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Abstract The advent of nanotechnology has provided new insights of applications
of well-known materials due to the exceptional properties owing to the nanoscale.
As an example, nanocomposites based on polymer matrix and nanoscale fillers have
appeared as good candidates in a broad range of applications. Such scenery can be
credited to the use of new and multifunctional fillers that provide distinct and
substantial features to the nanocomposites. Recent trends on the nanocomposites
field show that crystalline biopolymers, such as cellulose, chitin, and starch, are an
excellent source of fillers, especially nanocrystals like fibrils, whiskers, and plate-
lets. The incorporation of such fillers in different matrices (e.g., crosslinked poly-
meric network) has demonstrated outstanding improvement of several properties,
such as mechanical, water uptake capacity, thermal, optical, etc. Furthermore,
crystals, fibrils and whiskers can induce desirable properties in the final materials
(e.g., solute retention or release, crystallinity, biodegradability, biocompatibility,
antibacterial activity, etc.). This chapter condenses the relevant works regarding the
preparation of polysaccharide-based crystals, whiskers, and fibrils, their application
in the development of hydrogel nanocomposites as well as the future trends of this
area.
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1 Introduction

The first Industrial Revolution, at the end of eighteenth century, has triggered the
development of technological research and the obtention of novel materials. The
challenges today are focused on adapting the available technology to produce
desirable responses from a material or a process with the minor onus (e.g., low cost
and high efficiency). One of the most brilliant methods created to answer such
condition is the nanotechnology. Nanotechnology, in general lines, is the science
that treats the matter at the molecular level. It means that new materials; substances,
and products are formulated in this field with atomic accuracy [97, 98]. The direct
results are the obtention of a wide range of desirable properties and unlimited
possible applications. For example, the materials prepared or obtained in nanosized
scale (particles, aggregates, or agglomerates where at least or more than 50 % show
size dimension between 1 to 100 nm) have been utilized in hundreds applications.
Nanomaterials have been included in various commercial products (e.g., dentifrices,
batteries, paints, clothes, etc.) in order to increase, modify or even create new
features [18, 154, 155]. Several fields, such as medical, optics, electronic, bio-
technology, energy, and environmental have benefited a lot from nanomaterials
[18]. The association of different classes of materials, such as polymers (synthetic
or natural), ceramics, and metals and nanosized fillers allows preparing high-per-
formance nanocomposites materials [54, 141, 153]. The term nanocomposite
defines a multiphase solid material with one of the phases in the nanosized
dimension [165]. In other words, it is the combination of a solid bulk matrix and
nanodimensional phases differing in properties due to dissimilarities in structure
(morphological, chemical, and dimensional) and physicochemical features. As a
consequence, the nanocomposite properties will markedly differ from the individual
components. For instance, in mechanical terms, nanocomposites could present
better performance than traditional composite materials due to the outstanding high
aspect ratio presented by the nanomaterials (also known as “filler”) incorporated
into the bulk matrix [27, 68]. Another aspect is that the interface area between the
matrix and the filler phase(s) is typically an order of magnitude greater than that for
conventional composite materials.

Taking into account that nanosized fillers can be prepared/obtained from
numerous organic (polymer) and inorganic (metals, oxides) sources [68, 82, 119,
155, 191, 199], they vary in relation to the size, chemical composition, shape,
surface area, production cost, and toxicity. Crucial aspects that must be considered
are the (bio)availability of the source and the toxicity and cost of chemicals
involved in the preparation of the fillers. Biopolymers are quoted currently as
potential candidates to extract fillers to form nanocomposites due to issues such as
biodegradability, low cost, nontoxicity, relatively reactive surface, etc.
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1.1 Biopolymers

Biopolymers are polymeric macromolecules produced by living organisms.
Polysaccharides (e.g., cellulose, starch, and chitin), proteins and peptides, and
nucleic acids (DNA and RNA) are examples of biopolymers [105, 108]. Some of
them, such as cellulose and chitin, are the most abundant biopolymers on earth
[166–170]. The main difference between the conventional polymers and biopoly-
mers can be credited to their structure [181–183]. Repeating units form both
polymer and biopolymers; however in most of the cases, biopolymers show a well-
defined three-dimensional structure, while the conventional polymers do not [173–
177]). The exact chemical composition and well-defined sequence in which the
repeating units are organized are characteristic of the primary structure of the
polymer. Many biopolymers show a complex structure, which defines biologic
activity for instance [105]. Biopolymers can show very complex folding patterns,
included secondary and tertiary structures, both based on the properties of the
primary structure [163]. On the other hand, the conventional polymers, such as the
synthetic ones, show a simple and random (stochastic) structure [19]. Therefore,
such class of polymers shows a typical molar weight distribution, which is not
observed for the biopolymers. However, a well-defined structure presented by
biopolymers contributes to decreasing their range of molar weight distribution,
which results in higher monodispersity. Such characteristic is contrasting with
synthetic polymers, which can present high polydispersity [19].

Biopolymers have been extracted and purified for several finalities (food,
commercial, industrial, etc.) and at the same time some of them are studied in
different areas. These studies include the development/obtention of novel materials
to replace the oil-based ones (e.g., synthetic polymers, elastomers, etc.), which
show, in general, high-cost production, low availability, environmental problems,
etc. [178–180]. The main drawback to replace the oil-based materials is to develop
materials with similar, interesting properties. Several efforts in this sense have been
done. The novel nanocomposites, especially those based on biopolymers, are
suitable candidates to this challenge. Biopolymers have replaced synthetic polymers
in some application and also have been associated to them, resulting in composites
materials [101, 156, 204]. This last strategy is convenient and highly reliable to
enhance or induce some specific properties (e.g., thermal, mechanic, absorbing,
etc.) [9, 14]. The incorporation of biopolymers in synthetic polymeric matrices,
generating a polymer blend, may improve biodegradability and biocompatibility
[126, 136]. Such attractive profile has attracted the interest of several researchers,
and as a consequence the number of manuscripts published in this field has grown
considerably in the last years.

Currently, biopolymers are being used as a source of nanofillers to be included in
distinct bulk matrices [74, 114]. For example, biopolymers with fibrous charac-
teristics have been incorporated with exceptional success in thermoplastic resins as
polyvinyl chloride or polyethylene [106]. Such reinforcing fibers lead to two sig-
nificant improvements: lighter final material because the filler density is, in general,
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lower than the matrix density; and the enhancement of mechanical properties [186].
Despite this favorable scenery, sometimes a good dispersion of biopolymer fillers in
the polymeric matrix is not achieved. The fillers proceeding from biopolymers have
hydrophilic features due to their polar functional groups (charge density), while the
polymeric matrix is hydrophobic, as consequence of their nonpolar groups [96–99].
Innovative strategies to overcome this undesirable effect have been described by
several authors. Among those strategies, the controlled chemical modification of the
fillers surface has been performed, in order to increase the interfacial compatibility
between the polymeric matrix and filler [104, 158].

