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Abstract

The nanocellulose and its composites have been covered in this chapter which
is confirmed to be a very versatile material having the wide range of
medical applications, including cardiovascular implants, scaffolds for tissue
engineering, repair of articular cartilage, vascular grafts, urethral catheters,
mammary prostheses, penile prostheses, adhesion barriers, and artificial skin.
These implants were produced from bioresorbable and/or biodegradable
materials.

Nanocellulose, such as that produced other than microfibrillated cellulose
and cellulose nanowhiskers, is also produced by the bacteria (bacterial cellulose,
BC) which is also an emerging biomaterial with great potential as a biological
implant, wound and burn dressing material, and scaffolds for tissue regeneration.
Moreover, the nanostructure and morphological similarities with collagen
make cellulose attractive for cell immobilization and cell support. This
article describes current and future applications of cellulosic nanofibers in the
biomedical field.

Cellulose micro-/nanofibril as a reinforcing material for composites is
becoming more and more attractive to researchers in composite science because
of its potential lightweight and high strength. In the present article, we have
reviewed the nanocellulosic fibers-based nanocomposites for medical applica-
tions. Processing methods, properties, and various applications of cellulosic
composites are also discussed in this article. However, the separation of cellu-
lose nanofibers along with the manufacture of cellulose nanocomposites is still
challengeable. The aim of this chapter is to demonstrate the current state of
development in the field of cellulose nanofibril-based nanocomposite research
and application through examples.
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Keywords
Nanocellulose « Composites * Nanofibers ¢ Cellulose

1 Introduction

The hydrophilic nature of MFC has led most of the studies to be focused on
nanocomposites based on hydrophilic matrices. For example, Nakagaito and
Yano [1, 2]) impregnated microfibrillated Kraft pulp with a phenol-formaldehyde
resin and then compressed the resulting material under high pressure to produce high-
strength cellulose nanocomposites.

This study was also designed to clarify how the degree of fibrillation of pulp
fibers affects the mechanical properties of cellulose composites. It was found that
fibrillation that only influences the fiber surfaces is not effective in improving
composite strength but that a complete fibrillation of the bulk of the fibers is
required. In the study by Nakagaito and Yano [2], this was achieved by 16-30
passes through a refiner, followed by high-pressure homogenization. The resulting
nanocomposites had Young’s modulus and bending strength values of 19 GPa and
370 MPa, respectively, as determined by a three-point bending test [1]. More
recently, the same authors used aqueous sodium hydroxide-treated MFC and
phenolic resin to produce nanocomposites. The tensile properties of MFC-resin
nanocomposites were compared with those of wood pulp—resin composites, and it
was shown that the tensile strength of the MFC composites was significantly higher
than that of the pulp composites, regardless of the treatment or resin content. In
contrast, the Young’s modulus values were practically the same. These authors thus
confirmed the advantage of nanostructured composites over microstructured com-
posites in terms of obtaining high strength and ductility.

Tensile tests showed that strong alkali-treated MFC nanocomposites with resin
content around 20 wt% had strain at fracture values twice as high as those of
untreated MFC nanocomposites based on the same resin.

In this review we describe various approaches to the synthesis of nanofibers from
plant resources. Potential use of nanofibers as reinforcing material for the develop-
ment of polymer composites specifically for medical applications with enhanced
properties of these composites in various biomedical fields is also discussed.

2 Cellulose Fibers

Cellulose fibers are being used as potential reinforcing materials because of so
many advantages such as abundantly available, low weight, biodegradable,
cheaper, renewable, low abrasive nature, and interesting specific properties, since
these are waste biomass and exhibit good mechanical properties [3—5]. Cellulose
fibers also have some disadvantages such as moisture absorption, quality variations,
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Table 25.1 The family of nanocellulose materials classified in three main subcategories
(Table 25.1)

Type of Selected references
nanocellulose and synonyms Typical sources Formation and average size
Microfibrillated Microfibrillated Wood, sugar beet, Delamination of wood pulp
cellulose (MFC) cellulose [85], potato tuber, hemp, by mechanical pressure
nanofibrils and flax before and/or after chemical
microfibrils, or enzymatic treatment
nanofibrillated diameter: 5-60 nm length,
cellulose several micrometers
Nanocrystalline Cellulose Wood, cotton, hemp,  Acid hydrolysis of cellulose
cellulose (NCC) nanocrystals, flax, wheat straw, from many sources diameter:
crystallites [89], mulberry bark, ramie, 5-70 nm length; 100-250 nm
whiskers [90], Avicel, tunicin, (from plant celluloses);
rodlike cellulose cellulose from algae, 100 nm to several
microcrystals [151] and bacteria micrometers (from celluloses
of tunicates, algae, bacteria)
Bacterial Bacterial cellulose Low-molecular- Bacterial synthesis diameter:
nanocellulose [38], microbial weight sugars and 20-100 nm; different types of
(BNC) cellulose [48], alcohols nanofiber networks

biocellulose [48]

low thermal stability, and poor compatibility with the hydrophobic polymer matrix
[6, 7]. On the basis of their dimensions, functions, and preparation methods, which
in turn depend mainly on the cellulosic source and on the processing conditions,
nanocellulosics are classified into three main subcategories as shown in Table 25.1.

2.1 Chemistry of Cellulose

Cellulose is the most abundant form of living terrestrial biomass [8] and finds
applications in many spheres of modern industry. The existence of cellulose as the
common material of plant cell walls was first recognized by Anselme Payen in
1838. Cellulose has been shown to be a long-chain polymer with repeating units of
D-glucose, a simple sugar. It occurs in almost pure form in cotton fiber [9].

However, in wood, plant leaves, and stalks, it is found in combination with other
materials, such as lignin and hemicelluloses. Although generally considered a plant
material, some bacteria are also found to produce cellulose. Cellulose is a natural
polymer, a long chain made by the linking of smaller molecules. The links in the
cellulose chain consist of sugar, B-p-glucose [10]. The sugar units are linked when
water is eliminated by combining the H and —OH group. Linking just two of these
sugars produces a disaccharide called cellobiose. In the cellulose chain, the glucose
units are in 6-membered rings, called pyranoses. They are joined by single oxygen
atoms (acetal linkages) between the C-1 of one pyranose ring and the C-4 of the
next ring. Since a molecule of water is lost due to the reaction of an alcohol and
a hemiacetal to form an acetal, the glucose units in the cellulose polymer are
referred to as anhydroglucose units.
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The spatial arrangement or stereochemistries of these acetal linkages are very
important. The pyranose rings of the cellulose molecule have all the groups larger
than hydrogen sticking out from the periphery of the rings (equatorial positions). The
stereochemistry at carbons 2, 3, 4, and 5 of the glucose molecule is fixed, but in
pyranose form, the hydroxyl at C-4 can approach the carbonyl at C-1 from either side,
resulting in two different stereochemistries at C-1. When the hydroxyl group at C-1 is
on the same side of the ring as the C-6 carbon, it is said to be in the configuration. In
cellulose, the C-1 oxygen is in the opposite or B-configuration (i.e., cellulose is poly
[B-1, 4-p-anhydroglucopyranose]. This B-configuration, with all functional groups in
equatorial positions, causes the molecular chain of cellulose to extend in a more or
less straight line, making it a good fiber-forming polymer [164].

Because of the equatorial positions of the hydroxyls on the cellulose chain, they
protrude laterally along the extended molecule and are readily available for hydro-
gen bonding. These hydrogen bonds cause the chains to group together in a highly
ordered structure. Since the chains are usually longer than the crystalline regions,
they are thought to pass through several different crystalline regions, with areas of
disorder in between (“fringed-micelle” model) [11]. The interchain hydrogen bonds
in the crystalline regions are strong, giving the resultant fiber good strength and
insolubility in most solvents. They also prevent cellulose from melting
(non-thermoplastic). In the less ordered regions, the chains are further apart and
more available for hydrogen bonding with other molecules, such as water. Most
cellulose structures can absorb large quantities of water (hygroscopic). Thus,
cellulose swells but does not dissolve in water [164].

