT,

Multiple

[27]

instantly

intermolecular interactions

[33]

instantly
PAS
P(AM-co-DMAPS)

∼100%

Poly(L-glutamic acid)

60 s

pAA-6βCD/pAA-Fc

GSH aq,

Multiple intermolecular interactions

[34]

Host-guest interaction

[22]

84%

Host-guest interaction

[35]

∼100%

Hydrophobic interactions

[36]

24 h
PAAm

Press, few
seconds

Agar/HPAAm

RT, 24 h

40%

Hydrophobic interactions

[37]

PNIPAAm

24°C,

∼100%

Hydrophobic interactions

[38]

98%

Hydrophobic interactions

[39]

30 min
PAAm

35°C,
3 min

Ferrocene-modified chitosan

RT, 4 h

∼100%

Hydrophobic interaction

[40]

Dex-l-PEG

37°C, 12 h

98.7%

Diels-Alder reaction

[41]

GOX/CAT

RT, 5 h

100 %

Imine bonds

[42]

CSMA/SC

Moisture,

Imine bonds

[43]

RT, 2 h
Chitosan-PEG

RT, 2 h

Imine bonds

[44]

cPEG/BDBA

Rapidly

Boronate-catechol

[45]

Poly(acrylic acid)

RT, ∼6 h

Fe -carboxylic

[6]

HG1G2

RT, 48 h

Acylhydrazone(acid)

[7]

∼88%

3+

disulphide (base)
Table 1. Examples of various self-healing polymer hydrogels and their self-healing properties.
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Noticeably, Fang et al. reported a new strategy to prepare robust, repeatable self-healing
hydrogels assisted by a healing layer composed of electrospun nanofibre containing redox
agents (Figure 8a,b) [29]. Self-healed hydrogels embedded with the electrospun nanofibre
exhibit extraordinary mechanical toughness (Figure 8c, d). With the same composition of fibre
layer as the bulk hydrogels, electrospun nanofibre with redox agents as healing layer can
accelerate the molecular diffusion (Figure 8e,f), resulting in half of the healing time com‐
pared with the one without healing layer, and the healing efficiency is about 80%. This work
provides promising avenues to endow electrospun cross-linked nanofibre networks with more
potential applications.
Limited by the length of the chapter, other fascinating works cannot be introduced. To make
up for this, herein, examples of various self-healing polymer hydrogels and their self-heal‐
ing properties are summarized in Table 1 [6, 7, 22, 24, 25, 27, 30–45].
3.3. Self-healing nanocomposite hydrogels
In general, nanocomposite hydrogels refer to cross-linked polymer networks swollen with
water in the presence of nanoparticles or nanostructures [9]. The combination of self-healing
hydrogels with nanostructures can lead to nanocomposite hydrogels with unique properties.
Nanocomposite hydrogels with Fe3O4 nanoparticles make them magnetic hydrogels [46], and
graphene nanosheets will afford the nanocomposite hydrogels high conductive, mechanical,
absorption properties [47, 48] and shortened self-recovery time [49].

Figure 9. Self-healing nature of graphene-based hydrogel: left, schematic diagram of graphene-DNA hydrogel; and
right, demonstration of self-healing properties [55].

One of the most frequently used nanoplatelets (NPs) in nanocomposite hydrogels over the
past few years is clay nanoplatelets. Kazutoshi Haraguchi et al. [50], Haraguchi and Li [51] and
Haraguchi [52] had conducted many pioneering works on clay-containing nanocomposite
hydrogels through in situ free-radical polymerization. In 2011, his group reported two kinds
of nanocomposite hydrogels, PDMAA-nanocomposite (D-NC) and PNIPA-nanocomposite
(N-NC) [53]. Mechanical damage in NC hydrogels healed autonomously after 48 h at 37°C.
While in contrast to the D-NC hydrogels, the N-NC hydrogels hardly self-heal at high
temperature (50 or 80°C) after mechanical damage, which can be attributed to the coil-globule
transition of PNIPAAm chains above lower-critical-solution temperature (LCST) (32°C). Using
the same method, recently, Gao et al. [54] reported polyacrylamide/montmorillonite nano‐
composite hydrogels (MnA hydrogels) with unprecedented stretchability and toughness, i.e.
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high fracture elongation up to 11800% and fracture toughness up to 10.1 MJ·m−3. The MnA
hydrogels demonstrated interesting self-healing properties. After self-healing directly at room
temperature, the self-healed hydrogels became weak and easily disrupted at the interface.
While drying the preliminarily jointed hydrogels to water content of about 10 wt% and
reswollen at room temperature to its original water content, the fracture strains of self-healed
hydrogels were very close to the as-prepared hydrogels. During the drying-reswelling
procedure, the preliminary contact of the cut segments facilitated the diffusion of polymers
across the interface. Subsequent drying is the driving force for diffused polymers to closely
contact the clay platelets and vital to establish strong PAAm/MMT adhesion.
In addition to nanoclay, other nanosheets, such as GO, have also been used to develop selfhealing nanocomposite hydrogels. Until now, there are mainly two approaches to introduce
GO into the nanocomposite hydrogels: self-assembly and in situ polymerization.
Shi’s group provided a new insight for the self-assembly graphene oxide and DNA into a
composite hydrogel with high mechanical strength, stability and absorption capacity. This
hydrogel was also self-healable after heating at 90°C for 3 min (Figure 9) [55]. After heating
treatment, the blocks adhered to each other and the resulting self-healed hydrogel was strong
enough to bridge two posts horizontally or allow vertical handle.