The good results presented by the use of fibers and short coir fibers, as rein-
forcement fillers, have encouraged today their use to produce alternative low-cost
composite materials for structural and nonstructural applications (i.e., automotive,
packaging, and building applications, rubber technology, furniture and consumer
goods) [12, 141, 152]. In the last decades, the fibers have received massive support
from others nanomaterials, also proceeding from biopolymers, to form suitable
composite materials [178–180]. Nanocrystals, nanofibrils, and nanowhiskers have
been extensively used to prepare nanocomposites with excellent thermal,
mechanical, barrier properties, and reactive surface compared with conventional
materials and composites [34, 87, 100]. Outstanding data about these superior
properties are related in the literature even when low levels of such nanomaterials
are utilized. Additionally, promising researches show that the incorporation of
nanomaterials like fibrils, crystals, and whiskers, increases the levels of recycla-
bility, transparency, and low weight of the final composite materials [178–180]. All
these desirable aspects, associated with all the above-mentioned advantages allow
inferring that biopolymers are the most exciting and encouraging source for
nanomaterials to act as fillers in composite materials.

2 Crystals, Whiskers and Fibrils Derived
from Biopolymers

Biopolymers can be separated into three main classes according to the monomeric
units that build their structure: polynucleotides (i.e., nucleic acids); polypeptides
(i.e., short polymers based on amino acids); and polysaccharides. Polysaccharides
are polymeric carbohydrate macromolecules composed of long chains of mono- or
disaccharide units bound together by glycosidic linkages [105, 108]. In general, the
hydrolysis of polysaccharides gives their mono-, di-, or oligosaccharides constit-
uents units. From the structural aspect, polysaccharides range from linear to highly
branched structures and their quite heterogeneous characteristics (with slight
modification on the repeating units) can drive to crystalline or amorphous
arrangements [56, 79]. Such modifications can promote even the insolubility of
some polysaccharides in water. When all repeating units in a polysaccharide
backbone are the same residue, it is classified as homopolysaccharide or
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homoglycan; however when more than one residue are present they are called
heteropolysaccharides or heteroglycans [56, 79]. The most important and abundant
polysaccharides are starch, cellulose, chitin, and chitosan.

2.1 Starch

Starch, the energetic reserve of the most part of green plants, is probably the second
most abundant polysaccharide next to cellulose in nature [117]. The word “starch”
derives from sterchen, meaning to stiffen. Starch grains from the rhizomes of Typha
(cattails, bulrushes) as flour have been identified from grinding stones in Europe
dating back to 30,000 years ago [143]. Starch grains from sorghum were found on
grindstones in caves in Ngalue, Mozambique dating up to 100,000 years ago. Pure
extracted wheat starch paste was used in Ancient Egypt possibly to glue papyrus.
The extraction of starch is first described in the history around AD 77–79. Romans
used it also in cosmetic creams, to powder the hair and to thicken sauces. Persians
and Indians used it to make dishes similar to gothumai wheat halva. Rice starch as
surface treatment of paper was used in paper production in China, from AD 700
onwards.

All the potentialities of this useful polysaccharide have been explored for years
by food industries and the technological fields. Starch presents very attractive
properties such as good nutrition facts, natural abundance, nontoxicity, biocom-
patibility, and biodegradability. Nowadays, the primary sources of starch are the
cereal and root crops (rice, maize, wheat, potato, and cassava). Starch is mainly
composed of two homopolysaccharides: amylose and amylopectin [58, 107]. These
homopolysaccharides have the same repeating units that are linked in linear and
branched fashion [201].

Amylose is a linear homopolysaccharide composed of α-(1,4)-D-glucopyranosyl
units, in which slightly branched points may occur. Due to its simpler polymeric
structure, amylose has tendency to assemble into a regular pattern forming crystals.
On the other hand, amylopectin is the highly branched component of starch formed
mainly by D-glucopyranosyl units joined together through α-(1,4) linkages.
However, 5–6 % of α-(1,6) linkages can be found at the branching points [16]. The
high branching structure confers to amylopectin a molecular weight that is ca. 1000
times greater than those presented by amylose. Besides these two main components,
starch could present in some particulate material (i.e., cell wall fragments) and
surface and internal components (i.e., proteins, enzymes, lipids, amine, and nucleic
acids) [8, 16].

Both homopolysaccharides that form starch has large number of hydroxyl
groups on their backbones, which drive to a high number of hydrogen bonds. Such
bonds keep the starch chains hold together in an ordered manner that results in
crystalline regions alternated by less-ordered amorphous starch chains. The pres-
ence of the crystalline regions is also credited to the intertwining of amylopectin
side-chains, which is affected by amylose distribution in the starch granules [125].
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Depending on the botanical origin of starch, the amylose chains can occur in the
granule as individual molecules (amorphous regions), randomly interspersed among
or in bundles between amylopectin clusters (amorphous and crystalline regions).
Additionally, amylose can occur co-crystallized with amylopectin chains.
Depending on their X-ray diffraction pattern, reflecting long-range ordering in the
granule, starches are categorized in three crystalline types (polymorphs) called A,
B, and C [90]. Such characteristics allow developing very attractive nanomaterials
from starch like starch nanocrystals, which are crystalline platelets, prepared by the
acid or enzymatic hydrolysis of amorphous moieties of the starch backbone. Some
studies showed that despite the influence of the botanical origin on the starch final
properties, different sources could provide nanocrystals with similar size and
crystallinity [88, 89]. The acid hydrolysis carried out in the amorphous moieties,
composed majorly of amylose, results in particles with square-like morphology
about 10 nm thick and 50-100 nm equivalent diameters. This morphology is pre-
dominant when the initial amylopectin content and A-type crystallinity increase.
However, it is worthy to say that although the nanocrystals crystallinity is higher
than that of their corresponding native starches, they are not fully crystalline [90].

Starch nanocrystals are currently applied in bio-based nanocomposites formu-
lation, in order to improve the mechanical, thermal, swelling, and barrier properties
of different polymeric matrices, especially those that fit the actual environmental
concerns [69, 71, 96–99]. The inclusion of starch nanocrystals in the polymeric
matrix has been done basically by: (i) mixing an aqueous suspension of starch
nanocrystals and the polymer solution; (ii) vacuum degassing; (iii) water evapo-
ration (casting process); and (iv) film formation [96–99]. Various works indicate
that the starch nanocrystals content in the resultant composites ranged from 2 to 50
wt% [96–99]. Inside the polymeric matrix, the starch nanocrystals can form three-
dimensional networks through hydrogen linkages between the starch nanoparticles
cluster and also to favorable interactions between the matrix and filler. Such par-
ticulars promote miscibility and dispersion of the starch nanocrystals in the poly-
meric matrix. Additionally, the incorporation of starch nanocrystals into polymer
matrices with some shortcomings (i.e., high cost, non-biodegradability, non-bio-
compatibility, etc.) should ameliorate them to some degree. Some works report the
chemical modification of starch nanocrystals surface in order to enhance their use as
filler materials in different synthetic or natural polymeric matrices [30, 87, 114].
The success of starch nanocrystals as filler can be credited to its intrinsic rigidity,
morphology, strong interfacial interactions, ability to organize percolated networks,
and simple preparation method.