The cellulose molecule contains three different kinds of anhydroglucose units, the
reducing end with a free hemiacetal (or aldehyde) group at C-1, the nonreducing end
with a free hydroxyl at C-4, and the internal rings joined at C-1 and C-4. But because of
long-chain length, the chemistry of the alcohol groups of the internal units predominates,
so long as the chains are not cleaved by the reaction conditions. However, unlike simple
alcohols, cellulose reactions are usually controlled by steric factors than would be
expected on the basis of the inherent reactivity of the different hydroxyl groups. C-2,
C-3, and C-6 hydroxyls and C-H groups are active sites in cellulose for the incorporation
of polymeric chains through grafting. In grafting it has been reported that the reactivity
of hydroxyl group at C-6 is far less than those at C-2 and C-3 [164].

2.2 Chemical Composition, Structure, and Properties
of Cellulose Fibers

Cellulose fibers can be classified according to their origin and grouped into leaf,
abaca, cantala, curaua, date palm, henequen, pineapple, sisal, and banana; seed,
cotton; bast, flax, hemp, jute, and ramie; fruit, coir, kapok, and oil palm; grass, alfa,
bagasse, and bamboo; and stalk, straw (cereal) [12]. The bast and leaf (the hard
fibers) types are the most commonly used in composite applications [13—15]. Com-
monly used plant fibers are cotton, jute, hemp, flax, ramie, sisal, coir, henequen, and
kapok. The largest producers of sisal in the world are Tanzania and Brazil.
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Fig. 25.1 Cellulosic units joined by glycosidic linkages

Henequen is produced in Mexico whereas abaca and hemp in the Philippines. The
largest producers of jute are India, China, and Bangladesh [16, 17].

Plant fibers are constitutes of cellulose fibers, consisting of helically wound
cellulose microfibrils, bound together by an amorphous lignin matrix. Lignin keeps
the water in fibers and acts as a protection against biological attack and as a stiffener
to give stem its resistance against gravity forces and wind.

Hemicellulose found in the natural fibers is believed to be a compatibilizer
between cellulose and lignin [17]. The cell wall in a fiber is not a homogenous
membrane (Fig. 25.1) [18]. Each fiber has a complex, layered structure consisting
of a thin primary wall which is the first layer deposited during cell growth encircling
a secondary wall [19]. The secondary wall is made up of three layers and the thick
middle layer determines the mechanical properties of the fiber. The middle layer
consists of a series of helically wound cellular microfibrils formed from long-chain
cellulose molecules. The angle between the fiber axis and the microfibrils is called
the microfibrillar angle. The characteristic value of microfibrillar angle varies from
one fiber to another. These microfibrils have typically a diameter of about 10-30 nm
and are made up of 30-100 cellulose molecules in extended chain conformation and
provide mechanical strength to the fiber.

The properties of cellulose fibers are affected by many factors such as variety,
climate, harvest, maturity, retting degree, decortications, disintegration
(mechanical, steam explosion treatment), fiber modification, textile, and technical
processes (spinning and carding) [20]. In order to understand the properties of
natural fiber-reinforced composite materials, it becomes necessary to know the
mechanical, physical, and chemical properties of natural fibers. Flax fibers are
relatively strong fibers as compared to other natural fibers. The tensile strength of
elementary fibers is in the region of 1,500 MPa, and for technical fibers a value of
circa 800 MPa was observed at 3 mm clamp length [21]. Baley [22] and Lamy and
Baley [23] investigated the modulus of flax fibers. The modulus of elementary
fibers is dependent on the diameter of fiber, and it ranges from 39 GPa for fibers
having diameter approximately 35 pm to 78 GPa for fibers having 5 pm diameter.
This variation is related to the variation in relative lumen size between fibers having
different diameters. An average Young’s modulus of 54 GPa was observed after
numerous tensile tests on single flax fibers, and the results are within the range of
moduli measured on technical fibers. The mechanical, chemical, and physical
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properties of plant fibers are strongly harvest dependent, influenced by climate,
location, weather conditions, and soil characteristics. These properties are also
affected during the processing of fiber such as retting, scotching, bleaching, and
spinning [24].

Cellulose fibers have relatively high strength, high stiffness, and low density
[25]. The characteristic value for soft-wood-Kraft fibers and flax has been found
close to the value for E-glass fibers. Different mechanical properties can be incorpo-
rated in natural fibers during processing period. The fiber properties and structure are
influenced by several conditions and vary with area of growth, its climate, and age of
the plant [26]. Technical digestion of the fiber is another important factor which
determines the structure as well as characteristic value of the fiber. The elastic
modulus of the bulk natural fibers such as wood is about 10 GPa. Cellulose fibers
with moduli up to 40 GPa can be separated from wood by chemical pulping process.
Such fibers can be further subdivided into microfibrils within elastic modulus of
70 GPa. Theoretical calculations of elastic moduli of cellulose chain have been
given values up to 250 GPa. However, no technology is available to separate these
from microfibrils [27]. The tensile strength of natural fibers depends upon the test
length of the specimen which is of main importance with respect to reinforcing
efficiency. Mieck et al. [28] and Mukherjee and Satyanarayana [29] reported that
tensile strength of flax fiber is significantly more dependent on the length of the fiber.
In comparison to this, the tensile strength of pineapple fiber is less dependent on the
length, while the scatter of the measured values for both is located mainly in
the range of the standard deviation. The properties of flax fiber are controlled by
the molecular fine structure of the fiber which is affected by growing conditions
and the fiber processing techniques used. Flax fibers possess moderately high
specific strength and stiffness.

Quality and other properties of fibers depend on factors such as size, maturity,
and processing methods adopted for the extraction of fibers. Properties such as
density, electrical resistivity, ultimate tensile strength, and initial modulus are
related to the internal structure and chemical composition of fibers [25]. Desirable
properties for fibers include excellent tensile strength and modulus, high durability,
low bulk density, good moldability, and recyclability.

2.3 Cellulose Derivatives

Cellulose derivatives are important commercial products for plastics, textiles,
packaging, films, lacquers, and explosives. More recently, cellulose derivatives
which are soluble in water or dilute alkali have been developed. Researchers are
finding ways to use these derivatives as finishing and sizing agents for textiles; as
absorbable surgical gauze, protective colloids, and adhesives; as thickening agents
for foods, creams, ointments, and pastes; and in pharmaceutical, printing, paper,
and other industries.

Wood cellulose is the principal raw material for cellulose derivative products,
and several million tons are produced each year. The second source of cellulose for
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Table 25.2 Cellulose derivatives and its properties

Cellulose derivatives Properties

Cellulose acetate Can be composted or incinerated
Can be dyed; however, special dyes and pigments are required since
acetate does not accept dyes ordinarily used for cotton and rayon (this also
allows cross-dyeing)

Cellulose propionate  Stiffer than cellulose acetate or cellulose acetate butyrate
Transparent and glossy with better low temperature impact properties than
cellulose acetate or cellulose acetate butyrate

Cellulose acetate/ Better weathering characteristics than cellulose acetate or cellulose
butyrate (CAB) propionate
Tougher than cellulose acetate
Carboxymethyl Viscosity modifier or thickener and to stabilize emulsions
cellulose (CMC) More cooling capacity than ice
Hydroxyethyl Emulsion stabilizer
cellulose (HEC) Nonionic surfactant stabilizer
Hydroxypropyl HPC is used as a thickener, as a low level binder, and as an emulsion
cellulose (HPC) stabilizer
As a disintegrant and a binder
Methyl cellulose Thickener and emulsifier
MO Variable viscosity personal lubricant

Substitute for tears or saliva
Bacterial motility inhibitor
Ethyl cellulose (EC) As a thin-film coating material
As a food additive and as an emulsifier

Hydroxypropyl Tile adhesives and renders, rheology modifier, and water retention agent
methylcellulose Inert, viscoelastic polymer used as an ophthalmic lubricant, as well as an
(HPMC) excipient and controlled delivery component in oral medicaments
Cellulose nitrate Highly flammable compound

Magician’s flash paper leaving no ash
Nitrocellulose lacquer is also used as an aircraft dope
Now declining importance due to its unstable nature

cellulose derivatives is cotton linters (chemical cotton). Cotton linters find preferred
use in certain products such as in cellulose acetate for plastics or high-tenacity
rayon. For other applications cellulose acetate is more often made from wood
cellulose as shown in Table 25.2.