Figure 10. a) A scheme of the three-dimensional network structure of GO-PAA nanocomposite hydrogels facilitated by
Fe3+ ions with dual cross-linking effects (the smaller green dotted circle represents the first cross-linking points that are
Fe3+ ions creating ionic cross-linking among PAA chains, and the larger green dotted circle represents the second crosslinking points that are GO nanosheets linking PAA chains through coordination); the GO-PAA nanocomposite hydro‐
gels can be (b) stretched over 30 times from a knotted state and (c) stretched over 20 times after being healed (45°C, 48
h) from a cut-off state [57]; (d) preparation of ionic-NCP gels; (e) illustration of the physical crosslinks formed by hy‐
drogen bonding and Fe3+ ionic interactions; self-healing properties of ionic-NCP gels; (f) images of severed cylinder
samples of different sizes that were connected and healed as indicated; (g) free-standing healed samples after incuba‐
tion at 50°C for 48 h; and (h) the healed hydrogel suspending a 100 g weight; (i) stretching of the healed ionic-NCP gel
to more than 18 times of its initial length [58].

GO/PAACA nanocomposite hydrogels with double network had been prepared through in
situ polymerization. Ca2++ acted as crosslinkers through coordination interactions with both
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oxygen-containing groups of GO nanosheets and polar groups of PAACA side chains, thus
inducing the formation of the 3D cross-linked network. Meanwhile, Ca2+ content was an
important factor to influence the mechanical properties of the fracture stress of the hydro‐
gels. The as-prepared hydrogels are pH triggered and self-healable [5].
Zhong et al. [56–58] proposed a ‘single network, dual (or hierarchical) cross-linking’ strategy
to prepare various tough and highly stretchable nanocomposite hydrogels. For example,
nanocomposite hydrogels based on GO prepared by in situ free radical polymerization
achieved remarkable synergistic effect (Figure 10a): (i) the reinforced-GO nanosheets pro‐
vide excellent mechanical strength and the cross-linking site between GO nanosheet and PAA
chain which triggered by Fe3+ ions; (ii) the matrix-PAA chains provide excellent flexibility; (iii)
the linker-Fe3+ ions provide dynamic and recoverable cross-linking [57]. GO/PAA nanocom‐
posite hydrogels demonstrated superior stretchability and exceptional self-healing proper‐
ties (Figure 10b,c). When stretched, the ionic interaction among PAA chains can dynamically
break and recombine to dissipate energy and homogenize the gel network simultaneously.
Coordinated with PAA chains, GO nanosheets can maintain the configuration of the hydro‐
gels and act as stress transfer centres transferring the stress to the polymer matrix. The healed
GO-PAA nanocomposite hydrogels treated at 45°C for 48 h have the best mechanical proper‐
ties, with a tensile strength of 777 kPa, elongation at break of 2980%, and the healed nano‐
composite hydrogels have a tensile strength of ∼495 kPa and elongation at break of ∼2470%.
The self-healing stemmed from dynamic ionic interactions.
Besides two-dimensional nanosheets, 0-dimensional nanoparticles are also frequently
introduced into hydrogels to endow hydrogel multifunction. Silica nanoparticles were
