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Chapter

Investigating the Structure-Related
Properties of Cellulose-Based
Superabsorbent Hydrogels
Christian Demitri, Marta Madaghiele, Maria Grazia Raucci,

Alessandro Sannino and Luigi Ambrosio

Abstract

Superabsorbent hydrogels are macromolecular networks able to absorb and
retain large amounts of water solutions within their fine mesh-like structure. More
importantly, they are capable of multiple swelling/shrinking transitions in response
to specific environmental cues (e.g., pH, ionic strength, temperature, presence of
given electrolytes), thus exhibiting a stimuli-sensitive behavior, which makes them
appealing for the design of smart devices in a number of technological fields. In
particular, in the last two decades, cellulose-based superabsorbent hydrogels have
proven to be an environmentally friendly and cost-effective alternative to
acrylamide-based products. This chapter reviews the relationship between the
molecular structure of cellulose-based hydrogels and their physicochemical proper-
ties. First, the network formation through the use of different cellulose derivatives
and chemical or physical crosslinking agents is presented. Successively, the smart
swelling capability of the hydrogels as a function of composition and structure is
thoroughly discussed. Finally, several approaches to the hydrogel characterization
are reviewed, with focus on the assessment of key mechanical, thermal and mor-
phological properties.

Keywords: smart hydrogels, cellulose, characterization

1. Introduction

A superabsorbent hydrogel is defined as a three-dimensional (3D) matrix
formed by hydrophilic polymers in linear or branched configuration and showing
the ability to absorb large quantities of water or biological fluids (usually more than
100 grams of water per gram of dry polymer) [1].

The main property of superabsorbent hydrogels is the capability to preserve the
stability of their network structure, even in the swollen state and in different media
and environments. This feature is the result of the presence of crosslinking nodes
[2], which can be induced through two main pathways, chemical and physical
crosslinking. The former allows obtaining irreversible covalent bonds among the
polymeric chains, e.g., by radical polymerization, reaction of complementary
groups, grafting reactions and enzymatic reactions [3]. The latter, instead, leads to
the formation of reversible hydrogels, meaning that the matrix can be destroyed in
specific environments, since the polymeric chains are held together only by physical
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interactions, such as electrostatic attractions, entanglements, Van der Waals forces
and hydrogen (H)-bonds [4].

The method adopted for crosslinking, either chemical or physical, also influ-
ences some key network properties (i.e., water uptake capacity, swelling kinetics,
mechanical and rheological properties, degradation rate, porosity, toxicity) and,
consequently, the potential use of superabsorbent hydrogels in different fields [5].
Applicative sectors include, but are not limited to, agriculture, horticulture,
hygienic products, wastewater treatment, water blocking tapes and tissue engi-
neering [6, 7]. Therefore, depending on the intended use, the synthesis of hydrogels
must be tailored to obtain materials that exhibit the desired responses, e.g., fast
swelling, degradability, porosity, etc.

Recently, particular focus has been placed on the production of novel
superabsorbent hydrogels based on natural polysaccharides such as cellulose, starch
and chitosan [8, 9], due to the low cost, biodegradability, availability and renewability
of these raw materials. Compared to synthetic polymers (e.g., polyacrylates), poly-
saccharides allow increasing the biocompatibility, biodegradability and water holding
capacity of superabsorbent hydrogels, while decreasing their potential toxicity.

Being susceptible to degradation by microorganisms [10] and by chemical or
physical stimuli [11], polysaccharide-based superabsorbent hydrogels are particu-
larly suitable for use in soils as fully biodegradable systems for the controlled release
of nutrients. However, although biodegradability permits to avoid the contamina-
tion of soils by chemicals, it may still represent a drawback in case of too early
degradation, i.e., when the nutrients inside the hydrogel matrix are not released as
slowly as would be desired [12]. In fact, the total amount of nutrients should be
released in a rate compatible with the plant necessity and occurring during the
degradation time of the hydrogel matrix.

The most abundant polysaccharide in nature is cellulose, which has been the
subject of academic and industrial studies for many years [13–15]. Although plant
cellulose requires several purification steps to eliminate or reduce contaminants
(e.g., lignin and pectin), its large availability and low cost make it the preferred
choice for the industrial-scale production of cellulose-based materials, including
superabsorbent hydrogels. Conversely, the synthesis of cellulose by bacteria, such
as Acetobacter xylinum and Acanthamoeba castellanii, yields a pure product but still
on a laboratory scale, unsuitable for industrial uses. An additional source of cellulose
may also be algae, i.e., Valonia ventricosa, which provide highly crystalline material
useful for studying polymorphs of the polymers [16].

In general, the strong hydrogen bonding (both intermolecular and intramolecular)
among the hydroxyl groups along the cellulose backbone not only limits the water
solubility, but also leads to the poor reactivity of cellulose. For this reason, great
interest has been directed to the use of cellulose derivatives, also termed cellulosics,
such as ethyl cellulose, propyl cellulose and carboxymethylcellulose (CMC) [16]. In
particular, sodium carboxymethylcellulose (CMCNa) is one of the most important
water-soluble derivatives currently used, produced by chemical reaction between
cellulose and monochloroacetic acid (MCA) in the presence of sodium hydroxide.
CMC is widely applied as an additive in a variety of industrial sectors. Examples of
products where CMC is used are detergents, oil drilling muds and wall paper glues,
while high purity CMC grades are found in pharmaceuticals, tooth paste, cosmetics,
food, etc.

With specific regard to agricultural applications and the need to control the
hydrogel degradation in the soil, some studies reported the possibility to use binary
systems based on two cellulose derivatives, e.g., carboxymethyl and hydroxyethyl
cellulose (CMCNa/HEC). Such binary systems have been shown to delay nitrogen
release [17], improve soil moisture, reduce the use of water, and alleviate
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environmental hazards caused by excessive fertilization. As an example, Sannino
et al. have recently developed cellulose-based superabsorbent hydrogels [18] with
sorption properties similar to those showed by conventional acrylate-based prod-
ucts, by crosslinking CMCNa and HEC in water solution with either divinylsulfone
(DVS) or a water-soluble carbodiimide. Furthermore, the possibility to use a com-
ponent of lemon juice, i.e., citric acid (CA), as a natural cross-linker has been
investigated [19]. In this case, the CA crosslinking of CMCNa and HEC, occurring at
high temperature by means of an anhydride intermediate, allows to overcome the
typical toxicity of chemical crosslinkers and to increase the hydrophilicity and
roughness surface of the cellulose hydrogels, thus extending their potential to bio-
medical applications, including tissue engineering [20].

In this chapter, after a brief overview of the inherent features of cellulose and
cellulosics, the synthesis and characterization of cellulose-based hydrogels are
discussed, with specific regard to CMCNa/HEC hydrogels, which represent a suc-
cessful example of ‘green’ and biocompatible superabsorbents. The focus of the
chapter is on the modulation of the physicochemical properties of the hydrogels in
relation to their intended use, via changes to the molecular structure.