3 Cellulose Nanofibers

Cellulose nanofibers have a high potential to be used in many different
areas particularly as reinforcement in the development of nanocomposites. Many
studies have been done on isolation and characterization of cellulose nanofibers from
various sources. Cellulose nanofibers can be extracted from the cell walls by simple
mechanical methods or a combination of both chemical and mechanical methods.
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3.1 Synthesis of Cellulose Nanofibers

Alemdar and Sain (2008) have extracted cellulose nanofibers from wheat straw by
a chemical treatment, resulting to purified cellulose. To individualize the nanofibers
from the cell walls, a mechanical treatment (disintegration and defibrillation steps)
was applied to the chemically treated fibers. Cellulose nanofibers were extracted
from the agricultural residues, wheat straw, and soy hulls, by a chemomechanical
technique (Alemdar and Sain 2008). The wheat straw nanofibers were determined
to have diameters in the range of 10-80 nm and lengths of a few thousand
nanometers. By comparison, the soy hull nanofibers had a diameter of 20—120 nm
and shorter lengths than the wheat straw nanofibers. Zimmermann et al. [30]
separated nanofibrillated cellulose (NFC) at the greatest possible lengths and
diameters below 100 nm from different starting cellulose materials by mechanical
dispersion and high-pressure (up to 1,500 bar) homogenization processes. The
treatment resulted in nanoscaled fibril networks.

The cellulose nanofibers were extracted by Wang and Sain [31] from soybean
stock by chemomechanical treatments (Fig. 25.2).

The cellulose nanofibrils were extracted from wheat straw using steam explo-
sion, acidic treatment, and high-shear mechanical treatment. Alkaline-treated pulp
was soaked in 8 % solution of H,O, (v/v) overnight. Bleached pulp was then rinsed
with abundant distilled water. Bleached pulp was then treated with 10 % HCI (1 N)
solution and mixed using ultrasonicator at temperature around 60 £ 1 °C for 5 h.
Finally, the fibers were taken out and washed several times with distilled water in
order to neutralize the final pH and then dried. Fibers were suspended in water and
continuously stirred with a high-shear homogenizer for 15 min. High-shearing
action breaks down the fiber agglomerates and results in nanofibrils (Fig. 25.3) [32].
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Fig. 25.3 Progress in fiber processing from natural wood to nanofibers

3.2 Structure and Properties of Cellulose Nanofibers

Transmission electron microscopy (TEM), scanning electron microscopy (SEM),
field-emission scanning electron microscopy (FE-SEM), atomic force microscopy
(AFM), wide-angle X-ray scattering (WAXS), and NMR spectroscopy have been
used to study the structure of cellulose nanofibers [165]. A combination of micro-
scopic techniques with image analysis can provide information about widths of
cellulose nanofiber, but it is very difficult to find out the lengths of the nanofiber
because of entanglements and difficulties in identifying both ends of individual
nanofibers. It is often reported that MFC suspensions are not homogeneous and that
they consist of cellulose nanofibers and nanofiber bundles (Siro and Plackett 2010).
Teixeira et al. [33] obtained the suspensions of white and colored nanofibers by the
acid hydrolysis of white and naturally colored cotton fibers. Possible differences among
them in morphology and other characteristics were investigated. Morphological study
of cotton nanofibers showed a length of 85-225 nm and diameter of 6-18 nm. It was
found that there were no significant morphological differences among the
nanostructures from different cotton fibers. The main differences found were the
slightly higher yield, sulfonation effectiveness, and thermal stability under dynamic
temperature conditions of the white nanofiber. On the other hand, the colored nanofibers
showed a better thermal stability than the white in isothermal conditions at 180 °C.
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Fig. 25.4 Scanning electron micrographs of hard- and softwood cellulose fibers, before and after
10 passes through the homogenizer [34]

The structure of the cellulose nanofibers from agricultural residues was investi-
gated by Alemdar and Sain (Alemdar and Sain 2008). FTIR spectroscopic analysis
demonstrated that chemical treatment also led to partial removal of hemicelluloses
and lignin from the structure of the fibers. PXRD results revealed that this resulted
in improved crystallinity of the fibers. Thermal properties of the nanofibers were
studied by the TGA technique and were found to increase dramatically.

Stelte and Sanadi [34] have studied the mechanical fibrillation process for the
preparation of cellulose nanofibers from two commercial hard- and softwood
cellulose pulps. The degree of fibrillation was studied using light microscopy
(LM), scanning electron microscopy (SEM), and atomic force microscopy
(AFM). SEM images (Fig. 25.4) of hard- and softwood fibers showed that the
hardwood fibers that were fibrillated only on the surface during the refining step are
now disintegrated into a network of small fibers. AFM images of the final products
after high-pressure homogenization showed that the size distribution of the hard-
and softwood nanofibers is in the range of 10-25 nm in diameter.
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Fig. 25.5 Transmission electron micrographs from dilute suspension of cellulose nanocrystals
from (a) ramie [35], (b) bacterial [36], (c) sisal [37], (d) microcrystalline cellulose [38], (e) sugar
beet pulp [151], (f) tunicin [39], (g) wheat straw [40], and (h) cotton [41]

3.3 Cellulose Nanofiber-Reinforced Nanocomposites

The potential of nanocomposites in various sectors of research and application is
promising and attracting increasing investments. In the nanocomposite industry,
a reinforcing particle is usually considered as a nanoparticle when at least one of its
linear dimensions is smaller than 100 nm. Owing to the hierarchical structure and
semicrystalline nature of cellulose, nanoparticles can be extracted from this natu-
rally occurring polymer. Native cellulose fibers are built up by smaller and mechan-
ically stronger long thin filaments, the microfibrils consisting of alternating
crystalline and noncrystalline domains. Multiple mechanical shearing actions can
be used to release more or less individually these microfibrils. This material is
usually called microfibrillated cellulose (MFC) as shown in Fig. 25.5.
Longitudinal cutting of these microfibrils can be performed by submitting the
biomass to a strong acid hydrolysis treatment, allowing dissolution of amorphous
domains. The ensuing nanoparticles occur as rodlike nanocrystals or whiskers
with dimensions depending on the source of cellulose and preparation procedure.
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Table 25.3 Geometrical characteristics of cellulose nanocrystals from various sources:
length (L), cross section (D), and aspect ratio (L/d)

Source

Acacia pulp
Alfa

Algal (Valonia)
Bacterial
Banana rachis

Bioresidue from wood bioethanol production

Capim dourado
Cassava bagasse
Cladophora

Coconut husk fibers
Cotton

Cottonseed linter
Curada

Date palm tree (rachis/leaflets)
Eucalyptus wood pulp
Flax

Grass Zoysia

Hemp

Luffa cylindrica
MCC

Mulberry

Pea hull

Ramie

Recycled pulp
Sisal

Sugar beet pulp
Sugarcane bagasse
Tunicin

Wheat straw
Wood

L (nm)

100-250

200

>1,000
100-several 1,000
500-1,000

>100

300

360-1,700

80-500
100-300
170-490
80-170
260/180
145
100-500
200-700
Several 1,000
242
150-300
400-500
240400
350-700
(150-250)
100-1,800
100-500
(215)

210
200-310
100->1,000
150-300
100-300

D (nm)
5-15
10
10-20
5-10 x 30-50
5
10-20
4.5
2-11
20 x 20
6

5-15
40-60
6-10
6.1

6
10-30
10-60
30-100
52
3-7
2040
7-12
70-120
6-8
30-80
3-5

L/D
20
00

67

39
10
13-17
43/30

60/43

42
64
67
45
50

The typical geometrical characteristics for nanocrystals derived from different
species and reported in the literature are collected in Table 25.3 [42-45].