2.2 Cellulose

Cellulose, the most abundant polysaccharide on earth, has been exhaustively
studied as a source of fillers for developing novel nanocomposites. Cellulose was
discovered in 1838 by the French chemist Anselme Payen, who isolated it from
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plant material and determined its chemical formula. Payen also established the word
“cellulose,” derived from the latin word “cella” (from celare that means to hide;). It
was used to denote a small compartment, such as the cell of a honeycomb or a
storeroom. The diminutive of “cella” is cellula, which is a frequent prefix (cellulo)
in English scientific words, and gives us cellulose, full of little cells. Hermann
Staudinger determined the structure of cellulose in 1920 [78]. Kobayashi et al.
chemically synthesized cellulose without the use of any biologically derived
enzymes in 1992 [80].

Cellulose is composed of D-glucopyranose units held together by β-(1,4) gly-
cosidic linkages, which contrasts with the α-(1,4) glycosidic linkages present in the
most part of the polysaccharides. Cellulose presents linear chains, unlike starch,
with average molar mass ranging from 104 to 106 g/mol, depending on the source.
Such chains adopt an extended and stiff rod-like structure, aided by the equatorial
conformation of the glycosidic units. Many properties of cellulose depend on its
degree of polymerization. Cellulose from wood pulp, for example, has typical chain
lengths between 300 to 1,700 glycosidic units; cotton and other plant fiber as well
as bacterial cellulose have chain lengths ranging from 800 to 10,000 glycosidic
units [78]. Chains with small lengths result from the breakdown of cellulose and are
known as cellodextrins. In contrast to the long chain of cellulose, cellodextrins are
typically soluble in water and organic solvents.

Cellulose is found in nature as a structural component in the primary cell wall of
plants, algae, and bacteria [164]. In plants, the primary cell wall consists of three
central regions, and each region has lignin, hemicellulose, and cellulose microfibrils
(30–90 %, according to the source) as the principal components [149] (see Table 1).
In plants, cellulose gives rigidity to the cells. It is estimated that 1012 tons of
cellulose are photosynthesized every year [78].

As a natural polymer, cellulose is biodegradable, biocompatible, renewable, and
affordable. Therefore, it has been used in many different fields including paper
industry and fabrics [70], gunpowder and propellants [11] and food additives
(anticaking agent, emulsifier, stabilizer, dispersing agent, thickener, and gelling
agent) [17] for decades. More recently, cellulose found applications in the
nanomaterials field [51] and in the production of bioethanol [24].

Table 1 Percentage of cellulose, hemicellulose, and lignin from different botanic sources [47]

Source Cellulose (%) Hemicellulose (%) Lignin (%)

Wheat straw 35.80 26.80 16.70

Sweet sorghum 44.60 25.30 18.00

Alamo wood 48.80 17.30 27.70

Corn stover 36.40 22.60 16.60

Corn ears 38.50 32.80 18.70

Rice straw 35.62 11.96 15.38

Bean straw 30.64 23.14 9.35
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Cellulose presents three hydroxyl groups in each sugar residue and, as a linear
polymer, the interchains H-bond interactions occur at high level and, as a conse-
quence, cellulose is found in nature as a highly crystalline polymer with crystal-
linity index as much as 80 % [131]. Differently to starch, cellulose is much more
crystalline. Whereas, starch undergoes a crystalline to amorphous transition in
water in the temperature range of 60–70 °C, cellulose undergoes the same transition
in water close to 320 °C and high pressure. Cellulose possesses several different
crystalline structures, which can be assigned to the location of hydrogen bonds
between and within strands. Natural cellulose is denoted as cellulose I, with
structures Iα and Iβ [121, 122]. These two structures have the same fiber repeating
distance (1.043 nm for the repeat dimer interior to the crystal, 1.03 nm on the
surface but differing displacements of the sheets) relative to one another. Cellulose
produced by bacteria and algae is enriched in Iα while cellulose of higher plants
consists mainly of Iβ. Cellulose from regenerated cellulose fibers is denoted as
cellulose II. In this case, the structure shows an antiparallel arrangement of the
strands and intermolecular and both intra and intersheet hydrogen bonding. The
conversion of cellulose I to cellulose II is irreversible, suggesting that cellulose I is
metastable and cellulose II is stable. With various chemical treatments, it is possible
to produce the structures cellulose III and cellulose IV [135]. The high crystallinity
renders cellulose insoluble in most common solvents, and therefore prevents many
of its potential applications [6]. Water cannot penetrate crystalline cellulose but dry
amorphous cellulose absorbs water becoming soft and flexible. Some of this water
is nonfreezing, but most is just trapped. Less water is bound by direct hydrogen
bonding if the cellulose has high crystallinity but some fibrous cellulose products
can hold a considerable amount of water in the pores and its typically straw-like
cavities; water-holding ability correlating well with the amorphous (surface area
effect) and void fraction (that is, the porosity). The preparation of nanofibrils and
nanowhiskers from cellulose, which are easily dispersed in water, is an interesting
way to overcome the solubility restrictions [57]. Cellulose micro- and nanofibrils
are substructural elements of cellulosic fibers that can be mechanically disintegrated
from the cell wall matrix. Recent enzymatic or chemical pretreatments combined
with mechanical disintegration process of the fibers produce stable and homoge-
neous nanofibrils, which show outstanding potential for many technological
applications [74]. Noteworthy, the size and nature of these native cellulose nano-
fibrils make these structures amenable to the manufacture of robust thin films and
bio-based nanocomposites [74, 203].