2. Cellulose backbone properties

The chemical and physical properties of cellulose and cellulosics can be properly
interpreted only after acquiring a deep knowledge of the cellulose molecule, in
terms of chemical description, structure and morphology [21]. Generally, when
approaching the study of macromolecules especially for the creation of crosslinked
structures, three structural levels must be identified. The first one is the molecular
level, which regards the single polymer chain and is characterized by the following
structural parameters: chemical constitution, molecular mass and molecular mass
distribution, reactive sites and intramolecular interactions. The second structural
level to be identified is the supramolecular level, which accounts for the interactions
(i.e., packing, ordering) among macromolecules to form increasingly larger struc-
tures, such as elementary crystals, fibrils and fibers. Key structural parameters at
the supramolecular level include the crystallinity degree, the degree of order within
and around fibrils and the fibrillar orientation with respect to the fiber axis. Finally,
the third level is the morphological one, dealing with complex structural entities
formed by the macromolecules, e.g., the distinct cell wall layers in native cellulose
fibers and the presence of interfibrillar voids.

As highlighted in the following, the molecular and supramolecular levels are
those of primary interest for the understanding of the structure-related properties
of cellulose and its derivatives.

2.1 Molecular structure

Cellulose macromolecules are linear and rigid homopolymers consisting of D-
anhydroglucopyranose units (AGU), linked together by β-(1 ! 4) glycosidic bonds
formed between C-1 and C-4 positions of adjacent glucose moieties (Figure 1). The
degree of polymerization (DP) of cellulose depends on both the cellulose source and
the method of isolation/extraction. In general, plant cellulose in its native state has a
DP higher than 10,000, which then drops down to 800–3000 following the extrac-
tion process [21].

The peculiarity of the glycosidic bond (Figure 1) is that the two AGU units
joined together to form the repetitive unit of cellobiose are rotated by 180° with
respect to each other [21]. The relative stiffness of the cellulose chain is partly
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attributable to the steric constraints of the β-glycosidic linkage, as well as to the
chair conformation of the pyranose ring. With focus on the terminal groups at
either side of the cellobiose unit, an aldehyde hydroxyl (OH) group with reducing
activity is found in C-1 position (Figure 1, right), whereas an alcohol-borne, non-
reducing OH group is in C-4 position (Figure 1, left). Furthermore, both AGU units
have three OH groups located at C-2, C-3 and C-6 positions (one primary and two
secondary groups), which are mainly responsible for the poor reactivity and solu-
bility of cellulose. Cellulose is indeed insoluble in water (although the β-glycosidic
linkage is susceptible to hydrolytic attack), as well as in common organic solvents.
This is due to the formation of an extensive intra- and inter-molecular hydrogen-
bonding network among the abundant hydroxyl groups on the cellulose backbone.
In particular, intramolecular bonding is ascribable to two different interactions,
namely the one between the OH group at C-3 and the oxygen of the pyranose ring
(first described in the 1960s by Marchessault and Liang), and the one between the
C-6 and the C-2 OH groups of neighboring AGUs (reported by Blackwell et al. in
1977 [22, 23]). Intermolecular hydrogen bonding also takes place via the interaction
between C-3 and C-6 groups of adjacent cellulose chains. Intramolecular bonds are
those that mainly contribute to the stiffness of the cellulose molecule, which results
in the high viscosity of cellulose solutions and the strong tendency of cellulose to
crystallize and form fibrillar strands.

2.2 Functionalization

The hydroxyl groups located on the cellulose backbone (Figure 1) can be
exploited for chemical modification to introduce various functionalities, with the
aim of improving the solubility and the reactivity of cellulose. As aforementioned, a
number of cellulose derivatives, which display a wide range of solubility in water
and water solutions (in presence of alcohol or strong acids or bases), are commer-
cially available in various industrial fields and used for a number of applications,

Figure 1.
Molecular structure of cellulose representing the cellobiose unit with its reducing and non-reducing end groups.
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including coatings, laminations, optical films, absorbents, additives in building
materials and also in pharmaceutical, food and cosmetic products [24–26]. Among
these derivatives, the most important ones are esters and ethers (e.g., cellulose
acetate, methylcellulose, carboxymethyl cellulose and ethyl and hydroxyethyl cel-
lulose), which are prepared on large-scale production by heterogeneous slurry
reactions. These reactions most likely result in a random distribution of the sub-
stituents along the cellulose backbone. The degree of heterogeneity is determined
by the deviations between experimentally measured substituent distributions in the
monomers and ideal distributions, which are calculated under the assumption that
the samples are prepared in ideal homogeneous reaction conditions [27].

With specific regard to carboxymethyl cellulose (CMC), which is widely used
for the synthesis of superabsorbent hydrogels, the average degree of substitution
(DS) and degree of polymerization (DP) of available CMC may vary considerably,
although DS is generally between 0.5 and 1.5 [28]. In order to control the
distribution of the functional groups in CMC, several synthetic pathways have been
developed. In this regard, one pathway, developed by Fink et al. [29], includes
stepwise etherification using aqueous NaOH solutions at low concentrations.
Carboxymethylation is, thereby, primarily achieved in the non-crystalline regions
of the cellulose structure [30].

In addition to esterification and etherification, periodate oxidation of the
glycol group of glucopyranoside results in the formation of two aldehyde groups
(dialdehyde cellulose) [31, 32], which are useful for introducing a variety of
substituents such as carboxylic acid [33], hydroxyls [34], or imines [35, 36].

2.3 Degradation features

2.3.1 Effect of enzymes

It is well known that cellulose undergoes enzymatic degradation by specific
enzymes, like cellulase and β-glucosidase. Direct physical contact between the
enzyme and the surface of the cellulose molecules is a preliminary requirement to
enzymatic hydrolysis [37–40]. Since cellulose is an insoluble and structurally com-
plex substrate, this contact can be achieved only by diffusion of the enzymes into
the cellulose structure [41]. Therefore, the ability of cellulolytic microorganisms
(Bacillus subtilis and Bacillus licheniformis from bacteria, and Pleurotus ostreatus,
Pleurotus florida, and Trichoderma viride from fungi) to degrade cellulose largely
depends on the physicochemical characteristics of the specific substrate, which
affect the diffusion process and, as a result, the degradation rate [42, 43]. The size
and surface properties of the cellulose fibrils, as well as the space between microfi-
brils and cellulose molecules in the amorphous region, are fundamental factors
affecting the permeability of the cellulolytic enzymes [44]. The degree of polymer-
ization and the degree of crystallinity of the cellulose molecules are also important
structural parameters that limit the rate of enzymatic degradation. The presence of
cellulose contaminants (or components with which cellulose is associated) may also
affect the degradability of the given substrate [44].