Impressive mechanical properties and reinforcing capability, abundance, low
weight, and biodegradability of cellulose nanocrystals make them ideal candidates
for the processing of polymer nanocomposites (Samir et al. 2005; [46—48]. With
a Young’s modulus around 150 GPa and a surface area of several hundred square
meters per gram [49], they have the potential to significantly reinforce polymers at

low filler loadings.
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A broad range of applications of nanocellulose exists even if a high number of
unknown remains at date. Tens of scientific publications and experts show its
potential even if most of the studies focus on their mechanical properties as
reinforcing phase and their liquid crystal self-ordering properties. However, as for
any nanoparticle, the main challenge is related to their homogeneous dispersion
within a polymeric matrix.

4 Extraction of Nanofibrils
4.1 Homogenization

The fibrillation of pulp fiber to obtain nano-order-unit weblike network structure,
called microfibrillated cellulose, is obtained through a mechanical treatment of pulp
fibers, consisting of refining and high-pressure homogenizing processes. The refin-
ing process used is common in the paper industry and is accomplished via a piece of
equipment called a refiner. In a disk refiner, the dilute fiber suspension to be treated
is forced through a gap between the rotor and stator disks, which have surfaces fitted
with bars and grooves against which the fibers are subjected to repeated cyclic
stresses. This mechanical treatment brings about irreversible changes in the fibers,
increasing their bonding potential by modification of their morphology and size. In
the homogenization process, dilute slurries of cellulose fibers previously treated by
refining are pumped at high pressure and fed through a spring high-pressure-loaded
valve assembly.

As this valve opens and closes in rapid succession, the fibers are subjected to
a large pressure drop with shearing and impact forces. This combination of forces
promotes a high degree of microfibrillation of the cellulose fibers, resulting in
microfibrillated cellulose [50]. The refining process is carried out prior to homog-
enization due to the fact that refining produces external fibrillation of fibers by
gradually peeling off the external cell wall layers (P and S1 layers) and exposing the
S2 layer and also causes internal fibrillation that loosens the fiber wall, preparing the
pulp fibers for subsequent homogenization treatment [51]. Nakagaito and Yano [1]
studied how the degree of fibrillation of pulp fibers affects the mechanical proper-
ties of high-strength cellulose composites. It was found that fibrillation solely of the
surface of the fibers is not effective in improving composite strength, though there
is a distinct point in the fibrillation stage at which an abrupt increase in the
mechanical properties of composites occurs. In the range between 16 and 30 passes
through refiner treatments, pulp fibers underwent a degree of fibrillation that
resulted in a stepwise increment of mechanical properties, most strikingly in
bending strength. This increase was attributed to the complete fibrillation of the
bulk of the fibers. For additional high-pressure homogenization-treated pulps,
composite strength increased linearly against water retention values, which char-
acterize the cellulose’s exposed surface area, and reached maximum value at
14 passes through the homogenizer (Fig. 25.6).
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4.2 Steam Explosion

Several methods are used to extract highly purified microfibrils from the plant cell
wall. They are generally based on successive chemical and mechanical treatments.
The steam explosion treatment is currently still being extensively studied as
a promising pretreatment method. Lignocellulosic biomass materials can be frac-
tionated into biopolymer constituents by steam explosion technology.

Treating various biomass resources by steam explosion has been studied by
many researchers [53-55]. The steam explosion process was first introduced by
Mason in 1927 to defibrate wood into fiber for board production [56]. The treatment
of lignocellulosic resources with high-pressure steam, for short periods of time,
followed by sudden decompression (explosion) represents a simple treatment
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for biomass that achieves fiberization or “mulching” by a combination of chemical
and mechanical action. During the steam explosion process, the raw material is
exposed to pressurized steam followed by rapid reduction in pressure resulting in
substantial breakdown of the lignocellulosic structure, hydrolysis of the hemicel-
lulose fraction, depolymerization of the lignin components, and defibrillization
[57, 58]. Marchessault mentions that the steam explosion is an auto-hydrolysis
process [59]. Effects of this process on biomass are:

i. Cleavage of some accessible glycosidic links

ii. Cleavage of b-ether linkages of lignin
iii. Cleavage of lignin—carbohydrate complex bonds

iv. Minor chemical modification of lignin and carbohydrates

Both the aspect ratio and percentage yield of nanocellulose obtained by this

technique have been found to be very high as compared to other conventional
methods [60].

4.3 High-Intensity Ultrasonication

This process consists of combination of chemical pretreatment and high-intensity
ultrasonication (Fig. 25.7). In the chemical pretreatment stage, the wood fibers are
being purified to prepare the cellulose fibers according to general methods
[61, 62]. First, lignin is removed from the samples using acidified sodium chlorite
solution at 75 °C for an hour; this process is then repeated five times until the product
became white. Next, the samples are treated in 3 wt% potassium hydroxide at 80 °C
for 2 h. and then in 6 wt% potassium hydroxide at 80 °C for 2 h in order to leach
hemicellulose, residual starch, and pectin. After a series of chemical treatments, the
samples are filtered and rinsed with distilled water until the residues get neutralized.
To avoid generating strong hydrogen bonding among nanofibers after matrix removal,
the samples are kept in a water-swollen state during the whole chemical process.
After chemical pretreatment, the purified cellulose fibers are soaked in distilled
water (concentration: ~0.5 % in mass). About 120 ml of solution containing
chemical-purified cellulose fibers are then placed in a common ultrasonic generator
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of 20-25 kHz in frequency equipped with a cylindrical titanium alloy probe tip of
1.5 cm in diameter. The subsequent ultrasonication is conducted for 30 min to
isolate the nanofibers. To investigate the effect of ultrasonic intensity on the
nanofibrillation of the chemical-purified cellulose fibers, the output power of the
ultrasonication is conducted at different power, viz., 400, 800, 1,000, and 1,200 W,
respectively. The ultrasonic treatment is carried out in an ice/water bath, and the ice
is maintained throughout the entire ultrasonication time.

4.4 Electrospining Technique

Electrospinning technique has received a growing attention because polymer fibers
prepared by this technique achieve fiber diameters in the range from micrometers down
to a few nanometers straightforwardly and cost-effectively. In a typical process,
a polymer solution is forced through a capillary, forming a pendent drop at the tip of
capillary. Then a high voltage is applied between the capillary and a grounded collection
target. When the electric field strength overcomes the surface tension of the droplet,
a polymer solution jet is initiated and accelerated toward the collection target. As the jet
travels through the air, the solvent evaporates and a nonwoven polymeric fabric is
formed on the target. Because the resulting nonwoven fabrics often resemble the
superstructure features of natural extracellular matrix, they have gained a great interest
in tissue engineering as scaffold materials for tissue regeneration, immobilized enzymes
and catalyst systems, and wound dressing articles. In addition, the high specific surface
area and highly porous three-dimensional structure enables their use in high density cell
and tissue cultures. The diameter and morphology of the resulting fiber has been shown
to be effected by all variables in the electrospinning process including the solution
composition, applied voltage, collector distance, and collector type [63].

In many respects, the formation of nano- and microscale fibers from cellulose
via electrospinning has mirrored the history of conventional cellulose fiber spinning.
Just as cellulose was derivatized to form the first manufactured fiber, it is also reported
as the first electrospun fiber with patents dating back to Formhals in 1934. Over the
last 50 years, several direct solvents for cellulose have been discovered and utilized in
wet spinning or dry-jet wet spinning processes. Some of these solvents including
N-methyl-morpholine N-oxide/water (nNMMO/H,0) [64] and lithium chloride/
dimethylacetamide (LiCl/DMAc) have also been investigated for electrospinning cellu-
lose. Additionally, electrospinning cellulose fibers from some more recently developed
cellulose solvents such as ionic liquids and ethylene diamine/salt have been reported
[65]. The great challenges of spinning cellulose directly from a solvent without deriv-
atization are evident in electrospinning as in wet spinning and dry-jet wet spinning, and
many researchers have taken the route of spinning more readily soluble cellulose
derivatives and subsequently converting the derivatives back to cellulose.