The most crystalline form of cellulose is the nanowhiskers, which are shorter
than the nanofibrils. Cellulose nanowhiskers are isolated from microcrystalline
cellulose using acid hydrolysis or sonication process [34]. So, it is usual to submit
cellulose to a previous delignification process. Cotton, bamboo, and wood are the
most usual sources of cellulose to produce nanowhiskers. As a result, nanowhiskers
crystallinity and size dimension are dependent of the botanical source of cellulose
and preparation method. In the last decade, several research groups have focused
efforts on developing new methodologies to prepare cellulose nanowhiskers from
different botanic sources. Additionally, a huge number of works have been
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published in literature regarding the incorporation of cellulose nanowhiskers in
polymeric and composites matrices [32, 160, 189]. Such enthusiasm is due to the
innumerous advantages that cellulose nanowhiskers show in relation to the con-
ventional inorganic nanosized materials. Simple methodology, low-cost cellulosic
feedstock, and mechanical properties compared to those presented by the carbon
nanotubes and inorganic nanofibers, fact that allows cellulose nanowhiskers to be a
promising filler material.

2.3 Chitin and Chitosan

Further starch and cellulose, chitin and its derivative chitosan have been extensively
utilized to prepare nanosized fillers [134]. Chitin was the first polysaccharide dis-
covered and after cellulose is the second most abundant biopolymer in nature being
found among the kingdoms of Fungi, Plantae (plants), and Animalia (animals).
Some chitin sources are shown in Table 2.

Chitin (first called as fungine) was first isolated in 1811 by Henry Braconnot, a
French scientist during his experiments with mushrooms had found an insoluble
fraction in acid and bases on their cell walls. Afterward, on 1823 August Odier
found the same compound in the cuticles of insects and called it chitin [76]. The
word chitin derives from French “chitine” that in your turn is from the Greek
“khiton” or “chiton”, which means protection or wrapping. Although it had been
found in 1811, the chitin structure was described only in 1929, almost one century
after, by the Swiss chemistry, Albert Hofmann. Chitin is a linear polysaccharide
formed by N-acetyl-D-glucosamine units hold together by β-(1,4) glycosidic link-
ages. In nature, it occurs as ordered crystalline microfibrils forming structural
components in the exoskeleton of crustaceous, mollusks, and insects or in the cell
walls of fungi and yeast [26, 146]. The chitin content in a living organism can vary
from 3 to 40 % according to the specimen. Table 3 shows some data about the
composition of different sources utilized to extract the chitin [83].

Table 2 Chitin main sources
[146]

Sea animals Insects Microorganisms

Annelida Scorpions Green algae

Mollusca Spiders Yeast (β-type)

Coelenterata Brachiopods Fungi (cell walls)

Crustaceans Ants Mycelia penicillium

Lobster Cockroaches Brown algae

Crab Beetles Spores

Shrimp Chytridiaceae

Krill Blastocladiaceae

Ascomydes
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The structure of chitin is comparable to cellulose because both polysaccharides
have the same supporting function in the organism in which they are present. The
difference between these two polysaccharides is the acetamide group attached at C2
carbon of the chitin.

Among several properties of chitin, its nontoxicity, biodegradability, and bio-
compatibility are the most relevant [146]. Due to these features, this polysaccharide
has been widely used in biomedical and pharmacological applications. Chitin
shows a rigid crystalline structure and depending on the source (crabs or shrimps,
for instance) it can occur as two allomorphs, namely the α and β forms, which can
be differentiated by infrared and solid-state NMR spectroscopy together with X-ray
diffraction analysis [150]. Both α and β forms of chitin are insoluble in water or the
usual organic solvents. Despite natural crystallinity variations, the insolubility is the
major problem preventing further development of processing and uses of such a
polysaccharide. Besides this limitation, the crystallinity of chitin allows preparing
nanofibers from prawn shell by a simple grinding treatment after the removal of
protein and minerals under neutral pH conditions. Chitin nanofibers are highly
uniform and the width ranges from 10 to 20 nm [65].

Several derivatives are synthesized from chitin; among them the most important
is chitosan. Despite the occurrence in nature of partially deacetylated chitin (with a
small content of glucosamine units), chitosan is obtained by partial (or total)
deacetylation of chitin in the solid-state under alkaline conditions (concentrated
NaOH) or by enzymatic hydrolysis in the presence of chitin deacetylase [42, 146].
The main parameters that influence all the chitosan properties are the molecular
weight and deacetylation degree [75]. Such parameters are straightly determined by
the conditions used in the chitosan preparation. Chitosan is insoluble in water as
chitin; however, its solubilization can be obtained at acidic conditions. At low pH,
the amino groups of chitosan are protonated, which increases the electrostatic
repulsion among the chains allowing their solvatation by water molecules [36]. In
the solid state, chitosan is a semi-crystalline polysaccharide with many polymorphs
according to the literature [20, 146]. Single crystals of chitosan have been obtained
using fully deacetylated chitin of low molecular weight, for instance. Chitosan
shows similarly as chitin, nontoxicity, biocompatibility, biodegradability, hemo-
static potential, antibacterial and antitumoral activity, and good film-forming

Table 3 Composition of different sources of chitin [83]

Source Chitin (%) CaCO3 (%) Proteins (%) Lipids (%)

Crab 15–30 40–50 15 2–5

Shrimp 30–40 20–30 35 5–10

Krill 20–30 20–25 – –

Squid pen 20–40 Insignificant – –

Clams 3–6 85–90 – –

Insect 5–25 Insignificant – –

Fungi 10–25 Insignificant 5–10 5–10

*Values referent to the dry mass
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properties [137]. Furthermore, the amino and hydroxyl groups of chitosan are
placed in adjacent positions, which confer a chelating feature to this polysaccharide.
The use of chitosan to formulate materials to remove metals, ionic compounds and
dyes from contaminated wastewater is encouraged [28, 35].

For decades, both chitin and chitosan have been used to design the most sorts of
materials for applications ranging from environmental treatments to tissue engi-
neering [137, 146]. Recently, these polysaccharides have attracted attention as
significant sources of nanosized fillers for innumerous polymeric matrices [30, 65,
114]. Nanofibrils and nanowhiskers can be prepared from chitin or chitosan by
breaking down their structures in crystalline nanofragments [65, 114]. Such fillers
can be obtained with specific shapes or self-assembling of basic building blocks due
to chain cleavage, which occurs at random location. This forms rod-like or spindle-
like particles that tend to align cooperatively and to develop rigid structures [94,
114]. A brief research in the literature shows that chitin and chitosan nanowhiskers
have been used as reinforcing additives for high-performance environment-friendly
biodegradable nanocomposite materials. For example, as biomedical composites for
drug and gene delivery, nanoscaffolds in tissue engineering, nanostructures for
medical and veterinary applications, cosmetic, and orthodontics [114, 118]; Zeng
et al. 2012. According to the biological source of chitin and taking into account the
methodology used to prepare chitosan, the resultant nanowhiskers can be use in
antitumor application and immune-modulating activity [62, 114].

The next sections present the most popular methodologies that have been used to
prepare nanosized fillers from cellulose and their main applications as well as the
cut-edging technologies that are being developed.