With focus on cellulosics, the nature, concentration and distribution of
substituted groups clearly influence the process of enzymatic degradation, since the
chemical substitution may impair the recognition of the substrate by the enzymes
[42]. However, it is worth pointing out that the effect of chemical modification on
enzymatic resistance is not simply proportional to the number of substituted units.
Indeed, neighboring units can also be involved in the enzymatic attack. This is due
to the fact that the recognition of polymeric substrates by an enzyme generally
implicates the simultaneous involvement of multiple moieties in the polymer chain
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[32, 45]. In an interesting study by Kim et al. [32], it has been shown that the
chemical oxidation of cellulose not only makes the oxidized glucopyranosides
enzyme-resistant (towards both cellulase and β-glucosidase), but also renders the
adjacent unmodified glucopyranoside moieties inaccessible to the enzyme. There-
fore, the enzyme-resistant portion of cellulose is much greater than the degree of
oxidation when the latter is low, while becoming closer to the degree of oxidation
when this is increased. The partial oxidation of cellulose can thus be a useful
strategy for the design of cellulose-based materials, such as hydrogels, with
predetermined degradation rates [32].

2.3.2 Effect of temperature

It is known that native cellulose exists as a mixture of two crystalline forms Ia
and Ib, having triclinic and monoclinic unit cells, respectively [46, 47]. Cellulose Ia
is thermodynamically less stable than Ib, as also demonstrated by its conversion at
260°C. In both crystalline forms, cellobiose is the repeating unit with a strong intra-
chain H-bond, although the inter-chain H-bonding and packing of the crystal are
different in the two forms [48].

Thermal degradation of cellulose is quite a complex phenomenon, involving
several chemical reactions whose understanding still appears controversial [49]. At
high temperatures (approximately above 250°C), thermal degradation occurs as a
first-order reaction. Pyrolysis is thought to take place rapidly via transglycosylation
reactions, which lead to the formation of anhydro-sugars or ‘anhydrocellulose’ [50].

Furthermore, while at high temperature the effect of oxygen on thermal degra-
dation is practically negligible, at lower temperatures oxygen plays a predominant
role, so that oxidative degradation in air proceeds faster than pyrolysis in nitrogen.
The oxidative degradation process involves the production of free-radical initiators,
which then interact with oxygen to lead to autocatalytic oxidative reactions, char-
acteristic of the thermal oxidation of polymers [50].

Along with furanic compounds and gases (e.g., carbon dioxide and carbon mon-
oxide), water is a key product of the thermal degradation of cellulose. This is of
great importance in cellulose degradation, as water can cause hydrolytic scission of
the bonds between the glucosidic units, leading to diminished degree of polymeri-
zation and loss of physical properties [51]. While the physical elimination of water
from cellulose occurs at low temperatures (approximately below 220°C), the
chemical loss of water takes place in the range 220–550°C. Various chemical reac-
tions have been proposed to explain the observed water loss in this temperature
range. Water elimination from cellulose is primarily due to the formation of
anhydrocellulose, as mentioned above, through both intra-ring and inter-ring
dehydration mechanisms [51]. Intra-ring dehydration involves the intramolecular
elimination of water from C-2 and C-3 OH groups, while inter-ring dehydration is
due to OH groups from adjacent chains that form crosslinks perpendicular to the
chain direction [52]. Another possible mechanism of intermolecular dehydration is
a grafting reaction between the C-6 and C-4 OH groups of adjacent chains, leading
to the formation of an ether bond [52]. High temperatures (>300°C) may induce
further elimination of water from C-6, yielding a vinylene group. Secondary reac-
tions such as ring rearrangement, following the initial elimination reaction, lead to
further water loss and production of furanic species [51].

2.3.3 Effect of alkaline environment

Cellulose degradation strongly depends on the alkaline condition of environ-
ment. At temperatures <170°C the glycosidic linkages between the glucose units
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are stable in alkaline conditions [53]. However, a dramatic decrease of molecular
weight is observed when cellulose is boiled in presence of a diluted sodium hydrox-
ide solution, even with the careful exclusion of oxygen.

The principal mechanisms of degradation in alkaline media have been described
by several investigators [53, 54], and they include endwise degradation (or peeling)
at temperatures <170°C and alkaline hydrolysis of glycosidic bonds at higher
temperatures. Endwise degradation is due to a number of isomerizations of the
reducing end group of the cellulose molecule, which result in the migration of the
carbonyl group along the carbon chain. The ketose or aldose end groups that are
produced are then subjected to β-elimination [55]. If β-elimination occurs at the C-4
position, one monomer unit is released from the cellulose molecule, and the next
glucose end group can take part in the reaction. In this way, the glucose units are
gradually released from the macromolecule, resulting in a depolymerization
process commonly known as peeling-off reaction or unzipping reaction. However, the
β-elimination can also occur at positions other than C-4; in that case, the hexose unit
remains attached to the cellulose molecule, which terminates the depolymerization.
This is called the chemical stopping reaction. After either type of elimination reac-
tion, a diketo intermediate is formed: this can undergo benzilic acid rearrangement,
which generates the final degradation products. The two most common degradation
products generated by peeling-off and chemical stopping reactions are epimers of
3-deoxy-2-C-(hydroxymethyl)-pentanoic acid (ISA) and 3-deoxy-hexanoic acid
(metasaccharinic acid) [56].

When the temperature is >170°C, random alkaline scission of glycosidic linkages
occurs, resulting in considerable weight loss and marked decrease in degree of
polymerization. It is reported that the reaction does not depend on the presence of
molecular oxygen and is followed by peeling from any new reducing end group
produced by the scission process, thereby resulting in much greater weight losses
than alkaline degradation at lower temperatures [57]. Although alkaline scission is
normally only associated with alkaline degradation at higher temperatures, it has
been also observed in the alkaline degradation of amorphous hydrocellulose at
temperatures <100°C.

As mentioned for enzymatic degradation, the cellulose supramolecular structure
plays a key role in the degradation process [58]. In general, a high supramolecular
order of the polymer chains prevents or delays degradation [58, 59], with amor-
phous regions being much more sensitive to degradation than crystalline ones. It has
been reported [53] that the rate-limiting step for slower chemical attack depends on
the rate of mid-chain scission or the reaction of ‘inaccessible’ end groups. Peeling
and chemical stopping are inhibited in fibrous hydrocellulose, which shows an
ordered physical structure, and the majority of partially degraded molecules termi-
nate with inaccessible reducing end groups, i.e., by physical stopping. The relative
rates of degradation (peeling) and stabilization (stopping) also depend on condi-
tions such as the nature and concentration of the alkali and the temperature; stabi-
lization is favored at high temperature and higher alkali concentrations [60].

3. Synthesis of cellulose-based hydrogels

Cellulosics are interesting precursors for the synthesis of superabsorbent
hydrogels, due to the low cost, large availability, biocompatibility and biodegrad-
ability of cellulose, along with the responsiveness of some cellulosics (e.g., CMCNa)
to external stimuli.