To date, it has been well established that the ES process allows easy incorpora-
tion of particles with different habits, such as 1-dimensional carbon nanotubes,
2-dimensional layered silicates, or 3-dimensional SiO, nanoparticles and many
others, into the nanofibers.
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4.5 Bacterial Synthesis

Cellulose has traditionally been sourced from plants. However, refining of plant
cellulose typically involves harsh, aggressive processing to remove noncellulose
materials such as lignin and hemicellulose. Fortunately, an alternative source of
cellulose where no chemical or mechanical refining is necessary is available.
Bacterial cellulose (hereinafter called BC) has been developed as an alternative
to plant cellulose. Due to its high water-holding capacity, high crystallinity,
high tensile strength, and fine weblike network structure, which means that it
can be formed into any size or shape, BC is being used as a promising nanofiber
biomaterial for making composites [66, 67-69, 72, 152].

It is well known that cellulose fiber networks — as in the case of paper — provide good
mechanical properties because of the degree of hydrogen bonding obtained between the
fibers in the network. The greater the hydrogen bonding, the stronger is the paper
material. BC synthesized extracellularly by Acetobacter xylinum is of nano-size, as
a result of which hydrogen bonding between fibrils is greater than with plant cellulose in
normal paper. The hydrogen bonds due to the hydroxyl group give rise to properties such
as a high degree of crystallinity, high water-holding capacity, and high tensile strength.

Since BC has unique properties, including high hydrophilicity, as well as having
a high water-holding capacity and a fine fiber network which can be easily shaped
into three-dimensional structures during synthesis, it is an excellent candidate for
use as a scaffold for tissue engineering [70, 71]. The porosity of BC, which is
necessary to support cell ingrowths and effective mass transport of tissue such as
cartilage, makes it a natural medium for growing cells.

Due to its remarkable mechanical properties, an ability to form homogeneous
membrane sheets after drying under certain synthesis conditions and an ultrafine net-
work structure, BC is useful for numerous applications [66, 72]. The relative inertness of
BC fibers has led to their use as reinforcing agents in composites [73]. Therefore, the
methods of producing BC have been developed with the aims of improving yield,
structure, and other desired physical properties [74, 75]. Besides using various produc-
tion methods, the medium used for culture, the pH level, and the source of nitrogen and
phosphate as the main foods for Acetobacter xylinum have all been varied [76].

Previous research has focused on ensuring that the Acetobacter xylinum does not
undergo genetic mutation [77, 154]. Efforts to prevent mutation have included
adding 20 wt% malt extract to a medium inoculated with Acetobacter xylinum as
a cryoprotectant [78]. The implications of mutation occurring are the growth of
a wild type organism which can reduce Acetobacter xylinum’s ability to produce
cellulose. Other side effects include affecting the morphological and physiological
properties of BC and a fall in the Young’s modulus of the BC sheet produced
because of the growth of a byproduct known as acetan [79]. Various biosynthesis-
related methods of ensuring a high productivity of BC from the Acetobacter
xylinum have been used, such as expression of sucrose, in which UDP-glucose is
efficiently formed from sucrose [80]; the addition of polyacrylamide-co-acrylic
acid [166]; and addition of 1 % ethanol in the medium [167]. The most recent was
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through cloning of the Acetobacter xylinum whereby the resulting yield of BC was
far more than that produced by the original bacteria itself [81, 82].

5 Nanocomposite Processing

Cellulose nanoparticles are obtained as stable aqueous suspensions and most
investigations focused on hydrosoluble (or at least hydrodispersible) or latex-
form polymers. The main advantage is that the dispersion state of the nanoparticles
is kept when using an aqueous medium for the processing.

Microfibrillated
Cellulose/Bacterial Cellulose

12

Nanocomposites with
hydrophilic matrices

v

Nanocomposites with
hydrophobic matrices

v v v ¥
Non-biodegradable Biodegradable matrices Non-biodegradable Biodegradable
matrices matrices matrices
- Phenol formaldehyde - Poly (vinyl alcohol)
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- Acrylic resins - Polvpronpylenc Pol i
- Epoxy resins - Amylopectin ypropy - Polycaprolactone
- Melamine formaldehyde
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- Ethylene vinyl alcohol _ Chitosan
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After dissolution of the hydrosoluble or hydrodispersible polymer, the aqueous
solution can be mixed with the aqueous suspension of cellulosic nanoparticles. The
ensuing mixture is generally cast and evaporated to obtain a solid nanocomposite
film. It can also be freeze-dried and hot-pressed. The preparation of cellulose
nanofiber-reinforced starch [67, 83—-86, 160], silk fibroin [87], poly(oxyethylene)
(POE) [88-90]; Samir et al. 2005; [91], polyvinyl alcohol (PVA) [92-96],
hydroxypropyl cellulose (HPC) [92, 93], carboxymethyl cellulose (CMC) [97], or
soy protein isolate (SPI) [68] has been reported in the literature.

The first publication reporting the preparation of cellulose nanocrystal-
reinforced polymer nanocomposites was carried out using a latex obtained by the
copolymerization of styrene and butyl acrylate (poly(S-co-BuA)) and tunicin (the
cellulose extracted from tunicate — a sea animal) whiskers [98]. The same copol-
ymer was used in association with wheat straw [40, 99] or sugar beet (Samir
et al. 2004) cellulose nanocrystals. Other latexes such as poly(f-hydroxyoctanoate)
(PHO) [100-102], polyvinylchloride (PVC) [103-106], waterborne epoxy [107],
natural rubber (NR) [108—110], and polyvinyl acetate (PVAc) [37] were also used
as matrix. Recently, stable aqueous nanocomposite dispersion-containing cellulose
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whiskers and a poly(styrene-co-hexyl-acrylate) matrix were prepared via
miniemulsion polymerization [45]. Addition of a reactive silane was used to
stabilize the dispersion. Solid nanocomposite films can be obtained by mixing
and casting the two aqueous suspensions followed by water evaporation.

The possibility of dispersing cellulosic nanofibers in nonaqueous media has been
investigated using surfactants or chemical grafting, and it opens other possibilities
for nanocomposites processing. Cellulose nanoparticles possess a reactive surface
covered with hydroxyl groups, providing the possibility to extensive chemical
modification. Although this strategy decreases the surface energy and polar char-
acter of the nanoparticles, improving by the way the adhesion with nonpolar
polymeric matrix, a detrimental effect is generally reported for the mechanical
performances of the composite. This unusual behavior is ascribed to the originality
of the reinforcing phenomenon of polysaccharide nanocrystals resulting from the
formation of a percolating network thanks to hydrogen bonding forces. Therefore,
grafting of long chains instead of small molecules can be used to preserve the
mechanical properties of the material.

Very few studies have been reported concerning the processing of cellulose
nanofibers-reinforced nanocomposites by extrusion methods. The hydrophilic
nature of cellulose causes irreversible agglomeration during drying and aggregation
in nonpolar matrices because of the formation of additional hydrogen bonds
between amorphous parts of the nanoparticles. Therefore, the preparation of cellu-
lose whiskers-reinforced PLA nanocomposites by melt extrusion was carried out by
pumping the suspension of nanocrystals into the polymer melt during the extrusion
process [111]. An attempt to use PVA as a compatibilizer to promote the dispersion
of cellulose whiskers within the PLA matrix was reported [112]. Organic acid
chlorides-grafted cellulose whiskers were extruded with LDPE [113]. The homo-
geneity of the ensuing nanocomposite was found to increase with the length of
the grafted chains. Polycaprolactone-grafted cellulose nanocrystals obtained by
ring-opening polymerization (ROP) of the corresponding lactone were also used
as “masterbatches” by melt blending with a PCL matrix [114].