hybridized with vinyl to graft an acrylic acid monomer on the surface for the growth of
poly(acrylic) acid (PAA) [58]. Network structure of the obtained ionic cross-linked VSNP/PAA
nanocomposite physical hydrogels (Ionic-NCP gels) consisted of ferric ion-mediated reversi‐
ble physical cross-linking, intra- and inter-polymer chain hydrogen bonding, physical
entanglement of the polymer chains and multivalent covalent cross-linking through the vinyl
hybrid silica nanoparticles (VSNPs) (Figure 10 d,e). The prepared Ionic-NCP gels have
excellent mechanical properties, with the tensile strength being approximately 860 kPa. In
contrast, the hydrogel without ferric ions is much weaker, with a tensile strength less than 50
kPa at fracture, illustrating the importance of ionic cross-linking. In addition, these Ionic-NCP
gels exhibit excellent self-healing properties, and the healed hydrogel could be stretched to
approximately 15 times its initial length and possessed prominent tensile strength (Figure 10f–
i).
Different from VSNPs who served as multivalent covalent cross-linking points, poly(2dimethylaminoethyl methacrylate) (PDMAEMA) brush-modified silica nanoparticles
(SiO2@PDMAEMA) acted as multifunctional noncovalent crosslinkers in a poly(acrylic acid)
(PAA) network structure, dissipating energy, whereas the electrostatic interactions between
cationic PDMAEMA and anionic PAA render the hydrogel self-healing properties [59].
Grafting of high-density PDMAEMA brushes onto the surface of SiO2 nanoparticles contrib‐
uted to the efficient self-healing property significantly. Self-healing efficiency of the healed
SiO2@PDMAEMA/PAA hydrogel is nearly 100%, whereas that of the SiO2/PAA is only about
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50% after 12 h, indicating that the physical adsorption between bare SiO2 nanoparticles and
PAA chains is relatively weak.
From the abovementioned examples, we can see that modification is necessary and vital to
nanoparticles. Fe3O4 nanoparticles with carboxyl modification could be dispersed well in
chitosan solution to form a stable ferrofluid due to the interaction between NH2 on chitosan
and carboxyl groups. External magnetic field exerted could help the as-prepared magnetic
hydrogel to stay at the target position and bring hydrogel pieces together to ensure the selfhealing process [46].
Moreover, there were other remarkable reports on the self-healing nanocomposite hydrogels:
Liu et al. [60] reported self-healed graphene oxide composite hydrogels with very high tensile
strengths (up to 0.35 MPa) and extremely high elongations (up to 4900%). Peng et al. [47]
presented nanocomposite hydrogels with excellent electrical self-healing properties (com‐
pletely healed after 20 s) and ultra-high water-absorption ability (up to 350 times). Du et al. [61]
reported that multifunctional PPA/carbon nanotube (CNT) hydrogels could respond to a
variety of environmental stimuli and exhibit autonomous self-healing properties in both wet
and dried states, pointed out that hierarchical hydrogen bond manipulation is a general but
powerful strategy to design and synthesize a host of multifunctional materials for versatile
applications.