In general, cellulose hydrogels can be stabilized via either physical (reversible)
or chemical (irreversible) bonding of the cellulose chains, starting from dilute
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aqueous solutions of single or composite cellulosic precursors [15]. Furthermore,
natural and/or synthetic derived polymers might be combined with cellulose to
obtain composite hydrogels with controlled properties [61, 62]. The number of
crosslinking sites per unit volume of the network, called crosslinking degree, is a
parameter that affects multiple properties of the hydrogel, including diffusive,
mechanical and degradation properties. The control of the crosslinking degree,
through adjustment of the synthesis protocol, thus represents a powerful tool to
produce tunable hydrogels for the specific application at hand.

Commonly used physical hydrogels are those prepared from aqueous solutions
of methylcellulose (MC) and/or hydroxypropyl methylcellulose (HPMC) [63]. The
gelation process involves hydrophobic associations among the macromolecules via
the methoxy group. While at low temperatures the polymer chains are well
hydrated, at higher temperatures they start losing their bound water, so that
polymer-polymer hydrophobic associations take place to form a 3D network. The
sol-gel transition temperature clearly depends on the degree of substitution (DS) of
the cellulose ethers and the presence of salts. A higher DS implies a more hydro-
phobic character of the cellulose chains, thus lowering the sol-gel transition tem-
perature. Similarly, the addition of salts reduces the hydration level of the
macromolecules. Both the DS and the salt concentration can be adjusted to obtain
cellulose-based aqueous formulations able to gel at 37°C, for potential biomedical
applications [64–66]. Several studies have addressed the use of low viscosity,
injectable solutions, which may directly crosslink in vivo to deliver therapeutic
molecules. However, the reversibility of physically crosslinked hydrogels, i.e., their
ability to flow or degrade under given circumstances (such as under mechanical
loading) [67], still represents a significant limitation to their in vivo use. Conversely,
in vitro applications of cellulose-based physical hydrogels appear much more
attractive. In this context, MC hydrogels have been proposed as novel cell sheet
harvest systems [66].

Unlike physical crosslinking, the formation of covalent bonding among the
polymer chains creates a stable 3D network with given stiffness. Both physical
treatments (i.e., high-energy radiation) and chemical agents can be exploited to
create irreversible cellulose-based networks. A number of chemical crosslinkers and
catalysts are available to crosslink cellulosics, including epichlorohydrin, aldehydes
and aldehyde-based reagents, urea derivatives, carbodiimides and multifunctional
carboxylic acids [15]. The crosslinking reactions may occur in water solution,
organic solvents or in the solid state (e.g., polycarboxylic acids can crosslink cellu-
lose via condensation reactions occurring at high temperature) [19, 67–69]. It is
important to emphasize that some crosslinking reagents, such as aldehydes, are
highly toxic, thus impacting negatively on the biocompatibility and eco-sustainable
character of cellulose-based hydrogels. Therefore, the use of non-toxic chemicals
and/or physical processes is gaining increasing interest in the literature. In this
regard, the recent crosslinking of CMCNa/HEC with citric acid has allowed the
development of biocompatible, biodegradable and totally eco-friendly
superabsorbent hydrogels [19].

Radiation crosslinking of cellulose, using electron beams or gamma radiation,
appears also suitable for the production of biocompatible hydrogels, especially for
biomedical applications. Although irradiation can lead to scission of the polymer
backbone, as demonstrated also for cellulosics [70], mild radiation conditions have
been successfully adopted for the crosslinking and simultaneous sterilization of
cellulose-based devices [71–73].

Finally, it is also important to highlight that cellulose backbone can be specifi-
cally functionalized before crosslinking, with the double aim of producing cellulose-
based hydrogels free of potentially toxic contaminants as well as providing a higher
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control of the crosslinking process. For instance, several cellulose derivatives have
been added with acrylate moieties to enable the photo- or redox- crosslinking of
aqueous solutions [74, 75]. Silylated HPMC, which crosslinks in solution by means
of pH-driven condensation reactions, is another example of modified cellulose,
proposed for the in vivo delivery of chondrocytes in tissue engineering applications
[76, 77]. Tyramine-modified CMCNa has also been reported for the synthesis of
enzymatically gellable formulations for cell delivery [78].

4. Smart swelling capability

4.1 Swelling ratio

The amount of water retained in the hydrogel network is a parameter of crucial
importance, since it affects all the properties of the material that are relevant for the
selected application (e.g., stiffness, degradation, diffusion, biocompatibility, etc.).
The hydrogel swelling is therefore the first property to be assessed; this is generally
done by measuring the mass of solvent absorbed by the network:

Qm ¼
W s �Wd

Wd
¼

M1

M2
(1)

In Eq. (1), Qm is the mass swelling ratio, Ws and Wd are the weights of the
network in the swollen and dry state, respectively, while M1 and M2 indicate the
masses of the solvent (i.e., water) and the polymer, respectively.

The volume swelling ratio (Q) can be calculated as follows:

Q ¼
Vs

Vd
¼

V1 þ V2

V2
¼ 1þQm

ρ2

ρ1
(2)

where Vs and Vd are the volume of the swollen and dry state, respectively;
V1 and V2 the volumes of water and polymer; and ρ1 and ρ2 their densities. The
polymer volume fraction in the swollen state is given by:

V2, s ¼
1

Q
(3)

In general, the hydrogel absorption capacity depends on both internal parame-
ters (related to the structure of the polymer network) and external parameters
(related to the solution bathing the hydrogel). Superabsorbent hydrogels, in partic-
ular, are those that display intrinsic large sorption capabilities (with Qm > 100),
together with a marked sensitivity to the external solution. This means that, by
changing some environmental parameters (e.g., pH, ionic strength), even slightly,
superabsorbent hydrogels are able to undergo notable swelling/shrinking
transitions [79].

4.2 Swelling mechanism

Superabsorbent hydrogels can be obtained by crosslinking hydrophilic polyelec-
trolyte species. Indeed, the presence of ions or fixed charges on the polymer net-
work greatly improves its swelling behavior [80, 81].

Several factors governing the sorption mechanism can be identified. First of all,
the polymer hydrophilicity promotes the polymer-solvent mixing, i.e., the swelling,
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when the material is placed in contact with water or water solutions. Secondly,
there is the elastic retraction force due to the crosslinks, which opposes the swelling
of the network. The entity of this elastic response clearly depends on the number of
crosslinking nodes in the polymer network. In case of a perfect network with no
dangling ends, loops, and entanglements, the number of elastically effective chain
elements corresponds to the number of all chemically crosslinked polymer seg-
ments. The moles of polymer segments engaged by crosslinks and the moles of
crosslinks per unit volume of the network are defined as the crosslink density and
the degree of crosslinking, respectively. If ν is the number of units engaged in
crosslinks and V is the volume of the network, the crosslink density ρx is given by:

ρx ¼
ν

V
¼

1

υMc
(4)

where Mc is the number average molecular weight between two consecutive
crosslinks and υ is the specific volume of the polymer. Clearly, the higher Mc, the
lower ρx; consequently, a higher hydrogel swelling is expected at fixed environ-
mental conditions.