An attempt to use a recently patented concept (dispersed nano-objects
protective encapsulation — DOPE process) intended to disperse carbon nanotubes
in polymeric matrices was reported. Physically cross-linked alginate capsules were
successfully formed in the presence of either cellulose whiskers or microfibrillated
cellulose [115]. The ensuing capsules have been extruded with a thermoplastic
material.

5.1 Interfacial Interactions

Strong interactions between cellulose nanofibers prepared from cottonseed linters
and between the filler and the glycerol-plasticized starch matrix were reported
to play a key role in reinforcing properties [116]. In nonpercolating systems,
for instance for materials processed from freeze-dried cellulose nanocrystals,
strong matrix/filler interactions enhance the reinforcing effect of the filler.
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This observation was reported using EVA matrices with different vinyl acetate
contents and then different polarities [117]. An improvement of matrix/filler inter-
actions by using cellulose whiskers coated with a surfactant was shown to play
a major role on the nonlinear mechanical properties, especially on the elongation at
break [168]. Grunert and Winter [36] founded a higher reinforcing effect for
unmodified cellulose whiskers than for trimethylsilylated whiskers. Apart from
the fact that 18 % of the weight of the silylated crystals was due to the silyl groups,
they attributed this difference to restricted filler/filler interactions.

5.2 Nanocomposite Manufacturing Method

Natural fiber composites are prepared using various composites manufacturing
methods such as compression molding, injection molding, resin transfer molding
(RTM), and vacuum bagging. The preforms are mostly fibers, fabrics, or non-
wovens. Prepregs are also widely used to prepare composites [118]. Where V; is
the fiber volume fraction, Wy is the weight of fiber and Wm is the weight of matrix.
re and ry, are the densities of the fiber and matrix, respectively. The production of
the composites is optimized in relation to temperature, pressure, and molding time.
It is often necessary to preheat the natural fibers to reduce the moisture before
processing the composites. High temperatures degrade the cellulose, thus nega-
tively affecting the mechanical properties of the composites. Inefficient fiber
dispersion in the matrix causes fiber agglomeration which decreases the tensile
strength [118]. Most of the previous research on natural fiber composites has
focused on reinforcements such as flax, hemp, sisal and jute, and thermoplastic
and thermoset matrices. Some of these composites have been produced using
matrices made of derivatives from cellulose, starch, and lactic acid to develop
fully biodegradable composites or biocomposites [119].

The emerging diversity of applications of natural fiber composites has seen the
production of sandwich structures based on natural fiber composite skins. In some
cases, these sandwich composites have been produced from paper honeycomb and
natural fiber-reinforced thermoplastic or thermoset skins, depending on the appli-
cations [149].

The main criteria for the selection of the appropriate process technology for
natural-fiber composite manufacture include the desired product geometry, the
performance needed, the cost, and the ease of manufacture. The fabrication
methods for natural fiber composites are similar to those used for glass fibers
[150]. The most commonly used manufacturing processes are introduced in the
followings. Although many variants on these techniques exist, this overview gives
a good indication of the production possibilities.

5.2.1 Hand Laminating

The fibers are placed in a mold and the resin is later applied by rollers. One option is
to cure using a vacuum bag, as then excess air is removed and the atmospheric
pressure exerts pressure to compact the part. The simplicity, low cost of tooling, and
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flexibility of design are the main advantages of the procedure. On the other end, the
long production time, intensive labor, and low automation potential consist some of
the disadvantages [152].

5.2.2 Resin Transfer Molding (RTM)

The resin transfer molding technique requires the fibers to be placed inside a mold
consisting of two solid parts (close mold technique). A tube connects the mold with
a supply of liquid resin, which is injected at low pressure through the mold,
impregnating the fibers. The resulting part is cured at room temperature or above
until the end of the curing reaction, when the mold is opened and the product
removed. Parameters such as injection pressure, fiber content, or mold temperature
have a great influence on the development of the temperature profiles and the
thermal boundary layers, especially for thin cavities. This technique has the advan-
tage of rapid manufacturing of large, complex, and high performance parts. Several
types of resins (epoxy, polyester, phenolic, and acrylic) can be used for RTM as
long as their viscosity is low enough to ensure a proper wetting of the fibers.
Parameters such as injection pressure, fiber content, or mold temperature have
a great influence on the development of the temperature profiles and the thermal
boundary layers, especially for thin cavities. Good knowledge of all the operating
steps is very important to obtain high-quality parts [118].

An alternative variant of this process is the vacuum injection or vacuum assisted
resin transfer molding (VARTM), where a single solid mold and a foil (polymeric
film) are used. The VARTM process is a very clean and low-cost manufacturing
method: resin is processed into a dry reinforcement on a vacuum bagged tool, using
only the partial vacuum to drive the resin. As one of the tool faces is flexible,
the molded laminate thickness depends partially on the compressibility of the
fiber—resin composite before curing and the vacuum negative pressure [153].

5.2.3 Compression Molding
Compression molding is another major technique for the construction of fiber-
reinforced polymers, which involves a semifinished composite sheet widely
known as sheet molding compound (SMC) that is later molded into the final parts
by compression. For the SMC the process consists of a rolling film of resin on which
fibers are added. A second film of resin is then added, so as to later be compressed in
a composite sheet that may be stored for a few days. To get the final product, the
reinforced sheet is then placed into a press to take its desired shape [154].
Advantages of compression molding are the very high volume production
ability, the excellent part reproducibility, the short cycle times, and the low crap
arising. Processing times of <2 min are reached during the compression molding of
three-dimensional components with a high forming degree [155]. It has also been
shown that the adhesion of natural fibers and matrix resin is important in order to
obtain good mechanical properties of natural fiber composites, and the mechanical
properties were improved by the molding condition, molding pressure, and tem-
perature. A big concern with compression molding that needs always to be consid-
ered is the maximum pressure before the damage of the fibers and the structure.
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5.2.4 Injection Molding

Injection molding process is suitable to form complex shapes and fine details with
excellent surface finish and good dimensional accuracy for high production rate and
low labor cost. In the injection molding, resin granules and short fibers are mixed
into a heated barrel and transported to the mold cavity by a spindle. Injection
molding is another process among the most important for the manufacturing of
plastics/composites and can produce from very small products such as bottle tops to
very large car body parts [156].

5.2.5 Pultrusion

Pultrusion is a continuous process to manufacture composite profiles at any length.
The impregnated fibers are pulled through a die, which is shaped according to the
desired cross section of the product. The resulting profile is shaped until the resin is
dry. Advantages of this process are the ability to build thin wall structures, the large
variety of cross-sectional shapes, and the possibility for high degree of automation.

6 Cellulose Fiber-Reinforced Biocomposites
6.1 Polyurethane-Based Composites for Medical Applications

PALF-derived nanocellulose-embedded polyurethane has been utilized as an attrac-
tive and readily available range of materials for the fabrication of vascular pros-
theses. The elastic properties of the material, coupled with low thrombogenicity
and exceptional physical and mechanical properties, have led to a considerable
research effort aimed at the development of nanocellulose polyurethane vascular
grafts (Fig. 25.8). Nanocellulose-PU vascular grafts with a wall thickness of
0.7-1.0 mm showed elongation at break of 800—-1,200 % and withstood hydraulic
pressures up to 300 kPa.

High tensile strength and high strain-to-failure nanocomposites with strongly
improved modulus were synthesized based on nanocellulose and polyurethane. The
cellulose nanocomposites were prepared by solvent casting, based on dry crystal-
line cellulose and hydrophilic polyurethane.