4. Self-healing mechanisms of hydrogels
As previously mentioned, research on self-healing hydrogels is fruitful. In general, self-healing
mechanisms of these hydrogels can be illustrated physically and chemically. From the physical
viewpoint, during self-repairing, flow of molecular segments across the interface allows the
hydrogel networks to be broken at the interface to be rebuilt. As is known, this mechanism is
the so-called molecule diffusion. To visualize the molecule diffusion mechanism, digital
monitoring [6, 7, 42, 46, 62], scanning electron microscopy (SEM) and ultraviolet (UV)
excitation are ideal methods and characterization techniques [29, 63]. Chemically, re-bond‐
ing of cleaved non-covalent interactions and dynamic covalent bonds after mechanical damage
is particularly critical [2]. As depicted in Figure 11, non-covalent interactions between
molecules or polymer chains include hydrogen bonds, hydrophobic interactions, crystalliza‐
tion, host-guest interactions, polymer-nanocomposite interactions and multiple intermolecu‐
lar interactions. Dynamic covalent bonds include cyclohexenes (reversible Diels-Alder
cycloaddition), sulphur-sulphur bonds (disulphide), boron-oxygen bonds (phenylboronate
ester), carbon-nitrogen bonds (imine, acylhydrazone) and carbon-carbon/carbon-sulphur
bonds (reversible radical reaction). Compared to dynamic covalent bonds, non-covalent
interactions show a higher dynamic behaviour. Molecule diffusion physically and re-bond‐
ing of cleaved bonds chemically combine with each other to facilitate the self-healing of
hydrogels.
Factors which accelerate polymer diffusion lead to the acceleration of self-healing [53]. In order
to look into the underlying mechanism, the impact of many parameters on the self-healing
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efficiency, including separation time [24], self-healing time [31, 53], temperature [30, 53], chain
length [30, 64] and nanomaterial content [49, 60], should be deeply investigated. With long
separation time, polymer chains at the interface could rearrange to minimize the surface
energy. Thus the number of free groups on each surface decreases over time, which reduces
the number of cleaved bonds that can be reformed across the interface when the two surfa‐
ces are brought together [24]. The longer self-healing time, the deeper polymer chains diffuse
across the interface, and hence stronger interactions are formed. Temperature strongly affects
the diffusion rate of the polymer chains. Short chains facilitate fast molecular diffusion but
cannot diffuse deeper, while long chains confer high strength recovery at the interface to
hydrogels [60]. Introducing nanomaterials, such as clay or GO, may prevent the polymer
chains from diffusing deeper and shorten self-recovery time of the hydrogel, and chain length
between nanosheets becomes smaller, with the increase of nanomaterial content [49, 53, 60].
What’s more, self-healing properties of hydrogels can be tuned by parameters such as ratio of
strong and weak hydrogen bonds [61] and number of freezing/thawing cycles [24].

Figure 11. Various dynamic covalent bonds (left) and non-covalent interactions (right) used for self-healing of hydro‐
gels.

Self-healing mechanisms of hydrogels are complicated, and serious effort should be made.
Only if many impact parameters, including but not being limited to the abovementioned ones,
on self-healing hydrogels are investigated deeply and systematically, we can design and utilize
hydrogels well to a wide range of areas.

5. Potential applications of self-healing hydrogels
Hydrogels with self-healing attribute have aroused increasing interest for this fascinating
property and would extend the working lifespan of materials. Consequently, they have been
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widely explored for applications in the fields of biomedicine (scaffolds for tissue engineer‐
ing, drug/cell carriers and tissue adhesives) and industry (coatings, sealants, sensors, supero‐
leophobic and antibiofouling interfacial materials, enhanced oil recovery(EOR) and remote
actuation) (Figure 12). Actually, all the superior contributions cannot be included in this
chapter because of space constraint. Herein, some typical instances to outline the potential
applications of self-healing hydrogels are summarized.

Figure 12. Applications in the fields of biomedicine (a, scaffolds for tissue engineering [67]; b, drug/cell carriers [43]
and c, tissue adhesives [30]) and industry (d, coatings [30]; e, sealants [30]; f, sensors [47]; g, superoleophobic and anti‐
biofouling interfacial materials [74]; h, enhanced oil recovery (EOR) [34] and i, remote actuation [46]).