In case of polyelectrolyte networks, two additional beneficial contributions to
swelling occur: (a) an osmotic mechanism called ‘Donnan effect’, which is propor-
tional to the number of ionic fixed charges on the hydrogel network and induces the
penetration of water into the network to dilute its high charge concentration; and
(b) the electrostatic repulsion between charges of the same sign on the polymer
backbone, which tends to expand the network, thereby promoting the swelling.

The Donnan effect (also known as the Gibbs-Donnan effect) is related to the
behavior of free charged particles in the presence of a semipermeable membrane
separating two different solutions. Being the membrane semipermeable, only some
charged species are able to pass through it in order to reach the equilibrium between
the two solutions. A typical Donnan-type mechanism takes place when a 3D poly-
electrolyte network is placed in contact with a water solution, since electrical
charges are tethered on the polymer backbone, which thus acts as a semipermeable
membrane. The equilibrium of the whole system (composed by the swelling solu-
tion and the polymer network itself) is attainable only if a passage of water is
established, going from the external solution to the polymer network, thus diluting
the concentration of the charges inside the network.

The polyelectrolyte nature of CMCNa explains why this cellulose derivative is
widely used for the synthesis of superabsorbent cellulose-based hydrogels, espe-
cially in conjunction with HEC [13, 15, 18–20]. The simultaneous presence of HEC
has been shown to be fundamental to achieve intermolecular (rather than intramo-
lecular) crosslinking reactions, thus enabling the network stabilization [15]. The
hydrogels crosslinked in presence of CMCNa clearly exhibit a much higher sorption
capacity if compared with those crosslinked with HEC only, due to the Donnan-
type swelling mechanism. The swelling capability of CMCNa/HEC hydrogels has
been further increased by the use of difunctional molecules (e.g., polyethylene
glycol) as network spacers, able to increase the average distance between two
crosslinking sites (i.e., Mc) [82].

4.2.1 Effect of temperature

The hydrogel state can be considered as a peculiar solution composed of water
and hydrophilic polymer chains. Because of the presence of crosslinks, which
impede the polymer dissolution, the hydrogel solution is characterized by an elastic
(rather than viscous) behavior [79].
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The polymer-solvent interaction can be described by the thermodynamic theory
of polymer solutions. In 1953, Flory [81] showed that the free energy change asso-
ciated with the mixing process between the solvent and the polymer network can be
calculated as follows:

ΔGmix ¼ kT n1 ln 1� V2, sð Þ þ χ1,2n1V2, s

� �

(5)

where k is the Boltzmann constant,T the absolute temperature, n1 the number of
solvent molecules, and χ1,2 the Flory-Huggins polymer-solvent interaction parame-
ter [81]. This last parameter takes on positive or negative values, for endothermic or
exothermic mixing, respectively. In case of complete miscibility of the polymer in
the solvent over the entire composition range, χ1,2 is lower than 0.5. The exact value
of this parameter can be calculated as follows:

χ1,2 ¼ χa þ χbV2, s þ χcV
2
2, s þ… (6)

where χa, χb, etc. are function of the temperature.
This means that the polymer-solvent interaction parameter, which in turn affects

the polymer hydrophilicity and the hydrogel swelling, depends on temperature (and on
polymer concentration). The effect of the temperature on χ1,2 allows to design
thermosensitive hydrogels. Most polymers increase their water solubility as the tem-
perature increases (i.e., the χ1,2 parameter decreases), thus they are able to form
positive temperature-sensitive hydrogels, which shrink upon cooling below their upper
critical solution temperature (UCST). However, negative temperature-responsive
hydrogels can be also obtained, which shrink when heated above their lower critical
solution temperature (LCST), These include both physical systems, such as theMC and
HPMChydrogels discussed above [63–66], and chemical ones, for example obtained by
copolymerizing cellulose derivatives with N-isopropylacrylamide [83].

4.2.2 Effect of ionic strength (constant pH)

Polyelectrolyte networks (e.g., CMCNa/HEC hydrogels) are able to significantly
change their volume when changing the composition of the external solution. The
fixed charges linked to the polymer backbone drive this peculiar response. In general,
the equilibrium solution uptake always diminishes for higher values of the ionic
strength. However, polyelectrolyte hydrogels display a marked sensitivity to ionic
strength variations. This is due to the osmotic pressure related to the Donnan effect,
which is proportional to the difference in concentration of charges between those
contained in the gel and those in the external solution. Obviously, increasing the ionic
strength of the external solution decreases the difference between the concentration
of ion species in the gel and in the external solution and, as a result, the water uptake
decreases. This behavior can be ascribed to the neutralization of the fixed charges
linked to the polymer backbone by the “free” charges active in the external solution.
This neutralization reduces the total active charge of the polymer network, thus
reducing both the electrostatic repulsion of the polymer chains and the Donnan-type
sorption mechanism. On the other hand, this effect can be explained as a reduction of
the chemical potential of the water in the external solution, with a resulting reduction
of its capability to penetrate the polymer network.

4.2.3 Effect of pH (constant ionic strength)

In general, the degree of ionization i of polyelectrolyte chains depends on the
dissociation constant of the ionizable network groups and the pH of the external
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solution. In particular, anionic hydrogels (such as CMCNa/HEC ones) tend to
deprotonate and swell when external pH is higher than pKa of their ionizable
groups, while cationic hydrogels protonate and swell when external pH is lower
than pKb of their ionizable groups.

The dissociation of the carboxylic groups fixed on the cellulose chains in
CMCNa/HEC hydrogels is strongly affected by the pH of the external solution
[18, 80]. A reduction in the number of dissociated carboxylic acid groups in the
polymer network is evident at low pH. This mechanism reduces the swelling of the
material, in accordance with the reduction of the polyelectrolyte property of the
network. At very low pH values, the majority of the carboxylic acid groups are
in a non-dissociated state, and the hydrogel seems to be composed of non-
polyelectrolyte chains. On the other hand, when the pH of the swelling solution
increases, there is a growth of the number of dissociated carboxylic group with a
consequent increment in swelling.

5. Mechanical properties

The viscoelastic nature of polymers offers several analytical methods to investi-
gate their mechanical behavior. In addition to ‘traditional’ mechanical tests (e.g.,
tensile, compressive, flexural), dynamic mechanical analysis (DMA) is the method
of choice to quantify the elastic (i.e., conservative) and viscous (i.e., dissipative)
moduli of polymers, G’ and G” respectively, in both the liquid and solid states.
Basically, the method consists in subjecting the sample to a sinusoidal deformation,
of given amplitude and frequency, and recording the double material’s response in-
phase (elastic) and out-of-phase (viscous) with the mechanical solicitation. With
regard to gels, DMA is widely used to investigate both the progression of the
crosslinking reaction and the mechanical properties of the final gel.