Cellulose dissolution was avoided while still allowing successful dispersion of
the cellulose nanofibrils present in dry nanoscale cellulose particles. ESEM proves
the presence of dispersed cellulose nanofibrils in the developed nanocomposites.
The XRD analysis confirms that cellulose nanofibrils in the prepared
nanocomposites preserve the original crystalline structure of cellulose
(cellulose I) [157]. The composition with 5 wt% cellulose was optimal and showed
the highest strain-to-failure. The produced nanocellulose and its composites con-
firmed to be a very versatile material having the wide range of medical applications,
including cardiovascular implants, scaffolds for tissue engineering, repair of artic-
ular cartilage, vascular grafts, urethral catheters, mammary prostheses, penile
prostheses, adhesion barriers, and artificial skin [158]. These implants were pro-
duced from bioresorbable and/or biodegradable materials. Progressive degradation
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Fig. 25.8 Nanocellulose—polyurethane prosthetic heart valve: (a) valve implant, (b) heart valve

of the implant material may then be accompanied by the formation of the new
tissues. The developed material can also be utilized for construction of non-latex
condoms, breathable wound dressing, surgical gloves, surgical gowns or drapes,
medical bags, organ retrieval bags, and medical disposables [159].

The development of PALF nanocellulose—polyurethane valve design (Fig. 25.8)
with good biological durability, fatigue resistance, and hemodynamics, and a new
generation of biostable polyurethanes which have proven themselves of superior
biostability in a demanding 6-month, strained, rat implant model. Thus, anticipate
early development of a polyurethane valve which has a good hemodynamic func-
tion maintained during long-term implant and which neither fails from biological
degradation nor from fatigue-induced material failure while maintaining a low
thrombogenic surface. In accelerated fatigue tests, five out of five consecutively
produced valves exceeded the equivalent of 12 years cycling without failure. The
only failure occurred after the equivalent of approximately 13 years cycling, and
three valves have reached 608 million cycles (approximately 15 years equivalent)
to date.

6.2 Polyvinyl Alcohol-Based Composites for Medical
Applications

Polyvinyl alcohol (PVA) is a hydrophilic biocompatible polymer with various
characteristics desired for biomedical applications. PVA can be transformed into
a solid hydrogel with good mechanical properties by physical cross-linking using
freeze-thaw cycles. Hydrophilic nanocellulose fibers of an average diameter of
50 nm are used in combination with PVA to form biocompatible nanocomposites.
According to Millon and Wan [120], the resulting nanocomposites possess a broad
range of mechanical properties and can be made with mechanical properties similar
to that of cardiovascular tissues, such as aorta and heart valve leaflets. On their
studies, the stress—strain properties for porcine aorta are matched by at least one
type of PVA—nanocellulose nanocomposite in both the circumferential and the axial
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tissue directions. A PVA-nanocellulose nanocomposite with similar properties as
heart valve tissue is also developed. Relaxation properties of all samples, which are
important for cardiovascular applications, were also studied and found to relax at
a faster rate and to a lower residual stress than the tissues they might replace. So,
finally the new PV A—nanocellulose composite is a promising material for cardio-
vascular soft tissue replacement applications.

7 Cellulosic Nanocomposite Applications in Biomedical
Field

7.1 Pharmaceutical

Cellulose has a long history of use in the pharmaceutical industry. The material has
excellent compaction properties when blended with other pharmaceutical excipi-
ents so that drug-loaded tablets form dense matrices suitable for the oral adminis-
tration of drugs. Polysaccharides, natural polymers, fabricated into hydrophilic
matrices remain popular biomaterials for controlled-release dosage forms, and
use of a hydrophilic polymer matrix is one of the most popular approaches in
formulating an extended release dosage forms [121-123]. This is due to the fact that
these formulations are relatively flexible, and a well-designed system usually gives
reproducible release profiles. Drug release is the process by which a drug leaves
a drug product and is subjected to absorption, distribution, metabolism, and excre-
tion (ADME), eventually becoming available for pharmacologic action. Crystalline
nanocellulose offers several potential advantages as a drug delivery excipient.
Crystalline nanocellulose and other types of cellulose in advanced pelleting systems
whereby the rate of tablet disintegration and drug release may be controlled by
microparticle inclusion, excipient layering, or tablet coating [124, 125]. The very
large surface area and negative charge of crystalline nanocellulose suggests that
large amounts of drugs might be bound to the surface of this material with the
potential for high payloads and optimal control of dosing.

Other nanocrystalline materials, such as nanocrystalline clays, have been shown
to bind and subsequently release drugs in a controlled manner via ion exchange
mechanisms and are being investigated for use in pharmaceutical formulations
[126]. The established biocompatibility of cellulose supports the use of
nanocellulose for a similar purpose. The abundant surface hydroxyl groups on
crystalline nanocellulose provide a site for the surface modification of the material
with a range of chemical groups by a variety of methods. Surface modification may
be used to modulate the loading and release of drugs that would not normally bind
to nanocellulose, such as nonionized or hydrophobic drugs. For example, Lonnberg
et al. suggested that poly(caprolactone) chains might be conjugated onto nanocrys-
talline cellulose for such a purpose [127].

Additionally, since crystalline nanocellulose is a low-cost, readily abundant
material from a renewable and sustainable resource, its use provides a substantial
environmental advantage compared with other nanomaterials.
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7.2 Medical

Recently nanocellulose has been called as the eyes of biomaterial highly applicable to
biomedical industry which includes skin replacements for burnings and wounds; drug
releasing system; blood vessel growth; nerves, gum, and dura mater reconstruction;
scaffolds for tissue engineering; stent covering; and bone reconstruction [128—132].
Figure 25.9 shows some applications for nanocellulose within biomedical field.

Tissue engineering looks for new material and devices which could interact
positively with biological tissues [133], either working as an in vitro basis for cell
growth or rearranging and developing tissue about to be implanted. They also aim
new classes of degradable biopolymers that are biocompatible and whose activities
are controllable and specific [134], more likely to be used as cell scaffolds [135] or
in vitro tissue reconstruction.

As mentioned above, a great variety of biomaterials have been developed
recently. They have all sorts of properties (physical/chemical and mechanical)
depending mostly in the final application (tissue regeneration, medication holding
and releasing, tissue grafting, or scaffolding) [132]. The scaffold’s success depends
much on the cellular adhesion and growth onto the surface; thus, biopolymer’s
chemical surface can dictate cellular response by interfering in cellular adhesion,
proliferation, migration, and functioning. The surface—cell interaction is extremely
important in implant effectiveness, including its rejection. Since the interaction is
fully understood in a cell level, new biomaterials and products can be easily
developed [136]. The problems still arise due to some methods’ inefficiency such
as cell seeds and sources, scaffolding, ambient, extracellular matrix producing,
analysis, and appropriate models [137].

On the other hand, to regenerate tissues, three specific foundations are taken: cells,
support, and growth factors. Cells synthesize the matrix for the new tissues, support
holds, and keep the ambient proper for the growth, while the growth factors facilitate
and promote the cell regeneration [137]. Material used for implants cannot be either
rejected or cause inflammatory response; in others, it should be biocompatible.
Furthermore, it should promote regeneration and if necessary, be absorbed after
a while or be biodegradable [138]. Studies on support cell interactions are crucial to
implants viability. Many cell responses are observed out of different materials, so the
cell ability to discriminate and adapt to it whether adhere or not to its surface [139]. This
is crucial as it will direct further responses as cell proliferation, migration, and viability.