The above mentioned studies illustrate that hydrogels with self-healing attribute confer a
possible solution to a wide range of biomedicine and industrial applications in the near future.
5.1. Biomedicine applications
5.1.1. Scaffolds for tissue engineering
Injectable hydrogels are particularly appealing because they provide homogeneous cell
distribution within the desired tissue and are emerging as promising materials for tissue
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engineering scaffolds [65, 66]. For instance, self-healing hydrogels encapsulating chondro‐
cytes and bone marrow stem cells (BMSCs)/bone morphogenetic protein 2 (BMP-2) were
merged together and then implanted subcutaneously in a nude mouse to form the cartilagebone tissue complex (Figure 12a) [67]. The complex was successfully regenerated with cartilage
occupying a larger volume (∼70%) than bone (∼30%), displaying capability of the selfintegrating hydrogel as scaffold for growth of both bone and cartilage tissues.
5.1.2. Drug/cell carriers
After injection, the broken hydrogel fragments, encapsulated with pharmaceutical drugs/cells,
could merge together at the target site, avoiding the risk of catheter clogging by premature
polymerization [30, 68, 69]. Cells were encapsulated inside the chondroitin sulphate multi‐
ple aldehyde/N-succinyl-chitosan (CSMA/SC) injectable and self-healing hydrogel and
retained their proliferative capacity in the hydrogel microenvironment (Figure 12b), demon‐
strating that the hydrogel can be used as a vehicle for the delivery of therapeutic cells [43].
5.1.3. Tissue adhesives
Acryloyl-6-aminocaproic acid (A6ACA) hydrogels adhere well to the gastric mucosa, and the
adhesion is strong enough to support the weight of the hydrogel, and the hydrogels could
potentially be used as tissue adhesives for stomach perforations (Figure 12c) [30].
5.2. Industrial applications
5.2.1. Coatings/sealants
When casting or coating onto substrates, self-healing hydrogels can be used as coatings and
ultimately improve the performance and lifetime of implantable biomaterials [6, 70]. The rapid
self-healing A6ACA hydrogels had been explored as coatings and could self-heal the impart‐
ed crack within seconds when exposed to (or sprayed with) low-pH buffers (Figure 12d) [30].
With another important application, A6ACA hydrogels are capable of sticking to various
plastics, such as polypropylene and polystyrene, as sealants (Figure 12e) [30]. As a proof of
concept, the hole of a polypropylene container could be sealed instantly after being coated
with A6ACA hydrogel, and leakage of HCl acid in the container was prevented.
5.2.2. Sensors
As mentioned above, self-healing hydrogels with nanostructures could afford new proper‐
ties to the original hydrogels. For example, with high electrical healing efficiency, self-healed
rGO/superabsorbent polymer (SAP) hydrogels can light up light-emitting diode (LED) again
(Figure 12f) and will find more practical applications in sensor systems [47].
5.2.3. Superoleophobic and antibiofouling interfacial materials
Marine biofouling and oil leakage accidents limit the application of marine vessels and plague
people for thousands of years. To significantly improve the safety and prolong the lifetime of
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marine vessels, self-healing underwater superoleophobic and antibiofouling interfacial
materials through the self-assembly of hydrophilic polymeric chain-modified hierarchical
microgel, miniature hydrogels with a size ranging from tens of nanometres to several
micron [71–73], spheres had been prepared [74]. Once the surface is mechanically damaged,
the surface materials can recover oil- and biofouling-resistant properties in water (Figure 12g),
similar to the skins of some marine organisms such as sharks or whales and will serve in the
underwater environment for a long time.
5.2.4. Enhanced oil recovery (EOR)
As is known, the development of enhanced oil recovery (EOR) techniques is vital to deal with
the increasing energy crisis. An injection of polymer hydrogel would increase the viscosity of
the injection fluid, which could efficiently prevent from bypassing the oil and enhance oil
recovery (Figure 12h) [34]. Hydrogels with self-healing ability could repair the damage
induced by injecting and transporting and maintain their functionalities for a longer period of
time.
5.2.5. Remote actuation
The use of magnetic fields can allow remote actuation of self-healing nanocomposite hydro‐
gels. Under an external magnetic field, ruptured sections of magnetic self-healing hydrogels
can be facilely directed and automatically combined together, illustrating self-healing and
remote actuation (Figure 12i) [46].

6. Conclusions
To summarize, mimicking nature to confer hydrogels with self-healing attribute has been a
topic of growing interest over the past decade, and remarkable progress has been made. As
depicted, brand new methods, such as dual-network, ‘single network, dual (or hierarchical)
cross-linking’ strategy and DAT-DAT hydrogen bonding, are reported to endow self-heal‐
ing of hydrogels with high strength. Hierarchical hydrogen bonds are constructed and flexibly
modulated to tailor the properties of resultant hydrogels. Mussel serves as an important source
of inspiration to design and fabricate catechol-containing hydrogels with self-healing
properties. Nanostructures such as clay, graphene and Fe3O4 were introduced to confer
appealing properties and functionality to hydrogel systems.
However, there is still significant room for improvement of self-healing hydrogels to meet
industrial and application requirements: (i) first and foremost, when designing self-healing
hydrogels, particular attention should be paid to cost, processability, toxicity, biocompatibil‐
ity, mechanical properties and multi-functionalities; (ii) novel fabrication strategy should be
developed; (iii) theoretical research on self-healing mechanism at the nanoscale and assess‐
ment systems for quantitatively evaluating self-healing performance should be improved; (iv)
more potential applications of self-healing hydrogels should be explored.
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To confront the aforementioned challenges and boom the self-healing of hydrogel field,
researchers from material, chemistry, physics, biology and engineering should be coopera‐
tive multidisciplinarily. Given the prolonging lifespan and efficient utilizations of resources
and energy, novel multifunctional and commercial applications of self-healing hydrogels are
awaited in the near future.
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