In general, the gelation of polymer solutions can be investigated by rheological
and dynamic mechanical analyses. As the crosslinking reaction takes place, the
viscosity of the polymer solution starts to increase progressively, due to the increase
of the average molecular weight, until the gel state, defined as the one where no
flow occurs (i.e., infinite viscosity), is reached. Alternatively, the G’ and G”
moduli can be monitored during crosslinking via DMA, as a function of frequency,
time or temperature [84, 85]. The initial polymer solution, characterized by a
modulus G” higher than G’, undergoes a rapid increase of G’ (higher and faster
than the one of G”) as the crosslinking reaction proceeds, so that the final gel
state shows a modulus G’ higher than G” for several orders of magnitude. The
so-called gel point is defined as the one where G’ and G” curves cross each other
and basically it determines the temperature or the time required to obtain a gel
from given solutions. In the literature, several investigations are reported exploring
the physical or chemical gelation of cellulose-based hydrogels via DMA and are
here suggested for further reading [84, 85]. In the following, instead, the authors
address the mechanical characterization of final hydrogels, with particular focus
on the relationship between the crosslink density and the stiffness of the polymer
network.

Since hydrogels show a rubber-like behavior, the theory on the entropic elastic-
ity of rubbers, described by Flory [81], can be exploited to estimate the degree of
crosslinking of a hydrogel by measuring its macroscopic mechanical properties.
Assuming that the deformation of the polymer chains is affine and that the volume
of the polymer network does not change upon uniaxial deformation, Flory derived
the following relationship between the uniaxial stress and the uniaxial deformation:
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σ ¼ RTρxe α�
1

α2

� �

¼ G α�
1

α2

� �

(7)

where σ is the stress, R is the universal gas constant,T is the absolute tempera-
ture, ρxe is the elastically effective crosslink density (i.e., the number of elastically
effective crosslinks per unit volume, which is equal to ρx for perfect networks),
α = L/Li is the deformation ratio, with L the actual thickness of the deformed sample
and Li the initial thickness of the sample (α > 1 for elongation and α < 1 for
compression, respectively), and G is the shear modulus of the polymer network. In
practice, Eq. (7) holds for small deformations (α ≈ 1), in order to assume a constant
volume of the network, and states that the plot of σ against (α � 1/α2) is linear, with
a slope that is equal to the modulus G and directly proportional to the crosslink
density.

If the polymer network is swollen isotropically in a solvent [81], and the
crosslinking reaction occurs in the presence of the solvent [86], as for most
hydrogels, the modulus G in Eq. (7) can be expressed as follows:

G ¼ RTρxeV
1=3
2, sV

�1=3
2, r ¼ RT

νe

V0
V

1=3
2, sV

2=3
2, r (8)

where V0 is the dry network volume, V2,s is the polymer volume fraction in the
fully swollen state (Eq. (3)), and V2,r is the polymer volume fraction soon after
crosslinking and before swelling, i.e., in the relaxed state.

Therefore, the mechanical characterization of hydrogels via uniaxial elongation
or compression tests allows estimating not only the gel stiffness and strength, but
also the corresponding elastically effective crosslink density. However, it is worth
recalling that, due to viscoelasticity, which implies a time-dependent material’s
response, the rate of gel loading is particularly important in the determination of its
mechanical properties. Commonly used strain rates for hydrogel testing are in the
range 1–50 μm/s [87–90].

Although derived for uniaxial deformation, Eq. (8) has a general validity. DMA,
which directly measures the modulus G through its components G’ and G”, might
thus be used also to estimate ρxe [87, 91]. Interestingly, for superabsorbent
cellulose-based hydrogels, it has been demonstrated that the calculation of ρxe from
both compression and DMA data provides comparable values, thus suggesting
the high potential of DMA as a non-destructive method for the bulk mechanical
characterization of hydrogels [87].

For selected types of hydrogels, especially those used in tissue engineering and
cell culture applications, the determination of the local mechanical properties of the
material, on the nano/submicron scale, is also of great interest for fully under-
standing the multiscale material behavior, as well as the cell response to the sub-
strate stiffness or elasticity [90, 92]. Such local measurements can be performed via
atomic force microscopy (AFM) and nanoindentation techniques [93]. Apart from
its use for morphological surface analysis, in recent years AFM has emerged as a
well-established method to map the nano-mechanical properties of elastic and vis-
coelastic materials [94], and to probe the elasticity of cells and biological tissues
[92]. AFM can also be adapted to perform nanoindentation tests [94]. Several soft
hydrated materials, such as hydrogels, have been characterized via AFM and/or
nanoindentation and their local elasticity has been correlated to the bulk one
[90, 92, 93]. Notably, the stiffness of single cellulose nanofibres in bacterial
cellulose hydrogels has been very recently determined via AFM [95].

As a final consideration on the evaluation of mechanical properties, it is worth
noting that Eqs. (7) and (8) are referred to the analysis of non-macroporous
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hydrogels. The mechanical behavior of porous gels, which are briefly dealt with in a
later section, is clearly affected not only by the precursor polymer(s) and the
crosslink density, but also by porosity itself. The determination of the crosslink
density of porous hydrogels from mechanical data should thus take into proper
account the role of porosity. As for the assessment of the local mechanical proper-
ties, so far, AFM has been mostly used for probing of non-macroporous hydrogels,
being the analysis of porous substrates particularly challenging. However, the
mechanical characterization of porous hydroxypropyl cellulose methacrylate (HPC-
MA) hydrogels by means of AFM has been successfully reported in recent literature
[96]. The obtained elastic modulus, together with data from microstructural analy-
sis, has also allowed the mechanical modeling of individual pores and the bulk
scaffold [96]. These findings pave the way to a more extensive use of the AFM
technique in the near future for the mechanical analysis of porous hydrogels.

6. Thermal stability

Thermal stability of hydrogels is commonly investigated by means of
thermogravimetric analysis (TGA), a technique that allows identifying the temper-
atures at which sample weight losses occur, due to heating-induced transitions, such
as evaporation of volatile substances (e.g., moisture) and thermal decomposition. In
particular, the first derivative of the TGA signal (DTG) is usually calculated to
highlight the temperatures of maximum degradation. When comparing the TGA/
DTG curve of given hydrogels with those of the respective precursors, very useful
information can be obtained related to the quality and efficacy of the crosslinking
reaction, as well as the overall stability of the synthesized polymer networks. With
regard to cellulose-based hydrogels, the high number of cellulose derivatives and
crosslinking protocols currently available for their synthesis (as discussed in the
first part of this chapter) make it difficult to draw general or conclusive remarks on
their thermal behavior. Therefore, in the following the thermal stability of cellulose-
based hydrogels is briefly discussed with reference to specific examples reported in
the literature [97, 98], where blends of CMCNa and HEC, used as hydrogel pre-
cursors, have been shown to exhibit higher or lower thermal stability in the
crosslinked state compared to the native one, depending on the crosslinking proto-
col used.