3 Hydrogels Nanocomposites

Nature has found many different ways to overcome structural limitations during the
history of evolution from early prokaryotes to the complex living systems that are
found nowadays. This fact is supported by the knowledge of very rigid and tough
natural materials, such as; the stiff exoskeleton that protects the fragile internal
structures of arthropods [138], or the plant cell walls [124] that provide enough
strength for giant trees from North America like sequoia (sequoias sempervirens) to
grow as high as 115 meters or the bones that compose the internal skeleton of
vertebrates from the tiny frog (paedophryne amauensis) of only 7.7 mm found in
Papua New Guinea [147] to the extinct predator Tyrannosaurus Rex having ca.
13 m in length [61] and to the robust Blue whales (balaenoptera musculus) having
incredible average size of 26 m [15]. Under detailed scrutiny, researchers have
discovered that although composed of different substances, all these supporting
materials (exoskeletons, bones, and plant cell walls) are naturally constructed based
on the same principles. About them, the crystalline phases or mineralized particles
are dispersed (or chemically bound) into a polymer matrix, and are considered
nanocomposites [73, 145, 187]. The term nanocomposite was defined in earlier
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sections, and it is considered as a multiphase material in which one of the phases
has at least one of the dimensions ranging from 1 to 100 nm.

Understanding structure/properties relationship of such high-performance natu-
ral materials is a rational pathway to develop biologically inspired nanocomposites
to the most diverse ends. Nature provides inestimable sorts of resources, and it is an
excellent platform for nanomaterials. Taking into account healthy and environ-
mental concerns that have risen in the last years from non-biodegradable synthetic
polymers or the conventional inorganic fillers owing to the fact that many pre-
cursors are toxic and expensive [172], biopolymers such as cellulose, chitin, and
starch are promising candidates for preparing crystalline biocompatible and bio-
degradable nanofillers that could replace the use of inorganic nanoparticles in some
applications for preparing nanocomposites [41]. However, the reader should have in
mind that polysaccharide nanocrystals have broader applications than replacing
inorganic nanofillers as it is pointed out in this chapter.

More recently, there has been an increasingly interest in the development of
hydrogel nanocomposites, in which the reinforcement phase is composed of
polysaccharide nanocrystals since such nanofillers can improve mechanical, ther-
mal, and optical properties [10, 132] as well as the water uptake response to
external stimuli. Hydrogels are regarded as physically or chemically crosslinked
polymeric chains capable of absorb and retain water and/or other aqueous fluids
without dissolving, and are still considered one of the most important branches of
the polymer science field. This status is supported by the fact that hydrogels may
find application in ordinary utensils like a diaper [123] or soil conditioner beads for
plants [120] as well as in more sophisticated technologies such as in drug delivery
systems [81, 133], in gene delivery [93, 95], in tissue engineering [91], in sepa-
ration science [205], in wound dressing [113], in sensors [184], among others.
Reports focusing on the different aspects of development and application of
hydrogel and hydrogel composites can be found in the scientific literature [2, 13,
23, 67, 84, 128, 148]. Therefore, this chapter condenses the most relevant works
regarding the preparation of polysaccharide nanocrystals, their application in the
development of hydrogel nanocomposites as well as the future trends of the area.

3.1 Based on Cellulose Nanocrystals

The recent development of nanotechnology has offered new possibilities of cellu-
lose exploitation such as the preparation of cellulose nanoparticles; e.g., cellulose
nanocrystals (CNC) and cellulose nanofibers (CNF), or both. A quick search at
Web of Science © database under the topic “cellulose nanocrystals” revealed more
than 1,000 published papers (164 paper only in the first half of 2014) illustrating the
importance of such a topic in academia and industry.

Both CNC and CNF could be derived from botanical, animal, or bacterial cel-
lulosic sources [45, 63, 190]. In general, the extraction of cellulose from the bio-
mass may involve the use of organic solvents for removing waxes, alkali treatment
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for removing hemicellulose, and other soluble polysaccharides followed by
bleaching to eliminate lignin and polyphenols [109]. CNC are obtained by
removing the amorphous phase, usually by acid hydrolysis in which H2SO4 is the
most common acid, resulting in highly crystalline nanoparticles. On the other hand,
CNF are obtained by different methodologies (e.g., mechanical disintegration,
2,2,6,6-tetramethylpiperidine-1-oxil radical-mediated oxidation, enzymatic hydro-
lysis, etc.) as a mixture or both crystalline and amorphous domains [64, 195]. CNC
and CNF have been prepared by different sources and the most common are cotton
[115], wood pulp [66], and tunicates (sea animals) [4]. However, many other
sources have been reported as basis for preparing CNC and CNF such as sugarcane
bagasse [171], algae [59], sisal fibers [157], banana plant [116], jute fibers [139],
straw [142], and bamboo [188], among many others. CNC is derived as slender
rods of few nanometers wide (* 10-50 nm) and hundreds of nanometers long, but
shorter than CNF, which can reach a few micrometers in length. It has been
reported that CNC isolated from chardonnay grape skins presented as spherical
nanoparticles (up to 100 nm) composed of a core-shell structure of self-assembled
50 nm long cellulose nanorods surrounded by cellulose nanofragments of less than
5 nm formed due to strong interfacial hydrogen bonds [102]. As the native cellulose
fibrils dimensions and amount vary, the source and method of isolation have a
substantial effect on the size of nanocrystals. For instance, cellulose nanocrystals
from tunicates were found to have up to 2 µm in length and are significantly longer
than those obtained from different sources such as cotton or wood pulp which may
vary between 100 and 300 nm in length [4]. Table 4 shows dimensional aspects of
CNC obtained by acid hydrolysis from various sources and exemplifies the effect of
source and reaction conditions on nanocrystals size. Controlling reaction time and
temperature are paramount to obtain consistent hydrolysis of amorphous regions or
less-ordered chains without promoting damage to the crystalline phase.

CNC and CNF have been used in the preparation of nanocomposites in the most
diverse fields. Many review papers referring to methodologies, issues involved for
preparing CNC and CNF, chemical modification of nanocellulose and applications
of both CNC and CNF can be found in the literature [21, 29, 31–33, 51, 63, 85, 86,
109, 158]. Therefore, the development and the chemical modification aspects of
CNC and CNF are not discussed in details in this chapter, which will be devoted to
the main features of hydrogel nanocomposites based on CNC and CNF as
reinforcement.