Due to the clinical importance of skin lesions, many laboratories have been
aroused to the search for healing products having benefits including immediate
pain relief, close adhesion to the wound bed, and reduced infection rate. The
nanocellulose developed having huge superficial area gives great water absorption
capacity and elasticity. These are characteristics from an ideal healing bandage. On
the other hand, it holds no microbial activity. Nanocellulose mats are very effective
in promoting autolytic debridement, reducing pain, and accelerating granulation, all
of which are important for proper wound healing. These nanobiocellulose mem-
branes can be created in any shape and size, which is beneficial for the treatment of
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Fig. 25.9 Biomedical applications of nanocellulose (a) and (b) never-dried nanocellulose
membrane [132]; (¢) and (d) artificial blood vessels [130]; (e) dura mater reconstruction [129];
and (f) covering stents [131]

large and difficult to cover areas of the body. Barud [140] has developed
a biological membrane with bacterial cellulose and standardized extract of propolis.
Propolis has many biological properties including antimicrobial and anti-
inflammatory activities. All the above mentioned characteristics present, which
make the membrane (Fig. 25.9) a good treatment for burns and chronic wounds.
Odontology is challenged to find ideal materials to replace the bones in several
procedures for bone malformation and maxillary and facial deformities. The big-
gest challenge is the loss of alveolar bone. Nanocellulose having suitable porosity,
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which gives the mat an infection barrier, loss of fluids, and painkiller effect, allows
medicines to be easily applied, and it also absorbs the purulent fluids during all
inflammatory stages, expelling it later on in a controlled and painless manner [141].

7.3 Veterinary

In veterinary medicine, the reports consulted about the use of biocellulose produced
by the A. xylinum refer to applications for conduit for isolation in reconstruction of
peripheral nerves, healing of experimental wounds of bovine mammary teats,
healing of experimental tegument wounds in equine and swine, prophylaxis of
the formation of membrane post laminectomy in dogs, and healing of incisional
experimental lesions of the cornea in dogs. Clinically, gross (brute) membrane was
used in healing of natural wounds of dogs.

Biosynthesized nanocellulose membrane was utilized [142] in experimental
trochleoplasty in dogs, and it was found that the use of this biomaterial has
advantages instead of the conventional treatment for osteochondral injuries. The
cellulose membrane was applied in the tissue formation of fibrocartilage ripe
obtaining good integration of the newly formed tissue and the adjacent cartilage,
allowing its clinical use in dogs.

The membranes were tested through a lateral parapatellar skin incision 5-7 cm,
followed by incision of the retinaculum and articular capsule, until the exposure of
the knee joint. With the limb in extension, the patella was displaced by promoting
the exposure of the femoral trochlea (Fig. 25.10a) [142].

Tamaguti et al. conducted a bent knee and trochleoplasty through the deepening
of the trochlear groove with the aid of gouge forceps (Fig. 25.10b). The
nanocellulose membrane, the base of cellulose 5 mm thick, was applied inside
the limb of the dogs, after the deepening of the groove, and fixed with 4-5 simple
points separated the edge of the normal cartilage, with the use of synthetic absorb-
able suture thread 6-0 (Fig. 25.10c). The patella was repositioned after the exten-
sion of the limb, performing the synthesis of the articular capsule and retinaculum
in a type of points of suture, with 3-0 monofilament nylon thread (Fig. 25.10d)
[142]. After the inclusion of the membrane, a link was obtained between the
subcutaneous tissue in simple continuous pattern and skin, using 3-0 monofilament
nylon, with simple stitches apart (Fig. 25.10¢).

The cartilage that covers the trochlear groove is composed of chondrocytes
embedded in a matrix and has the surface layer formed by flattened chondrocytes.
The repaired tissue that covers the region of trochleoplasty consisted of more
organized tissue, with higher thickness compared to the previous period.

The nanocellulose membranes were used to repair defects of the abdominal wall
in humans or animals. Nanocellulose may be used as treatment of great abdominal
wall defects to avoid tension during repair. Falcao et al. [143] investigated the
incorporation type by host tissue of membranes of nanocellulose produced by the
bacteria and of polytetrafluoroethylene (PTFE) in abdominal wall defects of rats.
The cellulose membrane was sutured at the level of the musculoaponeurotic defect
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Fig. 25.10 (a) Dislocation of the patella to expose the trochlear groove, (b) deepening of the groove
trochlear with the aid of gouge forceps, (c) fixing the biosynthesized cellulose membrane with
6-0 synthetic absorbable sutures, (d) suturing the joint capsule and retinaculum in type of points of
suture, with 3-0 monofilament nylon thread, and (e) suture the skin with simple stitches apart

with Prolene® and continuous suture, anchored at the four angles of the rectangle.
Then the skin was closed with thread of Mononylon® through an interrupted suture.

7.4 Dental

Nanocellulose was tested in dental tissue regeneration. Microbial cellulose pro-
duced by the Gluconacetobacter xylinus strain can be used to regenerate dental



504 H.P.S. Abdul Khalil et al.

Fig. 25.11 Nanocellulose used in dental tissue regeneration in a 39-year-old female patient

tissues in humans (Fig. 25.11). Nanocellulose products Gengiflex” and Gore-Tex"™
have intended applications within the dental industry. It was developed to aid
periodontal tissue recovery [144]. A description was given of a complete restoration
of an osseous defect around an IMZ implant in association with a Gengiflex™
therapy. The benefits included the reestablishment of aesthetics and function of
the mouth and that a reduced number of surgical steps were required.

The bandage, called Gengiflex®, consists of two layers: the inner layer is
composed of microbial cellulose, which offers rigidity to the membrane, and the
outer alkali-cellulose layer is chemically modified [145]. Salata et al. [146] com-
pared the biological performance of Gengiflex®™ and Gore-Tex®™ membranes using
the in vivo nonhealing bone defect model proposed by Dahlin et al. [147].

The study showed that Gore-Tex ™ membranes (a composite with polytetrafluor-
oethylene, urethane, and nylon) were associated with significantly less inflamma-
tion, and both membranes promoted the same amount of bone formation during the
same period of time. A greater amount of bone formation was present in bone
defects protected by either Gore-Tex®™ or microbial cellulose membrane, when
compared to the control sites. Gore-Tex® is better tolerated by the tissues than
Gengiflex®. Recently, in a similar vein, Macedo et al. [148] also compared bacterial
cellulose and polytetrafluoroethylene (PTFE) as physical barriers used to treat bone
defects in guided tissue regeneration.

In this study, two osseous defects (8§ mm in diameter) were performed in each
hindfoot of four adult rabbits, using surgical burs with constant sterile saline solution
irrigation. The effects obtained on the right hindfeet were protected with PTFE barriers,
while Gengiflex® membranes were used over wounds created in the left hindfeet. After
3 months, the histological evaluation of the treatments revealed that the defects covered
with PTFE barriers were completely repaired with bone tissue, whereas incomplete
lamellar bone formation was detected in defects treated with Gengiflex™ membranes,
resulting in voids and lack of continuity of bone deposition [160].

Nanocellulose with its characteristics, like nanofiber size and distribution,
mechanical properties, compatibility, and ability to mold, creates a unique bioma-
terial indispensable in health area. The nanocellulose composite scaffolds are
biocompatible with less rejection with cellular contact and blood contact cells
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interaction, to be a promissory biomaterial and may be suitable for cell adhesion/
attachment, suggesting that these scaffolds can be used for wound dressing or
tissue-engineering scaffolds [161].

8 Conclusions

The potential applicability of cellulose-based biocomposites and nanocomposites
are widely extended. Due to a great number of properties, applications of
nanocellulose-based materials are mainly considered to be in a wide range of
biomaterial applications such as medical products, pharmacy, cosmetics, dental,
and veterinary applications are also being considered. The mechanical properties
such as high strength and stiffness, the surface reactivity (with numerous hydroxyl
groups), and the specific organization as well as the small dimensions of
nanocellulose may well impart useful properties to nanocomposite materials
reinforced with these fibers.

The aim of this article was to demonstrate the current state of research and
development in the field of nanocellulose — a biofabricated sustainable type of
polymer material. The extraordinary supramolecular nanofiber network structure
and the resulting valuable properties have led to real opportunities and extensive
activity in the field of biomedical applications. The intention of this work is to
broaden the knowledge in this subject area and to stimulate the practical application
of nanocellulose. In the biomedical field, bacterial nanocellulose implants have
opened up new uses for bioartificial medical devices.
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