6.1 TGA analysis of hydrogel precursors: CMCNa and HEC

As discussed in the previous sections, CMCNa and HEC are widely employed for
the synthesis of superabsorbent hydrogels [87, 97–100]. In particular, CMCNa is the
polyelectrolyte species that provides the hydrogels with enhanced swelling capabil-
ity and sensitivity to environmental stimuli (i.e., ionic strength and pH), thanks to
the Donnan effect. HEC is adopted to promote the formation of intermolecular
rather than intramolecular crosslinks, thus allowing the macromolecules to stabilize
into a three-dimensional polymer network [87]. The synthesis of superabsorbent
hydrogels, with sorption capabilities up to 500 times the dry weight, is commonly
reported for CMCNa/HEC weight ratios of 2/1 and 3/1 (i.e., when an excess of
polyelectrolyte CMCNa is used) [87, 97].

When analyzing the thermal behavior of cellulose derivatives, it is worth
recalling that, due to the major role of oxygen in cellulose degradation, especially at
low temperatures (as discussed previously), the choice between air or nitrogen flow
as an atmosphere in which performing the TGA analysis is fundamental and should
always be specified.
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For analyses in nitrogen flow, typical TGA/DTG curves for CMCNa and HEC
(commonly reported in the range 25–500°C) basically show a two-step weight loss,
with removal of moisture (up to 10% weight) in the temperature range 40–100°C,
and rapid thermal degradation, mostly due to decarboxylation [101], in the range
230–300°C (about 40–50% weight) (Figure 2). Weight loss then slowly proceeds at
higher temperatures due to further degradation mechanisms, such as those
described in Section 2 (e.g., water removal, cleavage of the glycosidic linkage,
formation of furanic compounds). Maximum degradation temperatures for CMCNa
and HEC have been reported to be 284 and 280°C, respectively [98].

6.2 TGA analysis of CMCNa/HEC hydrogels

As reported in the literature, CMCNa/HEC hydrogels may display two or more
steps of thermal degradation, depending on the crosslinking agent(s) used [97, 98].
Additional steps of weight loss in the TGA curve, compared to the curves of
cellulose precursors, may be indeed due to the degradation of the crosslinker mole-
cules incorporated in the gel network. As an example, CMCNa/HEC (3/1)
hydrogels, crosslinked by either fumaric or malic acid [98], have been recently
shown to display a three-step degradation process, including: a first stage, occurring
at low temperatures (up to 100°C), due to water/moisture evaporation; a second
stage, in the range 200–270°C, related to decomposition of the crosslinker; a final
stage, between 270 and 400°C, where thermal decomposition of cellulose backbone
occurs. It is worth noting that, in this study, the hydrogels were found to possess a
higher thermal stability than the corresponding cellulose precursors. In particular,
increased hydrogel degradation temperatures were detected up to 298 and 317°C,
when using increasing concentrations of malic and fumaric acid, respectively. This
suggested the formation of highly stable cellulose networks upon crosslinking.

Clearly, such a finding is strictly related to the given crosslinking agent/reaction
being investigated. For instance, in an independent investigation CMCNa/HEC
hydrogels crosslinked by divinylsulfone (DVS) have been shown to be less ther-
mally stable than native polymers [97]. The maximum degradation temperature of
cellulose was indeed shifted from about 285 to 276°C, upon DVS crosslinking of a
5/1 CMCNa/HEC mixture. However, in that study the effect of different crosslinker
concentrations on the hydrogel stability was not taken into account.

Figure 2.
Exemplificative TGA curve (25–300°C, nitrogen flow) obtained for a sample of HEC (unpublished data by
the authors).
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7. Hydrogel morphology

In general, the analysis of hydrogel morphology (i.e., porosity, at different
length scales) is a fundamental characterization step for the full comprehension of
most gel properties, including the thermodynamic and kinetic swelling behavior,
the mechanical stiffness and strength and the diffusivity of molecules within the
polymer network. However, such an investigation can be challenging, at least via
standard experimental techniques (e.g., microscopy), due to the inherent presence
of water in the gel state.

In the following, the analysis of the gel structure is briefly discussed, with
particular reference to the evaluation of pores at the nano-, micro- and macroscale.
Where appropriate, specific examples related to the analysis of cellulose-based
hydrogels are provided.

7.1 Nanoscale: hydrogel mesh size

Hydrogel networks show a fine mesh-like structure, where the free space among
crosslinked chains can host the diffusion of water and other molecules of suitable
size, smaller than or comparable to the mean hydrogel mesh size (Figure 3).
According to the Canal-Peppas theory for isotropically swollen hydrogels [86], the
average mesh size ξ, also referred to as correlation length, can be calculated from
the following:

ξ ¼ V
�1=3
2, s r20

� �1=2
¼ V

�1=3
2, s l CnNð Þ1=2 ¼ V

�1=3
2, s l Cn

2Mc

Mr

� �1=2

(9)

In Eq. (9), r20

� �1=2
is the root-mean-squared end-to-end distance between adja-

cent crosslinks in the unperturbed state, V2,s is the polymer volume fraction in the
swollen state, l is the bond length along the polymer chain, Cn is the characteristic
ratio of the polymer, N is the number of bonds per chain, Mc the molecular weight
between crosslinks, andMr the molecular weight of the polymer repeating unit. The
higher the crosslink density (i.e., the lower Mc), the smaller the average mesh size.
Typical ξ values for swollen hydrogels are reported in the range 5–100 nm
[102, 103].

In spite of the fact that most real hydrogels show a broad range of mesh sizes,
various studies show that the calculation of the average mesh size according to
Eq. (9), starting from theoretical swelling or mechanical models for Mc determina-
tion, leads to a reliable and meaningful estimation of the hydrogel nanostructure
[104, 105]. From an experimental point of view, the direct visualization or mea-
surement of the hydrogel mesh size distribution is indeed hard to achieve. Standard
microscopy techniques, including optical and electron microscopy, often require a
too severe processing of the sample (e.g., dehydration), which introduces numerous
artifacts, thus deforming the structure of the gel with respect to its native state.

Figure 3.
Schematic representation of a hydrogel network, with its average mesh size hosting multiple diffusing molecules.
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Recently, some successful attempts have been made with cryo-transmission elec-
tron microscopy (cryo-TEM), for imaging various types of hydrogels (e.g., methyl-
cellulose hydrogels [106]) yet preserving their nanostructure [107, 108]. Cryo-TEM
enables the high resolution imaging of the hydrogel under cryogenic conditions,
showing the presence of vitrified water in a network of crosslinked polymeric
chains. Nonetheless, it is obvious that the extreme care needed in sample prepara-
tion to avoid artifacts, still makes cryo-TEM poorly attractive for widespread use.
Other methods to evaluate the hydrogel mesh size include confocal laser scanning
microscopy (CLSM) [109], small-angle neutron scattering [106, 110, 111], small-
angle X-ray scattering (SAXS) [104], pulsed field gradient [112] and low field
nuclear magnetic resonance (NMR) spectroscopy [105]. Although accurate, these
methods are based on expensive equipment and complex data analyses, which
ultimately limit their application. Moreover, in many cases the estimated values of
mesh size have been shown to be comparable with those calculated from theoretical
models (Eq. (9)). This is why the indirect estimation of ξ via Mc determination
(through swelling and/or mechanical tests) is by far the most widely employed
method to study the hydrogel structure at the nanoscale. Further solute exclusion/
diffusion experiments can be also performed to estimate the average mesh size from
the diffusivity of molecules with given hydrodynamic radius [105, 113, 114], often
confirming the average ξ values estimated theoretically.