CNC have been incorporated into hydrogels aiming at improved mechanical
properties due to its low density, to its excellent axial and transverse elastic moduli
(150 and 10–50 GPa, respectively) and to the ability of forming a network into the
matrix through hydrogen bonding, also known as percolation effect. Han et al. [52,
53] prepared hydrogels based on poly(vinyl alcohol) and borax reinforced with
nanocellulose. Alkaline (20 wt% NaOH, 4 h) pretreated wood fibers were acid
hydrolyzed (64 wt% H2SO4, fiber-to-acid ratio of 1:20, 45 °C, 1 h) followed by
high-pressure (207 MPa) homogenization (at a rate of 135 mL/min for five passes)
to generate CNC (length: 149 ± 40 nm; width: 9 ± 2 nm; 66 % crystalline). CNF
(length: 732 ± 208 nm; width: 21 ± 7 nm; 58 % crystalline) were prepared using all
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the same conditions for CNC, but at 48 wt% H2SO4. Nanocellulose-PVA-Borax
hydrogels (2 wt% PVA; 0.4 wt% borax; 1 wt% CNC or CNF) were prepared by
dissolving 0.1 g of borax in 1 wt% nanocellulose aqueous suspension followed by
addition of 0.5 g of PVA. The reaction remained at 90 °C for 2 h and then cooled to
room temperature. The incorporation of nanocellulose enhanced the compressive
strength and viscoelasticity of the hybrid hydrogels. In this case, the crystalline
nanocellulose can act as a multifunctional crosslinking agent acting both physically
or chemically. It was demonstrated that crosslinking density, viscoelasticity, and
stiffness of hydrogels were improved as the aspect ratio (length/width ratio)
increased at a cost of loss of transparency (mean transparency of 51.0 % for CNC).
The free-standing, high elasticity, and moldable hydrogels exhibited self-recovery
under continuous step strain, and thermo-reversibility under temperature sweep
have potential of applications including artificial muscles, bioactuators, soft
machines, tissue scaffolds, and drug delivery devices.

McKee [110, 111] prepared thermo responsive hydrogels based on methylcel-
lulose (Mn = 86 kg/mol, DS of 1.78) physically crosslinked by cellulose nano-
crystals with tunable mechanical properties. CNC (dimensions not informed) were
isolated from ground Whatman ashless filter paper by acid hydrolysis (64 wt%

Table 4 CNC obtained by acid hydrolysis from different botanic sources

Source Methodology Length
(nm)

Width
(nm)

Reference

Sisal fibers Acid hydrolysis (40 min, 60 wt% H2SO4, 50 °C) 215 ± 67 5 ± 1.5 [157]

Sisal fibers Acid hydrolysis (15 min, 65 wt% H2SO4, 60 °C) 250 ± 100 4 ± 1 [44]

Sisal fibers Acid hydrolysis (50 min, 65 wt% H2SO4, 50 °C) 195 15 [1]

Sugarcane
bagasse

Acid hydrolysis (30 min, 60 wt% H2SO4, 45 °C) 255 ± 55 4 ± 2 [171]

Sugarcane
bagasse

Acid hydrolysis (180 min, 64 wt% H2SO4, 40 °

C)
247 ± 32 10 ± 3 [159]

Sugarcane
bagasse

Enzymatic hydrolysis followed by sonication 84–300 2–12 [25]

Cotton Acid hydrolysis (300 min, 64 wt% H2SO4, 50 °

C)
248 – [37]

Cotton Acid hydrolysis (45 min, 60 wt% H2SO4, 45 °C) 94 ± 31.6 21 ± 5.5 [194]

Alamo
switchgrass

Acid hydrolysis (45 min, 60 wt% H2SO4, 45 °C) 148 ± 42.1 21 ± 4.3

Maize Straw Acid hydrolysis (150 min, 60 wt% H2SO4, 25 °

C)
388 ± 43 19 ± 2 [142]

Banana plant Acid hydrolysis (30 min, 11 M H2SO4, 50 °C) 466 ± 159 19 ± 6 [116]

Acid hydrolysis (60 min, 11 M H2SO4, 50 °C) 441 ± 116 17 ± 5

Acid hydrolysis (90 min, 11 M H2SO4, 50 °C) 375 ± 100 13 ± 4

Acid hydrolysis (120 min, 11 M H2SO4, 50 °C) 361 ± 61 17 ± 4

Acid hydrolysis (180 min, 11 M H2SO4, 50 °C) 378 ± 66 17 ± 4

Acid hydrolysis (240 min, 11 M H2SO4, 50 °C) 319 ± 68 15 ± 4
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H2SO4, 45 °C, 45 min). It was showed that the elastic modulus (G’) of the vis-
coelastic solution at 20 °C could be tuned from 1 to 75 Pa by increasing the CNC
concentration from 0 to 3.5 wt% at 1 wt% methylcellulose while at 60 °C the G’
values varied from 110 to 900 Pa for the same increasing CNC concentration. Yang
et al. [197, 198] also reported the reinforcement effect of cellulose nanocrystals
from acid hydrolyzed (60 wt% H2SO4, 55 °C, 2 h) pulp fibers in acrylate-modified
poly(ethylene glycol) hydrogels. Homogeneous composites were formed for CNC
volume fraction lower than 1.5 %. At 1.2 v/v-% modulus, fracture stress, and
fracture strain enhanced by a factor of 3.48, 5, and 3.28, respectively. Oscillatory
shear data indicated the CNC—PEG nanocomposite hydrogels were more viscous
than the neat PEG hydrogels and were efficient at energy dissipation due to the
reversible interactions between CNC and PEG polymer chains.

Yang et al. [197, 198] investigated the relation of CNC aspect ratio and the
mechanical behavior of nanocrystal/poly(acrylic acid) hydrogels. Acid hydrolyzed
(55 wt% H2SO4, 50 °C, 2 h) microcrystalline cellulose and wood pulp generated
CNC having aspect ratio (L/d) of 31 and 14, respectively. The fracture strength of
hydrogels increased from 157 to 229 kPa as the aspect ratio of CNC increased from
14 to 22, and then the strength further increased to 254 kPa at L/d of 31. It was also
demonstrated the polymer chains rearrange on the CNC surfaces according to the
stretched state of hydrogel changing both pore size and pore wall during
deformation.

Osorio-Madrazo et al. [129] demonstrated the reorganization of cellulose
nanocrystals (width: 30 ± 12 nm; length: 200 nm to 4 µm), isolated from green
algae Cladophora sp (50 wt% H2SO4, 40 °C, 8 h), into agarose hydrogels under
tensile loading. In other words, uniaxial stretching under controlled humidity
conditions induced anisotropy. The drying process was essential for specific filler/
matrix interactions allowing a stress transference while stretching and promoting
crystals alignment. This process would allow tuning the mechanical features of the
hydrogel.