With particular reference to cellulose-based hydrogels, it is worth mentioning
thermoporosimetry as another interesting and powerful technique to measure the
mesh size distribution, rather than the average mesh size, of polymer networks. The
method, based on differential scanning calorimetry (DSC) and first described by
Kunh et al. [115], relies on the application of the Gibbs-Thomson equation, which
quantifies the freezing point depression of a liquid (e.g., water), when confined in a
porous medium, as inversely proportional to the pore size [116, 117]. Furthermore,
the melting enthalpy is related to the pore volume, so that the entire mesh size
distribution can be determined starting from the DSC curve [116, 117]. However,
thermoporosimetry necessitates calibration against a known pore analysis method,
proper adjustments of the DSC heating protocol for the given material being ana-
lyzed and signal deconvolution when the melting peaks of confined water and bulk
water are overlapping [116]. For porous cellulosic materials, that show a low heat
transfer and overlapping melting transitions, an isothermal step melting protocol
has been recently proposed to estimate the pore size distribution through DSC
analysis [116]. Moreover, since the DSC tracing of bound or confined water may be
due to water–polymer interaction [118] rather than porosity confinement [119],
preliminary experiments in various moisture environments have been suggested to
verify whether porosity is the true factor governing the water melting behavior
[120]. Several additional studies on the thermal behavior of water in cellulose-based
materials are currently available in the literature and are here suggested for further
reading [116, 118, 119], since they may provide useful information for the mesh size
analysis of selected cellulose-based hydrogels via thermoporosimetry.

7.2 Micro- and macroscale: hydrogel porosity

For an environmentally sensitive hydrogel, the swelling rate, i.e., the rate with
which the hydrogel responds to external changes, is significantly affected by its
bulk morphology. While reducing the size of the hydrogel in granular or powder
form is a simple but rough method to accelerate its swelling kinetics, the creation of
an interconnected network of micro- or macropores in the gel represents a sophis-
ticated and accurate way to further control its bulk properties, including the swell-
ing extent and kinetics. First of all, porous hydrogels can retain higher amounts of
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water compared to non-porous ones, due to additional capillary retention [87, 99,
100]. Furthermore, they can rapidly swell or shrink in response to given stimuli,
due to the convective water transport, taking place in the pore channels. Multiple
synthesis methods have been proposed to produce porous hydrogels with given
microstructure, which are generally based either on the use of a removable
porogen/templating agent [121–123] or on the rapid expulsion of water by phase
inversion in a non-solvent [87, 100]. Cryo-gelation, which consists of crosslinking a
polymer solution at cryogenic temperatures, is a particular method where ice crys-
tals are the interconnecting porogens, while the crosslinking reaction takes place in
concentrated liquid microphases among them. Resulting cryogels exhibit a sponge-
like form with remarkable properties compared to other types of porous, soft gels.
Indeed, in addition to a very quick swelling/deswelling response, cryogels may also
show high elasticity and shape memory, which can make them even injectable for
specific biomedical applications [124, 125]. So far several cellulose-based porous
hydrogels, including different types of cryogels, have been proposed in the litera-
ture as smart materials for a wide range of applications, e.g., absorbents in the
agriculture field [126], matrices for controlled drug release [127], stomach bulking
agents [18] and scaffolds for tissue engineering [128].

The investigation of hydrogel porosity is primarily performed, with different
levels of resolution, via optical methods, such as scanning electron microscopy
(SEM) and CLSM, usually followed by software-based image analysis [122, 129]. As
discussed above, particular caution is needed in sample preparation to avoid arti-
facts, especially in cases where preliminary sample dehydration is required (e.g., in
SEM). In this regard, cryo-SEM is particularly recommendable to visualize the
structure of swollen hydrogels. Alternatively, freeze-drying may be exploited to
preserve the gel structure as much as possible, before standard (i.e., under high
vacuum) SEM observation. Other methods to analyze the hydrogel porosity include
mercury intrusion porosimetry [121] and X-ray computed microtomography (μCT)
[123, 130, 131]. While the former still necessitates preliminary sample drying and
may not be suitable for the analysis of very soft materials such as hydrogels, μCT
represents a powerful and versatile technique for the quantitative analysis of
hydrogel porosity. In general, μCT allows the non-destructive visualization and
reconstruction of the entire 3D structure of a given material. Then, proper analysis
of acquired images/sections provides significant morphological information such as
the pore volume fraction and the pore size distribution [123, 130, 131]. Although
μCT does not require particular care in sample preparation, in the case of porous
hydrogels it is worth mentioning that long scanning times are often required to
obtain good quality images, due to the typical low density of the materials. The
presence of water in swollen hydrogels may further increase the scanning time, thus
implying the simultaneous desiccation of the sample under the X-ray beam. The
μCT analysis of freeze-dried hydrogels is thus recommended and is usually reported
[130, 131]. Although the μCT quantification of porosity may be particularly chal-
lenging for some hydrogel-based materials, e.g., cellulose-based ones, due to their
very low density, the successful μCT characterization of various hydrogel types has
been recently reported [123], thus suggesting the potential of the technique to be
further refined for the analysis of a larger number of hydrogels.

8. Conclusions

Cellulose-based superabsorbent hydrogels are currently explored for a number
of technological applications, which range from the traditional use of hydrogels as
water absorbents in different contexts (e.g., personal care products, agriculture) to
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their latest use in both pharmaceutical and biomedical fields (e.g., controlled drug
delivery, tissue engineering). The design of novel hydrogels requires a deep knowl-
edge of the existing correlation between structure and properties of cellulose net-
works. Multiple cellulose derivatives can be synthesized and crosslinked, via
different strategies, for the development of hydrogels with well-defined features,
including the swelling capability and sensitivity to external stimuli, the degradation
rate resulting from various environmental factors, the mechanical stiffness and
strength, the mesh size and the diffusion of molecules within the hydrogel network,
and the micro- and macroporosity. Depending on the intended application(s),
various experimental tests, such as those briefly reviewed in this chapter, can be
performed to highlight the properties of interest. Due to the large availability of
cellulose, its environmentally friendly nature and its biocompatibility, it is reason-
able to assume that cellulose and its derivatives will drive the evolution of smart
hydrogels in different technological fields.
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