It has been reported that CNC played a role in the water absorption capacity of
hydrogels. Spagnol et al. [160–162] prepared hydrogel composites composed of
different polymeric matrices, e.g., chitosan-graft-poly(acrylic acid), starch-graft-
poly(sodium acrylate), and poly(acrylamide-co-acrylate) reinforced with CNC
isolated from cotton fibers by acid hydrolysis (36.5 % HCl, of 1/20 g/mL cellulose/
HCl ratio, 45 °C, 1 h). It was showed that independently on polymer matrix, the
addition of CNC up to 10 wt% substantially increases the water uptake due to the
extra hydrophilic groups of cellobiose unit, but at higher concentrations the
hydroxyl groups from CNC took place in the crosslinking reaction increasing the
crosslinking density and, as a result, decreasing the absorption of water. Through
surface response methodology and analysis of variance (ANOVA) it was demon-
strated that CNC contributed 30 % to the swelling degree.

Mckee et al. [110, 111] prepared supramolecular stable and stiff hydrogel
composites with healable features based on brush-modified cellulose nanocrystals
crosslinked with soft polymeric chains by dynamic host–guest interactions using
cucurbit[8]uril as supramolecular crosslinker. The hydrogels combined high storage
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modulus, fast sol-gel transition (<6 s) and self-healing ability as fast as 30 s.
Besides, the self-healing capacity was also observed for hydrogel samples aged for
4 months. This work suggests robust strategies to combine highly dynamic
supramolecular interactions with mechanically active colloidal reinforcements for
the preparation of the next generation of advanced materials from renewable
resources.

Nanocellulose can present a chiral nematic phase in water, in which the CNC
self-assemble in the helical configuration. If the helical pitches of nanocrystals
assemble, have the same order of the visible light wavelength the system can
exhibit photonic color. In this sense, Kelly et al. developed photonic hydrogels by
controlling the polymerization condition to ensure the CNC nematic phase was
preserved [72]. That was possible by previous evaporation-induced self-assembly
(EISA) followed by UV-photo-polymerization. It was showed that any change in
the helical pitch due to variations of external media (such as salt, pH, etc.) the
reflected color of the hydrogel could be tuned.

CNC and CNF have been incorporated in hydrogels or other polymeric matrices
seeking improvement of drug release behavior for delivery systems, swelling fea-
tures, improved mechanical properties for materials with potential application in
bone and tissue repair, and in the preparation of hydrophobic-absorbing matrix based
on functionalized CNF aerogels, as summarized in a recent review paper [148].

3.2 Based on Chitin Nanocrystals

Chitin can be derived from innumerous sources, but from the commercial point of
view, the most important are shrimp, lobster and crab shells, which are residue from
food industry. Chemical [151], physical [77], enzymatic and microbiological [46]
methodologies have been explored to isolate chitin. In general, the extraction
process involves several steps for removing bound proteins, minerals, lipids, and
pigments.

Chitin nanowhiskers (CtNW) and chitin nanofibers (CtNF) can be isolated by
2,2,6,6-tetramethylpiperidine-1-oxil radical-mediated oxidation (TEMPO-oxida-
tion) surface cationization followed by mechanical disintegration and acid hydro-
lysis, [200]. Similarly, to the obtention of CNC, the acid hydrolysis of chitin is the
most common procedure for isolating CtNW, and it is based on the faster hydrolysis
kinetics of the amorphous phases. However, in the case of chitin, HCl is used
instead of the H2SO4 used for cellulose. Although different reaction conditions have
been reported (Table 5), the most used is 3 N HCl, for 90 min at boiling, as
described elsewhere [130, 134], which in general, generates 50–300 nm long and
10–50 nm wide CtNW.

Similarly to CNC, the majority of applications described in the literature are
employing CtNW as the reinforcement phase in the preparation of nanocomposites
due to attractive features, e.g., derived from renewable sources, biodegradable,
nontoxic, and excellent transversal and longitudinal moduli (15 and 150 GPa,
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respectively). CtNW have been introduced into polymeric films for reducing O2

permeability [38], into fibers to improve mechanical properties [185], in lithium
battery electrolytes for improved thermal and mechanical stability as well as ionic
conductive [5], in membranes to enhance cell compatibility [60], among others.

CtNW have been far less studied than CNC and only a few papers report on the
preparation of hydrogel nanocomposites based on CtNW as reinforcement. Even
though, it has been shown significant effects on swelling capacity and drug release
behavior caused by the incorporation of CtNW. Lin et al. [96] acid hydrolyzed (3 N
HCl, 90 min, at boil) shrimp chitin to prepare 300–400 nm long and 10–20 nm wide
CtNW to be further incorporated into alginate microspheres (900 ± 20 µm)
hydrogels crosslinked by calcium ions. It was demonstrated the addition of 50 wt%
CtNW increased the swelling capacity from 1.815 to 2.329 % due to the inhibition
of crosslinking points caused by the presence of CtNW, which provided a less rigid
matrix allowing more fluid (pH 7.4 phosphate buffer solution) intake. The presence
of CtNW also promoted an increase in the encapsulation efficiency of theophylline
from 33 % (standard hydrogel without CtNW) to 55 % at 50 wt% CtNW, which
acted as a barrier to prevent drug leaking. Besides, CtNW-loaded microspheres
showed sustained releasing profile, in which the drug releasing mechanism was
found to occurs by diffusional transport (n = 0.419) contrasting the anomalous
transport (n = 0.716) presented by the pristine alginate microspheres.

Hybrid hemicellulose-based hydrogels prepared by freeze (10 h, −20 °C)-
thawing (1 h, 80 °C) cycles nanoreinforced with CtNW has been recently reported
[49]. CtNW (length: 200 ± 10 nm; width: 40 ± 10 nm) were prepared by acid
hydrolysis (3 N HCl, 90 min, 90 °C) and incorporated into hydrogels at different
volume ratio (0–2) at the constant (1:1) hemicellulose/poly(vinyl alcohol ratio of 2
wt% solutions (each). The presence of CtNW (up to ratio 1:1:1) induced larger and
more numerous porous to the hydrogel structure, while at higher concentration
(e.g., 1:1:2) the result observed was opposite. The samples absorbed 10–20 g of
water by gram of dry hydrogel, and statistically no significant effect on swelling

Table 5 CtNW and CtNF obtained by different reaction conditions [39, 40, 48, 55, 103, 144, 192,
193, 196]

Source Methodology Length (nm) Width (nm)

Crab Acid hydrolysis (HCl 3 N, 60 min) 50–300 (150) 10

Crab Acid hydrolysis (HCl 3 N, 90 min) 100–600 (240) 4–40 (15)

Crab Acid hydrolysis (HCl 3 N, 90 min) 100–650 (500 ± 50) 10–80 (50 ± 10)

Crab Acid hydrolysis (HCl 3 N, 90 min) 200–500 5–20

Crab Acid hydrolysis (HCl 3 N, 360 min) 255 31

Crab TEMPO-oxidation 340 8

Crab Surface cationization 250 6

Shrimp Acid hydrolysis (HCl 3 N, 360 min) 230–970 31

Shrimp Acid hydrolysis (HCl 3 N, 360 min) 180–820 (427) 43

Shrimp Acid hydrolysis (HCl 3 N, 360 min) 110–975 (343) 46
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was verified by the introduction of CtNW. On the other hand, the mechanical
features were dependent on CtNW loading, but no linear tendency with concen-
tration was observed: e.g., at 0.5 CtNW the fracture stress was maximum
(9.6 MPa), but at 0.75 CtNW the value was lower (8.1 MPa) than the standard
(9.3 MPa). It was suggested the prepared samples present potential to be applied in
the tissue engineering field.

CtNW has also been chemically bound to silane-modified magnetic nanoparti-
cles for DNA extraction [22] from E. coli and S. aureus microorganisms. CtNW
(dimensions not explicitly informed) were isolated by acid hydrolysis (3 N HCl,
3 h, 105 °C). The CtNW-Magnetic nanoparticles formed a stable colloidal sus-
pension in both water and DMSO. Furthermore, the magnetic nanoparticles could
be aligned by the application of a magnetic field. It was showed that the size of
nanoparticles depends on the surface charges on CtNW, which are controlled by
adjusting the pH of the media.

Araki et al. [7] reported chitosan hydrogels filled with CtNW (6–8 nm wide,
100–200 nm long, 3 N HCl, 3 h, at boil) using isocyanate hexamethylene-1,6-di-
(aminocarboxysulfonate) (HDS) as crosslinker. The addition of CtNW promoted an
increasing in the hydrogel stiffness as showed by the Young’s modulus that
changed from 2.53 kPa at 0 wt% CtNW to *170 kPa at 13 wt% that represents
about 67-folds increase. Similarly, the stress at break increased 41-fold for the same
variation of composition. However, the improved mechanical properties were
accompanied by a loss in the swelling capacity of ca. ten-folds, which was
attributed to the suppression of chitosan chains mobility caused by the presence of
the rigid CtNW.

3.3 Based on Starch Nanocrystals

Starch nanocrystals (SNC), unlike CNC and CtNW, are platelet-shaped nanopar-
ticles with much shorter length of 20–40 nm, width of 15–30 nm, and a few
nanometers of thickness [29, 87]. Preparation of SNC by acid hydrolysis of native
starch has the time-consuming process, which can take up to 30 days, and the low
yield as the major drawbacks. The choice of starch source, acid type and concen-
tration, reaction conditions (temperature and time) and pretreatment (e.g., enzy-
matic, mechanical treatment, etc.) are paramount to reduce hydrolysis time and
improve yield [88, 90]. Most reports on SNC preparation follows the procedure
described by Angellier et al. [3], in which the hydrolysis is conducted using 3.16 M
H2SO4 solution for 5 days at 40 °C.

Although SNC are much shorter and less crystalline (*45 %) than other
polysaccharide nanocrystals (>90 %), the reinforcing effect due to the percolation of
SNC into different polymeric matrix (natural rubber, polyurethane, starch, pullulan,
PVA, among others) has been reported [43, 87, 112, 140]. SNC have also been
studied as stabilizing agents in emulsions (also denoted as pickering emulsion) with
potential applications in food, cosmetics and pharmaceuticals [50, 92, 93].
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Up to date, only few works report on the incorporation of SNC into hydrogels.
For instance, SNC (40–60 nm long, 15–30 nm wide) hydrolyzed (3.16 M H2SO4,
5 days, 40 °C) from pea starch were used to form hydrogel nanocomposites based
on Ca+2-crosslinked alginate polymer matrix [96–99]. The composites presented
pH-dependent swelling behavior, where the fluid uptake at pH 1 and at 50 wt%
SNC was less than 30 % whereas at pH 6.8 and 7.4 the swelling was higher than the
noncomposite hydrogels reaching about 2000 %. The efficiency of theophylline
encapsulation was 55 % in the composite contrasting the lower efficiency of only
34 % of the standard hydrogel. The releasing behavior of theophylline-loaded
hydrogel nanocomposites microspheres was investigated under different pH con-
ditions (1 and 7.4). It was showed the composite samples could sustain the release
for a longer time, and the equilibrium was reached at *400 min, more than the
double period observed for the noncomposite hydrogel. Besides, the mechanism by
which the drug is released changed from anomalous transport (n = 0.716) to dif-
fusional transport (0.424) with the addition of SNC. Therefore, SNC could prevent
the drug release burst at the first minutes of releasing, allowing the composite to be
applied as carriers for drug delivery systems.

Zhang et al. [202] prepared supramolecular hydrogel based on cyclodextrin
inclusion filled with SNC with potential for injection-implantation drug delivery.
SNC (10–20 nm wide, 40–70 nm long) were made by hydrolyzing pea starch in
3.16 M H2SO4 solution for 5 days at 40 °C. The presence of polysaccharide
nanocrystals increased the stability of the hydrogel framework and inhibited the
diffusion of bovine serum albumin, which served as a model protein drug in the
nanocomposite hydrogels and showed prominent sustained release profiles. The
shear-thinning property of the nanocomposite allows it to be applied as injectable
material.

4 Conclusions and Future Trends

This chapter demonstrates that polysaccharide nanocrystals (PN) derived from well-
known biopolymers such as cellulose, chitin, and starch can be versatile nanopar-
ticles to be applied in different fields, especially in the preparation of hydrogel
nanocomposites. Interestingly, by using nanotechnology one can take advantage
from the same features that once prevented cellulose and chitin to be largely
explored by industry (specially due to high crystallinity and lack of solubility in
common solvents) to produce highly crystalline and high-performance rod-shaped
nanoparticles (also called nanowhiskers, nanocrystals or nanofibrils). It also should
be pointed out that such nanocrystals are excellent candidates to replace traditional
inorganic fillers (metal oxides, noble metals, carbon, etc.) in the preparation of
many nanocomposites. The natural abundance, renewability, low cost, biodegrad-
ability, biocompatibility, low density, and outstanding elastic modulus of such
polymers, as well as the absence of expensive and toxic precursors, stimulate their
use.
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Although polysaccharide nanocrystals have been proved to be promising
materials, some challenges are still to be overcome. For instance, most researches
on PN are conduct by academic groups purely by scientific curiosity and com-
mercial or industrial production of PN is restricted to a few companies and mostly
to CNC.

So far, CNC have been more explored than CtNW or SNC in the preparation of
hydrogel nanocomposites, but it has been demonstrated that any of those particles
can strongly influence either the mechanical properties or swelling/release features
of hydrogel composites.

More comprehensive studies on the concepts that drive the properties of such
soft-hard combined composite hydrogels will broaden the understanding of struc-
ture–properties relationship allowing new materials and new applications.
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